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ABSTRACT: Muco-obstructive lung diseases feature exten-
sive bronchiectasis due to the uncontrolled release of
neutrophil serine proteases into the airways. To assess if
cathepsin G (CG) is a novel key player in chronic lung
inflammation, we developed membrane-bound (mSAM) and
soluble (sSAM) FRET reporters. The probes quantitatively
revealed elevated CG activity in samples from 46 patients. For
future basic science and personalized clinical applications, we
developed a rapid, highly informative, and easily translatable
small-molecule FRET flow cytometry assay for monitoring
protease activity including cathepsin G. We demonstrated that
mSAM distinguished healthy from patient cells by FRET-based
flow cytometry with excellent correlation to confocal microscopy data.

■ INTRODUCTION

Chronic obstructive pulmonary diseases (COPD) is the third
leading cause of death in the world and encompasses a class of
pathologies characterized by long-term poor airflow to the
lungs.1 Within the COPD disease family, cystic fibrosis (CF) is
an autosomal recessive disorder caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR)
gene. CF is the most common lethal genetic disease in the
Caucasian population. Hallmarks of both conditions are
airways mucus obstruction and irreversible chronic inflamma-
tion, which elicit a massive infiltration of neutrophils into the
airway lumen.2−4 Lumen entry is promoted by neutrophil
serine proteases (NSPs) such as cathepsin G (CG), neutrophil
elastase (NE), and proteinase 3 (PR3), versatile enzymes
secreted in the extracellular environment. Beyond penetration
of the extracellular matrix, released NSPs kill pathogens and
tune inflammation by cleaving cytokines of the interleukin
family.5−7 Once arrived in the airway lumen, released NSPs are
usually counteracted by endogenous antiproteases (α1-

protease inhibitor, α1-antichymotrypsin, α2-macroglobulin,
etc.). However, on the surface of the secreting neutrophil,
NSPs appear to stay inaccessible to antiproteases and are able
to provoke major damage to the connective tissue.8,9 As a
result, more proinflammatory stimuli (i.e., IL-8 and IL-1) are
released, engaging even more neutrophils to the site. The
outcome is an irrepressible vicious circle leading to excessive
and nonresolving airway neutrophilia.9,10

To investigate NSP activity on cell surfaces, we previously
developed a ratiometric FRET reporter for neutrophil elastase
(NE) to allow for the selective quantification of surface-
associated NE activity. The easy readout and microscopy
applicability have prompted first clinical studies which
supported the relevance of NE in CF and demonstrated that
membrane-bound NE activity negatively correlated with
pulmonary function.5,11−13 However, specific targeting of NE
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by therapeutic inhibitors has not led to the desired results,
namely, the alleviation of tissue damage.2 This may be related
to the poor accessibility of the surface-bound NE and the
contribution of the other NSPs.2,14 In addition to NE,
neutrophils secrete cathepsin G, a chymotrypsin-like family
member enzyme. So far, the function and interplay of this
protease in CF and COPD are obscure, especially regarding its
plasma membrane-associated activity, despite its involvement
in the pathogenesis of various diseases,9,13 metastatic
processes,15 its bactericidal activity,16 and its ability to finely
modulate inflammation by processing specifically cytokines like
IL-36α and IL-36-β.7,17 Hence, it is necessary to develop
additional reporters as well as diagnostic tools to examine
patient sputum samples. Such tools will also be useful to assess
the quality of CG as new biomarker and drug target. Because
of the spatial restriction of measuring protease activity by
small-molecule-based FRET reporters on cell surfaces, so far,
confocal microscopy was the method of choice.11,12 However,
this technique provides numerous limitations. In particular,
imaging of the patient specimen is tedious, time-consuming,
expensive, and limited in terms of possible functional analysis.
Also, diagnostic laboratories and clinics have limited access to
such highly specialized equipment. Therefore, we were
interested in additional techniques suitable for higher-
throughput analysis in a hospital environment. Flow cytometry
provides these features and might therefore help to measure
larger numbers of patient samples for a more complete
understanding of protease pathophysiology. Importantly,
diagnostically usable reporters applied ex vivo would make it

possible to rapidly evaluate the response to anti-inflammatory
therapies in a precise and personalized manner.

■ RESULTS

Here, we present the synthesis of a new pair of FRET reporters
that allows the monitoring of cathepsin G activity (Figure S1).
sSAM is geared toward measuring activity in human fluids
(bronchial lavage, blood, and sputum supernatant), while
mSAM is a lipidated cathepsin G reporter that binds to the
outer leaflet of plasma membranes and monitors protease
activity at the cell surface (Figure 1a,b).
We employed solid-phase peptide synthesis (SPPS) for both

reporters. They feature a central peptide core EPFWEDQK
flanked by a pair of fluorophores known to perform FRET in
peptide-based reporters, namely, coumarin 343 as the FRET
donor and TAMRA as the acceptor (Figure 1a,b and Figure
S1). A dioxaoctane spacer located between the donor and the
amino acid sequence helps the CG binding pocket to adapt to
the recognized sequence, and increases reporter solubility and
membrane impermeability.11 mSAM also bears a palmitic acid
moiety that localizes the reporter to membranes. The three
negatively charged amino acids in the substrate sequence and
the lipid anchor are favorable for preventing premature
internalization of the reporter18 (Figure 1a,b and Figure S1).
Precise biophysical characterization of the probes in vitro

and in model cells demonstrated the performance level of the
new cathepsin G reporters with relevance to basic and
diagnostics applications. In their intact states, following
donor excitation, the fluorescence emission of both probes

Figure 1. Chemical structures of mSAM and sSAM and their biochemical characterization. (a, b) Chemical structures. (c) Time-dependent change
in fluorescence spectra of mSAM after addition of 1 nM cathepsin G (CG) measured in a phosphatidylcholine/phosphatidylserine (PC/PS) (9:1)
liposome system. (d) Cleavage rates of mSAM as normalized donor/acceptor emission intensities at six different CG concentrations over time.
Data are shown as mean ± SEM. (e) Linear regression slopes of mSAM cleavage rates for cathepsin G (CG), neutrophil elastase (NE), and
proteinase 3 (PR3) at different enzyme concentrations. Data are shown as log10 of the linear regression slopes. Experiments were performed in
technical triplicates.
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indicated strong quenching of the donor fluorescence due to
energy transfer (Figure 1c). In vitro addition of human CG
cleaved the peptide between Trp and Phe (Figure S2 and ref
13) and led to an 8.9-fold increase of the donor emission and a
0.9-fold decrease in acceptor fluorescence. As a result,
coumarin 343 and TAMRA separated irreversibly. The ratio
of donor to acceptor emission intensities over time provided a
quantitative readout of reporter cleavage, which in turn was an
indicator of cathepsin G activity (Figure 1c). We investigated
the sensitivity of the SAM reporters by calculating cleavage
rates at different CG concentrations (Figure 1d and Figure
S3). The biochemical characterization of mSAM was
conducted in a buffer solution containing extruded liposomes
(PC/PS mixture) to simulate a membrane system. The
lipidated probe showed a dynamic range ≈7−9 (donor/
acceptor ratio), and mSAM was able to detect CG activity in
the low picomolar range of the enzyme (Figure 1d).
A crucial feature of a successful FRET reporter is its

substrate specificity. We challenged SAM reporters in vitro by
incubating the reporter with NE and PR3, the other two main
NSPs released from neutrophils (Figure 1e and Figure S3). We
also investigated another member of the cathepsin family,
cathepsin S (CS), and an elastase expressed by macrophages,
matrix metalloprotease 12 (MMP-12) (Figure S4). None of
the proteases showed any ability to cleave mSAM. Sub-
sequently, we incubated cultured neutrophil-like cells (HL-60),
which do not secrete NSPs, with active CG, NE, or PR3,
respectively, at the same molar concentration. While a 3- to 4-
fold ratio change was observed on CG-incubated HL-60 cells,
no increase was detectable when cells were treated with NE or
PR3 (Figure S5). To probe mSAM sensitivity, we incubated
HL-60 cells with six different concentrations of CG and
detected enzymatic activity by confocal microscopy at a CG
concentration as low as 2 nM (≈2-fold increase in the D/A
ratio compared to the control) (Figure S5). For a measure of
cathepsin G activity with good spatial resolution, the
membrane localization of mSAM needs to be stable prior to
the successful cleavage event. We therefore quantified the
colocalization between mSAM and the CellMask deep red
plasma membrane stain and calculated a Pearson correlation
coefficient of 0.58 ± 0.1 and an area overlap of 0.87 ± 0.05
between the two fluorescence channels for 101 HL-60 cells
incubated with both of the molecules for 20 min (Figure S6).
We also observed membrane localization in another cell line
(HEK293) by imaging for 30−60 min after reporter addition
(Figure S6). Even though the plasma membrane retention was
no longer than this time-span (also roughly the retaining time
for the membrane stain), it was sufficient to monitor activity
on patient neutrophils in which the cleavage is very fast and
rapidly detectable because of the high sensitivity of the
reporter. mSAM permitted confocal microscopy of human
neutrophils, and the calculated D/A ratio provided a measure
of membrane-bound CG activity (Figure 2a). Cells were
isolated from sputum by incubation with concentrated
dithiothreitol and subsequent washing to separate soluble
fractions of proteases. Neutrophils are easily identified by their
segmented nuclei (Figure 2a, DNA stain, orange arrowheads).
To directly show that surface-bound CG is highly activated in
chronic airway inflammation, we analyzed the sputum of 24
subjects (10 healthy and 14 CF) by microscopy. While we
detected a neglectable enzymatic activity in the control group
(1.16-fold ±0.35), CF neutrophils showed a 3.03 ± 1.51
donor/acceptor increase in CG activity ranging from 1.4 to 4.9

(Figure 2b, Figure S7 and Table S1). We also employed sSAM
to monitor CG activity present in 27 CF patient sputum
supernatants and 12 COPD bronchial lavage (BL) fluids: the
incubation of the samples with sSAM for 30 min resulted in a
3.53 ± 1.35 donor/acceptor change in CF and 2.15 ± 1.38 in
COPD compared to the 1 ± 0.10 observed in 7 healthy
subjects (Figure 2c, Figure S8 and Tables S2 and S3).

Figure 2. Airway inflammation features increased CG activity. (a)
Representative confocal images of sputum-derived human neutrophils
(DNA panel, orange arrowheads) incubated with mSAM (D/A
panel). (b) Quantification of cathepsin G (CG) activity on 14 CF and
10 healthy donor neutrophils by confocal microscopy (mSAM). (c)
Donor/acceptor increase after 30 min of incubation of sSAM with
sputum supernatants (7 healthy donors and 27 CF patients) and 12
COPD bronchial lavage (BL) fluids. (d) Mean donor/acceptor values
of 5 patients after 1 and 20 min of incubation with mSAM in the
presence or absence of ACT [3 μM]. (e) Fluorimetric quantification
of CG activity in the mucus supernatants of CF patients in the
presence of a small-molecule CG inhibitor I (CGI) [25 μM], 1 and 30
min after sSAM addition. Scale bars: 10 μm. Images are representative
of the 14 and 10 subjects shown in part b. For each condition and
patient, 50−100 cells were analyzed by microscopy. Each human
sample was measured in duplicate. Statistics were calculated by
Wilcoxon rank sum test.
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Finally, we tested SAM reporter specificity directly on
patient specimens (Figure 2d,e and Figure S9). By incubating
the main endogenous CG antiprotease (α1-antichymotrypsin,
ACT) with cells derived from five CF patients, we were able to
abolish almost any detectable enzymatic activity (Figure 2d,
and Figure S9). We then incubated sputum cells from three CF
patients with Cathepsin G Inhibitor I (CGI; CAS 429676-93-
7) which abolished any increase in the signal, and with two
different concentrations of Sivilestat (CAS 127373-66-4), a
selective NE inhibitor, resulting in no differences between
untreated and Sivilestat-treated cells (Figure S9). This further
demonstrates that our reporter is not significantly cleaved by
membrane-bound neutrophil elastase. In the same fashion, the
CGI suppressed any donor/acceptor increase in CF sputum
supernatants when sSAM was present (Figure 2e).
Another protease which, if present, may interfere with our

assay is human chymase: a chymotrypsin- and cathepsin-G-like
protease found in secretory granules of mast cells.19 Chymase
has been linked to the development and propagation of allergic
inflammation in asthma.20,21 Since the role of this enzyme in
CF and COPD has been poorly investigated, and given that
CGI inhibits cathepsin G and chymase equally, we tested the
patient samples for their chymase content. First, we checked
the specificity of our reporter: chymase cleaved sSAM more
rapidly than any other protease we tested except cathepsin G
(Figures S3 and S10). The latter was able to hydrolyze the
reporter 2.5 to 8 times faster when the two enzymes were
incubated at the same molar concentration (Figure S10). In
addition, we quantified chymase activity by a commercial
chymase activity assay kit (CS1140) in 10 CF sputum samples
and 6 COPD lavages (Figure S10) employing the N-succinyl-
Ala-Ala-Pro-Phe p-nitroanilide substrate. We demonstrated
that this substrate is cleaved 23−89 times slower by cathepsin

G than chymase (Figure S10 and refs 22−24). The resulting
active chymase concentration (undetectable in COPD and
24.7 ± 14.4 nM in CF) cannot account for the high signal
observed upon incubation of sSAM with the same CF samples
(Figure S10) and the ones measured in Figure S8. Finally, we
quantified the overall chymase concentration in 16 CF and 7
COPD samples via an ELISA (human mast cell chymase
ELISA kit, EKC34542). We detected an average of 6.5 ± 4.03
and 0.1 ± 0.1 nM chymase, respectively (Figure S10). At 6.5
nM concentration, chymase can only generate 1.4% of the
cathepsin G signal in Figure S10 and even less of the data
reported in Figure S8.
Taken together, this proves that, within the dense protease

mixture present in patient sputum, we could selectively
monitor cathepsin G and fully address its relevance in airway
inflammation (Figure 2d,e and Figures S9 and S10).
As shown, microscopy of patient neutrophils is a powerful

technique for studying spatially confined protease activity.
However, it is limited by the availability of high-end
microscopes, extensive data acquisition, and image analysis
procedures. Moreover, human mucus is a variable and complex
biological matrix that contains debris and dying cells which are
almost impossible to exclude. Finally, the massive neutrophilic
infiltration in inflamed lungs makes microscopy unpractical for
the study of rare cell populations, such as macrophages, whose
MMP-12 role in CF has not been fully elucidated yet, even
though the enzyme plays a crucial role in the pathogenesis of
asthma and COPD.25

To overcome these limitations and to complement
microscopy with an alternative technique, we applied mSAM
in flow cytometry. We combined flow cytometrywhich
allows us to gate any cell population present in the sputum26−
with the ability of mSAM to bind to the cell surface where it

Figure 3. Introducing small-molecule FRET flow cytometry. (a−d) Representative flow cytometry neutrophil-specific ratiometric measurement of
surface-bound CG activity at different time points after mSAM addition. (e) Average D/A ratio measured on sputum neutrophils derived from 11
human subjects (6 healthy donors and 5 CF) after 10 min and (f) their correlation with the respective microscopy measurement (n = 50−70 for
microscopy, n ≥ 1000 for flow cytometry). Data are represented as mean ± SD. Each human sample was measured in duplicate. Statistics were
calculated by Wilcoxon rank sum and Spearman rank correlation tests.
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functions in the same way as any other marker or antibody
routinely used in flow cytometry, with the difference that the
intrinsic nature of mSAM as a small-molecule FRET reporter
was exploited to quantify a specific enzymatic activity. Cells
were isolated from mucus in the same way as for the
microscopy experiment, and neutrophils were selectively gated
(Figure S11). A cathepsin-G-dependent increase in the donor/
acceptor coming from patient neutrophils incubated with
mSAM was observed over time (Figure 3a). Incubation of
patient cells with ACT abolished the effect (Figure 3b). As
expected, no response was observed from healthy-subject-
derived cells (Figure 3c,d). To determine if data obtained by
small-molecule FRET flow cytometry recapitulate the results of
microscopy, we performed paired analysis and quantified the
average D/A ratio for 11 subjects (5 CF and 6 healthy) (Figure
3e) obtaining a significant correlation (ρ = 0.82; p = 0.002)
between flow cytometry and confocal microscopy (Figure 3f).

■ DISCUSSION
For the successful mobilization of primary granules,
neutrophils need to be primed with chemoattractants and
then challenged with activating and/or proinflammatory
stimuli. In cystic fibrosis airways, this process is mediated by
the action of TNFα and IL-8 and potentially other activating
factors that are contained in the chronically inflamed and
infected microenvironment of CF airways. All together, these
stimuli are potent inducers of NSPs secretion.27 In previous
studies, we and others found that neutrophil elastase (NE) is
elevated at the surface of CF airway neutrophils.5,12,28

Similarly, we found that macrophage elastase (MMP12) is
elevated on macrophages sampled from CF airways.29 These
data are consistent with the concept that neutrophils (and
macrophages) are chronically activated in the unique micro-
environment of CF and COPD airways and that this activation
leads to increased secretion of proteases and their binding on
the cell surface. Our findings add cathepsin G as an additional
actor in inflamed CF and COPD airways, possibly involved in
the pathogenesis of these conditions and representing a
potential drug target. A scenario where the orchestrated action
of different NSPs contributes to lung disruption is therefore
emerging and needs to be considered for predicting COPD
symptoms in risk populations as well as for successful drug
testing in clinical trials and for monitoring the effect of drug
treatment in individual patients.
With the NEmo and SAM series of reporters, we now have

the tools to monitor, in a spatially resolved fashion, the activity
of the two major neutrophil proteases (representing the
chymotrypsin- and trypsin-like families). The probes show a
very similar dynamic range (7−9.5 for both). sSAM has a
slightly higher limit of detection than the corresponding
soluble NEmo-1 (2−3 versus 0.3 nM) while the lipidated
reporters (mSAM and NEmo-2) display almost identical
sensitivity and limit of detection. NEmo-2 resides longer at the
plasma membrane (1−2 h) compared to mSAM (0.5−1 h); in
both cases this is sufficient for microscopy and flow cytometry
applications where only 10−20 min is required to complete the
assay.
The employment of small-molecule FRET flow cytometry

showed outstanding results in terms of sensitivity, throughput,
and reproducibility of the microscopy results. Notably, the
time necessary to measure and analyze more than 1000 patient
neutrophils is reduced to roughly 30 min compared to the
several hours that microscopy needs for analyzing 50−100

cells. Our advanced multicolor flow cytometry setup, in
combination with the capabilities of our reporters, allows the
selective gating of almost any cell population and subpopula-
tion present in patient sputum or derived from many different
biological samples. At the same time, it quantifies a spatially
localized enzymatic activity in a ratiometric fashion.
This novel technology will foster a better understanding of

protease pathophysiology not only in CF and COPD but also
whenever protease-driven inflammation comes into the game.
We envision that the introduction of SAM and other available
small-molecule30 or semisynthetic energy-transfer-based re-
porters31,32 into the flow cytometry technology will speed up
basic and clinical research and facilitate the translation of the
results into the clinical arena. Importantly, this technique will
help monitoring disease progress in high-risk COPD
candidates and anti-inflammatory drug effectiveness at an
individual level with very low invasiveness and in an
economically tolerable fashion.

■ MATERIALS AND METHODS
Chemicals and Reagents. Standard solvents for peptide

chemistry were from Fluka, Sigma-Aldrich (Steinheim,
Germany), and Novabiochem (Darmstadt, Germany).
COMU 1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy) di-
methylaminomorpholino)] uronium hexafluorophosphate was
from Merck KGaA (Darmstadt, Germany); Fmoc−lys(Mtt)
Wang resin and Fmoc-amino acids were from Novabiochem.
[2-[2-(Fmocamino)ethoxy]ethoxy]acetic acid (Fmoc-OcO2-
OH; PEG-linker) was from Iris Biotech (Marktredwitz,
Germany). Coumarin 343 carboxylic acid was from Merck
KGaA (Darmstadt, Germany). 5(6)-TAMRA NHS ester was
purchased from AnaSpec.

Enzymes and Inhibitors. Human neutrophil elastase and
proteinase 3 were from Merck KGaA (Darmstadt, Germany)
and cathepsin G was from Elastin Products Company Inc.
(Owensville, MO). α1-Antichymotrypsin from human plasma
and cathepsin G inhibitor I were from Merck KGaA
(Darmstadt, Germany). Recombinant cathepsin S and
MMP12 were from R&D Systems (Minneapolis, MN).
Human chymase (BML-SE281-0010) was from Enzo Life
Sciences, Inc. (Farmingdale, NY). The chymase activity assay
kit (CS1140) was from Merck KGaA (Darmstadt, Germany).
Human mast cell chymase ELISA (EKC34542) was from
Biomatik. Sivilestat (S7198) was from Merck KGaA (Darm-
stadt, Germany).

Synthesis of the Reporters. sSAM and mSAM were
synthesized by standard Fmoc-solid-phase peptide synthesis
starting from a Wang resin loaded with Fmoc−lysine(Mtt)−
OH. Fmoc deprotection was achieved by treating with 20%
piperidine/DMF (v/v) for 5 min (three times) and following
the completion of the reaction by monitoring loss of Fmoc
absorption. Amino acids (3 equiv) are coupled by in situ
activation with COMU/DIPEA (3:4 equiv) for 45 min (two
times). Capping of unreacted amino groups is obtained by
treatment with acetic acid (96%)/pyridine (1:9) two times for
5 min. Every coupling, deprotection, and capping step was
followed by 3−5 washing cycles with DMF. Fluorophores (3
equiv of coumarin 343 carboxylic acid, 2 equiv of 5(6)-
TAMRA NHS ester) were coupled by in situ activation with
COMU/DIPEA (3:4 equiv) for coumarin and 6 equiv of
DIPEA for TAMRA, with shaking for 45 min and repeating
two times. For sSAM, the methyltrityl group of the C-terminal
lysine was deprotected (TFA/TIS/DCM 1:2:97, 4 min, seven
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times), and TAMRA was coupled. Finally, the N-terminal
Fmoc group was deprotected, and coumarin 343 was coupled.
For mSAM, the coupling of TAMRA to the C-terminal lysine
was performed first. Then, the N-terminal lysine (palmitic
acid) was Fmoc-deprotected and coumarin-343-coupled. The
reporters were cleaved off the resin by shaking with TFA/TIS/
water (96:2:2) for 2 h, and then washed with diethyl ether for
concentration under vacuum, dissolved in 50% acetonitrile/
water (v/v), and analyzed by HPLC.
Reporter Purification. sSAM and mSAM were analyzed

and purified by RP-HPLC on a Shimadzu system equipped
with a photodiode array detector (Duisburg, Germany).
Analytical runs were performed on an RP-18 column

(NUCLEODUR C18 ec 5 μm, 4 mm × 250 mm, Macherey-
Nagel, Düren, Germany) using a linear gradient from 10% to
100% or from 50% to 100% acetonitrile with 0.05%
trifluoroacetic acid and a flow rate of 1.5 mL/min (Figures 4
and 6). Purification was performed by preparative RP-HPLC
using a Discovery Bio Wide Pore C18 column (NUCLEO-
DUR 100-5 C18 ec, 10 mm i.d. × 250 mm, Macherey-Nagel,
Düren, Germany), detecting at 254, 280, 440, and 540 nm and
using a gradient of 50−100% (mSAM) or 10−100% (sSAM)
acetonitrile with 0.05% trifluoroacetic for 30 min and a flow
rate of 5 mL/min. sSAM and mSAM were analyzed ions by
mass spectrometry as multiple charged (Figures 5 and 7).

Figure 4. Analytical HPLC of purified mSAM. Gradient of 50−100% acetonitrile. RT: 10.7 min (lower panel), 11.5 min (upper panel).
Absorbances at 450 nm (coumarin 343), 540 nm (TAMRA), 254 nm, and 280 nm are shown. Both 5-(6-)TAMRA isomers are shown separately
(upper and lower panel).
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In Vitro Measurements. NE, PR3, CG, and CS activities
were measured in 100 mM TrisHCl pH 7.5, 500 mM NaCl.
MMP12 was measured in 50 mM TrisHCl pH 7.5, 10 mM
CaCl2, 150 mM NaCl, 0.05% (w/v) Brij-35. mSAM assays
were conducted in a 1 mM liposome solution prepared of
phosphatidylcholine/phosphatidylserine (PC/PS) (9:1)
(Avanti Polar Lipids, Inc., Alabaster, AL) according to the
manufacturer’s protocol. mSAM assays were performed with a
JASCO spectrofluorometer (FP-8500, JASCO Deutschland
GmbH) at 25 °C. sSAM assays were performed in black
polystyrene 96-well half area assay plates with a fluorescence
plate reader (Enspire 2300, PerkinElmer, Waltham, MA) at 25
°C. Both reporters were used at a final concentration of 2 μM.
For mSAM measurements, human enzymes were added, and
reporter cleavage was followed by recording emission spectra
every 5 min over a period of 20−70 min with the settings: λexc
= 430 nm, λem = 450−650 nm. For sSAM measurements,
human enzymes were added, and the emission maxima of
donor (485 nm) and acceptor (580 nm) fluorophores after
405 nm excitation were recorded every 90 s over a period of 60

min and plotted as D/A ratio. All sSAM measurements were
performed in technical duplicates. All mSAM measurements
were performed in technical triplicates.

Cell Culture and in Vivo mSAM Characterization.
HEK293 cells were passaged and maintained in DMEM (high
glucose; Thermo Fisher) supplemented with 10% FBS
(Biowest), 1% GlutaMAX (Thermo Fisher), 1% sodium
pyruvate (Thermo Fisher), 1% NEAA (Thermo Fisher), and
1% Pen Strep (Thermo Fisher). For imaging experiments,
30 000 cells were plated on an 8-well Lab-Tek chamber slide
(Merck, Darmstadt, Germany) overnight, and medium was
replaced before imaging with a live cell imaging solution (Nr.
A14291DJ, Thermo Fisher). mSAM was added to a final
concentration of 1 μM. Cells were imaged by confocal
microscopy in time series of 30−60 min recording every 2
min at 37 °C and 5% CO2. Data were collected in three
independent experiments.
HL-60 cells were passaged and maintained in RPMI 1640

(Gibco 21875-034) supplemented with 12.5% HI-FBS
(GIBCO 10082) and primocin [50 mg/mL] (Invivogen).

Figure 5. Mass spectra mSAM. Expected masses: [M+1]+, 2269.10; [M+2] 2+, 1134.5; [M+3]3+, 756.7.

Figure 6. Analytical HPLC of purified sSAM. Gradient of 10−100% acetonitrile, RT: 9 and 9.5 min. Absorbance at 450 nm (coumarin 343), 540
nm (TAMRA), 254 nm, and 280 nm are shown. The two peaks represent the two 5-(6-)TAMRA isomers.
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For colocalization experiments, 70 000 cells were incubated
with mSAM [1 μM] and cell mask deep red plasma membrane
stain (Thermo Fisher scientific, catalog C10046) (1:1000
dilution) for 20 min in 1.5 mL Eppendorf tubes. Then, cells
were cytospun on microscopy slides, fixed for 10 min in ice
cold methanol, and mounted with Roti-Histokitt (Carl Roth,
Karlsruhe, Germany). For sensitivity and specificity experi-
ments, 30 000 cells were incubated with mSAM [1 μM], Draq5
DNA stain (BioStatus Limited, Shepshed, U.K.) (1:1000
dilution) and the appropriate enzyme (NE, CG, and PR3 at
final concentration of 100 nM) for 20 min in 1.5 mL
Eppendorf tubes. Then, cells were cytospun on microscopy
slides, fixed for 10 min in ice cold methanol, and mounted with
Roti-Histokitt (Carl Roth, Karlsruhe, Germany). Data were
collected in two independent experiments.
Sputum Processing and Membrane-Bound CG

Activity Measurements. Sputum was separated from saliva
by adding 4 volumes of 10% Sputolysin solution (Calbiochem,
Darmstadt, Germany) followed by 15 min of mild shaking at
room temperature. Cells were then diluted by adding the same
volume of PBS and filtered through 100 and 40 μm cell
strainers. For the separation of cells from the soluble fraction
of proteases, cells were centrifuged at 300g and 4 °C for 10
min. Cell pellets were resuspended in PBS and counted.
In 50 μL of PBS, 30 000 human CF or healthy donor

sputum cells were incubated with mSAM [2 μM], Draq5 DNA
stain (BioStatus Limited, Shepshed, U.K.) (1:1000 dilution),
for 20 min at room temperature in 1.5 mL Eppendorf tubes. As
negative controls, cells were preincubated for 10−15 min at
room temperature with either 3 μM of α1-antichymotrypsin
from human plasma (ACT) (Merck KGaA, Darmstadt,
Germany), 5 μM of cathepsin G inhibitor I (CGI) (CAS
429676-93-7, Merck, Darmstadt, Germany), cOmplete Pro-
tease Inhibitor Cocktail with EDTA (Merck, Darmstadt,
Germany), or Sivilestat (S7198, Merck, Darmstadt, Germany).
For the determination of the initial noncleaved FRET ratio,
mSAM was added to cells preincubated with inhibitors and
moved to ice after only a 1 min incubation. For the
determination of mSAM specificity, the reporter was added
to cells preincubated with CGI or ACT and left for 20 min at
room temperature. Finally, reactions were quenched at

different time points by adding 100 μL of ice cold PBS, and
cells were quickly cytospun on microscopy slides, fixed for 10
min in ice cold methanol, and mounted with Roti-Histokitt
(Carl Roth, Karlsruhe, Germany). Experiments were per-
formed in technical duplicates for each of the human subjects.

Confocal Microscopy of Human Sputum. Images were
acquired using a Leica SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany) equipped with an HC PL
APO CS2 40×/1.3 oil objective. DRAQ5 was excited with a
633 nm HeNe laser, and emission was recorded between 650
and 715 nm. Coumarin 343 was excited with a 458 nm argon
laser. Donor emission was recorded between 470 and 510 nm
and acceptor emission between 570 and 610 nm. The pinhole
was set to 195.9 μm (3.0 AU) for the two sequential channels.
For the quantification of membrane-bound CG activity, the
ratio of donor to acceptor fluorescence after 1 and 20 min of
incubation with mSAM was calculated. Ratios were normalized
to the values obtained from cells treated with inhibitor and
incubated for 1 min with the reporter, which represents the
noncleaved state of the probe. Images from technical
duplicates for each of the 24 human subjects were acquired.

Soluble CG Activity Measurements. Cell-free sputum
supernatant was diluted in 100 mM TrisHCl pH 7.5, 500 mM
NaCl (CF diluted 1:20, healthy donors diluted 1:10, COPD
BL 1:1). All kinetic assays were performed at 25 °C using a
fluorescence plate reader (Enspire 2300, PerkinElmer,
Waltham, MA). As negative control, sputum supernatants
were preincubated with 25 μM cathepsin G inhibitor I (CAS
429676-93-7, Merck, Darmstadt, Germany) for 15 min at
room temperature. For quantification of CG activity with
sSAM, 40 μL of supernatant was added in polystyrene 96-well
half area assay plates (Corning Inc., Acton, MA). Finally,
sSAM was added to a final concentration of 2 μM, and reporter
cleavage was recorded over time using the following settings:
λexc = 405 nm, λem = 485 nm, and λem = 580 nm. Standard
curves from known concentrations of CG were included in
each assay. All measurements were performed in technical
duplicates. For quantification of the concentration of active
cathepsin G in CF and COPD samples, a standard curve from
known concentrations (1−0.0156 μg/mL) of cathepsin G was

Figure 7. Mass spectra of sSAM. Expected masses: [M+1]+, 1902; [M+2]2+, 951; [M+3]3+, 634. The two spectra correspond to the two isomer
peaks observed by HPLC (Figure 6).
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included. Then, concentrations were calculated via interpola-
tion of the measured slopes (linear fitting).
Chymase Activity and ELISA Measurements. The

chymase activity assay was performed according to manufac-
turer protocol, with CF samples diluted (1:20) in 100 mM
TrisHCl pH 7.5, 500 mM NaCl. COPD BL was left undiluted.
All kinetic assays were performed at 25 °C using a fluorescence
plate reader (Enspire 2300, PerkinElmer, Waltham, MA). For
quantification of the concentration of active chymase in
samples, standard curves from known concentrations of human
chymase (BML-SE281-0010) (2−0.032 μg/mL) were in-
cluded in each assay. For a demonstration of the preferential
cleavage of Succ-AAPF-pNA by chymase over cathepsin,
different concentrations of human chymase (BML-SE281-
0010) and cathepsin G (Elastin Products Company Inc.) were
incubated with the same concentration of substrate according
to manufacturer protocol, respectively. Chymase ELISA and
quantification was performed according to manufacturer
protocol. CF samples diluted were diluted 1:20. COPD BL
was left undiluted.
FRET Flow Cytometry. Cells were isolated from sputum as

described above, and 1 × 106 cells were resuspended in 100 μL
of PBS. Prior to surface staining with specific monoclonal
fluorochrome-conjugated antibodies or respective isotype
control antibodies, cells were incubated with FcBlock (BD
Biosciences, Heidelberg, Germany). For the detection of
sputum neutrophils,26,33 cells were stained with CD14-Pe-Cy7
(Clone M5E2) (BD Biosciences, Heidelberg, Germany),
CD16-Alexa Fluor 700 (Clone 3G8) (BD Biosciences,
Heidelberg, Germany), CD45-APC-Cy7 (Clone 2D1) (BD
Biosciences, Heidelberg, Germany), CD66b-Pe-Dazzle 594
(Clone G10F5) (Biolegend, San Diego, CA), and CD169-
Alexa Fluor 647 (Clone 7-239) (Biolegend, San Diego, CA)
for 30 min at 4 °C, resuspended in 200 μL of PBS followed by
a viability staining with 7AAD according to manufacturer’s
instructions (Biolegend, San Diego, CA). Sputum neutrophils
were defined as CD45+CD16+CD66b+CD14−CD169−. For the
measurement of CG activity by flow cytometry on sputum
neutrophils, mSAM [2 μM] was added to surface-stained cells,
and subsequently flow cytometry was performed at 0, 1, 3, 5, 7,
10, 15, and 20 min on each of the 5 healthy donors and 6 CF
patients analyzed. At least 1000 neutrophils were recorded for
each condition. For inhibition of CG activity and specificity
control of the reporter, surface-stained cells were incubated
with 50 μM cathepsin G inhibitor I (CAS 429676-93-7, Merck,
Darmstadt, Germany) or 20 μM α1-antichymotrypsin from
human plasma (Merck KGaA, Darmstadt, Germany) for 10
min at room temperature followed by addition of mSAM.
Inhibited CG activity was measured by flow cytometry at the
corresponding time points. Flow cytometry was performed on
a LSRFortessa flow cytometer (BD Biosciences, Heidelberg,
Germany) equipped with 3 lasers at wavelengths of 405, 488,
and 633 nm. For the detection of CG activity, the probe was
excited with the 405 nm laser, and the donor signal was
detected between 425 and 475 nm (filter 450/50 nm) and the
acceptor signal between 564 and 606 nm (filter 585/42 nm)
with an upstream long-pass filter that reflected light below 550
nm. CG activity was measured on at least 1000 neutrophils at
each time point. Data were analyzed with FACS Diva software
v8.0.1 (BD Biosciences, Heidelberg, Germany) or Flow Jo
software v10 (Treestar, Ashland, OR). FRET ratio was
calculated by division of donor (450/50 nm) and acceptor
(585/42 nm) channel values measured on the gated

neutrophils over time and normalized to the donor/acceptor
measured after 1 min addition of reporter on cells
preincubated with inhibitor for 10 min.

Statistics. All statistical tests were performed using R
software (R version 3.4.4) and GraphPad version 6.01. Two-
tailed Wilcoxon rank sum test, Spearman’s rank correlation
coefficient tests, and linear or 4PL fitting to standard curves
were applied when appropriate.

Data Availability. The FIJI macro FluoQ used for image
analysis and quantification is available at ref 34. The scripts
used for data processing and statistics as well as all the raw data
are all available upon request.

Human Samples. Informed written consent was obtained
from all subjects prior to sample collection. The study was
approved by the appropriate ethical committee of Heidelberg
University.

Significant Hazards or Risks Statement. No unexpected
or unusually high safety hazards were encountered.
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