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Abstract

A near-infrared fluorescent (NIRF) substrate-based probe (SBP) was conceived to
monitor secreted human proteinase 3 (hPR3) activity. This probe, called pro3-SBP, is shaped
by a fused peptide hairpin loop-structure, which associates a hPR3 recognition domain (Val-
Ala-Asp-Nva-Ala-Asp-Tyr-Gln, with Nva: norvaline) and an electrostatic zipper (consisting of
complementary polyanionic (D-Glu)s and polycationic (D-Arg)s sequences) driving a tight
vicinity of the N- and C- terminal FRET couple (fluorescent donor: sulfoCy5.5; dark quencher:
QSY21). Beside its subsequent stability, no intermolecular fluorescence quenching was
detected following its complete hydrolysis by hPR3, advocating that pro3-SBP could further
afford unbiased imaging. Pro3-SBP was specifically hydrolyzed by hPR3 (kcat/Km = 440,000 +
5,500 M-'. s!) and displayed a sensitive detection threshold for hPR3 (sub-nanomolar
concentration range), while neutrophil elastase showed a weaker potency. Conversely, pro3-
SBP was not cleaved by cathepsin G. Pro3-SBP was successfully hydrolyzed by conditioned
media of activated human neutrophils, but not by quiescent neutrophils. Moreover, unlike
unstimulated neutrophils, a strong NIRF signal was specifically detected by confocal
microscopy following neutrophil ionomycin-induced degranulation. Fluorescence release was
abolished in the presence of a selective hPR3 inhibitor, indicating that pro3-SBP is selectively
cleaved by extracellular hPR3. Taken together, present data support that pro3-SBP could be a

convenient tool allowing a straightforward monitoring of human neutrophil activation.

Keywords
Cathepsin, Elastase, Near-infrared fluorescence (NIRF), Neutrophil serine protease (NSP),

Proteinase 3
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Introduction:

Neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G (CatG) are three
neutrophil serine proteases (NSPs) that are stored in the primary (azurophil) granules of
polymorphonuclear neutrophils (PMNs).!> NSP4, a less abundant NSP which is also uncovered
in the azurophilic granules, was recently identified.>* Maturation of NSPs occurs through
cleavage of a N-terminal dipeptide by cysteine cathepsin C.> NSPs are implicated in a variety
of diseases, including ischemic-reperfusion injury, glomerulonephritis, arthritis, bullous
pemphigoid, non-alcoholic fatty liver disease or lung diseases (COPD, ARDS, cystic fibrosis).®
NSPs have bactericidal and antifungal properties, and were first recognized as digestive
enzymes that degrade ingested host pathogens.” A web-like structure of DNA secreted by
activated neutrophils (neutrophil extracellular trap, NET) was described as an additional
antimicrobial mechanism.® Following recruitment of PMNs, NSPs participate in the alteration
of extracellular matrix components at inflammatory sites, and are key regulators of the local
inflammatory response, being involved in the control of cellular signaling through the
processing of chemokines and the modulation of the cytokine network.?

PR3 may be detected both in secondary granules and on membrane-bound secretory

vesicles.” Mature PR3 is dormant in the acidic environment of the azurophilic granules and is
activated upon translocation to a neutral pH environment by a slow conformational change.

PR3 is primarily regulated by a.1-protease inhibitor, serpin B1, and elafin, but not by secretory
leukocyte protease inhibitor.! Under pathological conditions, downregulation and/or
inactivation of PR3 inhibitors result in an uncontrolled PR3 activity, which may further
contribute to tissue damage and inflammatory cascades. More specifically, PR3 participates in
the activation of IL-8, TNF-a and IL-1f as well the degradation of fibronectin or laminin, and
is involved in the maturation of cathelicidin hCAP-18 to generate LL-37, a potent antimicrobial
peptide.'! Also, PR3 favors endothelial cell apoptosis and takes part in platelet activation and
regulation of granulopoiesis.'?~'* Furthermore, PR3 is the main target antigen of anti-neutrophil
cytoplasmic autoantibodies (ANCA) in granulomatosis with polyangiitis (GPA).! Structural
and functional properties of human PR3 (hPR3) were initially described as similar to those of
human NE (hNE). hPR3 and hNE share an analogous catalytic mechanism'® and the elucidation
of the crystal structure of hPR3 has confirmed that both enzymes display a common fold.!7'8
Despite hPR3 and hNE preferentially accommodate small hydrophobic residues in the S1
pocket, their different substrate specificities have been exploited to develop synthetic inhibitors

and FRET peptidyl substrates of human PR3.!9-2?
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Although hPR3 is considered as a relevant therapeutic target, its precise contribution to
some diseases remains still debated. Accordingly, the appraisal of hPR3 activity within living
cells and extracellular milieu, using newly developed chemical biology tools, will obviously
assist to clarify the role of hPR3 during pathophysiological events. Foremost strategies of probe
design to profile enzymatic activity of serine and cysteine proteases, from cell to in vivo assays,
were recapitulated elsewhere.?32° Activity-based probes (ABPs) consist of an electrophilic
warhead that binds stoichiometrically and covalently to the catalytic nucleophilic residue of the
active site, coupled to a linker or a targeting sequence, and a reporter group for visualization,
thus allowing to accurately pinpoint the protease activity. During the last decade, potent
chemical probes have been developed for assessment of NSP activities, including hPR3
activity.?*=* However, ABPs do not permit signal amplification, which can result in low-
intensity signals. By contrast, substrate-based probes (SBPs) contain a peptidyl (or pseudo-
peptidyl) backbone linked to a tag (usually a fluorophore) and a quencher group, allowing a
stronger reporter signal amplification. A detrimental counterpart is that, after cleavage, released
low molecular weight reporters could diffuse faster than an ABP-protease covalent complex
and thus lead to unfocused signals or images.?>3¢

A recent article reported a straightforward method for monitoring hNE and CatG
activity of purified neutrophils, but not hPR3 activity.?” Alternatively, methods for monitoring
hPR3 are currently based on measurements of its enzymatic activity by peptidyl substrates.??
Given that the extracellular activity of PR3 is basically associated to stimulation of PMNs and
release of NSPs stored in primary granules, an attractive manner to survey activation of
neutrophils is to design and synthetize a near-infrared fluorescence SBP. Hence, we conceive a
cell-impermeable near-infrared fluorescence (NIRF) SBP for monitoring active, secreted
hPR3.3° We therefore designed a peptide hairpin loop-like structure that consists of a hPR3
recognition sequence and an electrostatic zipper, driving a close vicinity of the N- and C-
terminal FRET couple (fluorescent donor: sulfoCy5.5; non-fluorescent dark quencher: QSY21).
The recognition sequence is derived from both a hPR3 substrate (Abz-Val-Ala-Asp-Nva-Ala-
Asp-Tyr-GIn-EDDnp, with Nva: norvaline) and azapro-3, its corresponding azapeptide
inhibitor (Abz-Val-Ala-Asp-azaNva-Ala-Asp-Tyr-Gln-3-nitro-Tyr).*’ First, the probe, called
pro3-SBP, was characterized in vitro. Then, the ability of pro3-SBP to monitor secreted hPR3
and thus neutrophil activation was endorsed. Despite a scattered fluorescence signal, a pivotal
advantage of pro-SBP3, which emits in the near infrared, is to provide a sensitive detection

level of hPR3, allowing a laid-back and fast visualization of neutrophil activation.
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Results & discussion

Design and characterization of the proteinase 3 NIRF probe

The hPR3 recognition domain was derived from both a peptidyl substrate and an
azaNva-containing peptide inhibitor initially designed for targeting neutrophil hPR3%° (see
schematic representation: Figure 1a). The electrostatic zipper corresponded to a short double
strand consisting of a complementary pair of a polyanionic (D-Glu)s segment and a (D-Arg)s, a
5-mer polycation. The zipper was covalently linked to the N- and C-termini of hPR3 recognition
peptide via (D-Ala), spacers. The fluorescence donor-acceptor pair consisted of i/ a dark
quencher (QSY21) conjugated to the peptide through an amide bond with the N-terminal amino
group of D-Glu and ii/ a maleimido-functionalized fluorescent dye (sulfoCy5.5) which was
linked to a C-terminal Cys via a thioether bond. The presence of the double strand
polycationic/polyanionic zipper drives a tight vicinity between the fluorescent donor group and
QSY21, the non-fluorescent acceptor quencher, leading to an efficient intramolecular FRET in
the absence of proteolytic cleavage. Consequently, QSY21 returns from the excited state to the
ground state via non-radiative decay pathways, without the emission of light. #! While cationic
Arg-rich peptides as well poly-Arg 8 to 15-mers translocate through membranes and may act
as potent CPPs*>*3, peptides containing less than six L/D -Arg residues are ineffective CPPs.**
Accordingly, presence of a double strand electrostatic zipper consisting of only five D-Glu/D-
Arg pairings ensure the inability of NIRF probe to cross membranes, avoiding any targeting of
intracellular hPR3.% A similar strategy was successfully used to design a selective NIRF probe

of secreted CatS.*
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Figure 1: structure and design of the hPR3 substrate-based probe.

(a) Structure of the NIRF probe (pro3-SBP). The PR3 recognition domain (VADXADYQ, with
X=norvaline, Nva) was derived from a selective azaNva-containing peptide inhibitor of human
neutrophil PR3, hPR3. The electrostatic zipper corresponds to a complementary (D-Glu)s/(D-Arg)s pair.
The PR3 recognition peptide is flanked in both N- and C-positions by a (D-Ala), spacer. The FRET
donor-acceptor pair consists of a dark quencher (QSY21) and a maleimido-functionalized fluorophore
(sulfoCy5.5) which is linked to a C-terminal Cys. (b) Cartoon representation. General scheme for
monitoring neutrophil activation by pro3-SBP.

Pro3-SBP was synthesized as detailed extensively in the experimental part. The characteristics
of the purified probe (RP-HPLC profile, ESI-MS spectrum and UV-vis spectrum) were
disclosed in the supplementary file: Figure S1. Stability of the intramolecularly quenched
fluorescent pro3-SBP was further examined. No fluorescence signal corresponding to a self-
dequenching (Aex= 684 nm; Aem= 710 nm) was observed after one hour of incubation, supporting
that the intramolecular FRET between sulfoCy5.5 and QSY21 was robust. This was confirmed
by preincubation of pro3-SBP in the presence of a high ionic strength (1 M NaCl) where no
dequenching was observed. Alternatively, addition of hPR3 led to a straight fluorescence
release, indicating that the cleavage within the recognition sequence triggered an immediate
dissociation of the salt bridges between (D-Glu)s and (D-Arg)s strands, directing the
dequenching of the sulfoCy5.5 donor/QSY21 acceptor pair, as previously described for a

molecular SBP conjugate of similar assembly, but carrying a different donor/acceptor pair.*®

Moreover, cleavage of increasing amounts of pro3-SBP (0-8 pM) conducted a linear dose-
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dependent level of emitted fluorescence (R* = 0.98), demonstrating that intermolecular

fluorescence quenching did not occur.

Specificity of the hPR3 substrate-based probe

As indicated before, incubation of pro3-SBP with hPR3 conducted to a NIRF release.
As expected, the cleavage site was located at the Nva-Ala bond (MALDI mass spectrometry
analysis) (Figure S2). The second-order rate constant, which was determined under pseudo-first
order conditions, corresponded to Kea/Km= 440,000 + 5,500 M. s! (with Michaelis constant

Kn=1.33 uM), supporting a worthy specificity (Table I).

Table I: Kinetic parameters (second-order rate constant) for the hydrolysis of pro3-SBP by
human proteases.

Proteases Keat / Kim (M. s7)
hPR3 440,000 £ 5,500
CatG n.h.

hNE 33,000 £ 3,000
CatS n.h.

CatL <1,000
CatB n.h.

CatH n.h.

CatD n.h.
MMP-8 n.h.
MMP-9 n.h.
MMP-12 n.h.

Determination of the second-order rate constants were carried out under pseudo first-order conditions as detailed
in the experimental section. Kinetic data were reported as means + S.D (n=3, three independent experiments). n.h.,
no hydrolysis.

Also, a similar specificity constant was maintained, compared to the parent FRET substrate
(Abz-Val-Ala-Asp-Nva-Ala-Asp-Tyr-GIn-EDDnp)*’, sustaining that substitution of the
Abz/EDDnp pair by a bulky hydrophobic donor/quencher (sulfoCy5.5/QSY21) pair did not
affect the kea/Kim value, which mostly relied on the peptidyl hPR3 recognition pattern. Pro3-
SBP was also cleaved, but to a lesser extent, by hNE (kcat/Km= 33,000 £ 3,000 M. s!). Analysis
of the hydrolysis products by mass spectrometry demonstrated the presence of two cleavage
sites for hNE, located at the Nva-Ala bond and its neighboring Ala-Asp bond (respective
cleavage ratio: ~55% vs ~45%) (Figure S3). Also, cathepsin L hydrolyzed slightly pro3-SBP

(estimated keat/Km <1,000 M-!. s1). On the other hand, pro3-SBP was not susceptible to
7

ACS Paragon Plus Environment

Page 8 of 27



Page 9 of 27

oNOYTULT D WN =

Bioconjugate Chemistry

hydrolysis by CatG. Similarly, biologically relevant aspartic CatD, cysteine cathepsins B, H
and S, MMP-8 and MMP-9, which are matrix metalloproteinases produced by neutrophils, as
well as MMP-12 (macrophage elastase) did not hydrolyze pro3-SBP.

We evaluated the sensitivity (i.e. detection limit) of pro3-SBP. In the presence of a
constant amount of pro3-SBP (0.5 uM), fluorescence release was observed with subnanomolar
concentrations of hPR3 (IVIS Caliper Lumina XR imaging system) (Figure 2a). Alternatively,
in the presence of a constant concentration of hPR3 (5 nM), we detected a fluorescence

threshold with submicromolar concentration (0.25 pM) of pro3-SBP (Figure 2b).

hPR3 (nM) 0 05 1 25 5

Epifluoroscence

a)

b)

Probe (uM) 0 025 05 1 2 5

e
e

2x107+ 1.5x107 —

1.5x1071
1x107
1x107-

5x106+
5x10°

Fluoresence intensity (A. U.)

Fluoresence intensity (A. U.)

0_
Inh (1 uM) - + Inh (1 pM) - + - +
Neutrophils Qs Act

Figure 2: Detection threshold and selectivity of pro3-SBP.

(a) Increasing amounts of hPR3 (0-5 nM) were incubated in the presence of pro3-SBP (0.5 uM) (0.05 M HEPES
buffer, pH 7.4, 0.05% NP40, 150 mM NaCl). After 5 min, fluorescence release was measured (Aex=640 nm,
Aem=675 nm; 5's exposure; IVIS Caliper Lumina XR imaging system). (b) PR3 (5nM) was incubated in the
presence of increasing concentrations of pro3-SBP (0-5 uM), before recording the fluorescence release
(t=25 min). (c) Control experiments were conducted by pre-incubating for 30 min PR3 (5 nM) in the presence of
a selective irreversible hPR3 inhibitor (Inh: Biotinyl-Val-Tyr-Asp-Nva-P(O-CsHs-4-Cl)2, 1 uM). After addition of
pro3-SBP (5 uM), fluorescence release was monitored (IVIS Caliper Lumina XR imaging system, t= 10 min).
Data were expressed as mean + SD fluorescence intensity (A.U., arbitrary units). Statistical analyses were
performed using Mann-Whitney U test (n=3, ***: P<0.0005). (d) Following incubation of neutrophils with
ionomycin, as detailed in the experimental section, conditioned media of activated neutrophils (Act) were
withdrawn and incubated with pro3-SBP (5uM). Fluorescence release was further examined (IVIS Caliper Lumina
XR imaging system, t = 30 min). The same experiments were carried out in the presence of unstimulated
neutrophils (quiescent, Qs). Results were expressed as mean + SD fluorescence intensity (A.U., arbitrary units).
Statistical analyses were performed using Kruskal-Wallis test (n=3, **: P<0.005, ***: P<(.0005). Signal
selectivity was checked in the presence of the hPR3 inhibitor (Inh).

The fluorescence release correlated markedly with hPR3 enzymatic activity, since there was a
full impairment of signal in the presence of Biotinyl-Val-Tyr-Asp-Nva-P(O-CsH4-4-Cl),
(Figure 2c), a potent peptidyl di(chlorophenyl)-phosphonate ester inhibitor, previously used to

8
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selectively inhibit extracellular activity of hPR3 in sputa from cystic fibrosis patients.?!
Following treatment of purified neutrophils by a calcium ionophore, PMN conditioned medium
was collected and pro3-SBP was added. An extensive NIRF signal, which was abolished in the
presence of Biotinyl-Val-Tyr-Asp-Nva-P(O-C¢Hs-4-Cl)2, was monitored (Figure 2d).
Conversely to ionomycin-activated neutrophils, hydrolysis of pro3-SBP was undetectable in
supernatants issued from untreated PMNs. Present results indicate that the specific fluorescence
release from cleavage of pro3-SBP corresponded to extracellular hPR3 activity, which could
be entirely abrogated by addition of the hPR3 inhibitor.3! Data also support that pro3-SBP could
be a valuable tool for monitoring the secretion of mature active hPR3 by activated neutrophils,

since no NIRF signal was detected in the presence of quiescent neutrophils.

Imaging of secreted hPR3 by confocal microscopy

Both ionomycin-treated and untreated neutrophils were cultured for 4 h. After removal
of non-adherent PMNSs, pro3-SBP (10 uM) was immediately added to the culture medium and
imaging was performed by confocal fluorescence microscopy. In a preliminary way, a cell
viability assay was performed since incubation of neutrophils with ionomycin results in an
increase of intracellular Ca?" levels and a subsequent decrease of cell viability.*”*8 Accordingly,
we observed a decrease of cell viability following addition of ionomycin compared to untreated
neutrophils. However, the addition of pro3-SBP did not induce any significant modification of
the viability of ionomycin-activated neutrophils as well quiescent cells (Figure S4), which
supports that pro3-SBP did not exhibit deleterious cellular outcomes under the present
experimental conditions. Confocal microscopy analysis showed that NIR fluorescence release
was rapidly detected for activated neutrophils, but not for quiescent cells (Figure 3a-b). The
emitted fluorescence was found exclusively in the extracellular medium, but not intracellularly
within living neutrophils, as supported by bright-field microscopy, thus validating our probe
design strategy. In parallel, control trials, cell media of both quiescent, and activated PMNs
were withdrawn and hPR3 activity was measured by transmitted light microscopy. Addition of
an irreversible phosphonate hPR3 inhibitor?® fully abrogated the fluorescence release (Figure
3c), confirming that pro3-SBP is a potent and selective SBP for hPR3 imaging following
neutrophil activation.

Present data confirmed that the peptide hairpin loop-structure of pro3-SBP is highly
stable in culture media. Indeed, no fluorescence signal, associated to a spontaneous self-
dequenching, was detected for quiescent neutrophils in the absence of hPR3 release, supporting

the selective character of pro3-SBP. Moreover, data endorsed that pro3-SBP is a potent probe,
9
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aiming to image secreted/extracellular hPR3 activity following activation of quiescent
neutrophiles and degranulation by calcium ionophore. Nevertheless, a limitation for the use of
pro3-SBP is that the released reporter group bearing Cy5.5 led to an unfocused signal, which is
due to its diffusion into the extracellular medium, consistently with its substrate-derived
backbone.?® Nevertheless, a fine NIRF signal-noise ratio should be noticed, as demonstrated by
the lack of fluorescence background of uncleaved pro3-SBP. Also, the worthy turnover rate
constant value of pro3-SBP (kcat/Km= 440,000 £ 5,500 M-!. s!) thereby makes possible to detect

in situ nanomolar concentrations of extracellular active hPR3.

hPR3 activity (A. U.)

Qs  Act Act+inh

Figure 3: Probing neutrophil activation by confocal microscopy.

(a) Ionomycin-treated neutrophils were seeded in Well Black ibiTreat microplates (Ibidi) as described in “material
& methods” (500,000 neutrophils/well). After removal of non-adherent cells, pro3-SBP (10 uM) was immediately
added to the culture medium. Imaging was performed by monitoring the NIRF signal release (confocal
fluorescence microscopy, Leica SP8 confocal microscope, laser 675 nm, red) at 0, 5, and 15 min (right panel),
using white light as control (left panel). All snapshots were obtained by using objective: 60x and scale bar: 50 pm.
(b) The selectivity of the NIRF signal was confirmed by carrying out the same experiments in the presence of
quiescent neutrophils. (¢) hPR3 activity in cell-free supernatants of quiescent (Qs) and activated (Act) neutrophils.
Alternatively, media (corresponding to 500,000 neutrophils/well) were withdrawn, and hPR3 activity was
measured using ABZ-Val-Ala-Asp-Nva-Ala-Asp-Tyr-GIn-EDDnp (20 uM) as substrate (Aex=320 nm, Aem=420
nm). Biotinyl-Val-Tyr-Asp-Nva-P(O-CH,-4-Cl), (1 pM), a selective hPR3 inhibitor was used as control

10
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(Act+inh). Data were expressed as arbitrary units (A.U). Results were analyzed using Kruskal-Wallis test (n=3, P-
value ***: P<(.0005).

In conclusion, current results support that pro3-SBP is a specific NIRF substrate-based
probe for monitoring activity of secreted hPR3. In addition to selective and powerful activity-
based probes designed by several colleagues to specifically target and visualize hPR3 activity,
pro3-SBP may represent an alternative and convenient molecular tool for a casual monitoring

of neutrophil activation.

Experimental procedures

Peptide chemistry:

General information: All reagents and solvents were used without further purification.
Protected amino acids were purchased from Gyros Protein Technology (Uppsala, Sweden).
DIEA (di-isopropyl-ethylamine), HPLC gradient-grade MeCN and TFA were purchased from
Carlo Erba (Val-de-Reuil, France). Rink amide ChemMatrix resin was purchased from Biotage
(Uppsala, Sweden). Sulfo-cyanine5.5 NHS ester was obtained from Lumiprobe GmbH
(Hannover, Germany). QSY21 maleimide was purchased from AAT Bioquest (Sunnyvale, CA,
USA). Peptide synthesis-grade DMF was purchased from VWR (Fontenay-sous-Bois, France).
Ultrapure water was obtained using a Milli-Q water system from Millipore (Molsheim, France).
Polypropylene syringes fitted with polypropylene frits were purchased from Torviq (Niles, MI,
USA) and were equipped with PTFE (5 polytetrafluoroethylene) stopcock from Biotage.

Peptide characterization and purification: HPLC analyses were carried out on a
Chromaster system equipped with a 5160 pump, a 5430 diode array detector and a 5260 auto
sampler. Semi-preparative purifications were carried out on a LaChromElite system equipped
with a Hitachi L-2130 pump, a Hitachi L-2455 diode array detector and a Hitachi L-2200 auto
sampler. Chromolith High Resolution RP-18¢ (150 A, 10 x 4.6 mm, 3 mL/min flow rate)
columns were used for analysis, and Nucleosil C18 (300 A, 5 pm, 250 x 10 mm, 3 mL/min
flow rate) for purification. As mobile phases, mixtures of 0.1% TFA in H>O (A) and 0.1% TFA
in MeCN (B) were used. ESI-MS analyses were carried out on an Agilent 1260 Infinity HPLC
system, coupled with an Agilent 6120 mass spectrometer (ESI + mode), and fitted with an Aeris
Widepore XB-C18 2 (3.6 um, 150 x 2.1 mm, 0.5 mL/min flow rate, 60 °C) column. The
reported m/z values correspond to the average mass. As mobile phases, mixtures of 0.1% formic

acid in H>O (A’) and 0.1% formic acid in MeCN (B’) were used. Gradient: 3% B’ for 1 min,
11
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then 3 to 50% B’ over 15 min. MS spectrum of purified Pro3-SBP was obtained by LC-MS
(liquid chromatography coupled to mass spectrometry) analysis using this system.

Solid-phase peptide synthesis: Automated Fmoc-based solid phase peptide syntheses
(SPPS) was carried out on a Prelude synthesizer from Protein technologies. Standard side-chain
protecting groups were used: Arg(Pbf), Asp(OtBu), Cys(Trt), GIn(Trt) and Tyr(tBu). Synthesis
was performed on a 25 pmol-per-reactor scale. Protected L-amino acids (250 umol, 10 equiv.)
were coupled without pre-activation using HCTU (2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate, 90 mg, 238 umol, 9.5 equiv.) and DIEA (87 uL, 500
umol, 20 equiv.) in NMP (3 mL) for 30 min. A modified protocol was used for D-amino acids
building blocks: protected D-amino acids (87.5 pmol, 3.5 equiv.) were coupled using HATU
(1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate, 32 mg, 85 umol, 3.4 equiv.) and DIEA (30 pL, 175 umol, 7 equiv.) in
NMP (3 mL) for 2 h. After each coupling, capping of potential unreacted amine groups was
achieved by treatment with acetic anhydride (143 pL, 1.51 mmol, 60 equiv.), DIEA (68 uL,
0.39 mmol, 15.5 equiv.) and HOBt (N-hydroxybenzotriazole, 6 mg, 0.044 mmol, 1.8 equiv.) in
NMP (3 mL) for 7 min. Fmoc groups were removed by three successive treatments with 20%
piperidine in NMP (3 mL) for 3 min. Peptidyl resin was extensively washed with DCM
(dichloromethane) then dried under an air flow, and the crude peptide was deprotected and
cleaved from the resin through a treatment with TFA/H>O/iPr3SiH/phenol, 88:5:2:5 for 2 h. The
peptide was precipitated by dilution into an ice-cold diethyl ether/petroleum ether 1:1 mixture,
recovered by centrifugation, and washed twice with diethyl ether and dried under reduced
pressure.

Synthesis and physico-chemical characterization of pro3-SBP: The synthesis of the
peptide was performed as described above to give crude peptide H-
eeeecaaVADXADYQaarrrrrC-NH,, which  was used without further purifications
(X=norvaline, L-amino acids are in uppercase and D-amino acids in lowercase). The crude
peptide (2.65 mg, 0.785 umol, calculated from a molecular weight (MW) = 3377 g/mol taking
into account six trifluoroacetate counteranions) was dissolved in 500 uL. of 1 M HEPES buffer
pH 7.5, deoxygenated through several successive vacuum (~ 15 mbar) / argon cycles in order
to avoid cysteine oxidation. Then, a solution of sulfo-cyanine5.5 maleimide (0.65 mg, 0.877
umol, 1.12 equiv.) in 100 pL deoxygenated DMF was added under argon and the resulting
mixture was further deoxygenated. After 13 h stirring at RT, a second portion of the maleimide
reagent was added (1.12 equiv. in 100 pL deoxygenated DMF), and the reaction was stirred for

30 min. At this stage, HPLC analysis showed total consumption of the starting peptide material.
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A solution of QSY21 N-hydroxy succinimide ester (1.28 mg, 1.570 pmol, 2.0 equiv.) in 100
uL DMF was then added, and the reaction was stirred for 1 h, at RT. A second portion (1.76
equiv. in 88 uL DMF) was then added and the reaction stirred for 18 h. A third portion was
added (2.24 equiv. in 112 uL DMF) and the reaction stirred for an additional 6 h. Reaction
mixture was analyzed by HPLC to assess the completion of the reaction. The reaction was
quenched by dilution into 5 mL of a HoO/MeCN/TFA 79.5:19.5:1 mixture then purified by
semi-preparative HPLC and lyophilized to yield Pro3-SBP as a deep blue powder (37 nmol,
determined by UV titration at 675 nm, ¢ =315 100 M-".cm™!, 4.7% yield). Theoretical molecular
absorption coefficient of pro3-SBP at 675 nm was calculated by addition of the reported one
for sulfo-Cy5.5 at this wavelength (Amax, € = 235 000 M-'.cm™)? to the one determined for
QSY21 (7 =80 100 M'.cm™) from its absorption spectrum,® based on its reported & = 89 000
M-.cm™ at Amax = 660 nm. Note that the conjugate showed limited solubility and tendency to
precipitate under HPLC purification conditions, which explains the moderate (non-optimized)
isolated yield. However, pro3-SBP is perfectly soluble and stable in a DMSO
(dimethylsulfoxide) stock solution and does not show tendency to aggregate or precipitate
under our in vitro or in cellulo tests conditions.

HPLC: semi-preparative purification gradient: 20-80% B over 30 min, retention time = 19.8
min. Analytical gradient: 20-80% B over 5 min, retention time: 3.76 min.

ESI-MS (m/z): [M+H]** calced. for C195sH262N470538S6: 1461.6, found: 1461.4; [M+2H]*" calcd.
for Ci9sH263N47058S6: 1096.5, found: 1096.2. UV: Amax = 675.0 nm in H20/MeCN/TFA
70/30/0.1.

Enzymes, inhibitors, reagents:

Abz-Val-Ala-Asp-Nva-Ala-Asp-Tyr-GIn-EDDnp was synthetized according to
Epinette et al. (2012).4° Synthesis of the peptidyl di(chlorophenyl)-phosphonate ester, Biotinyl-
Val-Tyr-Asp-Nva-P(O-C¢Hs-4-Cl), was detailed elsewhere.’® Human PR3 (hPR3) was
produced as reported earlier.** Human neutrophil elastase (hNE) was provided by BioCentrum
(Krakow, Poland). Human CatG was from ICN Pharmaceuticals (Costa Mesa, CA, USA).
Human CatS was produced as previously described.’® Human CatD was provided by Merck
KGaA (Darmstadt, Germany). Human cathepsins B, L, and H and human matrix
metalloproteinases (MMP-8, MMP-9, MMP-12) were purchased from Calbiochem (VWR

2 https://www.lumiprobe.com/p/sulfo-cy55-nhs-ester, last retrieved : 12/05/2021
b https://www.aatbio.com/absorbance-uv-visible-spectrum-graph-viewer/, last retrieved : 12/05/2021
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International, Pessac, France). Brij35, EDTA, DTT and NP40 were obtained from Sigma-
Aldrich (Saint Quentin Fallavier, France). Activity buffers were 0.05 M HEPES buffer, pH 7.4,
0.05% NP40, 150 mM NacCl for hPR3, hNE, and CatG, 0.1 M sodium citrate buffer, pH 4.0 for
aspartic CatD, 0.1 M sodium phosphate buffer, pH 7.4, 2 mM DTT, 1 mM EDTA and 0.01%
Brij35 for CatS, 0.1 M sodium acetate buffer, pH 5.5, containing 2 mM DTT, I mM EDTA and
0.01% Brij 35 for cathepsins B, H, and L, and 0.05 M Tris buffer, pH 7.5, containing 0.05%
Brij35, 150 mM NaCl, and 10 mM CaCl, for MMP-8, MMP-9, and MMP-12, respectively.

Preparation of human neutrophils:

Blood samples were collected from healthy volunteers by the "Etablissement Francais
du Sang Centre-Pays de Loire” (EFS Tours, France). Specimens were delivered by EFS
(University of Tours/EFS agreement) in accordance with ethical rules (approval number
#CPDL-PLER-2019 188). Neutrophils were isolated from EDTA-whole blood by negative
magnetic selection using the “EasySep Direct Human Neutrophil Isolation Kit” (Stemcell

Technologies, Cambridge, UK).

Characterization of the NIRF probe (pro3-SBP):

Kinetics parameters of pro3-SBP: hPR3 (10 nM) was incubated for 5 min at 37 °C in
the assay buffer prior addition of pro3-SBP (1 uM final concentration). Determination of the
second-order rate constants (kca/Km) were carried out under pseudo first-order conditions. The
enzymatic activity was followed by monitoring the hydrolysis of pro3-SBP (Aex: 684 nm; Aem:
710 nm) (Cary Eclipse spectrofluorimeter, Agilent Technologies, Les Ulis, France). The half-
time of the reaction (t12) was obtained graphically by plotting [P] = f(t), with kebs = In 2/t1/2.
The value of keat/Km (M™!.s7") was deduced from the equation Keat/Km = kobs/[E] (GraphPad Prism
6, San Diego, CA, USA). Kinetic data were reported as means = S.D (three independent
experiments). The maximal velocity of the reaction (Vmax) and the Michaelis constant (Km)
were fitted from initial velocity measurements (GraphPad Prism 6), by varying pro3-SBP
concentrations (0.5-8 uM) for a constant hPR3 concentration (5 nM) (n=3). The same
experience was repeated in the presence of hHNE.

Selectivity of pro3-SBP: Pro3-SBP selectivity was checked by incubating proteases
(10 nM) 5 min at 37°C in their respective activity buffer prior addition of pro3-SBP (1 uM).
Enzymatic activity was recorded by monitoring the fluorescence release (Aex: 684 nm; Aem: 710
nm) (Cary Eclipse spectrofluorimeter). On the other hand, pro3-SBP (1 uM) was incubated

with hPR3 for 30 min at 37 °C in its assay buffer (final volume: 100 uL). The reaction was
14
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stopped by addition of ethanol (500 uL). After centrifugation (6,000 rpm/10 min, 4 °C), the
precipitate was removed and the native peptide and/or its proteolytic fragments was evaporated
to dryness and re-dissolved in water containing 0.1% trifluoroacetic acid. Proteolysis products
were separated by reverse-phase chromatography (Brownlee Aquapore RP-300, C8 Phase
Cartridge Column, PerkinElmer), using a 41-min linear (0-90%) gradient of acetonitrile in
water (0.1% TFA) at a flow rate of 0.5 mL/min (P1000XR, SpectraSystem), and analyzed by
the ChromQuest chromatography Workstation (ThermoFinnigan, Les Ulis, France). The same
experiment was conducted for hNE, CatG and CatS (10 nM) in their respective assay buffer.
Identification of cleavage sites were performed by analysis of the hydrolysis products by
MALDI-TOF mass spectrometry (MALDI-TOF/TOF UltraFleXtreme, Bruker Daltonics).
QSY2l-eecceaaVADX-OH (X=norvaline) (m/z): monoisotopic [M]" calculated for
CsoH109N14028S: 1853.73, found: 1853.72. QSY21-eeeeecaaVADXA-OH (X=norvaline) (m/z,
monoisotopic): [M]" calculated for CooH;i14N1502S: 1924.76, found: 1924.75. H-
ADY QaarrrrrC(sulfoCy5.5)-NH» (m/z, monoisotopic): [M]* calculated for CiosH154N33031Ss:
2545.01, found: 2545.00. H-DYQaarrrrrC(sulfoCy5.5)-NH, (m/z, monoisotopic): [M]"
calculated for C103H149N32030Ss: 2473.97, found: 2473.95.

Physicochemical properties of pro3-SBP: The stability of pro3-SBP (I uM) in an
aqueous buffer was endorsed by incubation for 0-60 min at 37°C in its assay buffer (final
volume: 100 pL) as reported elsewhere.*® Alternatively, after addition of ethanol (500 pL),
centrifugation (6,000 rpm/10 min, 4 °C) and evaporation to dryness, integrity of pro3-SBP was
checked by RP-HPLC (Brownlee Aquapore RP-300) using conditions reported above
(ChromQuest chromatography Workstation). Moreover, the possible hazard of an
intermolecular fluorescence quenching associated to pro3-SBP hydrolysis and the subsequent
release of intramolecular sulfoCy5.5/QSY21 couple was evaluated by incubation of hPR3 (5
nM) with increasing amounts of the probe (0-8 pM) at 37 °C in the assay buffer (Aex: 684 nm;
Aem: 710 nm).

Detection threshold of pro3-SBP: Increasing amounts of hPR3 (0-5nM) were
incubated in the presence of pro3-SBP (0.5 uM) in 0.05 M HEPES buffer, pH 7.4, 0.05% NP40,
150 mM NaCl (black 96-well microtiter plates, Nunc, ThermoFisher Scientific, Villebon-sur-
Yvette, France). After 5 min, fluorescence release was measured using IVIS Caliper Lumina
XR imaging system (10 s exposure, Caliper LifeSciences, Villepinte, France) (Aex: 640 nm; Aem:
675 nm). Data were presented on color scale overlaid on a grayscale photograph (microplate
wells). They were quantified as total radiant efficiency (photons (p) per second (s) per cm? per

steradian (sr) [photons/s/cm?/sr]) within a circular region of interest (1x10° pixels) using the
15
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Living Image 4.3.1 software (Caliper Life Sciences).*® Similarly, hPR3 (5 nM) was incubated
in the presence of increasing concentrations of pro3-SBP (0-5 uM), before recording the
fluorescence release (t = 0-25 min). Assay was repeated by pre-incubating hPR3 (5 nM) in the
presence of a hPR3 inhibitor, Biotinyl-Val-Tyr-Asp-Nva-P(O-CsHs-4-Cl), (10 uM)?®, prior
addition of pro3-SBP (5 uM) and recording of the fluorescence release 10 min latter. On the
other hand, purified neutrophils (5x10° neutrophils) were activated by ionomycin, a calcium
ionophore (1 puM, Sigma-Aldrich), for 20 min at 37°C in phosphate-buffered saline/1 mM
CaCly/1 mM MgCl; (final volume: 5 mL). Then, 500,000 neutrophils/well were seeded in 96-
well plates at 37°C (5% CO2) in Gibco free-fetal calf serum RPMI-1640 medium (Fisher
Scientific, Illkrich, France) for 24 h. Cell supernatants were collected and the fluorescence
release was monitored (IVIS Caliper Lumina XR imaging system, t = 0-30 min), following
addition of pro3-SBP (5 uM). Controls were carried out in the presence of quiescent PMNss,
and selectivity of NIRF signal was checked by addition of a hPR3 inhibitor, Biotinyl-Val-Tyr-
Asp-Nva-P(O-CsH4-4-Cl)2 (1 uM).

Activation of human neutrophils: imaging by confocal microscopy:

Following their isolation, purified neutrophils (5x10° neutrophils) were immediately
stimulated with phosphate-buffered saline/1 mM CaCl,/1 mM MgCl,, containing 250 nM
ionomycin for 20 min at 37°C (final volume: 5 mL). Then, cells (500,000 neutrophils/well)
were seeded in 96-well Well Black ibiTreat microplates (Ibidi, CliniSciences, Nanterre, France)
at 37°C (5% CO2) in Gibco FCS-free RPMI-1640 medium for 4 h. After removal of non-
adherent cells, pro3-SBP (10 uM) was immediately added to the culture medium and imaging
performed by confocal fluorescence microscopy (Leica SP8 Confocal Microscope, Leica
Microsystemes, Nanterre, France) (0-15 min.). Data were acquired using White Light Laser
(Cys5.5; wavelength 675 nm) and transmitted light detector (diode 405; wavelength 405nm)
with constant microscope settings (laser power, detector gain, and amplification offset). Assays
were repeated with non-activated (quiescent) neutrophils. Alternatively, a control experiment
was conducted; cell media of both quiescent and activated neutrophils were withdrawn and
hPR3 activity was monitored using Abz-Val-Ala-Asp-Nva-Ala-Asp-Tyr-Gln- EDDnp (20 uM)
as substrate in 0.05 M HEPES, 0.75 M NaCl, and 0.05% NP40, pH 7.4
(spectromicrofluorimeter SpectraMax Gemini, Molecular Devices, Saint Grégoire, France;
hex=320 nm, Aem=420 nm). Selectivity of substrate was checked by adding Biotinyl-Val-Tyr-
Asp-Nva-P(0O-CsH4-4-Cl)2 (1 uM). Experiments were performed in triplicate.

16
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Cell viability assay:

CellTiter 96® AQueous One Solution Cell Proliferation Assay (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS) kit (Promega,
Charbonni¢re-Les-Bains, France) was used to evaluate cytotoxicity of pro3-SBP, according to
the manufacturer’s instructions. Briefly, both ionomycin-treated and untreated neutrophils
(500,000 cells/well) were cultured for 4 h in 96-well plates containing 100 uLL of medium as
described above. At various time (0, 5, and 15 min), pro3-SBP (10 uM) was incubated with
culture medium at 37°C (5% CO.). The MTS reagent was added (20 pL/well) and cells were
incubated under the same conditions for 2h. The absorbance was measured at 490 nm
(Microplate Reader VersaMAx, Molecular Devices, St Grégoire, France). All the experiments
were repeated three times. MTS assay results were normalized using as reference the
proliferation rate of quiescent neutrophils in the absence of pro3-SBP (control value defined as

100%). Assays were performed in triplicate.

Statistical analysis:

Data are expressed as means + standard deviation (SD). Statistical significance between
the different values was analyzed by nonparametric Mann-Whitney U test and group
comparisons were performed with nonparametric Kruskal-Wallis test. Statistical analysis was
performed using GraphPad Prism v8.4.2 (San Diego, CA, USA). Differences at a P-value <
0.05 were considered significant (**: P < 0.005; ***: P<0.0005).

Supporting Information:

Figure S1. Characterization of purified pro3-SBP (HPLC trace, UV-vis and ESI-MS spectra)
Figure S2. Cleavage of pro3-SBP by hPR3.

Figure S3. Cleavage of pro3-SBP by hNE.

Figure S4. Cell viability assay.
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