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Abstract

Cathepsin C (CatC) is a tetrameric cysteine dipeptidyl aminopeptidase that plays a key
role in activation of pro-inflammatory serine protease zymogens by removal of an N-terminal
pro-dipeptide sequence. Loss of function mutations in the CatC gene are associated with lack
of immune cell serine proteases activities and cause Papillon-Lefevre syndrome (PLS). Also,
only very low levels of elastase-like protease zymogens are detected by proteome analysis of
neutrophils from PLS patients. Thus, CatC inhibitors represent new alternatives for the
treatment of neutrophil protease-driven inflammatory or autoimmune diseases. We aimed to
experimentally inactivate and lower neutrophil elastase-like proteases by pharmacological
blocking of CatC-dependent maturation in cell-based assays and in vivo. Isolated, immature
bone marrow cells from healthy donors pulse-chased in the presence of a new cell permeable
cyclopropyl nitrile CatC inhibitor almost totally lack elastase. We confirmed the elimination
of neutrophil elastase-like proteases by prolonged inhibition of CatC in a non-human primate.
We also showed that neutrophils lacking elastase-like protease activities were still recruited to
inflammatory sites. These preclinical results demonstrate that the disappearance of neutrophil
elastase-like proteases as observed in PLS patients can be achieved by pharmacological
inhibition of bone marrow CatC. Such a transitory inhibition of CatC might thus help to
rebalance the protease load during chronic inflammatory diseases, which opens new

perspectives for therapeutic applications in human.
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Abbreviations: ABP, activity-based probe, BALF, broncho-alveolar lavage fluid; Cat, cathepsin;
FRET, fluorescence resonance energy transfer; GPA, granulomatosis with polyangiitis; HNE, human
neutrophil elastase; HPLC, High Performance Liquid Chromatography; HRMS, high resolution mass
spectrometry; LPS, lipopolysaccharide; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-
associated lipocalin, PR3, proteinase 3; PLS, Papillon-Lefévre syndrome; hum, human; MF, Macaca
fascicularis; WB, Western-blot.



1. Introduction

Preclinical and clinical data suggest that inhibition of neutrophil serine proteases
(elastase (HNE), proteinase 3 (PR3), cathepsin G (CatG)) using therapeutic inhibitors would
suppress or attenuate deleterious effects of inflammatory disorders mediated by neutrophilic
proteases such as COPD, cystic fibrosis, alpha-1-protease inhibitor deficiency ' Likewise,
broad spectrum inhibitors of neutrophil elastase-like proteases could achieve better protection
of the lungs against noxious agents than highly selective monospecific small molecule
inhibitors targeting individual neutrophilic proteases. Attempts to inhibit these proteases in
situ still remain non-convincing due to the protective ‘environment mucus and DNA in
bronchial secretions, which compromise efficient inhibition of proteases by exogenous
therapeutic inhibitors . Elimination of harmful elastase-like proteases would be also useful in
granulomatosis with polyangiitis (GPA) ?2. GPA is a systemic vasculitis of small blood
vessels and granulomatous inflammation of the upper and/or lower respiratory tracts
characterized by a circulating autoantibody (ANCA) 67 PR3 is identified as the prime
antigenic target of ANCA in GPA s

Dipeptidyl peptidase I (EC 3.4.14.1), also known as cathepsin C (CatC) is a highly
conserved lysosomal cysteine dipeptidyl aminopeptidase belonging to the papain family 10
The best characterized physiological function of CatC is the activation of pro-inflammatory
granule-associated serine proteases, including neutrophil elastase-like proteases "5 These
proteases are synthesized as inactive zymogen containing a N-terminal pro-dipeptide which
maintains the zymogen in its inactive conformation and prevents premature activation

potentially toxic to the cell '*. The activation occurs through cleavage of the N-terminal

dipeptide by CatC during neutrophil maturation in the bone marrow.



Loss of function mutations in the CatC gene (CSTC) are associated with Papillon-

Lefévre syndrome (PLS) 15, 16

. PLS (MIM 245000) is a rare autosomal recessive disease
characterized by severe periodontitis and hyperkeratosis of the hand, palms and foot soles 17
'8 The investigation of elastase-like proteases in neutrophils collected from PLS patients has

demonstrated both reduced proteolytic activities and very low protein levels 13

. However,
PLS patients do not exhibit marked immunodeficiency despite the absence of elastase-like
proteases in circulating blood neutrophils . Hence, transitory and/or partial inhibition of
CatC in the precursor cells of the bone marrow represents an attractive therapeutic strategy to
control the activity of serine proteases in chronic inflammatory lung diseases with a high
neutrophil recruitment and to eliminate a pivotal antigen in GPA patients *.

Several attempts have been made to inhibit CatC using a cell-permeable inhibitor 2022
Near complete inhibition of elastase-like proteases has been achieved in human and murine

23,24

immortalized hematopoietic cell lines . However, the amounts of elastase-like zymogens

were not lowered by pharmacological CatC inhibition, in contrast to what was observed in

23,23 Whether this was due to the use of immortalized cell

neutrophils from PLS patients
lines, the protease content of which largely differs from that of bone marrow precursor cells,
or to the fact that the disappearance of zymogens targeted by CatC was a consequence of the
genetic inactivation of CatC observed in PLS 24 remains unanswered. In this work, we have
investigated: the fate of -elastase-like zymogens in cultured human bone marrow
promyelocytes from healthy donors in the presence of a new cell permeable potent nitrile
CatC inhibitor (IcatC). Our results demonstrate that the disappearance of zymogens targeted
by CatC is not a unique consequence of genetic inactivation of CatC. We then confirmed
these results in vivo by long-term pharmacological targeting of CatC using IcatC, prior to

induction of lung inflammation in Macaca faciscularis (Mf) and investigation of the

recruitment of blood neutrophils into the lung airways.



2. Material and methods
2.1.  Synthesis of IcatC

IcatC ((S)-2-amino-N-((/R,2R)-1-cyano-2-(4’-(4-methylpiperazin-1-
ylsulfonyl)biphenyl-4-yl)cyclopropyl)butanamide) have been obtained in fourteen steps from
the 4-bromobenzaldehyde and the Meldrum’s acid (Figure 1). The 1-methyl-4-((4-(4.4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)-piperazine -have been also synthesized

from 4-bromosulfonylchloride and N-methylpiperazine in moderate yield.

1-((4-Bromophenyl)sulfonyl)-4-methylpip erazine
K\ N ~
O\\ N \)
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To a solution of 4-bromobenzenesulfonylchloride (Fluorochem, UK) (6.00 g, 23.48 mmol) in
tetrahydrofuran (40 mL) was added 1-methylpiperazine (Sigma-Aldrich, France) (3.9 mL,
35.22 mmol). The resulting reaction mixture was stirred at room temperature for 4 h. The
solvent was removed and the residue was dissolved in dichloromethane (100 mL). The
solution was washed with saturated aqueous sodium hydrogen carbonate (3 times), saturated
aqueous sodium .chloride, dried over magnesium sulfate and concentrated under reduced
pressure to give 7.41 g (quantitative yield) of a white solid.

'H NMR (300 MHz, CDCls) 8 7.70 - 7.64 (m, 2H), 7.64 - 7.56 (m, 2H), 3.10 - 2.95 (m, 4H),
2.59 - 2.38(m, 4H), 2.26 (s, 3H).

1-Methyl-4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)sulfonyl)piperazine

O
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To a solution of 1-((4-bromophenyl)sulfonyl)-4-methylpiperazine (7.4 g, 23.20 mmol) in 1,4-
dioxane (89 mL) and DMSO (7.4 mL) was added pinacolatodiboron (Fluorochem, UK)
(17.67 g, 69.59 mmol), potassium acetate (Alfa Aesar, France) (4.56 g, 46.39 mmol) and
PdCl,(dppf) (Alfa Aesar, France) (849 mg, 1.16 mmol) under argon atmosphere. The mixture
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was stirred at 100 °C for 16 h. After cooling, the reaction mixture was filtered. Most solvent
was removed under reduce pressure and the residue was extracted with ethyl acetate. The
organic layer was washed with saturated sodium chloride, dried over magnesium sulfate and
concentrated under reduce pressure. The crude product was purified by flash column
chromatography using a 95/5 v/v dichloromethane/methanol to afford 4.24 g (50 % yield) as a
solid.

'H NMR (300 MHz, CDCls) 6 7.94 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 3.03 (s, 4H),
2.47 (s, 4H), 2.26 (s, 3H), 1.35 (s, 12H).

5-(4-Bromobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione

Br 0.0
Q/Ifo

o)
To a 1 L three-neck flask was added 4-bromobenzaldehyde (Fluorochem, UK) (20 g, 108.11
mmol) and Meldrum’s acid (Fluorochem, UK) (17.12 g, 118.90 mmol). 220 mL of water was
added and the mixture was stirred at 75 °C via mechanical stirrer for 3 h. Then the system was
transferred to ice-bath and stayed overnight. The white solid was isolated by filtration and
washed with 250 mL of water. The crude product was recrystallized from ethyl acetate and
ethanol to afford 13.78 g (41% yield) of a white solid.

'"H NMR (300 MHz, DMSO) & 8.34 (s, 1H), 7.96 - 7.91 (m, 2H), 7.76 - 7.69 (m, 2H), 1.76 (s,
6H).

1-(4-Bromophenyl)-6,6-dimethyl-5,7-dioxaspiro[2.5 Joctane-4,8-dione
Br o o%
A
)

To a cooled solution of 5-(4-bromobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (6.22 g,
20 mmol) in DMF (40 mL) under argon atmosphere at 0-5 °C was added by dropwise
addition a prepared solution of the dimethylsulfoxonium-methylide from sodium hydride
(Alfa Aesar, France) (60% in oil, 880 mg, 22 mmol), trimethylsulfoxonium iodide (Alfa
Aesar, France) (4,84 g, 22 mmol) in DMF (60 mL) at room temperature. Upon completion of
addition the mixture was stirred at this temperature for a further 30 min. The mixture was then
carefully poured onto a stirred mixture of ice/water and ethyl acetate. The crude product was
extracted with ethyl acetate, washed well with saturated brine and dried over magnesium
sulfate. Filtration and evaporation gave 3.9 g (60% yield) of the crude product as a white
solid.

'H NMR (300 MHz, CDCl3) & 7.51 - 7.44 (m, 2H), 7.23 - 7.17 (m, 2H), 3.39 (t, J = 9.4 Hz,
1H);2.63 (dd, J = 9.3, 4.9 Hz, 1H), 2.55 (dd, J = 9.5, 4.9 Hz, 1H), 1.72 (d, J = 9.9 Hz, 6H).

2-(4-Bromophenyl)-1-(methoxycarbonyl)cyclopropanecarboxylic acid

COOH
COOMe
Br
To a suspension of 1-(4-bromophenyl)-6,6-dimethyl-5,7-dioxaspiro[2.5]octane-4,8-dione (3.5
g, 10.77 mmol) in methanol (40 mL) was added a stock solution (85 mL) prepared from
potassium hydroxide (Alfa Aesar, France) (1.5 g, 26 mmol) in methanol (200 mL). Upon
addition a clear solution ensured and this mixture was stirred for 1 h. the mixture was
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evaporated to dryness and the residue taken up into water, filtered and then the filtrate was
acidified to pH 3 by the addition of HCI IN. After extraction and evaporation, 2.88 g (90%
yield) of colorless gum was obtained.

'H NMR (300 MHz, CDCl3) & 7.48 - 7.36 (m, 2H), 7.21 - 7.06 (m, 2H), 3.88 (s, 3H), 3.38 -
3.21 (m, 1H),2.45 (dd, J=8.8,4.9 Hz, 1H), 2.21 (dd, J=9.5,4.9 Hz, 1H).

Methyl 2-(4-bromophenyl)-1-((tert-butoxycarbonyl)amino)cyclopropanecarboxylate

NHBoc
COOMe

Br

To a solution of 2-(4-bromophenyl)-1-(methoxycarbonyl)cyclopropanecarboxylic acid (2.073
g, 6.93 mmol) in #-butanol (25 mL) was added diphenylphosphorylazide (Fluorochem, UK)
(2.24 mL, 10.40 mmol) and triethylamine (Alfa Aesar, France) (1.93 mL, 13.87 mmol). The
mixture was then stirred at 90 °C under argon atmosphere for 48 h. After evaporation of the
solvent, the residue was partitioned between ethyl acetate and water. The organic layer was
separated and the aqueous layer was extracted with ethyl acetate. The combined organic
extracts were washed with brine, dried over magnesium sulfate, filtered and concentrated. The
crude product was purified by flash column chromatography using a 90/10 v/v
cyclohexane/ethyl acetate as solvent to afford 1.41 g (55% yield) of title compound as a white
solid.

'H NMR (300 MHz, CDCl3) § 7.50 - 7.37 (m, 2H), 7.04 (d, J = 7.0 Hz, 2H), 4.58 (bs, 1H),
3.77 (s, 3H), 3.01 - 2.84 (m, 1H), 2.17 - 1.98 (m, 1H); 1.81 - 1.61 (m, 1H), 1.35 (s, 9H).

Methyl-1-amino-2-(4-bromophenyl)cyclopropane-1-carboxylate

NH,
COOMe

Br

To a solution of methyl 2-(4-bromophenyl)-1-((tert-
butoxycarbonyl)amino)cyclopropanecarboxylate (2.15 g, 5.81 mmol) in DCM (12 mL) was
added TFA (Fluorochem, UK) (12 mL) at 0 °C. The mixture was stirred at room temperature
for overnight. After evaporation, the residue was dried over high vacuum to give 1.41 g (90%
yield) of a white solid.

'H NMR (300 MHz, CDCls) & 7.50 - 7.38 (m, 2H), 7.17 - 7.06 (m, 2H), 3.76 (s, 3H), 2.75
(dd, =95, 7.6 Hz, 1H), 1.84 (dd, J = 9.6, 5.0 Hz, 1H), 1.60 (bs, 2H), 1.40 (dd, J =7.6, 5.0
Hz, 1H).

(1R,2R) Methyl-1-amino-2-(4-bromophenyl)cyclopropane-1-carboxylate

(B) NH,

R) “COOMe

Br

To a solution of methyl-1-amino-2-(4-bromophenyl)cyclopropane-1-carboxylate (9.94 g,
36.81 mmol) in ethyl acetate (65 mL) was added 2,3-dibenzoyl-L-tartaric acid (Fluorochem,
UK) (13.185 g, 36.81 mmol) followed with 0.34 mL of methanol. The resulting solution was
left standing for 2 h until a thick precipitation was formed. The mixture was filtered and the
solid was washed with ethyl acetate (6 mL). The solid was stirred in a mixture of 0.1 M
sodium carbonate (65 mL) and ethyl acetate (65 mL). The mixture was stirred for 30 min and
the two layers were separated. The aqueous layer was extracted two times with ethyl acetate.
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The organic layers were combined, dried over magnesium sulfate, and concentrated to afford
crude (1R,2R) methyl-1-amino-2-(4-bromophenyl)cyclopropane-1-carboxylate (4.3 g), which
was treated again following the above procedure to give (1R,2R) methyl-1-amino-2-(4-
bromophenyl)cyclopropane-1-carboxylate(3.738 g).

'H NMR (300 MHz, CDCl3) & 7.47 - 7.39 (m, 2H), 7.16 - 7.08 (m, 2H), 3.76 (s, 3H), 2.75
(dd, J=9.5, 7.6 Hz, 1H), 1.83 (dt, /= 10.3, 5.2 Hz, 1H), 1.62 (bs, 2H), 1.40 (dd, /=7.6, 5.0
Hz, 1H).

(1R,2R) Methyl-2-(4-bromophenyl)-1-((S)-2-((tert-
butoxycarbonyl)amino)butanamido)cyclopropane-1-carboxylate
O
Bod%¢@>HNn.RF?
meooc’ ®
Br

To a solution of Boc-Abu-OH (Fluorochem, UK) (903 mg, 4.44 mmol) and NMM (0.98 mL,
8.89 mmol) in dichloromethane (36 mL) at 0 °C was added EDCI.HCI (Fluorochem, UK)
(1.02 g, 5.33 mmol) and HOBt (817 mg, 5.33 mmol). The reaction mixture was stirred for 1 h
at 0 °C, and a solution of (1R,2R) methyl-1-amino-2-(4-bromophenyl)cyclopropane-1-
carboxylate (1.2 g, 4.44 mmol) in dichloromethane (10 mL) was added. The cooling system
was removed and the reaction was stirred overnight at room temperature. The solution was
poured into a mixture of water and dichloromethane. The organic layer was separated, and the
aqueous layer was extracted two times with dichloromethane and two times with ethyl
acetate. The organic layers were collected, dried over magnesium sulfate, and concentrated.
The residue was purified by flash< column chromatography using a 70/30 v/v
cyclohexane/ethyl acetate as solvent to afford 1.16 g (57% yield) of title compound as a white
solid.

'H NMR (300 MHz, CDCl3) & 749 - 7.33 (m, 2H), 7.03 (d, J = 8.4 Hz, 2H), 6.13 (bs, 1H),
4.73 (d, J=6.9 Hz, 1H), 3.87 (dd, J/=14.0, 6.9 Hz, 1H), 3.73 (s, 3H), 2.95 (t, /= 8.9 Hz, 1H),
2.16 (dd, J=9.6, 6.0 Hz, 1H), 1.82- 1.59 (m, 3H), 1.41 (s, 9H), 0.82 (t, J = 7.4 Hz, 3H).

(1R,2R)-2-(4-Bromophenyl)-1-((S)-2-((tert-
butoxycarbonyl)amino)butanamido)cyclopropane-1-carboxylic acid
O

BOCMNu A/
HOOC [::]\
Br

To a solution of (1R,2R) methyl-2-(4-bromophenyl)-1-((S)-2-((tert-
butoxycarbonyl)amino)butanamido)-cyclopropane-1-carboxylate (1.37 g, 3 mmol) in THF
(10°mL) and water (10 mL) was added LiOH.H,O (Sigma-Aldrich, France) (378 mg, 9
mmol). The reaction was stirred for 3 h at ambient temperature. After evaporation of THF, the
pH value was adjusted to 1 with HC1 1M. The crude product was extracted four times with
dichloromethane. The organic layers were collected, dried over magnesium sulfate, and
concentrated to afford 1.32 g (quantitative yield) of a white solid.

'H NMR (300 MHz, CDCls) § 7.43 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 7.9 Hz, 2H), 6.38 (s, 1H),
4.83 (d, J=7.1 Hz, 1H), 3.87 - 3.80 (m, 1H), 3.02 (t, / = 8.9 Hz, 1H), 2.18 (dd, J =9.5, 6.0
Hz, 1H), 1.90 (bs, 1H), 1.80 - 1.64 (m, 2H), 1.43 (s, 9H), 0.80 (t, J = 7.3 Hz, 3H).

tert-Butyl  ((S)-1-(((1R,2R)-2-(4-bromophenyl)-1-carbamoylcyclopropyl)amino)-1-
oxobutan-2-yl)carbamate



0

BOCMNu ./A,,//
H,NOC ©\
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(1R,2R)-2-(4-bromophenyl)-1-((S)-2-((tert-butoxycarbonyl)amino)butanamido)cyclopropane-
1-carboxylic acid (1.32 g, 2.98 mmol) was dissolved in dichloromethane (14 mL) and NMM
(Sigma-Aldrich, France) (0.66 mL, 5.96 mmol). After the solution was cooled to 0 °C, ethyl
chloroformate (Sigma-Aldrich, France) (0.43 mL, 4.47 mmol) was added. The reaction was
stirred for 1 h at 0 °C, and the mixture was poured into a flask with 45 mL of ammonia
(Sigma-Aldrich, France). The reaction was stirred overnight at ambient temperature. The
mixture was extracted three times with dichloromethane and three times with ethyl acetate.
The organic layers were collected, dried over magnesium sulfate and concentrated. The crude
product was purified by flash column chromatography using a 95/5 v/v dichloromethane/
methanol to afford 1.17 g (80 % yield) of a white solid.

'H NMR (300 MHz, DMSO) & 8.13 (s, 1H), 7.38 (t, J = 7.9 Hz, 2H), 7.26 (s, 1H), 7.18 - 6.95
(m, 4H), 3.54 - 3.39 (m, 1H), 2.81 (t, J = 8.4 Hz, 1H), 1.72 - 1.42 (m, 2H), 1.36 (s, 9H), 1.12
—0.97 (m, 1H), 0.61 - 0.38 (m, 3H).

tert-Butyl ((S)-1-(((1R,2R)-2-(4-bromophenyl)-1-cyanocyclopropyl)amino)-1-
oxobutan-2-yl)carbamate
O

BOCMNu /A/
<L
Br

To a solution of tert-butyl ((S)-1-(((1R,2R)-2-(4-bromophenyl)-1-
carbamoylcyclopropyl)amino)-1-oxobutan-2-yl)carbamate (1.6 g, 3.59 mmol) in DMF (12
mL) was added cyanuric chloride (Sigma-Aldrich, France) (1.65 g, 8.97 mmol). The reaction
was stirred for 4 h at ambient temperature. The mixture was partitioned between water and
ethyl acetate. The organic layer was collected, washed well with brine, dried over magnesium
sulfate, and concentrated. The crude product was purified by flash column chromatography
using 65/35 v/v cyclohexane/ ethyl acetate to afford 920 mg (57 % yield) of a white solid.

'H NMR (300'MHz, CDCls) & 7.51 - 7.40 (m, 2H), 7.07 (t, J = 8.3 Hz, 2H), 6.49 (bs, 1H),
4.56 (bs, 1H),3.86- 3.59 (m, 1H), 2.98 - 2.91 (m, 1H), 2.10 - 2.04 (m, 1H), 1.81 — 1.63 (m,
2H), 1.41°(s, 10H), 0.81 (bs, 3H).

tert-Butyl  ((S)-1-(((1R,2R)-1-cyano-2-(4'-((4-methylpiperazin-1-yl)sulfonyl)-[1,1 '-
biphenyl]-4-yl)cyclopropyl)amino)-1-oxobutan-2-yl)carbamate
0]

BOCMN. /A’ I

NC

oF
7 \N

To a solution of tert-butyl ((S)-1-(((1R,2R)-2-(4-bromophenyl)-1-cyanocyclopropyl)amino)-1-
oxobutan-2-yl)carbamate (1.6 g, 3.74 mmol) in DMSO (48 mL) and H,O (4.8 mL) was added
10



1-methyl-4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)piperazine (1.8
g, 5.61 mmol), potassium carbonate (Sigma-Aldrich, France) (694 mg, 7.48 mmol) and
PdClLy(dppf) (300 mg, 0.47 mmol) under argon atmosphere. The mixture was stirred at 100 °C
for 16 h. The mixture was filtered on celite and poured onto ice-water and extracted with
ethyl acetate. The organic layer was washed with brine, dried under magnesium sulfate and
concentrated. The crude product was purified by flash column chromatography using 95/5 v/v
dichloromethane/ methanol to afford 1.52 g (70 % yield) of a white solid.

'"H NMR (300 MHz, CDCl;) 5 7.81 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 7.554d, J =
8.0 Hz, 2H), 7.30 (d, J = 7.5 Hz, 2H), 6.49 (bs, 1H), 4.62 (bs, 1H), 3.76 (t, J = 10.8 Hz, 1H),
3.04 (bs, 4H), 2.50 (t, J = 4.6 Hz, 4H), 2.28 (s, 3H), 2.13 - 2.11 (m, 1H), 1.82 - 1:77 (m, 1H),
1.42 - 1.24 (m, 11H), 0.77 (bs, 3H).

(S)-2-Amino-N-((1R,2R)-1-cyano-2-(4'-((4-methylpiperazin-1-yl)sulfonyl)-[1,1 '-
biphenyl]-4-yl)cyclopropyl)butanamide (IcatC)
0]

H2N (S) HN“"' (R)

NG (R
¥
¢ N
LN

tert-Butyl ((S)-1-(((1R,2R)-1-cyano-2-(4'-((4-methylpiperazin-1-yl)sulfonyl)-[1,1'-biphenyl]-
4-yl)cyclopropyl)amino)-1-oxobutan-2-yl)carbamate (1.6 g, 2.75 mmol) was treated with
excess of HCOOH (Sigma-Aldrich, France) (20 mL) for 4 h at ambient temperature. The
solution was slowly added into'a mixture of aqueous NaHCO; solution and ice with stirring.
After neutralization, the .mixture was extracted with ethyl acetate (3 times) and
dichloromethane (3 times). The organic layers were collected, dried over magnesium sulfate
and concentrated. The crude product was purified by flash column chromatography using
95/5 v/v dichloromethane/ methanol to afford 583 mg (44 % yield) of IcatC as a white solid.

'"H NMR (300 MHz, €DCl;) § 7.80 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.52 (dd, J =
11.5, 5.2 Hz, 2H),7.33 (d, J = 8.3 Hz, 2H), 3.18 (dd, J = 7.6, 4.8 Hz, 1H), 3.14 - 2.97 (m,
5H), 2.50'(t, / = 4.8 Hz, 4H), 2.27 (s, 3H), 2.09 (dd, J=9.7, 7.0 Hz, 1H), 1.91 - 1.78 (m, 1H),
1.67 - 1.09 (m, 4H), 0.65 (t, J = 7.5 Hz, 3H).

HRMS (EST) m/z: caled for C25H32N503S (M+H)", 482.222037; found, 482.221957

2.2. IC50 determination

The ICsy value of IcatC for human CatC was determined using Gly-Phe-
paranitroanilide (Sigma-Aldrich, Deanmark) as substrate in 20 mM citric acid, 150 mM NaCl,
2 mM EDTA and pH 4.5. Human CatC (obtained from UNIZYME Laboratories A/S,
Denmark) was stored at -20 °C in a buffer containing 2.5 mM Na-phosphate, 150 mM NaCl, 2
mM cysteamine, 50% glycerol, pH 7.0 at a concentration of 1-2 mg/mL (5-10 puM). This

stock solution was diluted 500-1000 times in assay buffer to a concentration of 10-20 nM.
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The assay was performed in 96-well plates. CatC was added to the well, followed by the test
compound in varying concentrations, and the solution was mixed. The plate was incubated at
37°C for 5 minutes, followed by addition of the substrate (750 uM in the assay) prewarmed to
37°C. The absorption was measured at 405 nm at 37°C for every 90 sec for 12 minutes or
every 20 sec for 4 min. ICsy was determined using a 4-parameter logistic equation in a non-

linear curve fitting routine.

2.3. Immunofluorescence

7 mL peripheral blood samples from healthy control donors .and patients with
Papillon-Lefevre syndrome described in ' are collected into EDTA preservative tubes by
peripheral venipuncture. Samples were taken giving informed consent. Red blood cells lysis
took place with water and white cells pelleted with centifugation for 5 min at 1000 x g. White
blood cells were fixed with 2% paraformaldehyde and permeabilized with 0.5% Triton-X 100
(Sigma-Aldrich, USA) in PBS. Non-specific binding sites were blocked with 1% BSA.
Primary antibody used at room temperature was rabbit anti-HNE (1:500, 1h). Secondary
antibodies was conjugated with Alexa Fluor 488 (Invitrogen, USA) and used at 1:200
dilutions. After incubation, unbound antibody was removed by 3 rinses with PBS. Nuclei were
counterstained for 1 min in 0.5 pug/ml 4,6-diamidino-2-phenylindole (DAPI) before mounting
with Moviol 4-88 Reagent (Calbiochem, USA) containing DABCO (Sigma-Aldrich, USA).

24. Bone Marrow

Samples were taken from six healthy human volunteers giving informed consent. The
study was approved by the Ethics committee of the Capital region of Denmark (H-1-2011-
165).

15 mL bone marrow was aspirated from the posterior superior iliac crest under local
anesthesia and collected in 5 mL sterile acid citrate dextrose (ACD). 20 mL of 2% Dextran
500 in saline was added to induce sedimentation of red cells. The leukocyte-rich supernatant
was aspirated and cells were pelleted by centrifugation and resuspended in 180 mL PBS. This
suspension was divided in 6 equally sized aliquots that were each under-laid with 15 mL
Lymphoprep and centrifuged. Contaminating erythrocytes in the pellet were lysed by
hypotonic shock and the leukocytes resuspended in 1 mL MACS buffer (Miltenyi Biotec,
Denmark). 20 pL anti-CD49d were added per 10® cells and the cells were incubated for 15
min, washed and resuspended in 80 uL. MACS buffer per 107 cells. Inmunomagnetic anti-IgG
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beads were added and CD49d positive cells removed by magnetic absorption.

Cells from the interface were incubated under similar conditions but with anti-CD2,
anti-CD3, anti-CD35, anti-CD19, anti-CD56, anti-CD61, and anti-Glycophorin A antibodies to
remove non-myeloid cells as previously described *°. Samples of both preparations were
saved for immunocytochemistry. The remaining cells were resuspended at 1.0 x 107 cells/mL
in methionine/cysteine free medium (DMEM) with 10% dialyzed fetal calf serum and divided
in equally sized aliquots, one serving as control, the other with IcatC (1 uM final) added and
incubated in parallel for 30 min at 37 °C. The cells were then pelleted and resuspended at 1.0
x 107 cells/mL in identical medium to which *>S methionine/cysteine (EasyTag, Perkin Elmer,
Denmark) was added to a final concentration of 200 nCi/mL Penicillin and Streptomycin was
included. The cells were then incubated for 180 min at 37 °C, washed twice in RPMI and
resuspended at 3 x 10° cells/mL in IMDM, containing 20% dialyzed fetal calf serum,
penicillin, and streptomycin, 100 ng/mL. G-CSF (Granulocyte-colony stimulating factor,
Nivestim, Denmark), 50 ng/mL. SCF (Stem cell factor, Peprotech, Denmark) and divided in
two equal aliquots that were incubated with or without IcatC for up to 5 days.

Cells were pelleted by centrifugation and the supernatant aspirated and mixed with equal
volume of 2 x RIPA buffer. The cells were resuspended at 2 x 107 cells/mL in RIPA buffer
(150 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 1% (w/v) sodium deoxycholate, 30
mM HEPES, pH 7.3). Protease inhibitor (complete mini, Roche), 1 tablet/10 mL RIPA buffer
and 1 mM phenylmethylsulphonyl fluoride (Sigma-Aldrich, Denmark) were added. The
samples were incubated on ice for 2 hours and cleared by centrifugation at 20,000 x g for 30
minutes. The supernatant was aspirated and subjected to immunoprecipitation. Also, the
medium from the chase was subjected to immune precipitation after an equal volume of 2x
RIPA buffer with proteinase inhibitors had been added. SDS-sample buffer was added and the
samples run on 12% polyacrylamide. The gels were stained with Coomassie, destained,
incubated with Amplifier (GE Healthcare, Denmark), dried, placed in a Fuji BAS cassette
(Fuji Film), and developed using a Fuji BAS2500 PhosphorImager.

2.5.  Non-human primate experiments

Female cynomolgus monkeys (Macaca fascicularis) (approximately 3 years old and
weighing 4-5 kg) were obtained from a commercial supplier. All animal experiments and
procedures were approved by the local animal experimentation ethics committee (Comité

d’éthique Val de Loire, (APAFIS#2982-20151105293399v6)).
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IcatC administration and blood collections- Macaques dosed subcutaneously with
IcatC (Mf™©, 4.5 mg/kg; 5 mL/kg; corresponding to 21 mL of the inhibitor (1.9 mM)
resuspended in sterile 15% 2-hydroxypropyl-B-cyclodextrin (HPBCD) solution) or vehicle
(15% HPBCD) (Mf™, 5 mL/kg; corresponding to 24 mL of HPBCD solution) twice daily,
after sedation with ketamine (0.35 mg/kg, intramuscular; corresponding to 0.3 mL of
Imalgéne®1000). HPBCD (Sigma-Aldrich, France) dissolved in 50 mM citrate buffer (pH 5.0)
to make a 15% HPPBCD solution for injection. Blood samples were collected at days 1, 4, 8,
10 and 12 from the femoral veins into lithium-heparine tubes.

LPS administration- Lipopolysaccharide (LPS) was isolated from Pseudomonas
aeruginosa serotype 10 (Sigma-Aldrich, France) suspended in sterile water.-Monkeys were
fasted overnight before sedation with ketamine (0.35 mg/kg, intramuscular; corresponding to
<0.3 mL of Imalgene®1000). They were anesthetized by isoflurane inhalation (5% vaporizer
output). Each monkey was given 100% O, for 10 min, its throat was sprayed with 5%
xylocaine, and it was intubated with a pediatric endotracheal tube. LPS (0.4 mg/kg) was
aerosolized with a microsprayer®IA1B (Aerosolizer_IA1B, PennCentury, Philadelphia, PA)
connected to a luer-lock 10-mL plastic syringe.

Broncho-alveolar lavage- BAL was performed as a baseline at one day prior to IcatC
administration as well as 24 h post-LPS exposure. Monkeys were anesthetized with ketamine
(0.35 mg/kg, intramuscular; corresponding to <0.3 mL of Imalgene®1000) followed by
inhalated isoflurane (5% to induce and 2% to maintain). During anesthesia animals were kept
warm under a warming air blanket. Upon anesthetic induction animals were intubated and a
flexible Olympus_ bronchoscope was inserted through an inline adapter in the anesthetic
breathing circuit. Sterile saline was instillated and aspirated (3 x 10 mL) through the biopsy
channel. BALF recovering 80% of the instillated volume was subsequently centrifuged at 500
x g for'S min at 4 °C. The cell-free supernatants were concentrated ~20-fold by ultrafiltration.

The cells from the pellet were counted and analyzed by flow cytometry.

2.6. Western Blotting

Purified blood neutrophils, white blood cells from blood, or BALF were lysed in lysis
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40 and 5 mM EDTA) and
supernatants were collected after centrifugation. The total protein concentration has been
determined by a bicinchoninic acid assay (BCA). The proteins were separated on 12% SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions (10-50 pg of
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protein per lane). They were transferred to a nitrocellulose (Hybond)-ECL membrane at 4 °C.
Free sites on the membranes were blocked by incubation with 5% nonfat dried milk in PBS,
0.1% Tween for 90 min at RT. They were washed twice with PBS, Tween 0.1% and
incubated overnight with a primary antibody (a rabbit primary anti-PR3 antibody (1:1000,
ab133613 26, Abcam, France), a goat primary anti-CatG antibody (1:500, sc-6514, Santa Cruz,
Germany), a rabbit primary anti-HNE antibody (1:500, ab1373 ¥ DAKO, Denmark), a goat
primary anti-CatS antibody (1/800, AF1183, R&D Systems, France), a mouse anti-NGAL
clone 211.1 (1:500, in-house *’) a rabbit primary anti-MPO light chain (1:500, sc-33595,
Santa Cruz, Germany) followed by a specific secondary antibody (a goat anti-rabbit IgG
secondary antibody (1:7000, Santa Cruz, Germany), a rabbit anti-goat IgG secondary
antibody (1:10000, Santa Cruz, Germany)). Membranes were washed (3 x 10 min) with PBS,

0.1% Tween and the detection was performed by ECL system.

2.7. Extravidin-peroxidase detection of active PR3

Cell lysates were incubated with active PR3 probe Bt—[PEG]66—PYDAP(O—C6H4—4—Cl)z
2% (150 nM final) for 30 min at 37 °C in PBS. The reaction was stopped by adding 1 volume
of 2 x SDS reducing buffer and heating at 90 °C for 5 min. The samples (10-50 pg) were then
separated on 12% SDS-PAGE and transferred to a nitrocellulose membrane at 4 °C. Free sites
on the membrane were blocked with 3% bovine serum albumin (BSA) in PBS for 90 min at
room temperature (RT). Membranes were then given two quick washes with PBS, Tween
0.1% and incubated for 2 h at RT with extravidin horseradish peroxidase (HRP) (diluted
1/4000 in 3% BSA in PBS, Tween 0.1%). The extravidin-HRP-treated membrane was washed
(3 x 10 min) with PBS, Tween 1% and then incubated with HRP substrate for 1 min. Reactive

bands were identified by chemiluminescence (ECL kit).

3. Results

3.1. Development and synthesis of a new potent and selective Cat inhibitor, IcatC

A series of peptidyl cyclopropyl nitrile compounds of general formula (I) was
synthetized as putative CatC inhibitors (Figure 2A). One of these compounds IcatC (($)-2-
amino-N-((/R,RS)-1-cyano-2-(4’-(4-methylpiperazin- 1 -ylsulfonyl)biphenyl-4-yl)cyclopro-
pyDbutanamide)) (Figure 2A) was identified both as the most potent and the most selective
inhibitor of humCatC (Table I) when compared to a selection of proteases including cysteine

cathepsins, neutrophil serine proteases, DPPIV and aminopeptidase N (Table I).
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Gram amounts of IcatC were required for in vivo administration into the macaque and
were synthesized through a fourteen-step procedure starting with 4-bromobenzaldehyde and
Meldrum’s acid and including the separation of the two diastereoisomers (R,R and S,S) which
is a key step in this synthesis. The purified (R,R) diastereoisomer (IcatC) (Figure 2B) has
been characterized by nuclear magnetic resonance (NMR) and high resolution mass

spectrometry (HRMS) (Figure 2C).

3.2. Biosynthesis and stability of HNE in immature human bone marrow myeloid cells pulse-
chased in presence of IcatC

Very small amounts of HNE were observed by confocal microscopy in neutrophils
from PLS patients with CatC mutations. The results obtained for one PLS patient are shown
in Figure 3. We hypothesized that blocking CatC activity could similarly reduce HNE levels.
The stability of HNE zymogens was investigated in human bone marrow immature cells
pulse-chased up to 5 days in the presence of IcatC.

Bone marrow was aspirated from healthy donors. Immature myeloid cells (blasts,
promyelocytes and myelocytes) were separated from the segmented and band cells and most
metamyelocytes. Incubation of immature cells with IcatC (1 uM) does not impair their
differentiation which is clearly visible after 24 h and reach 70% of bands cells and segmented
cells after 96 h (Figure 4A). Immature myeloid cells were then pulsed and chased for 6 h and
up to 96 h in the presence or absence of IcatC (1 uM) (Figures 4B, and 5A). Partial
degradation of the HNE zymogen was already apparent in lysates of IcatC-treated cells after 6
h of chase and was almost complete after 24 h. However, the low level of constitutively
secreted zymogen remained unchanged in supernatants of IcatC-treated as compared to
controls (Figure 5B). The specific granule protein neutrophil gelatinase-associated lipocalin
(NGAL), used here as a reliable, easy to detect, control, remained stable in the lysates of
IcatC-treated cells (Figures 4C, and 5B) and was secreted with equal abundance by IcatC-
treated and non-treated cells (Figure SB). Similar results were obtained for myeloperoxidase
(MPO) which is generated at the same stage of maturation as HNE and co-localizes with HNE
in azurophil granules (not shown). We conclude from these results that the degradation of the
elastase zymogen is a very early phenomenon that starts during the differentiation of
immature myeloid cells.

We then aimed to inhibit CatC in vivo by long term systemic administration of IcatC
in a non human primate model, and analyzed the elastase-like protease content in leukocytes

from blood and BALF.
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3.3. Long-term inhibition of CatC in Macaca fascicularis

Preliminary experiments carried out in mice showed that a prolonged administration of
IcatC (1.2 to 4.8 mg/kg; twice daily) induced a dose-dependent inhibition of elastase-like
proteases in white blood cells lysates. Further no clinical signs of toxicity and no effect on
body weight were observed. We tentatively transposed this in vivo experiment to Macaca
fascicularis after checking that IcatC inhibited MfCatC as well as humCatC in neutrophil
lysates. We prepared gram amounts of IcatC for a 12 day administration into the macaque
(4.5 mg/kg; twice daily). The duration of treatment corresponds to the estimated period of
time allowing neutrophils to develop from committed stem cells and thus insures that
neutrophils in circulation have been exposed to IcatC at the promyelocyte stage and beyond
where elastase-like proteases are formed and stored * The purification method and the purity
of macaque blood neutrophils checked by flow cytometry ‘and by microscopy, were
implemented before the study was started (Figure 6A). Cross reactivity of the substrates,
activity-based probes (ABP) and antibodies used for characterization of three Mf elastase-like
proteases were also tested before the study. The results obtained for MfPR3 are shown in
Figure 6B, C, D.

Two macaques having very. similar white blood cells counts (~6000-8000 cells/uL)
and neutrophils percentage were selected for the study. Blood samples were collected from
macaques 21, 14 and 7 daysbefore administration of IcatC or vehicle to check that proteolytic
activities of elastase-like protease in white cell lysates remained stable. Then macaques were
dosed subcutanecously with IcatC  (Mf'““) or vehicle (2-hydroxypropyl-p-
cyclodextrin (HPBCD)) M) twice a day during 12 days and blood samples were
collected at days.1, 4, 8, 10 and 12, with LPS inhalation at day 11 to analyze elastase-like
proteases in‘white blood cell lysates. IcatC did not affect the white blood cells counts (D12,
MFE™: 6600 / Mf*): 8200 cells/uL) and the percentage of lymphocytes, monocytes and
neutrophils in peripheral blood as shown by flow cytometry analysis (Figure 7A) but the
activity of MfNE and MfPR3 was completely abolished in cell-lysates after 10 days of IcatC
administration (Figure 7B). White blood cell lysates were also used to label proteolytically
active MfPR3 using a selective biotinylated humPR3 activity-based probe. No active MfPR3
was detected in cell lysates from Mf'"“® treated with the inhibitor during 10 and 12 days
(Figure 7C). Further, we observed by WB a far lower amount of MfNE and MfPR3 zymogens

t(lcatC)

in cell lysates from M as compared with control (Figure 8). The amount of CatS and

MPO, used here as a markers, was similar in cell lysates from MO and Mo,
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LPS administration to macaques at day 11 induced an important neutrophil increase in
BALFs after 24 h (day 12) both in Mf™© and Mf“™ compared to BALF baseline values
one day prior to IcatC administration (5-7% neutrophils as in *°). Cell counts in the BALF of
MO and MfEE™ after exposure to LPS were similar (2.0 x 10° cells/mL vs 2.3 x 10°
cells/mL) and the percentage of neutrophils also remained similar (Figure 9A,B). However,
treatment with IcatC resulted in an almost complete elimination of elastase-like activity in
BALF cells lysates from Mf“ (Figure 9C). WB also found only trace amounts of proteases

in cell lysates from Mf**©

as compared with control samples (Figure 10).
4. Discussion

CatC is mainly expressed in hematopoietic cells where it participates in the
posttranslational activation of granule-associated serine protease zymogens in the bone
marrow ' > Activation of granular serine proteases by CatC occurs through the cleavage
of the N-terminal dipeptide which allows the newly generated amino-terminal isoleucyl
residue to interact with the aspartic acid residue adjacent-to the serine of the active site in the
interior of the molecule '*. This interaction results in a reorientation and remodeling of three
flexible surface loops within the activation domain which stabilizes the molecule and renders
the active-site pocket of the enzyme accessible to substrates.

Neutrophil elastase-like proteases are synthetized in myeloblasts/promyelocytes, the
very early stage of neutrophil maturation. The vast majority of them are targeted to and stored
in azurophilic granules ! Previous studies reported that the biosynthesis of neutrophil
elastase-like protease zymogens remained unchanged for a certain time in immature myeloid
cells from a PLS patient with localization in granules ¥ in spite of the total disappearance of
zymogens in mature neutrophil 11319 These observations indicated that CatC inactivation

promoted zymogen elimination during neutrophil maturation

. We hypothesized that
inhibition of CatC using a synthetic, cell permeable inhibitor could lead to the same result.
Would it be the case, this would be of major pharmacological interest for reducing the
intracellular level of elastase-like proteases in neutrophil protease-driven inflammatory
diseases " *. A variety of synthetic inhibitors have been synthesized that target CatC 2021
IcatC, a cyclopropyl nitrile inhibitor, has been developed and identified here as a very
sensitive, selective, cell permeable clinical candidate (Patent Pub. No.: W0/2012/130299).
Nitriles inhibitors are reversible inhibitors of cysteine proteases. A nitrile CatC inhibitor,

AZD7986 32, is to be tested in a Phase II clinical trial against COPD. Other nitrile inhibitors,
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for example against cathepsin K, already reached the late stage of clinical development for
osteoporosis or are marketed as antidiabetic DPPIV inhibitor *2.

Pulse-chase experiments that we performed on immature myeloid cells isolated from
the bone marrow of healthy donors in the presence of IcatC showed that the HNE zymogen
was cleaved into low molecular weight fragments during differentiation before disappearing
completely. However, the weak, constitutive secretion of the HNE zymogen by bone marrow
precursor cells was not altered by IcatC treatment. Since HNE zymogen is secreted in the
medium to the same extent in the presence and absence of CatC inhibitor and in PLS patients
1 degradation of HNE zymogen most likely occurs in nascent azurophilic granules and not in
the endoplasmic reticulum/Golgi apparatus.

It is remarkable that immature neutrophilic precursors are able to almost completely
degrade elastase-like zymogens when the N-terminal dipeptide sequence is not removed. It
seems that a change of conformation of zymogens instructs their degradation in precursor
cells rather than any lack of proteolytic activity resulting from persistence in the zymogen
state . The same phenomenon is also observed when serine proteases are bound to serpins.
The zymogen-like conformation of serine proteases in the complex with the serpins makes

them susceptible to proteolysis '

. This is in line with the high level of azurocidin also
known as heparin binding protein, seen in neutrophil azurophil granules. Azurocidin is a
catalytically inactive member of the serine protease family and displays mutations of critical
active site residues, Ser dnstead® of His at position 57, and Gly instead of Ser195
(chymotrypsinogen numbering) %7 Our results are the first ever, in any system, showing that
pharmacological inhibition of CatC can result in the elimination of the zymogens of elastase-
like proteases as observed in PLS patients.

We then examined whether IcatC functions similarly in vivo, as we had observed in
vitro using bone marrow cells. The disappearance of elastase-like protease zymogens was not
observed in rodent cells after long-term administration of a CatC inhibitor **. Humans and
mice clearly differ both in their number of circulating neutrophils (40-70% in human vs 10—

38-40
. We chose a non

25% in mice) and their elastase-like proteases content and properties
human primate Cynomolgus monkey model for monitoring how IcatC administration
influences the fate of neutrophil elastase-like proteases. The macaque genome shares about
90% sequence identity with the human genome. Further, enzymatic properties and
intracellular levels of these proteases are similar between human and macaque ***'. We found
here that twice-a day subcutaneous administration of IcatC to the macaque leads to a complete

inhibition of MfNE and MfPR3 after 10 days. We also observed an almost complete
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disappearance of elastase-like zymogens in leukocyte lysates. Further, the percentage of
neutrophils, monocytes and lymphocytes in the circulation was not modified by IcatC even
after a 12 day administration. Long term administration of a CatC inhibitor has been
previously performed in rats but no total inhibition of elastase-like activities was observed in

222932 Burther, no data were available showing effects of

bone marrow and blood cell lysates
CatC inhibition on the neutrophil content in elastase-like proteases. We show here for the first
time that it was possible to block almost completely the maturation of elastase-like proteases
and the disappearance of their zymogens in vivo as observed in PLS patients.

Next, we studied the consequences of the inhibition of elastase-like proteases on the
recruitment of neutrophils in the lung of the IcatC-treated macaque following LLPS inhalation.
Blood neutrophils lacking elastase-like activities were still able to infiltrate and accumulate
into the lung airways. This means that the initiation of neutrophil transmigration during the
inflammatory response is not elastase-like dependent. This contradicts the results obtained
using CatC-knock out mice which do not show an accumulation of neutrophils at
inflammatory sites and the phenotype of periodontitis and hyperkeratosis as PLS patients 1
2 We anticipate that neutrophil recruitment to inflammatory sites functions in PLS patients,
explaining why they are resistant to bacterial infections, in particular of the lungs, which
individuals with neutrophil disorders- typically suffer from ' Further, neutrophils from
patients with PLS do not have a general defect in their bacterial killing activities which are
highly redundant ' **. Oxidative mechanisms, hypochloric acid and antimicrobial peptides
appear to be much more effective than neutrophil serine proteases for the defense of bacterial
infections ***°.

Inhibition of bone marrow CatC by IcatC as described here reproduces inhibition
and degradation of elastase-like proteases observed in PLS. But the transitory
pharmacological inhibition of CatC is expected not to induce the dental and skin clinical
symptoms observed in PLS patients since those appear several years after birth. CatC
targeting inhibitors may also be applicable to COPD or cystic fibrosis patients in general and
to PR3-ANCA associated vasculitis patients, as these inhibitors are expected to eliminate

major pathogenic factors, elastase-like proteases and the target antigen of ANCA, in these

patients.
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Figure legends

Figure 1: Synthetic schema for the synthesis of IcatC

Figure 2: Chemical structure, HPLC profil and HRMS analysis of IcatC. A) Chemical
structure of IcatC, (8)-2-amino-N-((/R,2R)-1-cyano-2-(4’-(4-methylpiperazin-1-
ylsulfonyl)biphenyl-4-yl)cyclopropyl)butanamide. Inserts shows the general formula (I). B)
The purity of IcatC was checked by HPLC on a C18 cartridge and C) its mass was checked by

HRMS.

Figure 3: Immunofluorescence confocal microscopy of HNE in healthy control and PLS
neutrophils. A) Shown is indirect immunofluorescence detection by confocal microscopy of
HNE (in green) in healthy and PLS neutrophils. DAPI is-used for nuclear counterstaining (in
blue). B) 3D reconstruction of the confocal image sections showing a very low level of HNE
in the neutrophil of PLS patient as compared to those of healthy control. These derived from
three distinct experiments. Similar results were obtained with neutrophils from other PLS

patients.

Figure 4: Biosynthesis of HNE in immature bone marrow neutrophil precursors pulse-
chased with or without IcatC. Bone marrow cells depleted in cells of the non neutrophil
lineage were separated into immature cells (less mature than band cells) and mature cells by
density centrifugation on Lymphoprep as in Sorensen et al., ¥ A) Giemsa staining of
cytospin of immature cells from a normal individual incubated with IcatC (1 uM) during 24 h
and 96 h. B) Biosynthesis of HNE and C) NGAL in immature cells from bone marrow after
different times of chase as in Sorensen ef al., '°. Briefly, immature myeloid cells were pulsed
for 3 h with ¥ S-Methionine/Cysteine and chased for 16, 40, 64 h in the presence or absence

of IcatC (1 uM). The cells and medium were then separated by centrifugation; cell lysates
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were immunoprecipitated with non-specific IgG antibodies coupled to Sepharose beads, then
with anti-HNE antibodies coupled to Sepharose beads and finally with anti-NGAL antibodies

coupled to Sepharose beads.

Figure 5: Biosynthesis and secretion of HNE from immature bone marrow neutrophil
precursors pulse-chased with or without IcatC. A) Biosynthesis of HNE and B) NGAL, in
immature cells after different times of chase in the presence or absence of IcatC (1 puM).
Immature cells were pulsed for 1 h with 35 S-Methionine/Cysteine and chased for 6, 18,24 h in
the presence or absence of IcatC (leff) or pulsed for 3 h with 3°S-Methionine/Cysteine and
chased 96 h in the presence or absence of IcatC (1 uM) (right). Cell lysates were treated as in
Figure 4. The medium from the chase was immunoprecipitated following the same procedure.
Similar results were found in three independent experiments. The constant band of 76 kDa
observed in medium from both control cells and cells treated by IcatC was not revealed by
anti- HNE antibodies after WB analysis but may serve here as an internal electrophoretic

control.

Figure 6: Cross reactivity analysis of the antibody, activity-based probe (ABP) and
FRET substrate developed for humPR3 against MfPR3. A) Sideward (SS) versus forward
(FS) scatter plot and microscopic analysis of Ficoll-purified macaque blood neutrophils.
Purified cells were stained by May-Grunwald-Giemsa, magnification x40. B) Western-blot
analysis of purified human and macaque neutrophil lysates (10 pug) using anti-PR3 antibody.
C) Immune detection of PR3 in macaque neutrophil lysates (10 pug) using active PR3 ABP Bt-
[PEGles-PYDAP(O-C¢H4-4-Cl), *®. D) Hydrolysis of the FRET substrate ABZ-

VADnVADYQ-EDDnp *® by humPR3 and MfPR3. HPLC CI8 analysis of substrate
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fragments after extensive hydrolysis was performed as in Epinette et al., ) Fragments were
detected at 220 nm (black), and 360 nm (grey). Similar results were found in three

independent experiments.

Figure 7: Measurement and immunodetection of elastase-like activities in white blood
cells lysates from Mf“™ and Mf"*©, A) Sideward (SS) versus forward (FS) scatter plot of
white blood cells from Mf“™ (leff) and Mf** (right) collected at day 12(D12). B) M/NE,
and MfPR3 activities in white blood cells lysates from Mf" and Mf*© The cells were
lysed in lysis buffer. Soluble fractions were separated from cell debris by centrifugation at
10,000 x g for 10 min. Proteins were assayed with BCA. The proteolytic activities were
measured using FRET substrates (elastase substrate: ABZ-APQQIMDDQ-EDDnp 8 and
proteinase 3 substrate: ABZ-VADnorVADYQ-EDDnp * as in Korkmaz er al., *) developed
for their human homologues using 1 to 10 pg of white cell lysates from blood samples
collected at days 1 (D1), 10 (D10) and 12 (D12) (n=3 measurements, means + SD). FU,
fluorescence unit. Similar results were found in four independent experiments. C)
Immunodetection of active MfPR3 in white blood cells lysates (50 pg) using active PR3 ABP
Bt—[PEG]66—PYDAP (O-C¢Hys-4-Cl),. Similar results were found in two independent

experiments:

Figure 8: Incidence of CatC inhibition on the protein levels of MfNE and MfPR3 in
white blood cells lysates M and Mf**©, Western-blot analysis of macaque white
blood cell lysates (50 pug) using A) anti-NE and B) anti-PR3 antibodies showing the almost
complete elimination of immunoreactive MfNE and MfPR3 at D10 and D12 post inhibition.
Anti-CatS and anti-myeloperoxidase (MPO) used here as control. Similar results were found

in three independent experiments.
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Figure 9: Consequences of the inhibition of elastase-like proteases on the lung
neutrophil recruitment in response to induced inflammation. A) Sideward (SS) versus
forward (FS) scatter plot of BALF cells from Mf™ (leff) and Mf™© (right) collected at
day 12. B) Microscopic analysis of BALF cells from Mf“™ and Mf’*© stained by May-
Grunwald-Giemsa, magnification x40. C) Measurement and immunodetection of elastase-like
activities in BALF cells lysates from Mf™ and Mf'® MNE, MPR3 and MfCatG
activities in BALF cells lysates from Mf“™ and Mf** as measured using FRET substrates
(ABZ-APQQIMDDQ-EDDnp *, ABZ-VADnorVADYQ-EDDnp “°,ABZ-TPFSGQ-EDDnp
*% as in Korkmaz et al. *°) developed for their human homologues (n=3 measurements, means

+ SD). FU, fluorescence unit. Similar results were found in three independent experiments.

Figure 10: Incidence of CatC inhibition on the protein level and activity of PR3 in BALF
cells lysates. A) WB analysis of BALF cells lysates from Mf“™ and Mf’“ at D12 using
anti-PR3 antibodies showing the almost complete elimination of immunoreactive MfPR3.
Anti-myeloperoxidase (MPO) used here as a control of neutrophil content. B) Detection of
active MfPR3 in  BALF cells lysates (50 pg) using activity based-probe Bt-[PEG]gs-

PYDAP(O-CeHy4-Cl)s.
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Table I

Potency and selectivity of IcatC on human proteases

ICsp (uM)
CatC 0.015 £ 0.001*
CatK >30
CatL > 100
CatS > 100
CatH > 100
HNE >100
CatG > 100
PR3 > 100
DPPIV > 100
Aminopeptidase N > 100

The inhibitor potencies were determined on recombinant or purified proteases.
* Value is the mean + S.D. of three separate determinations.
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