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Abstract

Dysregulation of cathepsin S (Cat S), a cysteine protease involved in extracellular-matrix and basement
membrane (BM) degradation, is a concomitant feature of several inflammatory skin diseases. Therefore, Cat
S has been suggested as a potential therapeutic target. Flavonoids, which were identified as regulatory mole-
cules of various proteolytic enzymes, exert beneficial effects on skin epidermis. Herein, thirteen flavonoid
compounds were screened in vitro and in silico and neohesperidin dihydrochalcone (NHDC) was identified
as a potent, competitive, and selective inhibitor (K=84+1 M) of Cat S. Furthermore, Cat S-dependent hydro-
lysis of nidogen-1, a keystone protein of BM architecture, as well elastin, collagens | and IV was impaired by
NHDC, while both expression and activity of Cat S were significantly reduced in NHDC-treated human kerati-
nocytes. Moreover, a reconstructed human skin model showed a significant decrease of both mRNA and pro-
tein levels of Cat S after NHDC treatment. Conversely, the expression of nidogen-1 was significantly
increased. NHDC raised IL-10 expression, an anti-inflammatory cytokine, and mediated STAT3 signaling
pathway, which in turn dampened Cat S expression. Our findings support that NHDC may represent a valu-
able scaffold for structural improvement and development of Cat S inhibitors to preserve the matrix integrity
and favor skin homeostasis during inflammatory events.

© 2022 Elsevier B.V. All rights reserved.

highly active and stable at neutral pH, supporting its
potential involvement in extracellular proteolytic
activities [2,3]. Moreover, some cells (i.e., macro-
phages, osteoclasts, tumor cells) express vacuolar-
type H*-ATPase pumps that lower the pericellular

Introduction

Human cathepsin S (Cat S, EC 3.4.22.27) is a
non-glycosylated lysosomal papain-like cysteine
protease that is primarily expressed in many antigen

presenting cells (dendritic cells, macrophages, and
B cells) and participates in MHC-II antigen presenta-
tion (for review: [1]. In addition, Cat S is found in a
range of resident cells including keratinocytes, and
its expression can be induced by pro-inflammatory
stimuli. Among the members of human cysteine
cathepsin family (cathepsins B, C, H, F, K, L, O, S,
V, W, and X), Cat S has the unique property to be

0945-053X/© 2022 Elsevier B.V. All rights reserved.

pH, thus subsequently triggering cysteine cathepsin
activity [4—7]. Accordingly, Cat S participates in
matrix remodeling by the degradation at acidic and
neutral pH of extracellular matrix (ECM) constituents
such as elastin and collagen type |, as well base-
ment membrane (BM) components, including lami-
nins, collagen type IV, and nidogen-1 (nid-1) [8—10].
More specifically, beside other proteases (e.g.
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MMP-1, -3, -9, elastase, cysteine cathepsins B, K| L,
and V), Cat S contributes to highly specific intra- and
extracellularly proteolytic processes in human skin,
supporting that Cat S represents a major regulator
of barrier function and immune homeostasis [11,12].
Aberrant expression and activity of Cat S is related
to the pathogenesis of autoimmune diseases in skin
(e.g. psoriasis, atopic dermatitis), highlighting its
potential as an attractive therapeutic target [13—21].
Beside synthetic chemicals, it is now well admitted
that numerous natural compounds with high bioavail-
ability and low cytotoxicity can provide a wide range of
potential health benefits. Flavonoid compounds, which
are extensively present in the kingdom of plants, have
sparked great attention in recent years, considering
their potent antioxidant, metal chelation, anti-inflamma-
tory, antimicrobial, antifungal, anticancer, and antiviral
properties (for review: [22]. Moreover, flavonoids exert
powerful anti-aging and photoprotective effects on the
skin through the regulation of various proteolytic
enzyme types, including metallo-, serine, aspartic pro-
teases as well cysteine cathepsins B, H, K, L, and V
(for review: [23]. Despite their ability to inhibit Cat S has
never been investigated, flavonoids may represent
promising candidates to modulate Cat S extracellular
activity and to preserve BM integrity at the dermal epi-
dermal junction (DEJ). Therefore, this work aimed to
analyze the ability of five representative chemical clas-
ses of thiteen commercial flavonoids including fla-
vones (chrysin and apigenin), flavanones (naringenin,
hesperitin, eriodictyol, neohesperidin), flavanols (gallo-
catechin, neohesperidin epigallocathechin 3-gallate),
flavonols (myricetin, quercetin, kaempferol), and dihy-
drochalcones (cardamonin, neohesperidin dihydrochal-
cone) to inhibit Cat S activity. Among these
compounds, neohesperidin dihydrochalcone (NHDC)
displayed the most potent inhibitory activity against Cat
S. The mechanism of inhibition was determined by in
vitro kinetics analysis, and interactions between Cat S
and NHDC were evaluated in silico by molecular dock-
ing. Moreover, consequences of NDHC-dependent
Cat S inhibition on keratinocytes and a reconstructed
human skin (RHS) model were examined as well the
signaling pathway underlying the modulation of Cat S
expression. Our results suggested that NHDC may
provide an effective scaffold for development of specific
and selective small Cat S inhibitors as skin therapeutic
agents, which could be further exploited in topical for-
mulations during inflammatory skin disorders.

Results and discussion

Screening of flavonoids for inhibitory activity
against Cat S

Except epigallocathechin 3-gallate (EGCG) and to
a less extent kaempferol and cardamonin, all tested

compounds showed some dose-dependent inhibi-
tory effect toward Cat S activity (Supplementary
Fig. 1). Among them, neohesperidin dihydrochal-
cone (NHDC), was the most potent inhibitor of Cat
S-mediated Z-FR-AMC hydrolysis. The inhibition
constant (Ki) values were further determined, and
results reported in Table 1. NHDC inhibited Cat S
according to a reversible mechanism with a K; of 8+
1 wM, while neohesperidin (NHP) was less effective
with a K; of 27+9 M, suggesting that linearization
of the pyrane ring C (see the nomenclature of
chrysin and NHDC structures, Table 1), which leads
to a ~2.5-fold increase of the dipolar moment, may
assist interactions with the enzyme (Supplementary
Table 1). Also, hesperetin, the aglycone form of
NHP, had a weaker inhibitory capacity (Ki=127+23
wM) in vitro, suggesting that the substitution of the
benzene ring A by a sugar moiety (i.e., 4-((2-O-[6-
Deoxy-a-L-mannopyranosyl]-p-D-glucopyranosyl)
oxy)) could favor inhibition of Cat S. The low potency
of cardamonin, a chalcone aglycone, to inhibit Cat S
(Ki=327+56 M) corroborated the likely importance
of this structural feature.

Competitive inhibition of Cat S by NHDC

NHDC inhibited Cat S in a competitive manner,
since the vertical axis intercept (1/Vm) remained
while the horizontal axis intercept (-1/Km) increased
with NHDC concentration (Fig. 1A). The secondary
plot of slopes of Lineweaver-Burk (Kapp) vs. [NHDC]
was linearly fitted (shown in the inset), which indi-
cated that NHDC bound to the substrate binding site
of Cat S. Conversely, Cat S inhibition by flavones,
flavanones, flavanols and flavonols best corre-
sponded to a non-competitive mechanism (data not
shown). Preincubation (0-120 min) of Cat S with
NHDC at a concentration eliciting ~50% inhibition of
its peptidase activity revealed that Cat S inhibition
was highly stable, since >99% NHDC inhibitory
potential was retrieved after 2h-incubation (Fig. 1B).
On the other hand, NHDC remained an effective
inhibitor of Cat S at pH 7.4 (K=40+6 M), support-
ing its potential to reduce extracellularly the proteoly-
sis of ECM components by Cat S. NHDC was also
tested at pH 5.5 against closely related human cath-
epsins L (Cat L) and B (Cat B), which are the two
prevalent and ubiquitous papain-like cysteine prota-
ses expressed by keratinocytes in skin epidermis
[10,24]. The inhibitory effect of NHDC on both Cat L
and Cat B was substantially weaker than that of Cat
S, with a ~18-20-fold K; increase (Cat L: K=144+22
M, Cat B: Ki=167+11 pM) assessing a fairly selec-
tivity towards Cat S (Fig. 1C). Moreover, NHDC
demonstrated a substantially weaker inhibitory activ-
ity (K=61+16 nM) towards the related cathepsin-L
like enzyme, human cathepsin K at pH 5.5. Like-
wise, NHDC inhibited in a dose dependent manner
hydrolysis of fluorogenic substrates derived from
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Table 1. Ki values for inhibition of Cat S by flavonoids.
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Table 1 (Continued)

# Compound Structure Ki (1LM)
5,,05' lotgvlue\ 50H
HO. A\\ﬁ 8 ‘\Bu
j Oojv\;\"on 2% TocH,
13 Neohesperidin Cal 8+1
dihydrochalcone HOO’joo
(NHDC) Gy

Basic flavonoid structure corresponds to a fifteen-carbon skeleton consisting of two benzene rings (A and B as shown in chrysin) linked via a heterocyclic pyrane ring (C).

elastin, collagens type | and IV, supporting that
NHDC could effectively impair both elastinolytic and
collagenolytic activities of Cat S, besides its pepti-
dase activity (Fig. 2). Moreover, proteolysis of nido-
gen-1 (nid-1), a key protein in BM assembly and a
specific substrate of Cat S [10,25], is readily pre-
vented by NHDC (100 uM).

Identification of putative binding sites of NHDC
onCat$S

Molecular docking simulations were performed to
provide intermolecular insights in the interactions
between flavonoids and Cat S. Molecular docking of
the thirteen flavonoids predicted binding affinity
(AGcqic) in a similar range for all examined com-
plexes (difference magnitude + 2 kcal/mol) with a
preference in the substrate-binding site (catalytic
cavity) of the enzyme (supplementary Table 1).
Interestingly, among the flavonoids tested, only
chrysin, naringenin, kaempferol, and NHDC were
docked exclusively in the active site of Cat S, with
NHDC poses in the top-ranking binding scores
(AGicqic=-7.4 kcal/mol). In addition, docking scores
positively correlated with experimental free binding
energy (AGeyp) (Pearson correlation: r=0.707,
p=0.007). Principal component analysis (PCA) was
then used to identify molecular descriptors of flavo-
noids that may be important in the inhibition of Cat
S. A linear positively relationship (r=0.78, p=0.0017)
was established between AGg,, and the partition
coefficient in octanol/water (LogP), while a negative
correlation was measured between AGe,, and polar
surface area (r=-0.66, p=0.014) (Fig. 3A, B). More-
over, AGg,p correlated negatively with mass (r=-
0.68, p=0.010), accessible surface area (r=-0.68,
p=0.01), H-bond acceptor (r=-0.69, p=0.008), and
orientable bonds (r=-0.63, p=0.02) of tested com-
pounds. Results indicated that large and polar flavo-
noid compounds with the lowest lipophilicity, i.e.,
NHDC, constituted the most efficient inhibitors of
Cat S. Molecular dynamics (MD) was used to give a
better view on stability of NHDC-Cat S complexes
than that obtained from molecular docking. As
depicted inFig. 3 C, MD unveiled that NHDC likely
bound to the active site rather than other sites
located on the protein surface. Indeed, mean values

of five binding free energies obtained from 20 ns MD
simulation at pH 7 of NHDC in the active and non-
active site were AG=-24.7+4 kcal/mol and AG=-
22.04+4.5 kcal/mol, respectively. The competitive
inhibition mode of Cat S by NHDC deduced from
kinetic studies was consistent with MD analysis.
NHDC exhibited a binding pose covering preferen-
tially the central region of the Cat S substrate-bind-
ing site, by establishing hydrogen bonds with
residues Q19, G23, G65, and G69 (Fig. 3D).
Regarding the disaccharide moiety of NHDC (4’-((2-
O-[6-Deoxy-a-L-mannopyranosyl]-B-D-glucopyrano-
syl) oxy), deoxy-a-L-mannopyranose bound prefer-
entially to the S2 pocket of Cat S, while B-D-
glucopyranose bound preferentially to the S1 sub-
site.

Effect of NHDC on Cat S in human keratinocytes

After assessing that NHDC was a relevant inhibi-
tor of Cat S in vitro and in silico, we investigated its
cellular effects on keratinocytes, the predominant
cell type in epidermis (Fig. 4). First, we analyzed the
cell viability of normal human epidermal keratino-
cytes (NHEK), following a treatment by NHDC (O,
100 pM, and 500 uM) for 24 h. No significant cell
cytotoxicity at high concentration was measured,
and relatively homogenous monolayers of small (10-
20 wm) cells were observed in the absence and
presence of NHDC (Fig. 4A). These results corrobo-
rated previous findings on the safety profile of
NHDC on different cell types (fibroblasts, stem cells)
[26,27], contrasting to several structurally related
polyphenols (i.e., apigenin, naringenin, eriodictyol,
kaempferol, quercetin) that exhibited at high concen-
trations deleterious effect on cell viability of numer-
ous human cells, including HaCaT keratinocytes
[28,29]. Then, impact of NHDC on Cat S expression
(mRNA, protein) and activity of growing NHEK was
evaluated. Both mRNA expression and intracellular
protein level were reduced (p<0.05) in cell lysates
of NHDC-treated keratinocytes compared with the
control group, reaching a ~1.6-fold decrease with
500 pM NHDC (Fig. 4B, C). Consistently, specific
enzymatic activity of secreted Cat S, using Z-LR-
AMC as substrate, decreased in a dose-dependent
manner under treatment with NHDC (p<0.001)
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Fig. 1. Competitive and selective inhibition of Cat S by NHDC. A) Lineweaver-Burk plots analysis of Cat S inhibition. To
determine the nature of inhibition of Cat S by NHDC, the rate of Cat S (0.2 nM) was measured with Z-FR-AMC at different
concentrations in the presence of NHDC (0 pM:e; 5 uM:ll; 25 pM:A; 50 pM:W¥ and 100 uM: ). Enzyme activity was
expressed as RFU/min (relative fluorescence units of AMC released per unit of time). Results are the mean of 3 experi-
ments conducted in triplicates. The values of K, were calculated by double reciprocal plots at four concentrations of sub-
strate Z-FR-AMC and in presence of five different concentrations of NHDC (insert). Intersection of the slope with x axis
corresponds to -K;. B) Stability of NHDC (50 M) to inhibit Cat S (0.5 nM) at pH 5.5 over time. Cat S activity: data assays
were normalized to 100% of the respective value at t=0 min, in the absence of NHDC. C) Inhibition of the peptidase activ-
ity (Z-FR-AMC: 10 pM) of Cat B, Cat L, Cat K, and Cat S (final concentration: 0.5 nM) with NHDC in the activity buffer (pH
5.5). The activity is expressed as a percentage and compared to the control without NHDC (100% activity).

(Fig. 4D). Data indicated that a relatively short-term
(24 h) treatment by NHDC can down regulate Cat S
expression in keratinocytes, supporting that NHDC
could be a valuable reagent for the regulation of Cat
S in inflammatory responses. These findings

prompted us to explore whether a long-term treat-
ment with NHDC might unveil a direct inhibitory
effect on the Cat S expression in skin, consequently
associated to a reduction in the remodeling and/or
degradation of matrix (BM and ECM) components.
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Fig. 2. Inhibition of the proteolytic activity of Cat S by NHDC. Cat S (0.5 nM) was incubated in the activity buffer pH (5.5)
in the absence and presence of NHDC (5, 25, 50, and 100 wM). Collagenase and elastase activities of Cat S were mea-
sured with the following fluorogenic substrates: A) DQ-elastin (10 wg/mL), B) DQ-collagen | (10 w.g/mL), C) DQ-collagen
IV (10 ng/mL). The activity was expressed as a percentage and compared to the control without NHDC (100% activity).
Results are expressed as meanzstandard deviation (SD) of three independent experiments, each performed in duplicate.
D) Representative western-blot of nidogen-1 (nid-1, 50 ng) incubated 30 min in the activity buffer (pH 5.5) or in the pres-
ence of Cat S (10 nM) with increasing concentrations of NHDC (from left to right: 1 pwM, 50 wM, 100 pM, and 200 pM).

Star indicates the location of nid-1.

Effect of NHDC on Cat S and matrix components
in reconstructed human skin (RHS) model

A Dbiologically relevant model of reconstructed
human skin (RHS) consisting of an epidermis and
dermis separated by a basement membrane (BM)
and populated with human skin cells (keratinocytes
and fibroblasts) was previously developed [30].
Accordingly, RHS could represent an appropriate
template to identify and characterize changes in Cat
S expression and BM protein integrity following
exposure to NHDC (100 wM) for 14 days. Histologi-
cal examination revealed a completely stratified epi-
thelium in de novo RHS, which closely resembled
normal human epidermis (Fig. 5A). Immunostaining
of RHS cryosections with anti-human Cat S antibod-
ies revealed that Cat S, which was broadly

expressed in epidermis and to a lesser extent in der-
mis, was significantly reduced in NHDC-treated
RHS compared to control (Fig. 5B), consistent with
the observed decrease in Cat S levels in NHDC-
treated keratinocytes. Conversely, a noticeable
changed in the amount of specific BM constituents
was observed. A significant increase of nid-1 and
laminin-1, but not collagen type IV was measured in
the dermal epidermal junction (DEJ) of NHDC-
treated RHS. In addition, immunohistochemistry
(IHC) analysis of ECM proteins in dermis revealed
that elastin, fibronectin, and collagen type | staining
was significantly increased after 14 days of NHDC
treatment (Fig. 5B), while collagen type VII, and
fibrillin levels were unchanged (data not shown).
IHC results for both Cat S and nid-1 were confirmed
by sandwich ELISA in RHS lysates (Fig. 5C). One
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(green sticks) and residues Q19, G23, G65, and G69 of the active cleft of Cat S are shown. Subsites S2, S1, S’'1, and S’2

are depicted.

can suggest that the increased or unchanged
expression of these matrix components, identified
as biologically relevant targets of Cat S, can be
attributed in part to the decrease of expression/activ-
ity of the enzyme by NHDC. Whether downregula-
tion of Cat S secretion is directly triggered by NHDC
or depends on other matrix-degrading enzymes will
require further investigation.

NHDC exposure altered Cat S expression in RHS
through IL-10/STAT3 axis

NHDC, like other flavonoid compounds, encom-
passes anti-inflammatory effects in various human
cells by modulating the expression and secretion of
cytokines [31-34]. Furthermore, there is some

evidence that specific cytokines regulate Cat S
expression [35]. Accordingly, previous studies
reported that interferon-gamma (IFN-y), a pro-
inflammatory cytokine, induces selectively Cat S
expression in keratinocytes [13,24], while exposure
to interleukin IL-10, a potent anti-inflammatory cyto-
kine, downregulates its expression in macrophages
[36]. To further confirm whether the production of
these two crucial cytokines is dysregulated in
NDHC-treated RHS, we performed a multiplex cyto-
kine analysis. Following NHDC (100 uM) treatment
for 14 days, RHS supernatants showed a significant
increased release of IL-10 (40.49+2.92 pg/mL) com-
pared to control groups (28.01+2.70 pg/mL), while
NHDC successfully reduced expression of IFN-y
(p=0.011) (Fig. 5C). In the same line, NHDC (100
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Fig. 4. Effect of NHDC on Cat S expression/activity in human keratinocytes. A) General morphology of normal human
epidermal keratinocytes (NHEK) grown during 24 h in the absence (control) or with NHDC (100 and 500 pM). Cells in
monolayer culture were photographed using light microscopy (scale bar: 200 pm). Cell viability of NHDC was performed
by WST-1 assays (n=3). Data are expressed as a percentage and compared to the control without NHDC (100%). B) Cat
S mRNA levels were analyzed by RT-gPCR and normalized to the levels of RPS16 mRNA. C) Cat S protein levels
(ELISA) in NHEK lysates, (n=3, duplicate). D) Cat S activity in cell-free supernatants. Supernatants were pretreated in the
presence of proteases inhibitors cocktail. Cat S activity (relative fluorescence unit: RFU) in supernatant (30 pg of protein
deposited) was monitored using Z-Leu-Arg-AMC (30 nM) (n=3, duplicate) (see material and methods for details). Error
bars represent median values+S.D. Statistical significance was assessed between NHDC-treated cells and non-treated
cells using the non-parametric Mann-Whitney U-test (*P < 0.05; *** P <0.001).

wM) did not alter pro-inflammatory cytokine IL-6
secretion, as reported elsewhere in LPS-stimulated
murine macrophages model [31] (Supplementary
Fig. 2A). A similar result was observed for IL-8 (Sup-
plementary Fig. 2B). In addition to suppress IFN-y
signaling, a previous report indicated that IL-10 acti-
vates its primary mediator, signal transducer and
activator of transcription 3 (STAT3), concomitantly
with the down expression of Cat S in human

macrophages [36]. To examine whether NHDC
could upregulate STAT3 in epidermis, we performed
western-blot analysis on untreated and NHDC-
treated RHS lysates. As shown in Fig. 5D, treatment
with NHDC triggered STAT3 phosphorylation (P-
STATS3). Conversely, activation of STAT3 led to a
marked decrease in Cat S protein levels in NHDC-
treated RHS lysates, corroborating ELISA experi-
ments (Fig. 5C). Taken together, this result
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Fig. 5. Effect of NHDC on Cat S and BM components expression in reconstructed human skin. A) Representative
image of immunofluorescence staining of Cat S, nidogen-1, laminin-332/-511, and collagen-1V in reconstructed human
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supported that the downregulation of Cat S by
NHDC in RHS is associated with the IL-10/STAT3
axis. Nevertheless, it cannot be excluded that
NHDC could also interfere with other potential cellu-
lar pathways involved in the regulation of cathepsin
expression.

Conclusions

Over the last 20 years, extensive efforts have
been devoted to the search and the development of
synthetic or natural derivative inhibitors of Cat S,
leading to the discovery of potent and selective
covalent and non-covalent inhibitors (for review:
[37]). However, no study has investigated the inhibi-
tory potency of the flavonoids on Cat S, contrary to
its counterparts cathepsins B, L, K, and V (for
review: [23]). In the present work, among thirteen
commercial flavonoids from five chemical sub-
classes, we identified NHDC as a potent reversible
and competitive inhibitor of Cat S at both acidic and
neutral pH. Moreover, NHDC displayed a reason-
able selectivity for Cat S vs human Cat B and Cat L
at acidic pH. In silico analysis supported kinetics
data and suggested that NHDC interacted within the
active site of Cat S by establishing hydrogen bonds.
Electrostatic and van der Waals interactions may
also contribute to the overall binding affinity of
NHDC toward Cat S.

Based on prior studies supporting that NHDC has
no toxicity on cells and animals [38,39], we exam-
ined the consequences of exposure of human kerati-
nocytes to NHDC on Cat S expression and the
impact of Cat S inhibition in a reconstructed human
skin (RHS) model. Treatment of keratinocytes and
RHS with NHDC resulted in a significant reduction
of Cat S expression, whereas levels of major ECM
and BM constituents in epidermis (i.e. nid-1, laminin-
1, elastin, fibronectin, and collagen type 1), were
noticeably increased. Moreover, Cat S downregula-
tion is associated to IL-10-induced STAT3 activa-
tion, as previously reported in primary human blood
macrophages [36]. Accordingly, the Fig. 6 summa-
rizes a putative signaling pathway in epidermis.
Alternatively, NHDC may also have an indirect effect
of cathepsin S expression by modulating other
cofactors and cellular mechanisms. For instance,

Epidermis _\

BM

Dermis

Fig. 6. Putative model of NHDC-induced down expres-
sion of Cat S in human skin. We propose that NHDC indu-
ces the production of IL-10 (1), which binds to its receptor
and subsequently activates STAT3 (2). Phosphorylation
of STAT3 downregulates Cat S expression (3). Figure
was created by BioRender.com. BM: basement mem-
brane.

Cat S may be secreted via secretory lysosomes
upon elevation of intracellular Ca?* levels, which
favors its release into the extracellular space [40].
Interestingly, some natural flavonoids change the
intracellular Ca®* homeostasis linked to functional
alterations of the mitochondria, Ca®" channels and
Ca®" pumps [41], supporting that NHDC may also
modify calcium homeostasis. Accordingly, analysis
of the regulation of Ca®" by NHDC could be the pur-
pose of further study. Finally, besides its antioxida-
tive, anti-inflammatory, and anti-apoptotic properties
[34], NHDC may have therapeutic activity by reduc-
ing Cat S expression/activity during skin inflamma-
tory diseases. Conceivably, NHDC could be used as
a lead framework for the further development of a
more specific and selective Cat S inhibitor to prevent
dysregulated ECM and BM proteolysis mediated by
overexpressed Cat S during skin diseases, including
psoriasis and atopic dermatitis.

Experimental procedures

Enzymes, substrates, and inhibitors

All the chemicals were of analytical grade. Human
cysteine cathepsins B, L, and S were supplied by Cal-
biochem (VWR International S.A.S., France) and their
active site titration was determined using L-3-carboxy-
trans-2,  3-epoxy-propionylleucylamide-(4-guanido)-

skin (RHS) model. RHS were cultivated 14 days in the absence (control, n=3) or with NHDC (100 pM, n=3). Scale
bar =100 wm. B) Following confocal laser microscopy acquisition pictures (four randomly chosen areas from each RHS)
were analyzed, and relative expression of Cat S was quantified and standardized to the epidermis surface. Quantification
of basement membrane proteins expression was standardized to the dermal—epidermal junction surface. Relative
expression of fibronectin, collagen type |, and elastin was quantified and standardized to the dermis surface. C) The cell
culture from RHS was analyzed for Cat S, nidogen-1 content (lysates), and cytokines (supernatants) using dedicated
ELISA kits. Data represent the mean+S.D. D) Western blot analysis of Cat S, STAT3, and P-STAT3 in lysates of three
RHS treated or not with NHDC. B-actin served as a loading control. Data are representative of at least three biological
independent repeats. (*p<0.05; **p<0.01; ****p<0.0001). Epidermis (Ep), dermal-epidermal junction (dashed line), and

dermis (De).
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butane (E-64) (Sigma-Aldrich, Saint-Quentin Fallavier,
France). Human cathepsin K was produced as
described elsewhere [42]. 7-amino-4-methylcoumarin
(AMC) was supplied by Sigma-Aldrich, while peptidyl-
AMC substrates: Z-FR-AMC and Z-LR-AMC (benzy-
loxycarbonyl-Phe/Leu-Arg-7-amino-4-methyl couma-
rin) came from R&D System (Abingdon, UK). Activity
assays were performed in the following buffer:
100 mM acetate sodium buffer, pH 5.5, 2 mM dithio-
threitol (DTT), and 0.01% Brij35 or in 100 mM Hepes
buffer, pH 7.4, 2 mM DTT, and 0.01% Brij35. Enzy-
matic assays were carried out at 37°C in the activity
buffer, using Z-FR-AMC or Z-LR-AMC (\¢,x=350 nm,
Aem=460 nm). DQ-elastin, DQ-collagen types | and IV
were purchased from Molecular Probes (Life Technol-
ogies, Saint Aubin, France). Elastinolytic and collage-
nolytic assays were monitored using a 96-well
microplate reader spectrofluorometer (SpectraMax
Gemini, Molecular Devices, Saint Gregoire, France)
(Aex=495 nm, \en,=515 nm). Recombinant human
nidogen-1 was from R&D System. Pepstatin A, ethyl-
ene diamine tetraacetic acid (EDTA), AEBSF (Pefa-
bloc), and S-methyl thiomethanesulfonate (MMTS)
were from Sigma-Aldrich. Morpholinourea-leucinyl-
homophenylalanine-vinyl-sulfone  phenyl inhibitor
(LHVS) was provided by Dr. J. H. McKerrow (Skaggs
School of Pharmacy and Pharmaceutical Sciences,
University of California, San Diego, USA).

Flavonoids

Thirteen flavonoids were provided by Sigma-
Aldrich (purity>95%) including chrysin (MW: 254.24
g/mol), apigenin (MW: 270.24 g/mol), naringenin
(MW: 272.25 g/mol), hesperetin (MW: 302.28 g/
mol), eriodictyol (MW: 288.25 g/mol), neohesperidin
(NHP) (MW: 610.56 g/mol), gallocatechin (MW:
306.27 g/mol), epigallocathechin 3-gallate (EGCQG)
(MW: 458.37 g/mol), myricetin (MW: 318.24 g/mol),
quercetin (MW: 302.24 g/mol), kaempferol (MW:
286.24 g/mol), cardamonin (270.28 g/mol), and neo-
hesperidin dihydrochalcone (MW: 612.58 g/mol).

Enzyme inhibition studies

First, Cat S (0.2 nM) was incubated with each fla-
vonoid (0-100 M) in the activity buffer (pH 5.5) at
37°C for 10 min to screen their potent inhibitory
potency. After addition of Z-FR-AMC (10 uM) the
residual enzymatic activity of Cat S was followed by
monitoring the fluorescence release of AMC. The
experiments were performed in triplicate for each
concentration. Then, Cat S (0.5 nM) was incubated
with each flavonoid (0-100 wM) in the activity buffer
(pH 5.5) at 37°C for 10 min before adding various
amount of Z-FR-AMC (1-10 wM) to determine the
type of inhibition. All assays were carried out in tripli-
cate for each concentration of flavonoid and aver-
aged before further calculations. Inhibition constant

(K;) values were calculated using Lineweaver-Burk
plots, plotting 1/v against 1/Z-FR-AMC. The K; value
for NHDC was also determined at pH 7.4 for Cat S
and at pH 5.5 for Cat L, Cat B, and Cat K. The data
were further analyzed by Dixon plots (1/v=f(flavo-
noid)) and non-linear regression analyses to ascer-
tain the modality of inhibitor binding (GraphPad
Prism, San Diego, CA, USA).

Correction of fluorescence quenching in Cat S
kinetics

Considering the overlay of absorbance wave-
length of AMC-derived substrates and some flavo-
noids (apigenin, eriodictyol, EGCG, myricetin,
quercetin, and kaempferol), their effect on fluores-
cence release was corrected by plotting standard
fluorescence curves of free AMC (1-10 pM) in the
presence of flavonoid at the concentrations used in
our assays. Quenching values were expressed as
percent decrease in the AMC fluorescent signal and
were calculated using the formula: (100 — ((F4/Fo)
x100)) (with Fy=fluorescence of the AMC group in
the presence of the flavonoid and Fy=fluorescence
of the AMC group in the absence of the flavonoid).
The other flavonoids had negligeable effect on the
fluorescence of AMC.

Hydrolysis of ECM and BM-derived components
by Cat S in the presence of NHDC

Elastinolytic and collagenolytic activities of Cat S
(0.5 nM) were measured with the following fluoro-
genic substrates DQ-collagen | (10 wg/mL), DQ-col-
lagen IV (10 pg/mL), and DQ-elastin (10 pg/mL) in
the absence and presence of NHDC (5-100 pM).
Alternatively, nidogen-1 (50 ng protein) was incu-
bated with Cat S (10 nM) in the presence of increas-
ing concentrations of NHDC (1-200 pM) in the
activity buffer (pH 5.5) for 30 min at 37°C. Samples
were separated by SDS-PAGE (10%) and trans-
ferred to nitrocellulose membranes for nidogen-1
immunodetection according to [10].

Molecular docking

Flavonoids were modelled with the use of Avoga-
dro software [43](Hanwell et al., 2012). Charges and
geometry parameters required for molecular dynam-
ics (MD) simulations were calculated with the ante-
chamber module of AMBER16 [45]. Molecular
docking of flavonoids was performed to Cat S (PDB:
2C0Y) using Autodock Vina, with default parameters
and a grid box covering the entire enzyme [44]. The
10 top docked poses were further analyzed. The
standard Gibbs free energy (AG) change of binding
for flavonoids to Cat S was calculated from the
experimental values using the following equation:
AG=R.T.In(Ki). Principal Component Analysis (PCA)



108 Modulation of the expression and activity of cathepsin S in reconstructed human

for flavonoids was performed with the KNIME soft-
ware with a linear regression model [46], using the
following parameters: mass, accessible surface
area, charge, dipole moment, number of aromatic
rings, number of hydrogen bonds donors, acceptors,
partition coefficient, solubility, number of rotatable
bonds, dissociation constant, polar surface area,
and normalized number of hydrogen bonds). Twenty
nanosecond MD simulations and free energy calcu-
lations were performed using the protocols as
described [47].

Ethic statements

Cells were isolated from skin samples collected
from patients undergoing surgery and were consid-
ered as “waste” and thus were exempt from ethical
approval. Helsinki principles were adhered to, and
participants gave written, informed consent to pro-
vide samples for research.

Cell culture

Normal human epidermal keratinocytes (NHEK)
were isolated from abdominal skin of healthy donor
(26 years) undergoing abdominal plastic surgery, as
described elsewhere [48]. NHEK were grown to
90% confluence in keratinocyte serum-free medium
(KSFM, Invitrogen, Cergy Pontoise, France) supple-
mented with epidermal growth factor (EGF, 5 ng/mL,
Invitrogen), bovine pituitary extract (50 mg/mL, Invi-
trogen), penicillin (100 U/mL, Invitrogen) and strep-
tomycin (100 U/mL, Invitrogen) at 37°C in a 5% CO»
atmosphere. After determination of non-cytotoxic
doses by a viability test (Premix WST-1 Cell Prolifer-
ation Assay, Takara Bio Inc, Kusatsu, Japan), kerati-
nocytes were treated or not with NHDC (100,
500 pM) for 24 h. Supernatants and cells were har-
vested in a preservative buffer (100 mM sodium ace-
tate buffer, pH 5.5, 0.5 mM Pefabloc SC, 0.5 mM
EDTA, 1 mM MMTS and 0.04 mM pepstatin A) and
stored at -80°C. The protein concentrations in super-
natants and cell lysates were determined with the
bicinchoninic acid assays kit (BCA protein assay Kkit,
Interchim, Montlugon, France).

Reconstructed human skin (RHS) model

Normal human fibroblasts, isolated from the fore-
skin of a one-year-old donor, were seeded onto a
dermal substrate made of collagen-matrix (Integra
LifeSciences, Princeton, NJ, USA). This dermal
equivalent was grown for 20 days at 37°C in a 5%
CO, atmosphere in Dulbecco's modified Eagle's
medium (DMEM with Glutamax-1, Life Technolo-
gies, Cergy Pontoise, France) supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich), 50
pg/mL streptomycin, 50 U/mL penicillin and 1 pwg/mL
amphotericin B (Life Technologies). The fibroblast

media was supplemented with 50 wg/mL L-ascorbic
acid (Sigma-Aldrich) and changed every day. On
day 20, normal human keratinocytes (from the same
donor as for fibroblasts) were seeded on the dermal
equivalent and were grown in a proprietary keratino-
cyte-media as previously reported [30], and changed
every day. After three days of submerged culture,
RHS were elevated at the air-liquid interface and cul-
tured in defined keratinocyte serum-free medium
changed every two days. On day 27, RHS were
treated in the absence or presence of NHDC (100
pM) in simplified keratinocyte medium, with a
renewal of treatment every 48 h for two weeks. At
the end of the experiment, on day 41, supernatants
were collected for further cytokines assays and
stored at -80°C. One-half of RHS (n=3 per condition)
was harvested for immunohistology studies, while
the other half was harvested to proceed to protein
extraction. Briefly, RHS were homogenized in cold
buffer containing 10 mM Hepes/KOH, pH 7.9,
10 mM KCI, 2 mM MgCl,, 0.1 mM DTT, 0.1% (v/v)
Nonidet P40, in presence of protease inhibitors
cocktail (0.5 mM Pefabloc SC, 0.5 mM EDTA, 1 mM
MMTS, 0.04 mM pepstatin A). After centrifugation
(12,000 x g) during 2 min, supernatants were col-
lected and stored at -80°C. The protein concentra-
tions in cell-free supernatants of RHS were
determined with the bicinchoninic acid assays kit.

Antibodies

For western-blot studies, anti-Cat S and anti-nido-
gen-1 antibodies were from R&D Systems (Minne-
apolis, MN, USA) (dilution 1:1,000). Anti-B-actin
(1:1000) was from R&D Systems. Anti-STAT3
(1:1,000) was from BD Biosciences (Le Pont de
Claix, France). Anti-phospho-STAT3 (Tyr705,
1:1,000) was from Cell Signaling Technology
Europe (Leiden, The Netherlands). For immunofluo-
rescence studies, anti-Cat S and anti-nidogen-1
antibodies were diluted 1:100 and 1:250, respec-
tively. Anti-collagen type |, anti-collagen type IV, and
anti-elastin antibodies (1:500) were from Novotec
(Reuver, Netherlands). Anti-laminin-1 and anti-fibril-
lin-1 antibodies (1:200) were from ThermoFisher
Scientific (Fremont, CA, USA). Anti-fibronectin
(1:500) was from Abcam (Cambridge, UK). The sec-
ondary antibodies used for WB (1:5,000) and IF
(1:200) were respectively from R&D Systems and
Life technologies (ThermoFisher Scientific).

Multiplex cytokines, Cat S and nidogen-1
quantification in RHS

Levels of IL-6, IL-8, IL-10 and IFN-vy in RHS super-
natants were quantified using the MILLIPLEX Multi-
Analyte Profiling (MAP) Human Cytokine/Chemokine
assay kit (HCYTOMAG-60K, Millipore) and MAGPIX
Multiplexing System (Luminex Corporation, Austin,
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TX, USA) according to the manufacturer's instruc-
tions. Data were analyzed using xPONENT 4.2 soft-
ware. Cat S and nidogen-1 were quantified using
sandwich ELISA DuoSet kits (R&D Systems).

Immunofluorescence in RHS: RHS were embed-
ded in tissue freezing medium (Leica, Wetzlar, Ger-
many) and stored at -80°C before being cut with a
cryostat in sections of 20 um thickness, and ana-
lyzed as previously reported [25]. Briefly, quantifica-
tion of Cat S was standardized to the epidermis
surface. Quantification of basement membrane pro-
teins (nid-1, laminin-1, and collagen type IV) was
standardized to the dermal-epidermal junction sur-
face. Elastin, collagen type |, fibronectin, and fibrillin
quantification were standardized to the dermis sur-
face (Leica QWin digital image processing and anal-
ysis software).

Expression and activity of Cat S in NHEK and
RHS model: Total RNAs were extracted from NHEK
using RNA purification kit (Macherey-Nagel, Hoerdt,
France) according to the manufacturer's instruc-
tions. cDNA was synthetized using 0.5 ng of RNA
and RevertAid reverse transcriptase (Thermo Fisher
Scientific). The relative transcript expression of Cat
S was measured with the LightCycler 480 system
(Roche Diagnostics GmbH, Mannheim, Germany)
using specific primers [25] and the Powerup SYBR
green master mix (Thermo Fisher Scientific). For
quantification of relative expression levels, the AACt
method was used (normalization gene, human ribo-
somal protein S16 (RPS16)). The protein concentra-
tion of Cat S in NHEK supernatants and lysates, and
in RHS lysates were performed using a sandwich
ELISA DuoSet kit (R&D Systems). Following run-
ning of RHS cell-free supernatants (100 pg of total
protein/well; 12% SDS-PAGE under reducing condi-
tions) Cat S was immunodetected by anti-Cat S pri-
mary antibody incubated overnight at 4°C.
Horseradish peroxidase (HRP)—conjugated anti-
—IgG antibody was incubated for 1 h at room tem-
perature, and immune—positive bands were
visualized using an enhanced chemiluminescence
assay kit (ECL Plus Western blotting detection sys-
tem; Amersham Biosciences, UK). In addition, west-
ern-blot detection of STAT-3, phospho-STAT-3, and
B-actin were performed in RHS. Following one-hour
incubation of NHEK supernatants (30 pg of total pro-
tein) and RHS supernatants (100 pg of total protein)
in 100 mM Hepes buffer, pH 7.4, 10 mM DTT, and
0.01% Brij35 at 37°C, Cat S activity was monitored
using Z-LR-AMC (30 p.M). Specific activity of Cat S
was checked using the inhibitor LHVS (10 nM) as
reported elsewhere [49].

Statistical analysis

Data were expressed as median £ SD unless
indicated and analyzed by non-parametric Mann-

Whitney U test. Statistical analysis was performed
using GraphPad Prism (GraphPad software, San
Diego, CA, USA). Differences at a p-value < 0.05
were considered significant.
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