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c Pediatric Department, Reference Center for Inborn Errors of Metabolism ToTeM, CHRU Tours, France 
d Faculty of Chemistry, University of Gdańsk, Poland 
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A B S T R A C T   

Mucopolysaccharidoses (MPS) are a group of rare lysosomal storage diseases characterized by glycosamino-
glycan (GAG) accumulation causing progressive multi-organs dysfunction and ultimately severe cardio- 
respiratory damages. Human cystatin C (hCC), a potent inhibitor of cysteine cathepsins, plays an important 
role in respiratory diseases. However, its regulation remained unknown in MPS. Herein, elevated hCC levels were 
measured in respiratory specimens from MPS-I, -II, and -III patients and were significantly correlated with severe 
respiratory symptoms (rs = 0.7173). Heparan sulfate (HS), a prominent GAG, dampened its inhibitory activity 
toward cathepsin L in a dose-dependent manner. HS and HS-oligosaccharides bound tightly hCC, in combination 
with a secondary structure rearrangement. Molecular modeling studies identified three HS binding regions in 
hCC, including the N-terminus, which is crucial in the inhibition of cathepsins. Impairment of inhibitory po-
tential of hCC may reflect abnormal regulation of proteolytic activity of cathepsin L in lung, ultimately 
contributing to the severity of MPS.   

1. Introduction 

Mucopolysaccharidoses (MPS, seven types listed) are rare metabolic 
diseases associated to a lysosomal enzyme deficiency, which leads to an 
abnormal accumulation of glycosaminoglycans (GAGs) that compro-
mises proper cell function (Muenzer, 2011). Multiple progressive 
symptoms in MPS patients are observed, including neurological, skel-
etal, cardiac, and respiratory dysfunctions. The prognosis of the disease 

outcome is variable depending on the organs affected and can induce 
premature death following cardio-pulmonary alterations (Berger et al., 
2013; Zhou et al., 2020). Even if palliative treatments can be proposed 
for all types of MPS, most of current therapies are not curative, but partly 
improve some symptoms of the disease. Therefore, conducting research 
to address unmet medical needs is required. In this regard, cellular and 
molecular mechanisms underlying this pathology remain largely un-
known, notably the status and regulation of the protease-antiprotease 
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balance, which is necessary to maintain the integrity of tissues/organs. 
In a recent study, we reported that the overall endopeptidase activity of 
human cysteine cathepsins (i.e. family C1, subfamily C1A of cysteine 
proteases) was significantly reduced in respiratory secretions of MPS-I, 
-II and -III patients and correlated negatively to the severity of respira-
tory symptoms (Chazeirat et al., 2021). In addition, we demonstrated 
that heparan sulfate (HS), the most prominent GAG accumulated in MPS 
type I, II, and III, inactivated specifically cathepsin V, which is a potent 
elastolytic protease implicated in extracellular matrix remodeling. In 
addition, current evidence suggests that proteolytic activity of cysteine 
cathepsins is specifically modulated by GAGs, based on their concen-
tration, sulfation pattern and the difference of repeating disaccharide 
units comprising GAGs (for review: Novinec et al., 2014). Otherwise, 
abnormal expression and/or activity of both lysosomal and extra- 
lysosomal cathepsins B, H, L, C, K, and S have been found to correlate 
with major clinical symptoms such as neurological, cardiac, and skeletal 
disorders in MPS (for review: De Pasquale et al., 2020). 

Under physiological conditions, cysteine cathepsins are tightly 
regulated by their endogenous inhibitors of the cystatin family (family 
I25, clan IH), which includes stefins (type 1), cystatins (type 2), and 
kininogens (type 3) (Lalmanach et al., 2021, 2015). Human cystatin C 
(hCC), a low-molecular-weight basic protein (120 residues, ~13 kDa, 
isoelectric point: pI = 9.3) expressed and secreted by a broad variety of 
human cells and tissues, is the best well-characterized member of the 
type 2 cystatin family (Abrahamson et al., 2003). Extracellular hCC, 
which is ubiquitously found in body fluids, is the major extracellular 
cysteine cathepsins inhibitor and the most potent tight-binding inhibitor 
of cysteine cathepsins (Abrahamson, 1994; Abrahamson et al., 1986; 
Lecaille et al., 2008; Turk et al., 2008). An imbalance of protease/anti- 
protease in favor of proteolysis is found in inflammatory disorders such 
as rheumatoid arthritis, osteoporosis, bone cancers, but also in lung 
diseases including cystic fibrosis, chronic obstructive pulmonary dis-
ease, emphysema, or asthma (Kasabova et al., 2011). Alternatively, a 
deficit or inactivation of cathepsins and/or a hCC increased level could 
be associated with cases of idiopathic pulmonary fibrosis (IPF) or alve-
olar proteinosis (Bühling et al., 2004; Kasabova, Joulin-Giet, Lecaille, 
Saidi, et al., 2014; Lalmanach et al., 2006). Interestingly, hCC has been 
proposed as a prognostic marker in IPF patients, due to its high level in 
the bronchoalveolar lavage fluids of patients, regardless of IPF grades 
(Kasabova et al., 2016; Kasabova, Joulin-Giet, Lecaille, Saidi, et al., 
2014). 

2. Hypotheses 

This led us to determine whether hCC could be specifically overex-
pressed in respiratory secretions of MPS patients, raising the question of 
its potential use as a specific biomarker of respiratory symptoms severity 
during MPS. Furthermore, previous studies reported that the potency of 
distinct protease inhibitors such as serpins (i.e., anti-thrombin III, α1- 
proteinase inhibitor, kallistatin) and tissue inhibitor metalloprotease-3 
(TIMP-3) can be enhanced by the presence of GAGs (Higgins et al., 
2010; Rein et al., 2011; Ruiz-Gómez et al., 2019). A recent report 
indicated that the mouse ortholog cystatin C (70.8 % of identity with 
hCC) binds to HS in a pH-dependent manner, impairing papain inhibi-
tion, the vegetal archetype of cysteine cathepsins (Zhang et al., 2021). 
Therefore, potential interactions of GAGs with hCC were investigated, to 
assess whether elevated GAGs levels, in particular HS, may modulate the 
inhibitory potential of hCC. Here, we quantified the expression level of 
hCC in MPS-I, -II, and -III patients and considered its clinical significance 
in the early diagnosis of global respiratory symptoms. In conjunction, 
the binding mode between HS and hCC was deciphered (equilibrium 
binding constant, structural motifs involved) and the consequences of 
this binding on cathepsin L inhibition were characterized in vitro. 
Additionally, molecular docking and dynamic simulations studies pro-
vided structural insights into the interactions between hCC and HS oli-
gosaccharides. This study sheds light on how the inhibitory potential of 

hCC is finely tuned by HS, which in turn may reflect an abnormal 
regulation of lung cathepsins and ultimately contribute to the severity of 
MPS. 

3. Materials and methods 

3.1. Ethical statement, patient status and clinical specimens 

This study was approved by the French National bioethical author-
ities (n◦ID-RCB: 2019-A01361-56). Respiratory specimens, including 
sputum and tracheal aspirates were collected from MPS patients (N =
11, with 2 MPS-I, 5 MPS-II, and 4 MPS-III) and non-MPS patients (N =
9). Clinical features of patients included in the study, sample collection, 
processing, total protein quantification of cell-free supernatants of 
sputum and tracheal aspirates and storage were detailed in a previous 
report (Chazeirat et al., 2021). A global respiratory symptoms severity 
(GRSS) score was given for each patient according to four types of 
symptoms: ear-nose-throat symptoms, pulmonary symptoms, clinical 
symptoms of obstructive sleep apnea, and skeletal abnormalities causing 
restrictive lung disease. The GRSS score was graduated from 0 to 4, 
according to the number of respiratory complications for each patient 
(Chazeirat et al., 2021). Serum creatinine concentration was measured 
using the Roche enzymatic creatinine assay (F. Hoffmann-La Roche, 
Basel, Switzerland), as reported elsewhere (Hoste et al., 2014). Clear-
ance was calculated using the Schwartz method (Schwartz & Work, 
2009). 

3.2. Immunohistochemical analysis of cystatin C in a MPS-I lung biopsy 

Lung sections (obtained from a post-mortem 2-year-old female with 
MPS-I) were formalin fixed and paraffin embedded (Gupta et al., 2013). 
Detection of cystatin C was performed without antigen retrieval after 
removing paraffin with xylene. Tissue sections were rehydrated by 
sequential washings with ethanol and water. The endogenous peroxi-
dase activity was blocked by incubating sections in 3 % H2O2 solution 
for 20 min. Non-specific binding sites were blocked with 5 % bovine 
serum albumin (BSA) in phosphate buffered saline, pH 7.4 (PBS) for 1 h 
at room temperature. Sections were then incubated overnight at 4 ◦C 
with mouse anti-cystatin C (1:400 dilution in PBS with 5 % BSA, R&D 
Systems). The slides were washed and further incubated with 
peroxidase-conjugated mouse anti-goat IgG (1:1000, R&D Systems) for 
1 h. Peroxidase activity in tissue sections was visualized using 3, 3′- 
diaminobenzidine as a substrate solution. Lung sections were counter-
stained with Gill's hematoxylin for 1 min, dehydrated, cleared in xylene, 
and mounted in Vectamount permanent medium (Vector Labs, Peter-
borough, U.K.). 

3.3. Quantification of hCC and glycosaminoglycans in respiratory 
specimens 

Following electrophoretic running of non-MPS and MPS cell-free 
supernatants (375 μg of total protein/well; 4–20 % SDS-PAGE, Bio- 
Rad, Mini Protean TGX, Marnes-la-Coquette, France) under reducing 
conditions, hCC was immunodetected by a mouse anti-cystatin C pri-
mary antibody (1:1000 in PBS milk 5 %) incubated overnight at 4 ◦C. 
Horseradish peroxidase (HRP)-anti-IgG antibody conjugate (1:5000 PBS 
milk 5 %) was incubated for 1 h at room temperature, and immunore-
active bands were visualized using an enhanced chemiluminescence 
assay kit (ECL Plus Western blotting detection system; Amersham Bio-
sciences, UK). Alternatively, quantitative analysis of cystatin C was 
performed with a sandwich ELISA Duoset kit (R&D Systems). Each 
sample was run in triplicate. Total amount of sulfated GAGs, chondroitin 
sulfate (CS), dermatan sulfate (DS), and HS levels were previously 
measured as reported elsewhere (Chazeirat et al., 2021). Data were re-
ported as median ± interquartile. 
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3.4. Enzymes, reagents, and chemicals 

Recombinant human cathepsin L and benzyloxycarbonyl-Phe-Arg-7- 
amino-4-methyl coumarin (Z-Phe-Arg-AMC) were from R&D Systems 
(Minneapolis, USA). Active site titration of cathepsin L was performed 
using the titrating agent, trans-epoxysuccinyl-L-leucylamido(4- 
guanidino)butane (E-64), an irreversible inhibitor of cysteine pro-
teases (Sigma-Aldrich, Saint-Quentin Fallavier, France) according to the 
method described elsewhere (Barrett et al., 1982). Heparinases I, II, III, 
Δ-4,5-glycuronidase, and chondroitinase B, all from Flavobacterium 
heparinum were purchased from Grampenz (Upper Ardoe, Aberdeen, 
Scotland). Dnase I from bovine pancreas was purchased from Sigma- 
Aldrich. Pepstatin A, EDTA, 4-(2-aminoethyl) benzenesulfonyl fluoride 
hydrochloride (AEBSF, Pefabloc), S-methyl thiomethanesulfonate 
(MMTS) were obtained from Sigma-Aldrich (Saint Quentin Fallavier, 
France). Recombinant hCC was purchased from HyTest Ltd. (Turku, 
Finland). Chondroitin 4-sulfate (C4-S) from bovine trachea (20–30 kDa), 
chondroitin 6-sulfate (C6-S) from shark cartilage (~63 kDa), dermatan 
sulfate (DS) from porcine intestinal mucosa (~14 kDa), and heparin 
(Hep) from porcine intestinal mucosa (15–17 kDa) were from Sigma- 
Aldrich. Heparan sulfate (HS) from porcine intestinal mucosa (~15 
kDa, batch number HI-11098) was from Celsus Laboratories (Cincinnati, 
Ohio, USA). HS di- (HS dp2) and tetrasaccharide (HS dp4) were pre-
pared from controlled partial heparinase treatment of commercial 
porcine intestine heparan sulfate (Celsus Laboratories) followed by size 
fractionation using Sephadex G-50 column (Sigma-Aldrich), as reported 
elsewhere (Hileman et al., 1997). 

3.5. Enzymatic activity of exogenous cathepsin L in respiratory specimens 

According to quantification of cystatin C by ELISA, cell-free super-
natants from both MPS and non-MPS sputum and tracheal aspirates were 
prepared and standardized to contain an identical cystatin C amount 
(2.9 μg). Recombinant cathepsin L was activated in the assay buffer: 100 
mM sodium acetate, pH 5.5, 0.01 % Brij35, containing 2 mM DTT for 5 
min at 37 ◦C prior to enzymatic assays. The residual peptidase activity of 
cathepsin L (0.5 nM) was monitored in the absence and presence of 
individual specimens in the assay buffer, using Z-Phe-Arg-AMC (5 μM) 
as a substrate (λex = 350 nm, λem = 460 nm, Spectramax Gemini spec-
trofluorometer, Molecular Devices, Saint Grégoire, France). The same 
protocol was repeated with MPS samples, which were pretreated be-
forehand with glycosidases (heparinase I, II, and III, chondroitinase B, 
and Δ-4,5-glycuronidase) (180 mU/mL), sodium chromate (10 mM), 
and Dnase I (100 mU/mL) during 48 h at 37 ◦C under vigorous stirring. 
Measurements were performed in triplicates and repeated three times 
independently. Data are reported as mean ± standard deviation (S.D.). 

3.6. Inhibition of cathepsin L by cystatin C in the presence of GAGs 

Recombinant hCC was titrated with E-64-titrated commercial papain 
(Naudin et al., 2010). Cathepsin L (0.5 nM) activity was measured with 
hCC (3 nM) in the absence and presence of individual GAG (HS, DS, C4- 
S, C6-S, and Hep; 0–0.05 %, w/v) in the activity buffer using Z-Phe-Arg- 
AMC (5 μM) as a substrate. Trials were also repeated with HS dp2 and HS 
dp4 (0.01 %) (n = 3), and data were reported as mean ± S.D.. 

3.7. Kinetic measurement (determination of Ki) 

Inhibition constant (Ki) was determined under experimental condi-
tions such that nonlinear dose-response curves were obtained as 
described previously (Bieth, 1980), and fitted by using the Easson and 
Stedman plot (GraphPad Software, La Jolla California USA). Under these 
experimental conditions, cathepsin L concentration was at least 1–10 
higher than the Ki value and <5 % of the substrate (Z-Phe-Arg-AMC) was 
hydrolyzed during the progress of the experiments. Ki values were 
calculated according to the following equation: [I]/1 − a = (Ki/a) + E0, 

where I is the cystatin C concentration, E0 the cathepsin L concentration 
at time 0, and a is the fractional activity, i.e., the ratio between the 
enzyme activity in the presence (vi) and absence (v0) of hCC. The plot 
yields a straight line whose slope is Ki. Data are reported as mean ± S.D. 
(n = 3). A similar protocol was repeated in the presence of HS (0.05 %, 
w/v). 

3.8. Microtiter plate binding assays 

ELISA plate wells (Nunc MaxiSorp; Thermo Fisher Scientific) were 
coated either with GAGs (C4-S, HS, HS dp2, and HS dp4; 0.01 %, w/v) in 
the presence of BSA (100 ng/well) or with the same amount of mocked- 
treated BSA, and incubated overnight at room temperature, according to 
a protocol adapted from (Najjam et al., 1997). After three washing with 
PBS, containing 0.1 % (v/v) Tween 20 (PBS-T), free binding sites were 
blocked by a saturation buffer (PBS-T, containing BSA (100 μg/mL)) for 
3 h at room temperature. Plates were washed again (three times with 
PBS-T, and once with distilled water) and then dried. Increased amounts 
of hCC (0–70 μM) dissolved in PBS containing BSA (100 μg/mL) were 
added in each well for 3 h at room temperature. Subsequently, plates 
were washed, before addition of mouse anti-cystatin C (1:1000 in PBS 
containing BSA (100 μg/mL)) in each well and incubation overnight at 4 
◦C under gentle agitation. After 3 washes with PBS-T, wells were incu-
bated with peroxidase-conjugated mouse anti-goat IgG (1:2000 for 1 h in 
PBS containing BSA (100 μg/mL)) for 3 h at room temperature. After 
washing, a streptavidin-HRP conjugate (100ng/mL) with BSA (100 μg/ 
mL), then TMB (3,3′,5,5′-tetramethylbenzidine) were sequentially 
added. Enzyme reaction was stopped by 3M H2SO4, and the absorbance 
was measured at 450nm (Microplate Reader VersaMax, Molecular De-
vices, St Grégoire, France). The specific absorbance was deduced from 
the difference between the absorbance obtained from GAG/BSA-coated 
wells, and GAG free-BSA-coated wells, which were used as control 
(background noise). Equilibrium binding constants (KD) were then 
calculated by linearization of the curves as described elsewhere (Orosz 
& Ovádi, 2002). 

3.9. Circular dichroism (CD) spectroscopy 

CD spectra of cystatin C (10 μM) were determined using a Jasco J- 
810 spectropolarimeter (Jasco France, Bouguenais, France) equipped 
with a Peltier thermostat system. The path length of the cell was 0.1 cm 
(Hellma, VWR International SAS, Fontenay-sous-Bois, France). Far UV 
measurements (190–240 nm) were performed at 37 ◦C. CD spectra of 
hCC were recorded in 0.1 M sodium phosphate buffer, pH 5.5 after 15 
min of incubation in the absence and presence of C4-S, HS, HS dp2, and 
HS dp4 (0.05 %). A CD control assay was done with each GAG. Data 
acquisitions were made at 1 nm intervals with a dwell time of 1 s be-
tween 190 and 240 nm and averaged from three repeated scans. The 
secondary structure content of hCC was assessed by deconvolution of the 
CD spectra using free online software (Beta Structure Selection, https:// 
bestsel.elte.hu/foldrecog.php). 

3.10. Molecular docking procedure 

Autodock 3 (Morris et al., 1998) was used for docking experiments 
using crystal human cystatin C structure (PDB ID: 3GAX, 1.70 Å) 
(Kolodziejczyk et al., 2010) as a receptor. Six GAG oligosaccharide li-
gands used for docking were as follows: heparin (IdoA(2S)-GlcNS(6S), 
Hep), desulfated heparin (GlcA-GlcNAc, de-Hep) and four major 
sulfated heparan sulfate (HS1-4) structures, which are representative HS 
sequences, made up of the following repetitive disaccharide units: 1) 
GlcA-GlcNS (HS1); 2) IdoA(2S)-GlcNS (HS2); 3) GlcA-GlcNS(6S) (HS3); 
4) IdoA(2S)-GlcNAc(6S) (HS4). Another purpose of using several 
different HS sequences together with de-Hep and Hep was to find out if 
the interactions are purely electrostatics-driven, and therefore are 
stronger with the higher sulfation degree or are partially specific. The 
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ligands were built from sulfated GAG monomeric unit libraries with 
degree of polymerization 2 and 4 (dp2 and dp4) (Pichert et al., 2012; 
Samsonov et al., 2015). A grid box containing the whole human cystatin 
C molecule with dimensions of 126 Å × 126 Å × 126 Å and with the 
default grid step of 0.375 Å was applied. 100 runs of the Lamarckian 
genetic algorithm with an initial population size of 300 and a termina-
tion condition of 105 generations and 9995 × 105 energy evaluations 
were carried out. Next, 50 top energetically favorable docking results 
were clustered with the DBSCAN algorithm (Ester et al., 1996). 

3.11. Molecular dynamics simulations 

A selection of five representative structures from each cluster was 
chosen for molecular dynamics (MD) simulations with AMBER16 (Case 
et al., 2017) program using ff14SBonlysc (Nguyen et al., 2014) and 
GLYCAM06-j (Kirschner et al., 2008) force field parameters for protein 
and GAGs, respectively. The MD simulations were performed in periodic 
boundary conditions with TIP3P (Kirschner et al., 2008) octahedral 
water box with 10 Å distance from any complex atom in each direction 
to the box boundary. All initial structures were neutralized by counter 
ions (Na+, Cl− ). The MD equilibration protocol was divided into 4 steps 
as described before (Maszota-Zieleniak et al., 2021). Two steps of the 
energy minimization were performed to remove close contacts between 
atoms. In the next step, the system was heated up to 300 K for 10 ps, then 
simulations were carried using constant temperature and pressure (NTP 
ensemble) until the density has been stabilized at around 1g/mL. After 
the system equilibration, 25 ns MD production simulation was carried 
out at constant pressure using NTP ensemble (with 2 fs time step, the 
cut-off for non-bonded interactions 8 Å, the Particle Mesh Ewald pro-
cedure and SHAKE algorithm). Analysis of trajectories was done using 
the AMBER Tools 17 (Wang et al., 2006) and visualized by VMD 
(Humphrey et al., 1996) and Pymol (The PyMOL Molecular Graphics 
System, version 2.0 Schrödinger, LLC). 

4. MM-GBSA binding free energy analysis and per residue 
decomposition 

The AMBER16 program using Molecular Mechanics Generalized 
Born Surface Area (MM-GBSA) with igb = 2 (Onufriev et al., 2002) was 
used for the energetic post-processing of the trajectories and for per 
residue decomposition. The MM-GBSA analysis was done for all frames 
of the MD production run. Obtained values for the binding free energy 
are made up of explicit enthalpy and implicit solvent entropy, and 
therefore should be understood so rather as strict values of free energy of 
binding. Statistical analysis and graphical presentation of the obtained 
data were performed by R-package (http://www.R-project.org). 
Computational data were expressed as mean ± S.D. unless otherwise 
stated. 

4.1. Statistical analysis 

Data were expressed as median ± interquartile or mean ± S.D. Sta-
tistical significance between the different values was analyzed by non- 
parametric Mann-Whitney U test or Kruskal Wallis test, using Graph-
Pad Prism (GraphPad software, San Diego, CA, USA). Differences at a P- 
value < 0.05 were considered significant. 

5. Results 

5.1. Expression level of cystatin C in MPS-I, -II, and -III patients 

Lung tissue sections of a post-mortem 2-year-old female with MPS-I 
were stained for the presence of cystatin C. Pathological findings of the 
lung biopsy were reported elsewhere (Gupta et al., 2013). Of note, we 
earlier reported a marked accumulation of GAGs in all lung tissue sec-
tions and particularly in macrophages (Chazeirat et al., 2021). 

Immunoreactive hCC was predominantly localized in bronchial cells and 
alveolar macrophages (Fig. 1), suggesting that macrophages and bron-
chial cells are a source of cystatin C in lungs. 

This was supported by performing ELISA studies in respiratory 
specimens (i.e., cell-free supernatants from induced sputa and tracheal 
aspirates) of MPS-I, -II, and -III patients and non-MPS patients. Indeed, 
quantitative assessment revealed a significantly 7-fold higher level of 
cystatin C (median value = 181.1 ng/mL) in MPS patients vs non-MPS 
control group (P < 0.05) (Fig. 2A). Nevertheless, there were no confi-
dent differences of concentration between MPS-I, -II, and -III patients 
(Fig. 2B), suggesting that increased levels of hCC are not statistically 
correlated with the type of the MPS (for detailed characteristics, see 
(Chazeirat et al., 2021)). Our result was substantiated by immunoblot-
ting respiratory specimens of both MPS and non-MPS patients with an 
anti-cystatin C antibody (Fig. 2C). Bands of higher molecular mass, 
which could correspond to dimeric and tetrameric forms of hCC, were 
detected in one MPS-III patient (Jurczak et al., 2016). The presence of 
such hCC oligomers, which essentially relate to pathophysiological 
conditions need to be confirmed and will require further investigation. 

Due to the unsuitability to monitor respiratory function in young 
MPS patients (Denamur et al., 2022), we previously developed an 
alternative method, termed global respiratory symptoms severity 
(GRSS) to provide information on potential lung function restriction 
(Chazeirat et al., 2021). Briefly, GRSS is a score graduated from 0 to 4, 
which relies on four clinical evaluations, including ear-nose-throat 
symptoms, pulmonary symptoms, clinical symptoms of obstructive 
sleep apnea, and skeletal abnormalities causing restrictive lung disease. 
Interestingly, the GRSS score assigned for each patient (MPS and non- 
MPS) correlated positively (rs = 0.71, P < 0.001) with hCC concentra-
tion. Albeit GRSS score correlated positively with HS concentration (rs 
= 0.91, P < 0.0001) as previously reported (Chazeirat et al., 2021), we 
did not observe a significant correlation between hCC and HS or DS 
levels, the two accumulated GAGs in MPS-I, -II and -III patients, despite a 
slightly definite trend with total sulfated GAGs levels (rs = 0.59, P <
0.0057). 

These findings suggest that there is no apparent link on both the 
nature and the concentration of GAGs, and the increased amount of hCC 
in respiratory specimens of MPS patients. Besides serum creatinine, 
which is a routine biomarker for evaluation of glomerular filtration rate, 
it is well established that serum hCC is also a valuable earlier marker of 
acute kidney injury (Grubb, 2010; Schiffl & Lang, 2012). Here, no sig-
nificant differences of renal clearance and serum creatinine levels were 
observed in non-MPS vs MPS patients, supporting that the significantly 
higher level of cystatin C found in respiratory specimens of MPS patients 
vs non-MPS control group may be specifically associated to GRSS score 
(Table 1). 

Data are presented as mean ± standard deviation (S.D.). No signifi-
cant differences in age, size, weight, serum creatine levels, and clearance 
were observed. The other clinical characteristics from MPS and non-MPS 
patients were reported elsewhere (Chazeirat et al., 2021). 

5.2. Glycosaminoglycans in sputa and tracheal aspirates from MPS 
patients impair the inhibitory potential of cystatin C 

Although inhibitory properties of several inhibitors of serine pro-
teases and metallo-proteases, are known to be modulated by GAGs (Rein 
et al., 2011; Tocchi & Parks, 2013), most notably heparin (Hep) and HS, 
the ability of GAGs to regulate hCC, the most potent inhibitor of cysteine 
cathepsins (Abrahamson et al., 2003; Turk et al., 2008), has not yet been 
investigated. First, we initially examined the inhibitory potential of hCC 
in MPS patients. For the sake of unambiguous analysis of data, we 
selected as an enzyme model human cathepsin L, which does not bind to 
GAGs and which catalytic activity and stability are unaffected by GAGs, 
contrary to other related cathepsins K, S, and V (Bojarski et al., 2022; Li 
et al., 2000). Four serial dilutions of cell-free supernatants of MPS res-
piratory specimens (1:20, 1:200, 1:2000, and 1:20000, corresponding to 
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300, 30, 3 ng, and 0.3 ng of total protein, respectively) from MPS 

patients were incubated in the activity buffer (pH 5.5) with a constant 
amount of recombinant cathepsin L (0.5 nM), before measuring the re-
sidual activity by Z-Phe-Arg-AMC (Fig. 3A). Interestingly, no decrease in 
cathepsin L activity was observed in any MPS types, regardless of sample 
dilution and MPS grade. Of note, no endogenous peptidase activity was 
detected in the diluted MPS samples, prior addition of ectopic cathepsin 
L. Taken together this quite unexpected maintenance of peptidase ac-
tivity and both elevated levels of hCC and sulfated GAGs (Fig. 3B) in 
MPS samples led us to investigate whether GAGs may modulate the 
inhibitory potential of hCC toward cathepsin L. To answer this intriguing 
question, we diluted the different respiratory specimens to have a con-
stant normalized amount of endogenous cystatin C (2.9 μg), then 
measured the residual activity of ectopic cathepsin L. Again, no decrease 
in cathepsin L activity was observed in MPS samples. In contrast, pre- 
treatment of these samples with glycosidases (heparinases I, II, and III, 
chondroitinase B and Δ-4,5-glycuronidase) yielded a potent and signif-
icant inhibition of cathepsin L (P < 0.0001) (Fig. 3C). An identical result 
was retrieved with non-MPS specimens in the absence of treatment with 
glycosidases (P < 0.0001). Data show that the ability of hCC to inhibit 
ectopic cathepsin L depends on the removal of GAGs. 

5.3. Heparan sulfate and heparin modulate the inhibitory activity of 
cystatin C 

Recombinant hCC was used to analyze the specific regulation of hCC 
inhibitory potency by GAGs. We chose experimental conditions such 
~80 % of cathepsin L activity was inhibited by hCC in the absence of 
GAGs. Then, incubation was conducted in the presence of 0.05 % (w/v) 
C4-S, C6-S, Hep, DS, and HS, before monitoring the residual peptidase 
activity of cathepsin L. It is noteworthy that the chosen GAG concen-
tration range, i.e., 0.05 % (w/v), corresponds to that determined in 
clinical samples from MPS patients (Chazeirat et al., 2021; Chung et al., 
2007; Haskins et al., 1992). Hep and HS, but not DS, C4-S and C6-S, 
significantly impaired cathepsin L inhibition by cystatin C (P < 0.01) 
(Fig. 4A). 

Moreover, a HS dose-dependent lack of inhibition was observed and 
cathepsin L activity was restored in the presence of 0.05 % (w/v) HS (P 
< 0.01) (Fig. 4B). Of note, either preincubation of cathepsin L with hCC 
prior adding HS or preincubation of hCC with HS prior adding cathepsin 

A) B)
Fig. 1. Immunohistochemistry of cystatin C 
in human lung MPS-I tissue. 
Cystatin C staining was performed on lung 
tissue obtained from a post-mortem 2-year- 
old female with MPS-I. Cystatin C (dark 
brown staining) was detected in bronchial 
cells (panel A, ×300) and in alveolar mac-
rophages (panel B, ×300), as indicated by 
red arrowheads (scale bar: 100 μm). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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Fig. 2. Cystatin C levels in respiratory secretions from non-MPS and MPS-I, II, 
and III patients. 
A) ELISA protein levels of hCC in cell-free supernatants of induced sputum and 
tracheal aspirates of individual non-MPS (N = 9) and MPS patients (N = 11), 
which included MPS I (N = 2), MPS II (N = 5), and MPS III (N = 4). B) Levels of 
hCC in MPS I (N = 2), MPS II (N = 5), and MPS III (N = 4). C) Representative 
western-blot (of two independent experiments) of hCC expression from three 
MPS patients (I, II, III) (lanes 1–4) (lanes 1 and 2 correspond to tracheal aspi-
ration and sputum, respectively, both from a patient MPS-I) and three non-MPS 
patients (lanes 5–7). The other MPS and non-MPS samples were not shown due 
to their limited availability for western blot. A fixed amount of each sample 
(375 μg of total protein/well) was deposited on SDS-PAGE (4–20 %), under 
reducing conditions. Recombinant human cystatin C (Cyst C, 20 ng) was 
deposited as a control (lane 8). D) Individual data of cystatin C levels related to 
respiratory symptoms in MPS patients are presented with the following rating: 
1: low; 2: moderate; 3: important; 4: severe. The plot was completed by linear 
regression. Spearman coefficient (rs) and level of significance (P) were re-
ported. Statistical analyses were performed using Mann-Whitney U test (*: P <
0.05). Results are expressed as median ± interquartile range of three inde-
pendent experiments. 

Table 1 
Clinical characteristics from non-MPS and MPS patients.  

Patients Age 
(year) 

Height 
(cm) 

Weight 
(kg) 

Creatinine 
(μmol/mL) 

Clearance 
(mL/min) 

Non-MPS 
(N = 9) 

9 ± 6 133.0 ±
41 

34.0 ±
22 

36 ± 11 110 ± 24 

MPS (N =
11) 

10 ± 6 112.3 ±
18 

26.5 ±
11 

30 ± 9 148 ± 42  
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L gave similar results. Inhibition constant (Ki) in the presence and 
absence of 0.05 % (w/v) HS were further determined as described in the 
experimental section. Although hCC displayed a potent inhibitory po-
tential for cathepsin L under both conditions, hCC was 10-fold less 
potent (Ki = 1.5 ± 0.3 nM) in the presence of HS (0.05 %) than in the 
absence of HS (Ki = 0.16 ± 0.9 nM), suggesting that HS may lower the 
regulatory role of hCC in MPS patients. 

Next, we aimed to evaluate whether electrostatic interactions could 
critically govern binding of negatively charged HS to positively charged 
cystatin C (pI: 9.3) (Popović et al., 1990). Nevertheless, under present 
experimental conditions, cathepsin L activity was weakened in a 
concentration-dependent manner by increasing ionic strength (i.e., circa 

70 % remaining peptidase activity in the presence of 300 mM NaCl), 
thus preventing us to evaluate whether the presence of NaCl can 
dissociate HS-hCC complex. 

5.4. Structural oligosaccharide motifs of HS involved in cystatin C binding 

Alternatively, we used HS oligosaccharides with defined lengths to 
identify critical structural elements required for binding of HS to hCC. 
Accordingly, we analyzed the ability of two HS-derived disaccharides 
and tetrasaccharides, dp2 and dp4 (dp: degree of polymerization), to 
modulate the activity of hCC toward cathepsin L (Fig. 4D). The observed 
recovery of cathepsin L activity was approximately 2-fold greater (P <
0.0001) in the presence of HS dp2 (0.01 %) than that measured for hCC 
alone. This result indicates that a disaccharide is the minimal length 
required to modulate the inhibitory capacity of hCC. Furthermore, as the 
structure of heparinase III generated disaccharides is Δ(4,5)hexuronic 
acid (1–4)GlcNAc ± 6S, this suggests that the nature of the uronic acid 
may not be critical for hCC recognition. Moreover, we observed a sig-
nificant ~3-fold increase of cathepsin L activity recovery with oligo-
saccharide HS dp4 (0.01 %), suggesting that HS oligosaccharides binds 
to hCC in a chain-length dependent fashion (P < 0.001). Equilibrium 
binding constants (KD) between cystatin C and immobilized C4-S, HS, HS 
dp2, and HS dp4 were further determined by microtiter plate binding 
assays (Fig. 5A). Cystatin C bound to C4-S, HS, HS dp2, and HS dp4, with 
substantially different KD. C4-S bound to hCC with weaker affinity (KD >

19 μM) than HS (KD = 5.5 ± 2.3 μM), in agreement with former results. 
In contrast, hCC bound to HS dp4 (KD = 0.05 ± 0.03 μM) with a higher 
affinity than HS dp2 (KD = 0.66 ± 0.2 μM) and HS, supporting previous 
finding (Fig. 4D). 

Next, for structural analysis, the near-UV CD spectra for hCC in the 
absence and presence of C4-S, HS, HS dp2, and HS dp4 (0.05 %) were 
measured (Fig. 5B). The percentage of secondary structure motifs of 
hCC, which was calculated by Bestsel algorithm, were 7.2 % α-helix, 
35.6 % β-sheets, 14.1 % β-turns, and 43.1 % random coil, in agreement 
with those reported in literature (Calero et al., 2001). In the presence of 
C4-S, the CD spectra of hCC showed relatively similar curves, indicating 
that C4-S displayed minor effect on the overall protein folding. In 
contrast, a noteworthy increase in α-helix content (18.6 %) was 
observed in the presence of HS, compared to hCC alone (7.2 %), while 
β-turn content was comprehensively reduced. These data support that 
binding of full-length HS to hCC led to a deep reorganization of its 
secondary structure and, subsequently, of its tertiary structure. In 
contrast, binding of both HS dp2 and dp4 oligosaccharides resulted in 
more restrained structural changes, reflected by a higher β-sheet content 
while the predicted α-helix content of hCC (HS dp2: 6.9 %, and HS dp4: 
7.8 %) remained similar to unbound hCC. 

5.5. Molecular modeling of GAG oligosaccharides (dp2 and dp4) binding 
to cystatin C 

The structure of monomeric hCC in solution is characterized by five- 
stranded antiparallel β-sheets wrapped around a long a-helix, which lies 
orthogonally onto the β-strands, two hairpin loops (L1 and L2), and the 
so-called appending structure (AS) (Perlenfein et al., 2017). The three 
regions of cystatin C involved in the interactions with target proteolytic 
cysteine proteases are highly conserved among cystatins and located one 
in the flexible N-terminal fragment and two in β-hairpin loops that 
connect strands 2 and 3 (L1), and 4 and 5 (L2) (Fig. 6A). The N-terminal 
proteinase interacting wedge comprised residues Arg8-Gly11 and the 
two loop fragments L1 and L2 involved residues Gln55-Gly59, and 
Pro105-Trp106, respectively. To gain a better understanding of the 
experimental results with HS at the atomistic level, molecular docking 
(MD) followed by MD simulations were performed. HS consists of 
alternating N-acetylglucosamine (GlcNAc) and hexuronic acids (glu-
curonic acid, GlcA or its C-5 epimer iduronic acid, IdoA) disaccharide 
repeating units. Various predominant types of sulfation modifications 
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Fig. 3. Comparison of hCC inhibitory potential toward cathepsin L in MPS and 
non-MPS patients. 
A) Recombinant human cathepsin L (Cat L, 0.5 nM) was incubated for 10 min in 
the activity buffer alone (control: CTL) or with different dilutions of cell- free 
supernatants from individual respiratory secretion of MPS-I (N = 2), MPS-II (N 
= 5), MPS-III (N = 4). Residual activity (triplicate) was measured with Z-Phe- 
Arg-AMC (5 μM) and compared to control (activity = 1). B) Sulfated GAG levels 
in MPS-I, -II, and -III (N = 11) and non-MPS (N = 9) patients. C) Comparison of 
Cat L activity in respiratory secretions from non-MPS and MPS-I, -II, and -III 
patients. Cat L (0.5 nM) was incubated for 10 min in the activity buffer with 
each cell-free supernatants from respiratory secretions of non-MPS (N = 9) and 
MPS (N = 11). Starting biological samples were all equivalent in hCC content 
(2.9 μg). The same experiment was carried out with each MPS sample pre-
treated with glycosidases (heparinases I, II, III, and Δ-4, 5-glycuronidase). Re-
sidual activity (triplicate) was measured with Z-Phe-Arg-AMC (5 μM) and 
compared to MPS (activity =1). Statistical analyses were performed using 
Mann-Whitney U test (*: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P <
0.0001). Results are expressed as mean ± S.D. of three independent 
experiments. 
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are present in HS, including N-, 2-O-, and 6-O-sulfates (NS, 2S, and 6S, 
respectively) (Annaval et al., 2020). Thereby, we analyzed several major 
HS oligosaccharides (dp2 and dp4) combinations as well as Hep, and de- 
sulfated Hep (de-Hep). Among the fifty top-ranked complexes obtained, 

major differences in the docking poses between dp2 and dp4 were 
observed (Fig. 6B). Among dp2 oligosaccharides, only Hep dp2 bound to 
the N-terminal region of hCC, while all dp4 oligosaccharides were 
docked in the N-terminal fragment. The docking poses for HS2 and HS3 
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Fig. 4. Alteration of hCC inhibitory potential in the presence 
of HS. 
A) Cat L (0.5 nM) was incubated in the absence (control, CTL) 
and presence of recombinant hCC (3 nM) and different GAG 
(HS: heparan sulfate; DS: dermatan sulfate; C4-S/C6-S: chon-
droitin 4/6-sulfate; Hep: low molecular weight heparin) at 
0.05 % (weight/volume, w/v) in the activity buffer. B) Cat L 
(0.5 nM) was incubated alone, with hCC (3 nM) in the absence 
and presence of increasing concentrations of HS (0–0.1 %). C) 
Determination of the inhibition constant (Ki) of Cat L and hCC 
in the absence and presence of HS (0.05 %). The residual 
enzymatic activity of Cat L was measured by incubating the 
enzyme with increasing concentrations of hCC (black symbol). 
An Easson-Stedman plot (inset) was used to calculate the Ki 
(hCC; hCC + HS). A representative curve of three experiments 
is shown. D) Cat L (0.5 nM) was incubated alone, with hCC (3 
nM) in the absence and presence of HS dp2 and HS dp4 (0.01 
%). Structure of HS dp is represented above: Δ(4,5)hexuronic 
acid (1-[4)GlcNAc/S ± 6S (1–4)GlcA(1]n-4)GlcNAc ± 6S, 
where n = 0 (dp2) and 1 (dp4), R = SO3

− or H and X = SO3
− or 

COCH3
− . Statistical analyses were performed using Mann- 

Whitney U test (*: P < 0.05; **: P < 0.01; ***: P < 0.001; 
****: P < 0.0001). Results are expressed as mean ± S.D. of 
three independent experiments.   

Fig. 5. Interaction between hCC and C4-S, HS, and HS oli-
gosaccharides. 
A) Binding of hCC with GAG by microtiter plate binding as-
says. Plates were coated with individual GAG (C4-S, HS, HS 
dp2, and HS dp4) and probed with increasing concentrations 
(10 nM–70 μM) of hCC. KD values were determined (mean ±
S.D., n = 3). B) Circular dichroism spectra of hCC with C4-S, 
HS, and HS derivatives. Cystatin C (10 μM) was incubated 
alone or with 0.05 % of C4-S, HS, and HS oligosaccharides 
(dp2 and dp4). Corresponding Far UV CD spectra (195–240 
nm) of hCC (Cyst C) were recorded in 0.1 M sodium phosphate 
buffer, pH 5.5 (37 ◦C). Baseline recordings were performed 
before each assay and subtracted to each GAG spectrum. Data 
(expressed as mean residue ellipticity) were averaged from 
three repeated scans. The experimental secondary structure 
content of cystatin C was calculated by deconvolution of the 
CD spectra (Beta Structure Selection, https://bestsel.elte.hu/ 
foldrecog.php).   
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dp4 are the most representative in this region. Most of the obtained 
docking poses, for both dp2 and dp4 ligands, are found in the AS loop 
region. The exception is de-Hep dp2, where all top 50 poses are located 
near the fragment connecting α-helix with first β-sheet. 

The best scored solutions were then clustered, and five representa-
tive poses of each cluster were taken for MD simulations. Most of the 
cystatin C-GAG complexes were stable during the simulation, the less 
stable ones were hCC-HS4 dp4 complexes, for which several dissociation 
events were observed (Supplementary Fig. 1). Furthermore, the MM- 
GBSA binding free energy (ΔG) analysis was performed for hCC-GAG 
complexes and the correspondence of the binding sites and specific 
clusters to binding energies are summarized in Table 2. The most stable 
and recurrent interactions were obtained with the N-terminal fragment 
and Hep dp4 (− 36.4 kcal/mol), HS2 dp4 (− 34.2 kcal/mol), and HS3 dp4 
(− 36.1 kcal/mol). Another stable interaction was detected between the 
hCC fragment (located between L2 and AS loop) and HS1 dp2 (− 32.6 
kcal/mol). The increase of the GAG length of Hep, de-Hep, and HS2 

favored complex formation, while it induced weaker interactions for 
HS4. Finally, three representative structural clusters of docking poses 
were found in hCC, which are closely to the N-terminal fragment (cluster 
1), the AS fragment (cluster 2), and the fragment between α-helix with 
first β-sheet (cluster 3) (Fig. 6C). Additional binding sites were predicted 
near the last β-sheet of hCC and between the L2 and AS loops. Although 
the AS loop is the most populated binding site for GAGs, it does not 
correspond to the most energetically favorable pose, which were ob-
tained for the oligosaccharides docked at the N-terminus of hCC. 
Furthermore, and supporting the importance of this specific GAG 
binding region, in several MD simulations, the oligosaccharide dissoci-
ation from the primary binding site was followed by the interactions 
with the N-terminus. Although the modeled interactions are in general 
stronger upon the increase of the net sulfation per GAG disaccharide 
unit, there are also indications that these interactions are partially 
specific and not exclusively determined by the net charge, as illustrated 
by the difference in ΔG values between HS2, HS3, and HS4, which have 

Fig. 6. In silico interactions between hCC and GAG 
oligosaccharides. 
A) hCC sequence (Uniprot ID: P01034). Residues 
involved in enzyme binding region are underlined in 
yellow. B) Top 50 docking poses obtained for hCC 
(green) and GAGs dp2 and dp4 (cyan). C) The three 
major clusters of Hep dp4 (cyan, magenta, yellow) 
structures docked to hCC. D) The major amino acids 
of hCC (green) involved in the binding to Hep dp4 
(cyan) identified by MD simulations (carbon: green, 
nitrogen: blue, oxygen: red), which correspond to, 
from the top to the bottom: hCC/Hep dp4 (pose 1), 
hCC/Hep dp4 (pose 2), and hCC/Hep dp4 (pose 3). 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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the same net charge. The net charge of de-Hep, HS1, HS2, HS3, HS4, and 
Hep disaccharide units is − 1, − 2, − 3, − 3, − 3, − 4, respectively. 

To analyze in more detail hCC-GAG binding sites, MM-GBSA free 
binding energy per residue decomposition was performed. The ten 
energetically most favorably contributing residues from each cluster 
were compared for different GAGs (Supplementary Table 1). We 
selected only residues that were present at least twice in a cluster and 
had a ΔG value below − 1 kcal/mol. Cystatin C-Hep dp4 complex was 
chosen to illustrate our observations since all three binding poses were 
representative for all GAGs, and moreover, the binding free energy was 
the lowest for all tested hCC-GAG complexes, for which all three clusters 
were obtained. Key residues that are involved in the stabilization of the 
complexes localize in three main regions, including primarily N-ter 
residues (cluster 1), residues of the α-helix, AS loop and the last β-sheet 
(cluster 2), and a region that is stabilized by interactions between the 
GAG and Ser38, Asn39, Arg70, and Arg93 (cluster 3) (Fig. 6D). 

6. Discussion 

We previously investigated the influence of HS, the most prominent 
type of GAG accumulated in MPS type I, II, and III to bind and inactivate 
in a dose dependent manner human cathepsin V, the most potent elas-
tolytic mammalian protease reported yet, and which is implicated in the 
extracellular matrix remodeling (Chazeirat et al., 2021). Also, we re-
ported that HS level in respiratory specimens from MPS-I, -II, and -III 
patients correlated positively with the severity of respiratory symptoms 
(GSSR), albeit the overall endopeptidase activity of cysteine cathepsin 
proteases was negatively related to GSSR. Here, we turned our attention 
to hCC, a circulating tight binding inhibitor of cysteine cathepsins, and 
its interactions with HS. We showed that hCC is expressed in alveolar 
macrophages and bronchial cells in lung section of MPS-I patient and its 

expression is upregulated in respiratory specimens of MPS-I, -II, and -III 
compared to controls. A growing body of evidence endorses that GAGs 
modulate diverse biological processes such as enzymatic activities, 
extracellular matrix assembly, as well cell signaling, through the regu-
lation of growth factors, chemokines, and adhesion molecules (Vallet 
et al., 2022). Nevertheless, the primary mechanism to cause hCC over-
expression in MPS patients is unknown. A plausible explanation is that 
HS-proteoglycans (HSPGs) and HS have been reported to interact with 
several growth factors (FGFs, VEGF, and TGF-beta) to promote their 
biological activities (for review: Rider & Mulloy, 2017; Shi et al., 2021). 
Moreover, taken together that TGF-beta activity is increased in MPS-I 
patients (Yano et al., 2013), and TGF-beta participates in the increase 
of cystatin C secretion in different cell types (Kasabova, Joulin-Giet, 
Lecaille, Gilmore, et al., 2014; Solem et al., 1990), suggest that HS 
may stimulate the expression of TGF-beta, which in turn could drive 
overexpression of secreted hCC. Interestingly, hCC levels correlated 
positively with GSSR, suggesting that an increase in hCC level can be 
associated with the onset of respiratory-related disorders, irrespective of 
the age of patients. Moreover, an upregulation of hCC serum concen-
tration was reported in some fibrotic diseases, including multiple scle-
rosis (Bollengier, 1987), chronic hepatitis fibrosis (Takeuchi et al., 
2001), liver fibrosis (Chu et al., 2004), oral mucosa fibrosis (Chung- 
Hung et al., 2007), and idiopathic pulmonary fibrosis (Kasabova, Joulin- 
Giet, Lecaille, Saidi, et al., 2014). On the other hand, serum hCC was 
proposed to be a valuable and more accurate marker of glomerular 
filtration rate than the widely used serum creatinine and may represent 
an alternative for the early assessment of acute kidney injury (for re-
view: (Kar et al., 2018)). Accordingly, present data sustain that the 
increased hCC expression in MPS respiratory specimens did not rely on 
an impaired glomerular filtration rate associated to kidney injury, as we 
observed previously for IPF patients (Kasabova, Joulin-Giet, Lecaille, 
Saidi, et al., 2014). Under these circumstances, dosage of hCC in sputum 
of MPS patients may represent a reliable non-invasive biomarker in the 
management of severe respiratory disorders diagnosis. 

Alternatively, cystatin C is a highly potent inhibitor of cysteine ca-
thepsins, which obeys a 1:1 stoichiometric mechanism, and it is likely 
that its inhibitory activity increased in MPS patients. Furthermore, 
several reports demonstrated that specific GAGs, including Hep and HS 
enhance the inhibitory potency of various protease inhibitors (Higgins 
et al., 2010; Rein et al., 2011; Ruiz-Gómez et al., 2019). For example, 
GAGs accelerated inhibition of cathepsin L by squamous cell carcinoma 
antigens (i.e., serpins B3 and B4), which are cross-class protease in-
hibitors (Higgins et al., 2010). Together with cathepsin B, cathepsin L is 
the most widely expressed lysosomal cysteine protease, playing a critical 
and specific role in protein processing, extracellular matrix, and tissue 
remodeling (Lecaille et al., 2002). Its dysregulation contributes to the 
initiation/progression of multiple human diseases, including lungs dis-
orders (Bühling et al., 2004). Remarkably, we found that ectopic 
cathepsin L remained fully active after addition in respiratory specimens 
of MPS patients despite elevated HS and hCC levels. Conversely, the 
peptidase activity of cathepsin L was significantly reduced when sam-
ples were pre-treated with glycosidases. Hence, an excess or an accu-
mulation of GAGs may impair hCC inhibitory activity in lung and thus 
potently weaken its regulatory function in MPS patients. The finding 
that both HS and its highly sulfated form, Hep, but not CS and DS, 
modulated the hCC inhibitory activity, could suggest that the degree and 
sulfation patterns, as well as the nature of saccharide backbone and of 
the glycosidic linkages may constitute structural features driving the 
interaction with hCC. In fact, HS and Hep consist of repetitive disac-
charide unit GlcA/IdoA-GlcNAc/NS (α1–4 linkage), while CS and DS 
chains are constituted of the repetitive disaccharide GlcA-GalNAc and 
IdoA-GalNAc (β1–3 linkage), respectively. Interestingly, orthologous 
mouse and human cystatin C share 71 % of amino acid identity, sup-
porting similar structural and functional properties. A recent report 
indicated that HS down-regulates the potency of mouse cystatin C to 
inhibit papain, the archetype of cysteine cathepsins, under acidic 

Table 2 
MM-GBSA binding free energy (ΔG) analysis of cystatin C-GAG complexes.  

GAG Cluster 
number 

ΔGa 

(kcal/ 
mol) 

ΔGa per cluster 
(kcal/mol) 

Location 

Hep dp 
2  

1 − 18.6 ±
11.0 

− 18.0 ± 10.1 AS loop  
2 − 27.1 ± 10.6 N-ter segment  
3 − 10.6 ± 6.2 Segment connecting 

α-helix with first β-sheet 
Hep dp 

4  
1 − 29.1 ±

11.1 
− 36.4 ± 7.0 N-ter segment  

2 − 25.5 ± 12.5 AS loop  
3 − 24.5 ± 11.5 Segment connecting 

α-helix with first β-sheet 
de-Hep 

dp 2  
1 − 13.4 ±

7.9 
− 13.4 ± 7.9 Segment connecting 

α-helix with first β-sheet 
de-Hep 

dp 4  
1 − 14.0 ±

8.8 
− 11.3 ± 6.1 AS loop  

2 − 16.7 ± 10.8 Between L2 and AS loop 
HS1 

dp2  
1 − 17.3 ±

12.3 
− 32.6 ± 4.9 Between L2 and AS loop  

2 − 8.0 ± 5.8 AS loop  
3 − 11.3 ± 5.7 AS loop 

HS1 
dp4  

1 − 16.0 ±
8.8 

− 14.1 ± 8.3 AS loop  
2 − 17.8 ± 9.7 Close to the last β-sheet 

HS2 
dp2  

1 − 13.4 ±
9.0 

− 15.5 ± 10.4 AS loop  
2 − 11.3 ± 7.9 Segment connecting 

α-helix with first β-sheet 
HS2 

dp4  
1 − 20.3 ±

12.5 
− 14.5 ± 9.4 Between L2 and AS loop  

2 − 10.2 ± 4.0 N-ter segment  
3 − 34.2 ± 4.4 N-ter segment 

HS3 
dp2  

1 − 35.1 ±
6.2 

− 35.1 ± 6.2 AS loop 

HS3 
dp4  

1 − 28.2 ±
11.6 

− 36.1 ± 10.5 N-ter segment  
2 − 20.5 ± 8.7 segment connecting 

α-helix with first β-sheet 
HS4 

dp2  
1 − 20.9 ±

4.4 
− 20.9 ± 4.4 AS loop 

HS4 
dp4  

1 − 8.0 ±
5.6 

− 13.1 ± 4.1 AS loop  
2 − 7.6 ± 1.2 AS loop  
3 − 5.1 ± 5.6 AS loop  

a ΔG values are expressed as mean ± S.D. 

S. Denamur et al.                                                                                                                                                                                                                               



Carbohydrate Polymers 293 (2022) 119734

10

conditions (Zhang et al., 2021), corroborating present results. 
Here, presence of HS substantially compromised inhibition constant 

(Ki) of hCC against cathepsin L. Nevertheless, it should be noted that our 
experimental Ki values were at least 100-fold weaker than the one re-
ported elsewhere (Mason et al., 1998), possibly due to a conformational 
change in hCC molecule within the hCC/cathepsin L complex, rendering 
its N-terminal substrate-like region susceptible to hydrolysis by the 
protease (cleavage site between Gly10-Gly11) (Popovic et al., 1999). As 
a result, N-terminal truncated forms of hCC, have much lower affinity 
for cysteine proteases than the full-length inhibitor (Abrahamson et al., 
1987; Cimerman et al., 1999). Additionally, intracellular cathepsin L is 
critical for pro-heparanase processing into its active form that is 
responsible for the cleavage and release of HS side chains from pro-
teoglycans (Abboud-Jarrous et al., 2008). Accordingly, the lack of in-
hibition of cathepsin L activity by hCC may sustain elevated levels of HS 
in MPS patients. 

Next, we examined whether C4-S, Hep and HS oligosaccharides bind 
to hCC. Experimental data suggest that interactions between hCC and HS 
are sequence dependent, and we identified short HS-derived oligosac-
charides that were sufficient to restore cathepsin L activity in the pres-
ence of hCC. In agreement with the lack of effect of CS or DS in the 
inhibitory potential of hCC, these data also indicated a requirement for a 
N-acetylated glucosamine residue, while the nature of the uronic acid 
was less critical. Of interest, these di- and tetrasaccharides (HS dp2 and 
dp4) bound more efficiently hCC than full-length porcine HS (~15 kDa). 
Likewise, present results corroborate a recent report claiming that 
mouse cystatin C bound preferentially to HS-derived hexasaccharides 
than longer HS oligosaccharides (Zhang et al., 2021). Also, these results 
are in good agreement with near-UV CD data, which support that the 
binding mode of HS dp2 and dp4 to hCC genuinely differs from those of 
the full-length HS. Accordingly, the weaker equilibrium binding con-
stant (KD) between hCC and HS, compared to HS dp4 and HS dp2, could 
reflect distinctive structural variations induced by the formation of the 
GAG-hCC complex, independently of the ability of HS, and both HS dp4 
and HS dp2 to modulate hCC activity. On the other hand, accumulating 
evidence indicates that oligomerization of hCC occurs in vivo and is 
related to disease (Jurczak et al., 2016). The relative potency of HS to 
trigger hCC oligomerization, as observed for other proteins (i.e., che-
mokines, (Dyer et al., 2016)) may represent an additional mechanism of 
regulation of hCC functions in MPS. However, the relevance of such 
structural rearrangements requires future investigations. Molecular 
modeling study predicted that the residues of hCC involved in HS dp2 
and dp4 binding are allocated into three binding sites corresponding to 
the obtained structural clusters of docking solutions. One cluster is 
located at the N-terminus (cluster 1), corresponding to the residues Ser1, 
Ser2, Lys5, Leu9, and Gly11. Previous functional studies demonstrated 
that the first eleven-residues of N-terminus of hCC are of major impor-
tance for its typical tight-binding inhibition of cysteine cathepsins 
(Abrahamson et al., 1987). The residues preceding the evolutionarily 
conserved Leu9, Val10, and Gly11 target the active site of the enzyme in 
a substrate-like manner (Machleidt et al., 1989), supporting that HS and 
HS oligosaccharides may impede the binding of hCC within the substrate 
binding cleft of cathepsin L by interacting with the N-terminus region. In 
addition, the two inhibitory loop-forming hCC fragments (L1 and L2), 
corresponding to Gln55-Gly59 and Pro115-Trp116, respectively, were 
apparently not required for HS/Hep binding, suggesting that the flexible 
N-terminus is critical for HS binding and could explain the reduced ac-
tivity of hCC toward cathepsin L. The two other clusters are located near 
residues of the α-helix, AS loop and the last β-sheet (cluster 2), and a 
region that is stabilized by interactions between the GAG and Ser38, 
Asn39, Arg70, and Arg93 (cluster 3). Interestingly, these results support 
those found for mouse cystatin C undertaken by NMR and site-directed 
mutagenesis studies, in which residues located at the N-terminus (Lys4 
to Glu14), Arg51, and residues between Gln88 and Cys97 are important 
for HS binding (Zhang et al., 2021). Moreover, the binding of HS or Hep 
to the N-terminus resulted in an increase of helical content of mouse 

cystatin C, which are fully consistent with our experimental data 
showing that hCC led to a deep reorganization of its secondary structure 
(α-helix) upon HS binding. 

In summary, this is the first study that evaluates the protein level of 
human cystatin C in respiratory specimen from MPS patients and cor-
relates its expression with GRSS scores, which is associated to the 
severity of respiratory symptoms. We identified HS as an unexpected but 
potent modulator of the inhibitory activity of hCC. Taken together with 
the specific inactivation of elastolytic cathepsin V by HS (Chazeirat 
et al., 2021), hCC dysregulation of its inhibitory potency toward 
cathepsin L may in turn promote protease/antiprotease imbalance in 
favor to proteolysis. The structural analysis of the hCC/HS complex 
model presented here will facilitate further studies on the design of 
specific competitors aiming to prevent HS-hCC binding and ultimately 
restore the proteolytic cysteine cathepsin/cystatin balance. Neverthe-
less, future fundamental and mechanistic studies are needed to clarify in 
vivo and in vitro the specific role of cystatin C in lungs from MPS patients, 
but also in other organs such as bone and brain that are affected during 
MPS pathogenesis. 
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Foley, B. L., & Woods, R. J. (2008). GLYCAM06: A generalizable biomolecular force 
field. Carbohydrates. Journal of Computational Chemistry, 29, 622–655. https://doi. 
org/10.1002/jcc.20820 

Kolodziejczyk, R., Michalska, K., Hernandez-Santoyo, A., Wahlbom, M., Grubb, A., & 
Jaskolski, M. (2010). Crystal structure of human cystatin C stabilized against 
amyloid formation. The FEBS Journal, 277, 1726–1737. https://doi.org/10.1111/ 
j.1742-4658.2010.07596.x 

Lalmanach, G., Diot, E., Godat, E., Lecaille, F., & Hervé-Grépinet, V. (2006). Cysteine 
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