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ABSTRACT

To date, the study of the role of proteases in the pathogenesis of various diseases remains relevant. The variety
of cathepsin functions is associated with the peculiarities of their localization, expression, and regulation, due to
which cathepsins are involved in development of many pathologies. Dysregulation of proteases, their inhibitors,
and substrates can lead to the development of multiple organ dysfunction.

The review presents data on the characteristics of the entire family of cathepsins and cathepsin S, in particular. The
pathophysiological role of cathepsin S in the formation of bronchopulmonary pathologies, as well as in bronchial
asthma is described, and intra- and extracellular implementation mechanisms are considered. The authors believe
it is this enzyme that could be targeted in targeted asthma therapy to prevent airway wall remodeling at the earliest
stages of the disease. The literature search was carried out in the search engines Medline, eLibrary, Scopus, the
Cochrane Library, and RSCI.
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9KCIIPECCUH U PETyJISIUK, OJ1arogaps 4eMy OHU IPUHUMAIOT yYacTHE B PA3BUTHHM MHOTHX MATOJOMMYECKHUX MPO-
1eccoB. JIUcperyssiius akTHBHOCTH MIPOTEas, UX HHIMOMTOPOB U CYOCTPATOB MOKET IIPUBECTH K PA3BUTHIO TIOJIH-
OpraHHbIX 3a00JICBaHUIA.

B 0030pHO# cTaThe MpeACTaBIICHBI IAHHBIE O XapaKTEPUCTHKE BCETO CEMEUCTBAa KATCIICUHOB M KaTCICHHA S
B YACTHOCTH; OITUCAHBI €TI0 MaTO(QU3IUOIOTHICCKUE POITU IPU (GOPMHUPOBaHIH OPOHXOJICTOYHBIX MATOJIOTHIA, 8 TaK-
JKe TIpH OPOHXHUATBHOM acTME; OCBEIICHBI BHYTPH- M BHEKJICTOUHBIC MEXaHU3MbI PEeATN3allii. ABTOPBI CYUTAFOT,
HMMEHHO ATOT ()EPMEHT MOXKET CTATh MUIICHBIO [ TAPT€THOM TEPAITUH aCTMBI C LENBI0 PEJIOTBPAIICHUS PEMO-
JIEUPOBaHNUs OPOHXHAIEHON CTCHKH Ha CaMBIX PaHHHX dTanax 3a0boseBanus. [lorck IuTepaTypsl OCYIIECTBISIICS
B IOMCKOBBIX cucteMax Medline, eLibrary, Scopus, The Cochrane Library, PUHII.

KuroueBble cioBa: xarerncus S, OpoHXHajbHasE acTMa, NaTO(U3HOJIOIHUS, IPOTEa3bl, PEMOJICIMPOBAHUE JbIXa-
TEJbHBIX ITyTeH

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHOIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HaCTOSIIEeH CTaThH.

HUctouHuk q)ﬂHchHpOBaHPHI. ABTOpI:I 3asIBIISIOT 00 OTCYTCTBHUU (bI/IHaHCI/IpOBaHI/Iﬂ py MPOBEACHUUN UCCIIEN0-
BaHUA.

Js uutupoBanus: Kpanommna A 1O., Cobxo E.A., Jlemxo 1.B., Kazmepuyk O.B., Kanep A.b., A6pamos F0.1.
Pounb karenicuna S B marodusznonorun OpoOHXHANBHON aCTMBL. broiemens cubupcroi meouyunsl. 2022;21(3):198—
204. https://doi.org/10.20538/1682-0363-2022-3-198-204.

INTRODUCTION

Cathepsins are found in lysosomes of different cell
types, including endothelial cells, vascular smooth
muscle cells, and macrophages [1]. These enzymes
are secreted as inactive forms (zymogenes) maturat-
ing due to a cascade of pathological chemical reac-
tions. Their proteolytic activity partially depends on
the balance between proteases and the endogenous
inhibitor cystatin C [2]. Over the past two decades,
scientists have revealed that it is cathepsins K, L,
and S that are highly potent elastases in the cathepsin
family [3]. Cathepsin S is able to destroy different
components of the basement membrane. Apart from
this, it has been demonstrated that it is cathepsin S
that is involved in atherosclerosis, angiogenesis, in-
flammation, rheumatoid arthritis, chronic obstructive
pulmonary disease, and bronchial asthma [4]. It is
important to note that activity of proteases requires
strict regulation, since disturbances in the close inter-
action between proteases, substrates, and inhibitors
may promote progression of different pathologies:
both multiple organ dysfunctions and disorders im-
pairing a specific organ [5, 6].

GENERAL CHARACTERISTIC OF
CATHEPSINS
International research performed over the past 60

years has demonstrated that proteases make a deci-
sive contribution to the pathophysiology of pulmo-

nary diseases. Initially, these molecules were known
as enzymes cleaving the protein with a limited range
of substrates [7]. However, modern data have shown
that the variety of protease substrates and biological
effects induced by their processing is enormous [8, 9].

The cathepsin molecules are a group of lysoso-
mal enzymes, the proteolytic activity of which may
manifest both in the intra- and extracellular space.
All cathepsins fall into three protease families: ser-
ine proteases (A, G), aspartic proteases (D, E), and
cysteine proteases (B, C, F, H, K, L, O, S, V, X,
and W), amounting to 31%, 25%, and 4% from the
total number of cathepsins, respectively [10]. The
gene of cathepsin S was found in human chromo-
some 1g21, and, as all lysosomal cathepsins, it is
translated into a prezymogen before transition to
the mature and active state [11, 12]. These enzymes
are participants of such physiological processes as
food digestion, blood clotting, and bone resorption.
They are also directly associated with pathogenesis
of diseases of almost all organs and systems in the
body [8, 12]. The diversity of functions and prop-
erties of cathepsins is explained by the specifics of
their localization, expression, and regulation.

The ability to irreversibly cleave peptide bonds
requires strict regulation of activity of these en-
zymes. All cathepsins manifest the highest activity
in an acid environment particularly characteristic of
lysosomes [8, 10]. Moreover, it is known that in-
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flammation as a non-specific physiological process
is accompanied by development of acidosis, which
may lead to an increase in protease activity in the
extracellular space. Apart from that, the ability of
certain cathepsins to retain proteolytic activity in
a neutral environment broadens the spectrum of
their activity. Thus, it is known that cathepsins K
and H retain activity at pH = 7.4, and the optimal
pH for cathepsin S is 6.5 [10, 12]. The regulation
of cathepsin synthesis may be carried out at the
transcriptional, translational, posttranslational, and
epigenetic levels [10]. In particular, methylation of
CpG islands, as an example of epigenetic regula-
tion, is typical of cysteine cathepsins [10].

It is important to note that the activity of protea-
ses 1s strictly regulated by the tissue cytokine pro-
file [5]. The release of active molecules of cathepsin
S takes place under the influence of many regula-
ting factors, including such proinflammatory mole-
cules as interleukin (IL)-1p, IL-4, IL-13, and tumor
necrosis factor (TNF) a [12]. Disturbances in the
close interaction of the studied enzymes with their
substrates and inhibitors may promote activation of
pathological cascades and progression of different
pulmonary diseases, including such mucosal in-
flammatory diseases as cystic fibrosis, chronic ob-
structive pulmonary disease (COPD), and idiopath-
ic pulmonary fibrosis (IPF), as well as secondary
bacterial infections [13].

It is an important observation that some protea-
ses have limited expression in the body, which
defines the specificity of their functions. For
example, cathepsin K is specifically localized in
osteoclasts, while cathepsins E and S are localized
in immune cells [14].

In order to understand the disease pathogenesis,
it is also important to know which protein is the
substrate in the specific situation. Depending on the
cathepsin localization, it is possible to suggest the
presence of one substrate or another. Cathepsins are
known to possess high collagenolytic and elastolyt-
ic activity that plays a special role in tissue remod-
eling [15].

SPECIFICS OF CATHEPSIN S, ITS ROLE IN
BRONCHOPULMONARY PATHOLOGY
In the human body, a large volume of cathepsin

S is localized in smooth muscle cells, macrophages,
and dendritic cells, which allows for local degra-

dation of the basement membrane and elastic layer
in the bronchial and vascular wall. The launch of a
cascade of lysosomal pathophysiological reactions
activates wall remodeling in small bronchi and pro-
gression of atherosclerotic changes in the intima.
Activation of the vascular and bronchial endotheli-
um results in deterioration of the comorbid patient’s
condition, which makes it relatively difficult to de-
termine the primary pathology leading to clinical
exacerbation [16].

Studies register a higher level of cathepsin S
and its activity in the bronchoalveolar lavage fluid
of COPD patients compared with healthy individ-
uals [17]. Apart from that, cathepsin S is a potent
elastin-destructing proteinase, which participates
in adaptive immune responses. Analysis of COPD
pathogenesis in mouse models showed that cathep-
sin S contributes to damage to pulmonary interstit-
ium and development of pulmonary hyperinflation
through destruction of elastic fibers in the lung tis-
sue [18, 19].

Cathepsin S is especially relevant in the context
of pulmonary pathology, since its ability to poten-
tiate elastase activity and inactivate protective pro-
teins in the airways induces extracellular matrix
remodeling and impairs mucus secretion in a wide
pH range. Respiratory acidosis or alkalosis, char-
acterised by alteration of partial pressure of CO, in
arterial blood due to the change in alveolar venti-
lation, and, as a result, insufficient removal of CO,
from the blood are often revealed in such diseases
as pneumonia, bronchial asthma, COPD, and adult
respiratory distress syndrome [20].

In diseases with high neutrophil counts, regis-
tered in patients with bronchopulmonary pathology,
a frequent imbalance between proteases and their
inhibitors (neutrophil elastase, o -antitrypsin, secre-
tory leucoprotease inhibitor, and elafin) is found [6,
21, 22]. The reactions emerging during the antipro-
tease overload lead to chronic inflammation in the
airways determined by mucociliary clearance dys-
function, extracellular matrix remodeling activa-
tion, and a decrease in the susceptibility threshold
to secondary bacterial infection [23].

INTRACELLULAR FEATURES IN

MECHANISMS OF CATHEPSIN S ACTION

Cathepsin S plays an important role in various
intracellular processes, including proteolysis and
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formation of the immune response mediated by the
major histocompatibility complex class I1 (MHC II)
[24]. Biochemically, cathepsin S also differs from
many members of the cathepsin family in its ability
to retain activity in neutral pH [25].

Upon delivery of the antigen to the endolyso-
somal pathway, the invariant chain (Ii) of the MHC
IT is cleaved with formation of a fragment of class
IT-associated invariant chain peptide (CLIP), which
allows for subsequent binding of the exogenous
antigen. The proteolytic cleavage of Ii is catalyzed
by active cathepsin S and other proteases. The
CLIP fragment is then cleaved, moving to the plas-
ma membrane of the antigen-presenting cell to ac-
tivate CD4+T lymphocytes. Cathepsin S-mediated
cleavage of Ii is of key significance not only for the
presentation but also for the activation of mobility
of dendritic cells [26].

CATHEPSIN S IN THE CONTEXT OF
BRONCHIAL ASTHMA PATHOGENESIS

Extracellular cathepsins directly participate
in activation of extracellular matrix remodeling
through degradation of structural components of
the latter: collagen and elastin [27]. The representa-
tive of the protease family under study is also noted
to possess elastolytic and collagenolytic properties,
which makes it possible to consider its elevated
expression as a predictor of pulmonary dysfunction
development [28, 29].

Studies have shown that patients with bronchi-
al asthma (BA) undergoing therapy with systemic
glucocorticoids (GCs) have lower serum level of
cathepsin S [30]. Polymorphisms in the molecular
structure of the enzyme may define susceptibility
of patients to BA development and severity of its
progression [31].

The results obtained using animal models have
also shown the association between the expression
of the protein and allergic BA pathogenesis, as well
as atopy in general. High levels of cathepsin S are
registered in modeling of eosinophilic inflamma-
tion in the airways. The knockout of cathepsin S
or preventive introduction of its inhibitor leads to
a decrease in the bronchial wall inflammation and
limitation of eosinophilia in the bronchoalveolar la-
vage fluid [32].

Elevation of cathepsin S level leads to skin itch-
ing and atopic dermatitis in mice due to binding of

protease-activated receptors, such as PAR-2 and
PAR-4. Activation of PAR-2-induced maturation
of dendritic cells and subsequent differentiation
of CD4+T-cells lead to an increase in skin inflam-
mation and chronic scratching of the defects. It is
by no means unimportant that the volumes of ex-
pired air in the studied mice with allergic BA were
significantly lower than those of the control group.
This facilitates proteolytic activity of cathepsins,
including cathepsin S. Therefore, this enzyme may
be associated with inflammation, atopy, and suscep-
tibility to BA and dermatitis [33].

Due to its key role in the antigen presentation
pathway, cathepsin S may potentially promote
progression of asthma [34]. This thesis is confirmed
by a number of preclinical models: the profiles of
antigen expression in BALB/c and C57BL/6J mice
infected with ovalbumin (OVA), a classical mouse
model of allergic pulmonary inflammation, have
shown that the expression of the cathepsin S gene
were elevated by 4.0 and 3.2 times, respective-
ly [35]. A study researching levels of the protein
revealed an increase in cathepsin S in the bron-
choalveolar lavage fluid after infecting mice with
OVA [36]. Apart from that, treatment of wild-
type mice with a reversible inhibitor of cathep-
sin S reduced inflammation in the OVA-infected
mice compared with the levels in the cathepsin S
knockout model, which highlights the pharmaceuti-
cal ability of protease in this disease [37].

CLINICAL APPLICATION

Considering the whole variety of processes
emerging at the molecular level, cathepsin S per-
forms extracellular and intracellular functions that
may impact on many physiological changes in the
lung tissue and, most importantly, define the trend
of pathological and chemical processes in disease
progression [38]. A number of recent theoretical
studies as well as studies based on mouse models
indicate the potential of the enzyme as a predictor
of lung tissue deformation and irreversible airway
remodeling [39].

Therefore, these features underline the fact that
cathepsin S is an ideal target for disease treatment:
its strict therapeutic inhibition must minimize
the potential adverse effects [40]. Moreover, its
higher stability in neutral pH compared with the
other members of the cathepsin family highlights its
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increased potential for participation in extracellular
proteolytic activity [36].

It has been shown that preventive dosage of the
irreversible inhibitor of cathepsin S decreases pul-
monary eosinophilia in mice, which confirms the
hypothesis that inhibition of the enzyme before
inflammation in the airways is beneficial in lung
tissue diseases. Additionally, foreign studies have
shown that the studied molecule participates in later
manifestations of the allergic reaction [41].

Our improved understanding of the structure and
activity of cathepsin S will lead to explanation of
the immunological role of the protein and deter-
mination of the therapeutic strategy — extracellular
inhibition of cathepsin S aimed at preventing wall
remodeling in small bronchi at the earliest stages.
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