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Abstract

Cathepsin C (CTSC) is a lysosomal cysteine protease constitutively expressed at high levels in the lung, kidney, liver,
and spleen. It plays a key role in the activation of serine proteases in cytotoxic T cells, natural killer cells (granzymes
A and B), mast cells (chymase and tryptase) and neutrophils (cathepsin G, neutrophil elastase, proteinase 3) under-
scoring its pivotal significance in immune and inflammatory defenses. Here, we comprehensively review the struc-
tural attributes, synthesis, and function of CTSC, with a focus on its variants implicated in the etiopathology of several
syndromes associated with neutrophil serine proteases, including Papillon-Lefevre syndrome (PLS), Haim-Munk
Syndrome (HMS), and aggressive periodontitis (AP). These syndromes are characterized by palmoplantar hyperkera-
tosis, and early-onset periodontitis (severe gum disease) resulting in premature tooth loss. Due to the critical role
played by CTSC in these and several other conditions it is being explored as a potential therapeutic target for auto-
immune and inflammatory disorders. The review also discusses in depth the gene variants of CTSC, and in particular
their postulated association with chronic obstructive pulmonary disease (COPD), COVID-19, various cancers, anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis, sudden cardiac death (SCD), atherosclerotic vascular
disease, and neuroinflammatory disease. Finally, the therapeutic potential of CTSC across a range of human diseases
is discussed.

Keywords Cathepsin C, Atherosclerosis, Inflammation, Palmoplantar hyperkeratosis, Papillon-Lefevre syndrome,
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Introduction

Cathepsin C (syn. CatC, CTSC), also known as dipepti-
dyl peptidase I (DPPI), is a lysosomal cysteine protease
belonging to the papain-like cysteine peptidases family.
As a critical component of the immune system, CTSC
plays a dominant role in immune defenses, antimicro-
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bial activity, inflammation, and programmed cell death
(apoptosis) [1]. CTSC activates key pro-inflammatory
serine proteases, such as neutrophil elastase, cathepsin
G, proteinase 3, neutrophil serine protease 4, mast cell
chymase, tryptase, and granzymes A and B, highlighting
its essential role in maintaining health [2-7]. Dysregu-
lation of CTSC is linked to various inflammatory dis-
eases, including chronic obstructive pulmonary disease
(COPD), asthma, cystic fibrosis, and COVID-19-related
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acute respiratory distress syndrome (ARDS), making
it a potential therapeutic target due to its role in exac-
erbating inflammation and tissue damage [8, 9]. Addi-
tionally, variants in the CTSC gene (OMIM*602365) are
also associated with genetic disorders characterized by
severe periodontal disease, including Papillon-Lefevre
syndrome (PLS, MIM#245000), Haim—Munk syndrome
(HMS, MIM#245010), and aggressive periodontitis (AP,
MIM#170650) [10]. However, not all cases of aggressive
periodontitis are linked with a variation in CTSC.

Despite the multifaceted role of CTSC family in human
health and disease there are no contemporary reviews on
this subject. Hence, the focus of this review is to explore
in detail the molecular biology maturation and sub-
strate specificity of CTSC and its activities, the role of
CTSC in immune defense mechanisms and in activating
diverse serine proteases. This is followed by an account of
CTSC associated syndromes such as HMS, PLS, and AP
wherein a strong element of oro-facial diseases is found.
The final section deals with its possible translational
value and the clinical utility in therapeutics.

Cathepsin family and activities

Protease, also known as peptidase, is an enzyme that
hydrolyzes peptide bonds [11]. Peptidase can be classified
by a cleavage location into an endopeptidase that cleaves
internal peptide bonds and an exopeptidase (aminopepti-
dases and carboxypeptidases) that cleaves the amino- or
carboxyl-terminal bonds in the polypeptide chain. The
peptidase can also be classified by its principal catalytic
residues in active sites such as cysteine, serine, threonine,
aspartic, glutamic, metallo, and mixed [11, 12] though
some categories contain families with two or more cata-
lytic types [7, 12, 13].

The all-encompassing term “Cathepsins” denotes many
intracellular proteases that belong to various catalytic
classes. For example, CTSD and CTSE are aspartic pro-
teases; CTSG and CTSA are serine proteases, and CTSC,
B,L,S, H, K, O, X(Z), V, F, and W are cysteine proteases
which mostly are endopeptidase while a few such as
CTSX and CTSC are exopeptidases [14].

Papain-like cysteine proteases in mammals have a
molecular weight of approximately 20-35 kDA which
are small enzymes, though CTSC is an exception to this
rule. It has a molecular weight around 200 kDa [15-17].
Cysteine cathepsins normally consist of a single peptide,
a propeptide, and a catalytic unit with the latter repre-
senting the mature proteolytically active form [7].

Cathepsins are initially produced as inactive proen-
zymes with a signal peptide by ribosomes associated
with the cellular endoplasmic reticulum (ER). This signal
peptide directs the zymogen to be recruited into the ER-
Golgi pathway. Subsequently, the signal peptide is cleaved
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out [13]. Following the initial steps, cathepsins undergo
maturation processes and post-translational glycosyla-
tions [18]. The pre-part of the molecules is required for
intracellular trafficking to the lysosomal region, which is
accomplished by mannose-6-phosphate receptors. The
proenzymes of cathepsins undergo conversion into their
active forms within late endosomes and lysosomes, facili-
tated by autocatalysis under acidic pH conditions [13].
On the other hand, other enzymes can activate CTSC by
cleavage. However, the autocatalytic activation does not
occur from CTSC and CTSX because due to their strict
exopeptidase activity [19, 20]. In the case of CTSC, its
activation relies on the activity of other endopeptidases,
such as CTSL and CTSS (Fig. 1) [21].

Cathepsin activities are regulated by cell-type-specific
mechanisms, exogenous factors, endogenous inhibitors
such as cystatin (A, B, C, D, F), and other proteins includ-
ing serpins, kininogens, and alpha2-macroglobulin. The
maturation and post translational processing of cath-
epsins is influenced by other enzymes, pH in the endo-
somal/lysosomal compartment, and environmental pH
[18]. Cathepsins degrade various proteases or polypep-
tides and are involved in lysosomal bulk protein degrada-
tion. For example, CTSK and CTSV are potent elastase
and CTSK has special specificity in collagen degrada-
tion. CTSC cleaves various neutrophil serine proteases
including neutrophil elastase [18]. In addition, cathepsins
are associated with many disorders such as atheroscle-
rosis, cardiomyopathy, adiposity, osteoporosis, rheuma-
toid arthritis, metastasis, fibrosis, emphysema, asthma,
and neuropathic pain [7].

Cathepsin C gene (CTSC)

The CTSC gene, in mammals, is predominantly expressed
in the lungs, spleen, kidneys, liver, placenta, inflamma-
tory tissues as well as in neutrophils, mast cells, mono-
cytes, macrophages, along with their precursors [7, 22,
23]. CTSC is a highly conserved lysosomal cysteine
dipeptidyl aminopeptidase required for the activation
of pro-inflammatory neutrophil serine proteases (NSPs)
including neutrophil elastase (NE), CTSG, proteinase 3
(PR3), neutrophil serine protease 4 (NSP4) and also mast
cell chymase, tryptase, and granzymes A and B [2-7].

The structure of CTSC and its maturation process

CTSC is originally synthesized as a 55-kDa monomeric
single-chain pro-enzyme, separated into four regions
including an exclusion domain (Aspl-Gly119), a propep-
tide (Thr120-His206), a heavy chain (Leu207-Arg370),
and a light chain (Asp371-Leu439) [19] (Fig. 2A). The
maturation process of CTSC comprises a series of struc-
tural transformations of these four regions.
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Fig. 1 Schematic illustration of lysosomal cathepsin maturation. Cathepsins are initially synthesized as inactive preproenzymes with a N-terminal
signal peptide, guiding them through the rough endoplasmic reticulum (RER). The signal peptide is cleaved in the ER lumen, after which they are
directed via the mannose-6-phosphate (Man-6-P) receptor pathway to the lysosome through the trans-Golgi network. Procathesins dissociate
from the Man-6-P receptor within late endosomes. Finally, Cathepsins undergo auto-catalysis or cleavage by other proteases to attain their mature

form

Initially synthesized as an inactive zymogen in dimeric
form, CTSC undergoes further processing to attain
maturity. Upon maturation, it adopts a compact tetramer
structure, with each monomer housing heavy and light
chain active sites resembling a papain-like structure

(Fig. 2B) [19, 20, 24]. Mature CTSC comprises four iden-
tical monomers, interconnected by non-covalent inter-
actions, with fully exposed active site clefts. The active
site consists of the heavy chain and the light chain on the
outer surface of the protein complex [1]. The heavy chain
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Fig. 2 The structure of Pro-CTSC and the Process, maturation, and crystal structure of cathepsin CTSC. A The structure of Pro-CTSC is defined

by distinct domains including the exclusion domain, the propeptide, and the papain-like structure region, encompassing both the heavy chain
and the light chain. The exclusion domain is involved in modulating substrate specificity and stability. The propeptide is an inhibitory segment
regulating enzyme activity, typically removed during maturation and activation. In the papain-like structure region, the heavy chain holds catalytic
residues for proteolysis, resembling papain proteases and the light chain aids substrate binding and stability. B The maturation and structural details
of cathepsin C (CTSC) involve a series of steps. Initially, the pro-CTSC monomer (modified from Protein Data Bank (PDB) entry ID: 6IC7) undergoes
processing to form the pro-CTSC dimer (PDB ID: 40EL). This dimerization process involves the convergence of two individual pro-CTSC monomers,
resulting in the creation of a functional dimeric architecture, an arrangement that ensures the proper functionality of the enzyme. The pro-CTSC
dimer is further processed to yield the mature CTSC enzyme (PDB ID: 61C7) with the ability to effectively participate in the degradation of proteins.
C Schematic representation of the active site of papain-like peptidases modified for CTSC. The enzyme exhibited substrate binding sites labeled
from S3 to S2; while substrate residues denoted by blue circles marked from P2 to P2 An arrow indicates the cleavage site

of each monomer consists of the catalytic Cys234 on the
central a-helix. The catalytic dyad acts as a key catalytic
residue and is formed by the reactive residue of Cys234
from the heavy chain and His381 in the light chain form-
ing a thiolate-imidazolium ion pair. Mature CTSC is a
tetrameric structure of a marginally flattened sphere in a
diameter ~80 A along with a spherical cavity which has

a diameter ~20 A in the center. The molecule has tetra-
hedral symmetry with its axis coinciding with the crystal
symmetry axis of the 1222 space group. The asymmetric
part of the crystal presents a monomer. Each monomer
is composed of three domains: 2 papain-like structures
which have a catalytic unit and 1 exclusion domain. The
papain-like structures consist of N-terminal heavy chain
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and C-terminal light chain. The exclusion domain, not
having analogy with papain-like protease, provides the
tetrahedral structure and enhances the active site cleft’s
extensions, so it creates features that endow CTSC activ-
ity [25] (Fig. 2B).

The known crystal structures of CTSC are complex
with peptide-based inhibitors forming the substrate bind-
ing pockets [26, 27]. The S1 site is located at the active
site entrance and the S2 site is a hydrophobic pocket con-
taining chloride ion and two water molecules [1]. The S1
site comprises a broad area located in an exposed surface
of the molecule that can accommodate large and hydro-
phobic amino acid residues. The exclusion domain is
responsible for the aminopeptidase activity by blocking
the S2 site providing a key interaction with the substrate
through the Aspl side chain and making it only accessi-
ble to the N-terminus of its substrates (Fig. 2C) [17]. The
carboxylic group of the Asp1 side chain is responsible for
the anchoring of the N-terminal amino group of CTSC
substrates [27]. The Aspl also interferes with the bind-
ing of the positively charges side chains of arginine and
lysine residues at S2 site. The three amino acids residues
(Aspl, Cys234, His381) which together form a catalytic
ternary complex, is responsible for identifying the type of
substrate, limiting the length of the cleaved polypeptide,
and cleaving the polypeptide [1]. Moreover, the CTSC
active site is also blocked beyond S2 binding site by the
N-termini of exclusion domain, beta-hairpin, and carbo-
hydrate ring which attach to Asn5 and interfere substrate
access. Based on the structure and the active site interac-
tion, the exclusion domain is thought to be derived from
a metallic-protease inhibitor which behaves as a partial
block of entry into the cleft [17].

Substrate specificity

CTSC acts as a dipeptidyl aminopeptidase with broad
substrate specificity. CTSC cleaves two-residue units
until it reaches a stop sequence. The protonation of the
N-terminal amino group is required for the hydroly-
sis, using dipeptide AMC substrates. The S1 site has an
affinity for compounds with a hydrophobic structure
while the S2 pocket has an affinity for smaller aliphatic
or hydrophobic with basic structures [1]. CTSC exhib-
its optimal aminopeptidase activity in slightly acidic pH
conditions and is activated by chloride ions at a pH below
7 [28].

Subcellular localization and secretion

CTSC is ubiquitous and is mainly located in the lysoso-
mal or endosomal compartments of cells. Because of its
colocalization with active neutrophil serine proteases
in the Golgi apparatus, the activation process of granu-
lar proteases most likely starts in this compartment.
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Active CTSC along with in vitro differentiated neu-
trophil-like cells is found to be stored in cytoplasmic
granules in promyelocytic HL60 precursor cells [20].
Pro-CTSC is mainly secreted by the Golgi apparatus
into the extracellular milieu. When there are chemical
or physiological stimuli, active CTSC is excreted into
the extracellular milieu with other lysosomal enzymes by
neutrophils, mast cells and lymphocytes [7].

CTSC associated syndromes: Haim-Munk
syndrome (HMS), Papillon-Lefevre syndrome

(PLS), and aggressive periodontitis (AP)

CTSC plays an essential role in the host defense against
bacteria and the pathogenic aberration in the CTSC gene
leads to an impaired host response to microbes, resulting
in infections and inflammatory diseases [1, 29]. In the fol-
lowing section we review some of the key diseases associ-
ated with CTSC. Interestingly over 120 CTSC associated
maladies have been reported as shown in Table 1. Most
notable of these are with Haim—Munk Syndrome (HMS;
MIM #245010), Papillon-Lefevre syndrome (PLS;MIM
#245000), and juvenile/aggressive periodontitis (AP;
MIM #170650) [10]. The latter two diseases are of par-
ticular interest as they have afflictions with the orofacial
complex.

Haim-Munk syndrome (HMS)

This is a rare autosomal recessive disorder. The develop-
ment of red, scaly thickened patches of skin on the palms
of the hands and soles of the feet (palmoplantar hyper-
keratosis) characterizes HMS. Frequent pus-producing
skin infections, hypertrophy of the fingernails and toe-
nails (onychogryphosis), and periodontitis, which often
results in premature tooth loss, are also commonly
reported [10, 30, 31]. Additional features associated with
the disorder may include flat feet (pes planus), abnor-
mally long and slender fingers and toes (arachnodactyly),
and loss of bone tissue at the ends of the fingers and/or
toes (acroosteolysis) [29].

Papillon-Lefevre syndrome (PLS)

PLS is a rare autosomal recessive disorder characterized
by palmoplantar hyperkeratosis and aggressively pro-
gressing periodontitis affecting both the primary and
permanent dentition. It typically becomes apparent at
1-5 years old, but commonly coincides with the erup-
tion of primary teeth [32]. The gingivae (gums) in these
patients are usually inflamed during the eruption of
primary teeth, followed by a rapid destruction of peri-
odontium and a premature loss of the deciduous denti-
tion. Nevertheless, the gingiva heals uneventfully after
the exfoliation of the primary teeth. Then, the periodon-
tal inflammation recurs after the eruption of permanent
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teeth, and without proper dental intervention, most per-
manent teeth are lost by the age of 16 years [33].

The PLS patients exhibit signs of gingivitis, periodonti-
tis, stomatitis, and probably regional adenopathy. Addi-
tional findings associated with PLS may include frequent
pyogenic skin infections, nail dystrophy, hyperhidrosis,
arachnodactyly, and intracranial calcification [10, 31,
34, 35]. Among the various palmoplantar keratoderma
conditions, only PLS and HMS are linked to periodontal
destruction. Numerous studies have indicated that PLS
and HMS represent phenotypic variants of a common
disorder resulting from variants in CTSC [36, 37].

Aggressive periodontitis (AP)

Aggressive periodontitis (AP), also referred as Juvenile
periodontitis [38], is a disease of the tooth supporting tis-
sues involving the periodontal pocket and the attached
gums (Fig. 3A), and its basic etiology is yet unknown. AP
is characterized by early onset and aggressive periodontal
tissue loss including several teeth, but other symptoms
associated with CTSC such as palmoplantar keratosis are
not found in AP. Multiple factors have been suggested for
the disease including biallelic variants in CTSC [39-42].

Mechanisms of periodontal tissue destruction in PLS and
AP

The failure of the host antimicrobial peptide systems,
such as LL37, NE, CatG, and the neutrophil extracellular
trap (NET)-complexed proteases to remove pathogenic
bacteria are thought to be a major cause of periodonti-
tis in the PLS patients [7]. Comprehensive analysis of the
impact of CTSC deficiency on NSPs activity and neutro-
phil function, on the other hand, has revealed a far more
complex and interconnected series of events, including
neutrophil dysfunction and tissue destruction seen at
the disease active sites [43]. The neutrophils of the PLS
patients still have an ability to destroy bacteria by pro-
ducing ROS, hypochlorous acid, and antimicrobial pep-
tides [2, 7, 44]. It appears that the defects seen in PLS
neutrophils are caused by a long-term exposure to a
microbial stimulus, such as those of chronic periodontitis
and chronic skin infection.

The four key periodontopathic bacteria Aggregatibacter
actinomycetemcomitans, Porphyromonas gingivalis, Fuso-
bacterium nucleatum, and Treponema denticola have an
important role in the progression of periodontal destruc-
tion [45]. Occurrence of antibodies to key toxin of Act-
inobacillus actinomycetemcomitans in some members of
an extended family with PLS provides clues [45] to the
possibility of limited neutrophil antimicrobial ability in
this disease. It appears therefore, bacterial pathogens may
persist leading to dysfunctional immune-inflammatory
stimulation within periodontal tissues in PLS [7]. Other
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than periodontal disease, the PLS patients also experi-
ence dermatological disorders that are characterized by
significant neutrophil infiltration in the afflicted tissues
[7].

Other explanations seem likely to underpin the etiol-
ogy of aggressive periodontitis in PLS. First is the relent-
less recruitment of primed and/or activated neutrophils
to the oral tissues [7]. Studies on CXCL8 and MIPlq,
both potent neutrophil chemoattractants, reveal them
to be the NSP targets for inactivation [46, 47]. MIPl«
also activates osteoclasts [48]. This provides an insight
into a more complex role for neutrophils in coordinating
immune responses. NSPs have an important role in regu-
lating additional neutrophil recruitment by silencing the
inducers of neutrophil accumulation. MIP1a may stimu-
late the persistent recruitment of neutrophils to inflamed
periodontal tissues in the absence of NSP activity. Second
is the persistence of pathogenic species in PLS due to
insufficient bacterial killing. Rather than causing imme-
diate tissue damage, pathogens are more likely to trigger
indirect tissue damage mediated by neutrophil dysfunc-
tion. The continuous recruitment of neutrophils by the
pathogenic stimulus results in an excess of ROS and pro-
inflammatory cytokines, leading to connective tissue
destruction and loss of periodontium Fig. 3B) [7]. How-
ever, the intricacies of these mechanisms are multifac-
eted and interconnected and there are additional aspects
such as extracellular matrix remodeling and dysregulated
immune response to consider.

To summarize, some cases of AP, and PLS seem to be a
result of pathogenic variants of CTSC. The insufficiency
of NSPs causes the neutrophil dysfunction and seems to
reduce bacterial clearance during infection, to generate a
destructive pro-inflammatory environment within peri-
odontal tissue, to increase ROS and cytokine production,
and eventually to abrogate downregulation of CXCL8
and MIP1la, leading to tissue destruction and alveolar
bone loss.

Variants of the CTSC gene associted with diseases
Over 100 documented cases have been identified with
variants of the CTSC gene, all of which have consistently
exhibited the hallmark features of PLS, characterized by
the presence of palmoplantar keratoderma and severe,
early-onset, or aggressive periodontitis. According to the
new classification of periodontal diseases of 2018 aggres-
sive periodontitis would be classified as a stage IV, grade
C generalized periodontitis [49]. The terminology used to
describe the periodontal manifestations in these patients
vary among studies, but collectively signifies exception-
ally severe and early-onset periodontitis. A summary of
all studies detailing CTSC variants is provided in Table 1
[36, 39, 50-98].
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| Hypothetical scenarios that may underpin aggressive periodontitis in PLS

CTSC deficiency in PLS

\

Impairments in neutrophil function
(e.g. NSPs dysfunction)

¥

Insufficient bacterial killing

\

Persistence of pathogenic species

\

CXCL8 and MIP1a
are not deactivated by NSPs

\

Relentless recruitment of neutrophils
Destructive pro-inflammatory environment

Neutrophils 5 CXCL8
.

Blood vessels L MIPla

Macrophages f"’ Pathologic bacteria

Fig. 3 Clinical features of aggressive periodontitis and mechanisms of CTSC in periodontal destruction. A Oral features of a 7-year-old patient
with generalized aggressive periodontitis. B The involvement of CTSC in periodontal tissue destruction is mediated through several mechanisms.
Two key scenarios are likely co-contributors for aggressive periodontitis within the context of PLS, which entail the persistense of the key
periodontal pathogens (such as Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis) and the continuous recruitment

of neutrophils. These may trigger an exaggerated immune response and activate innate immune cells, including neutrophils, leading to chronic
inflammation and the production of inflammatory mediators that can activate CTSC within the periodontal niche. Additionally, in the context

of PLS-associated periodontitis, the uncontrolled recruitment of neutrophils might also lead to excessive release of proteases, including CTSC. This
unrestrained protease activity can contribute to the degradation of connective tissue and alveolar bone matrix, disrupting the delicate balance
between tissue destruction and repair, leading to the progressive periodontal tissue destruction observed in aggressive periodontitis
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Missense variants are the most prevalent, followed by
an equal occurrence of nonsense and insertion-deletion
variants. Splice-site variants are infrequent, while gross
deletion variants and regulatory variants are rare. Inter-
estingly, we observed that three families where individu-
als carrying biallelic CTSC variant displayed solely the
features of periodontitis, without palmoplantar kerato-
derma. These cases encompass:

1) A Jordanian family identified with a homozygous var-
iant c.1040A > G, p.Tyr347Cys[99],

2) A patient with compound heterozygous variant
c.815G>A, p.Arg272His; ¢.1235A>G p.Tyr412Cys
[56], and

3) A Turkish family with homozygous ¢.302G>C,
p.Trpl01Ser who also had additional features such as
hypodontia, taurodontism, molar incisor hypomin-
eralization, and language delay [55]. These cases are
noteworthy as they challenge the typical diagnostic
pattern of PLS.

Conversely, there exist instances of individuals present-
ing with typical palmoplantar keratoderma but lacking
severe periodontitis. For instance, a Japanese patient with
a homozygous nonsense variant c.315dup, p.Lys106fs
displayed a distinctive trait of maintaining all perma-
nent teeth beyond the age of 40 years, in contrast to the
premature tooth loss typically linked to PLS [83]. This
delayed onset of periodontitis has also been documented
in previous cases of PLS [100, 101]. Variability in pheno-
typic presentation and the severity of periodontitis have
been noted among patients carrying the same variant [36,
53, 61]. Additionally, some patients may manifest other
systemic abnormalities, including recurrent bacterial
skin infections, multiple cutaneous abscesses, ventricu-
lar septal defects, language delay, iron deficiency anemia,
as well as other orodental findings such as missing teeth
[29, 55, 102]. These highlight the diverse array of clinical
manifestations associated with various CTSC, revealing
novel insights into the unexplored roles of CTSC in both
health and disease.

Therapeutic use

Given below is a comprehensive account of some of the
major and minor illnesses that are associated with CTSC.
Namely,

« PLS

+ Chronic inflammatory lung disease

« COVID-19

+ Cancers

+ The anti-neutrophil cytoplasmic antibody (ANCA)-
associated vasculitis
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+ Sudden cardiac death (SCD)/ atherosclerosis/ cardio-
vascular disease
+ Neuroinflammatory diseases

Papillon-Lefevre syndrome (PLS)

The available treatments for PLS, whether oral or der-
matological, remain constrained, occasionally leading
to toxic effects such as those caused by the application
of topical steroids. However, recent investigations have
unveiled novel molecular pathways and potential phar-
macological targets for managing PLS. One study, for
instance, observed disparities in azurophil granule pro-
teins between PLS patients and healthy subjects through
proteomic analysis and western blotting [58]. The
method involved subcellular fractionation of neutrophils
from PLS patients and controls, pooling fractions based
on marker protein distribution into azurophil granules
(a band), specific granules (1 band), gelatinase granules
(B2 band), and light membranes (y band). Western blot-
ting revealed the absence of serine protease and eosino-
phil peroxidase. Proteome profiling showed significantly
decreased quantities of serine proteases (NE, CTSG,
PR3, azurocidin) in PLS neutrophils. Furthermore, it
appears that neutrophils from PLS patients exhibit an
inability to form NETs, which are essential components
of the immune response [58, 103]. In recent years, the
experimental research has shown that the metabolic and
autophagic dysfunction of CTSC-deficiency fibroblasts
in PLS can be corrected by recombinant CTSC (rCTSC)
[104].

The fibroblasts of PLS patients showed a significant
decrease in the rate of proliferation and mitochondrial
energetics, and an impairment of autophagic flux shown
by elevated expression levels of both LC3-II and p62/
SQSTM1I. This was investigated using a BafA1 assay and
ultrastructural examination [104, 105]. Moreover, oxi-
dative stress has been related to the pathophysiology of
PLS [74]. Increased ROS generation along with decreased
antioxidant defenses was observed in the fibroblasts from
PLS patients, resulting in lysosomal instability and mem-
brane permeabilization [106]. PLS fibroblasts treated
with rCTSC in three different doses showed a statistically
significant, dose-dependent reduction in the proliferation
rate, observed at 24, 48, 72, and 120 h. Additionally, there
was a partial recovery of CTSC enzymatic activity after
treatment with rCatC for 120 h. Furthermore, increased
expression levels of LC3-II and p62/SQSTM1, indicat-
ing improvement of autophagic flux, and reduced IL-1b,
indicating decreased inflammasome activation have
also been noted [104]. The available data indicates that
recombinant cathepsin administration can be a promis-
ing therapeutic approach for the management of PLS.
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A deficiency in CTSC activity, as seen in PLS, does
not impact patient survival despite its clear pathophysi-
ological consequences. Clinical observations suggest that
pharmacological inhibition of CTSC, which mimics the
phenotypic effects seen in PLS, might be a viable thera-
peutic strategy. Specifically, transient or partial inhibition
of CTSC in bone marrow progenitor cells could poten-
tially modulate serine protease activity, offering thera-
peutic benefits in chronic inflammatory lung diseases
characterized by robust neutrophil infiltration, granulo-
matosis with polyangiitis (GPA) and other neutrophil-
mediated autoimmune disorders [7].

A clinical trial (NCT01116934) investigated whether
PLS patients compensate for their impaired CTSC activ-
ity by overproducing proinflammatory cytokines, thereby
promoting neutrophil recruitment. Cytokine profiles
were compared between PLS patients and healthy con-
trols following stimulation with lipopolysaccharide (LPS)
and a combination of interleukin-1p (IL-1f) and tumor
necrosis factor-a (TNF-a). Although a slight elevation
in certain cytokines was observed in PLS patients, these
differences did not reach statistical significance. Con-
sequently, the study did not establish a definitive link
between increased cytokine production and CTSC defi-
ciency in PLS, suggesting that cytokine profiles in blood
cultures may not be a reliable diagnostic marker for this
condition [107]. Further research and clinical trials are
needed for a better understanding.

Chronic obstructive pulmonary diseases (COPD)

COPD is caused by hyperactive inflammatory defense
mechanisms that are triggered by a combination of fac-
tors such as genetics, pollutants, and microbes. There are
many putative relationships between CTSC and chronic
inflammatory lung diseases [7]. For instance mature
CTSC have been detected in sputa of patients with neu-
trophil dominant chronic inflammatory lung disease such
as COPD, cystic fibrosis, bronchiectasis, and neutrophilic
asthma, and macrophage dominant chronic inflamma-
tory lung diseases such histiocytosis X, desquamative
interstitial pneumonia, and sarcoidosis [7, 20].

In these neutrophil-driven inflammatory pulmonary
diseases, circulating neutrophils have numerous acti-
vated NSPs that can be activated by CTSC, causing tis-
sue destruction [7]. Indeed, the amount of CTSC has a
correlation with the quantity of neutrophils [20]. In addi-
tion, a deficiency of alpha-1 antitrypsin (AAT), the NSPs
inhibitor, in plasma can lead to COPD/emphysema and
other diseases [7, 108]. In chronic lung inflammation,
dying neutrophils may irreversibly damage lung tissue
[7]. Available data indicates a close correlation between
the neutrophil quantity and CTSC so much so that the
latter could be used as a biomarker of neutrophil-induced

Page 18 of 25

pulmonary inflammation. This implies that control of
NSPs may be a promising therapeutic strategy for regu-
lating the progression of chronic inflammatory pulmo-
nary diseases.

COVID-19

The global pandemic of COVID-19 is a protean infec-
tion caused by the newly discovered coronavirus SARS-
CoV-2 but predominantly affects the respiratory tract
[109]. The affected individuals present with a wide array
of afflictions ranging from asymptomatic disease, mild
to moderate symptoms, and severe illness that can be
lethal, presenting as acute respiratory distress syndrome
(ARDS) comprising respiratory failure, acute lung injury,
and edema.

The pathology leading to severe illness of COVID-19
is incompletely understood but the accumulating data
indicate that the disease is precipitated by an exaggerated
response of the innate immune system (immunological
storm) leading to severe irreversible lung injury and res-
piratory failure [109].

In a recent study, Fassan et al. observed significant
overexpression of CTSC in the lung tissue of COVID-19
patients, as evaluated by immunohistochemistry [110].
Neutrophils seem to play a crucial role in hyperinflam-
mation leading to lung injury, due to the release of reac-
tive oxygen species via elastase-related serine proteases
activity. Hence NE-related serine proteases, that have
been identified as potential pharmacological targets in
neutrophilic inflammatory disorders, appear to be an
attractive therapeutic target for managing COVID-19.

Cancers

A plethora of recent discoveries indicate CTSC expres-
sion in many cancers such as colorectal cancer, hepato-
cellular carcinoma, squamous cell carcinoma, and glioma
[111-114]. Being a novel area of exploration there are
many facets that are awaiting investigation in this context
including the genealogy of cancer, stages of tumor pro-
gression, and related pathobiology [115-117].

It is known that CTSC has an important role in the
proliferation of colorectal cancer cells mediated by
autophagy [118]. Apoptosis of colorectal cancer cells can
be induced by inhibiting CTSC with the CTSC inhibitor
(GFDMK). This treatment triggers endoplasmic reticu-
lum stress-mediated JNK phosphorylation, as validated
by western blot analysis. Additionally, it leads to mito-
chondrial cytochrome c translocation and a decrease in
mitochondrial membrane potential (MMP), as analyzed
by Rhodamine 123 fluorescence staining [111]. CTSC
promotes hepatocellular carcinoma cell (HCC) prolif-
eration and metastasis by acting as a cancer-promoting
factor [112]. In the skin, CTSC controls the infiltration of
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immune cells in skin tumors and promote angiogenesis
in squamous cell carcinoma [119].

Other interesting recent discoveries appertaining to
this issue include increased anticancer potential of cur-
cumin in colorectal cancer both in vitro and in vivo due
to CTSC silencing. It has been proposed that CTSC inhi-
bition could be a new chemotherapeutic technique that
may be employed in conjunction with established anti-
cancer drugs [120]. Furthermore, there is a report on
decursin, a natural chemical from Angelica gigas, which
decrease gastric cancer cell growth, and promote cell
cycle arrest in vitro, by lowering CTSC expression [121].

Furthermore, CTSC has a dual role in attracting neu-
trophils to metastatic and stimulating neutrophils to
form NETs. Inhibiting CTSC reduces lung metastases
and promotes breast cancer in mice. Lung metastasis in
mice is successfully inhibited by targeting CTSC with
AZD7986, a specific and powerful CTSC inhibitor. Con-
versely, overexpression of CTSC enhances lung metasta-
sis [114]. The fact that CTSC is strongly associated with
tumor development is clear from the foregoing although
the underlying mechanisms are yet to be explored.

The anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitis

ANCA-associated vasculitis (AAV) is an autoimmune
disease characterized by inflammation of the small blood
vessels. It has been subgrouped into three main variants:
microscopic polyangiitis (MPA), microscopic polyangiitis
(MPA), and eosinophilic granulomatosis with polyangii-
tis (EGPA).

NSPs are proven to contribute to AAV, as neutrophils
and monocytes are the only cells that express ANCA auto
antigens proteinase 3 (PR3) and myeloperoxidase (MPO)
[122]. CTSC proteolytically activates the pro-neutrophil
serine proteases in the bone marrow which contributes
to the production of mature NE [123]. The membrane-
bound proteinase 3 (mPR3) expressed by myeloid cells is
the main target antigen of ANCA. By binding to mPR3,
ANCA triggers an activation cascade, resulting in a
secretion of the active PR3 causing vascular damage.

CTSC from zymogens also activates the proteolytic
function of NSPs, including PR3. Therefore, many new
upcoming studies are based on the therapeutic effects
associated with the pharmacological inhibition of CTSC
in reducing PR3 and the severity of AAV and granulo-
matosis with polyangiitis [123]. In a study by Jerke et al.
(2019), the blockade of CTSC using CTSC inhibitors
was found to reduce NSP protein levels and their proteo-
lytic activation [123]. Subsequently, they delved into the
genetic deficiency effect of CTSC in PLS patients, reveal-
ing a significant reduction in total NSPs within neutro-
phils and monocytes, without impacting neutrophil
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differentiation [122]. Notably, no signs of generalized
immunodeficiency were observed in the studied PLS
patients, implying that CTSC influences NSP activa-
tion but not immune cell differentiation [124]. The study
has been replicated using human stem cells. Pharmaco-
logical inhibition of CTSC in neutrophils via an inhibi-
tor resulted in lowered NSPs and membrane PR3 levels.
This reduction corresponded to a decreased neutrophil-
induced glomerular microvascular endothelial cell dam-
age in both scenarios [122]. However, as shown in other
lysosomal disorders, a short-term therapeutic inhibition
can result in neutrophil dysfunction and periodontitis
[124, 125].

Sudden cardiac death (SCD)/ atherosclerosis/
cardiovascular disease

SCD is defined as death due to a cardiovascular cause
that occurs within 1 h of the onset of symptoms [126].
The most common pathological basis of SCD is coronary
atherosclerosis [127-129] Studies have shown a relation-
ship between CTSC and both SCD and atherosclerotic
vascular disease [102]. A recent study using quantitative
proteomics to analyze protein alterations in the human
left anterior descending coronary artery showed signifi-
cantly increased CTSC expression in coronary heart dis-
ease (CHD) and sudden cardiac death (SCD) compared
to a control group. This finding was validated using west-
ern blotting and immunohistochemistry [102]. Hence
it appears that CTSC is likely to be a good predictive
marker of SCD with a promising potential in differential
diagnosis of CHD and SCD. However, the small sample
size is a limitation of the latter study. Another study has
also shown upregulated CTSC gene and protein expres-
sion in atherosclerotic lesions [130]. In summary, CTSC
seems to be a good molecular marker of the inflamma-
tory response associated with atherosclerosis and SCD.

Neuroinflammatory diseases

CTSC is also considered to be a promising therapeutic
target in preventing neuroinflammatory disorders. The
data for this emanates from several studies. First, CTSC
levels are altered in the pathological tissues derived from
the mouse brain and it appears to be involved in neuroin-
flammation. The expression of CTSC in mouse brains has
shown that it is not expressed in the healthy brain tissues
but is significantly increased in pathological brain tis-
sue. The activated microglia of the mouse brain were the
most immunopositive for CTSC in these studies [131].
Another study on the association of CTSC expression
and neuroinflammation induced by lipopolysaccharide
(LPS) injections has shown varying CTSC expression
levels in mouse neurons and microglia at different time
points, post-injection. Further, in vitro, studies have also



Chitsamankhun et al. Journal of Translational Medicine (2024) 22:777

shown LPS, cytokines IL-6, and IL-1f -induced CTSC
expression in microglial cells in a dose-dependent man-
ner. A demyelinating mouse model induced by cupri-
zone also show leukocyte infiltration, and expression of
glia-derived chemokine CXCL2 associated with CTSC
expression [132].

Another study of CTSC in a cryogenic traumatic brain
injury has shown that CTSC aggravates neuroinflam-
mation by up-regulating CCL2 and CXCL2 expression
in neurons and neuroglia [133]. Also, a study of acute
and chronic stress-induced mice models has shown that
CTSC overexpression leading to inflammation, neuro-
chemical disturbance, and aggravated depressive behav-
ior [94]. In summary, there is a substantial body of data
to suggest a key contributory role of CTSC in neuro-
inflammation and hence it appears to be a promising
therapeutic candidate for mitigating the progression of
neuroinflammatory disease.

Current clinical trials, challenges, and future directions

for CTSC inhibitors

CTSC has emerged as a promising pharmacological tar-
get for modulating neutrophil-driven inflammation and
related pathologies. Preclinical studies utilizing murine
models of inflammation have demonstrated the protec-
tive effects of CTSC knockdown, supporting its potential
as a therapeutic target. The inhibition of CTSC activity
is hypothesized to effectively reduce neutrophil extracel-
lular trap (NET) formation, a key driver of inflammation
in various diseases [7]. Given its association with sev-
eral inflammatory conditions, CTSC inhibition is being
explored as a therapeutic strategy, with multiple inhibi-
tors under development at different stages of clinical
trials.

GSK-2793660: This irreversible CTSC inhibitor was
evaluated in a Phase I clinical trial (NCT02058407) for
cystic fibrosis, non-cystic fibrosis bronchiectasis, and
ANCA-associated vasculitis. While it demonstrated
efficacy in reducing neutrophil serine protease (NSP)
activity, its clinical application was limited by epidermal
desquamation [134, 135].

AZD7986 (Brensocatib): This non-covalent CTSC
inhibitor has shown promise in treating non-cystic fibro-
sis bronchiectasis. Ongoing clinical trials (NCT02653872,
NCT05673603, NCT05517525, NCT06178783,
NCT05652257, NCT06344728, NCT05344508,
NCT05965570, NCT05090904, NCT05826574) are
assessing its safety and efficacy. Phase II trials have
demonstrated reduced NSP activity in bronchiectasis
patients, correlating with clinical improvement. Brenso-
catib has also exhibited anti-metastatic effects in preclin-
ical breast cancer models [1, 135, 136].
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IcatCXPZ-01: This novel CTSC inhibitor prevents the
maturation of NSP zymogens. Preclinical studies in non-
human primates have shown almost complete elimina-
tion of NSPs in white blood cells, indicating its potential
as a therapeutic agent [135, 136].

The development of CTSC inhibitors faces several chal-
lenges. Ensuring specificity is crucial, as off-target effects
could lead to undesirable side effects. Research is con-
centrated on creating highly selective inhibitors that have
minimal impact on other cathepsins or essential cellular
functions. Additionally, delivering CTSC inhibitors effec-
tively to target tissues is a significant challenge. Strategies
such as targeted drug delivery systems and formulation
optimization are being investigated to enhance bioavail-
ability and reduce systemic side effects.

The insights gained from CTSC research have signifi-
cant implications for clinical practice. Measuring CTSC
activity levels in blood or tissue samples at certain time
points might serve as a diagnostic tool for identifying
individuals at risk for or currently experiencing inflam-
matory diseases. Additionally, CTSC activity levels may
correlate with disease severity and predict response to
therapy, suggesting that they could be useful as prog-
nostic indicators for guiding treatment decisions and
personalizing therapy. CTSC inhibitors could be utilized
as targeted therapies, specifically addressing the inflam-
matory pathways involved in various diseases, poten-
tially leading to more effective and less toxic treatments
compared to broad-spectrum anti-inflammatory agents.
This approach could enable early intervention, potentially
mitigating disease progression, and improving patient
outcomes. Understanding individual variations in CTSC
activity and response to inhibitors could pave the way
for personalized medicine, allowing for tailored treat-
ment regimens and reducing reliance on conventional
therapies.

Conclusion

The foregoing review elucidates the multifaceted role
of CTSC in various biological phenomena and its puta-
tive role in both health and disease. The complex struc-
ture and the versatile functionality of CTSC underscore
its role in activation of granule-associated proteases,
impacting not only the immune response but also tis-
sue homeostasis. The extensive involvement of CTSC in
diseases such as PLS, HMS, and AP reveals its intricate
interplay in regulating neutrophil activity and NSP zymo-
gen activation, which in turn influences such disease
progression. While promising, the field of CTSC inhibi-
tion for inflammatory diseases remains ripe for explora-
tion. Several key knowledge gaps remain. For instance,
a deeper understanding of the precise mechanisms by
which CTSC inhibition modulates NET formation in
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different disease contexts is crucial. Furthermore, the
long-term safety and efficacy of CTSC inhibitors require
comprehensive evaluation. Future investigations should
explore the potential for personalized approaches, tai-
loring CTSC inhibition strategies to specific patient
populations and disease subtypes. By addressing these
research priorities, we can accelerate the translation of
CTSC inhibitors into effective therapies for inflammatory
disorders.
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