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Abstract: Cysteine cathepsins F and W are members of the papain-like cysteine protease family,
which have distinct structural features and functional roles in various physiological and pathological
processes. This review provides a comprehensive overview of the current understanding of the
structure, biological functions, and pathological implications of cathepsins F and W. Beginning with
an introduction to these proteases, we delve into their structural characteristics and elucidate their
unique features that dictate their enzymatic activities and substrate specificity. We also explore the
intricate involvement of cathepsins F and W in malignancies, highlighting their role as potential
biomarkers and therapeutic targets in cancer progression. Furthermore, we discuss the emerging
roles of these enzymes in immune response modulation and neurological disorders, shedding light on
their implications in autoimmune and neurodegenerative diseases. Finally, we review the landscape
of inhibitors targeting these proteases, highlighting their therapeutic potential and challenges in
clinical translation. This review brings together the diverse facets of cysteine cathepsins F and
W, providing insights into their roles in health and disease and guiding future investigations for
therapeutic advances.
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1. Introduction

Cathepsins are pivotal components of the lysosomal proteinase system [1] and play a
key role in several cellular processes that are critical for maintaining homeostasis. Cathep-
sins are commonly classified as cysteine, serine and aspartic proteases according to the
amino acid included in their active site. Among these, cysteine cathepsins F (CTSF) and W
(CTSW) represent a novel subfamily that has captivated researchers with their intriguing
properties and emerging importance in pathological conditions. CTSF and CTSW are
both cysteine proteinases, evolutionarily distinct from other human cysteine cathepsins,
and their genes are characterized by a highly conserved organization and chromosomal
localization. The CTSF gene, also known as CTSF/CLN13, is located on Ch11q13, as is
CTSW, highlighting their close association (Ch11q13.1) [2].

This remarkable conservation suggests a high probability that inhibitors and enhancers
identified in one species can be successfully translated across different species [3]. Accord-
ing to phylogenetic analysis, the presence of the “ERFNAQ” motif in the propeptides of
CTSF and CTSW), as well as the highly conserved genomic organization and chromosomal
localization of their genes, led Wex et al. to identify CTSF and CTSW as members of a
novel subset of cathepsin proteases known as “cathepsin F-like” proteases. These cysteine
proteases are evolutionarily distinct from other human cysteine proteases and are closely
related, with CTSF sharing 42% identity (58% homology) with CTSW. The ERFNAQ motif
is also present in the mouse homologs of the CTSF and CTSW genes and in two invertebrate
cysteine proteases, highlighting its evolutionary conservation (Table 1) [4].

Table 1. Comparison of ERFNAQ motif (bold) in human CTSF and CTSW genes, mouse-related
homologs and ERFNAQ-related motifs in invertebrata [4].

Gene Amino Acid Sequence
Human CTSF EEARWRLSVFVNNMVRAQKIQALDRG
Mouse CTSF EEHAHRLDIFAHNLAQAQRLQEEDLG
Human CTSW AEYTRRLSIFAHNLAQAQRLQQEDLG
Mouse CTSW EEAQWRLTVFARNMIRAQKIQALDRG
Paragonium westermani EDDQKRFAIFKDNLVRAQQYQTQEQG
Caenorhabditis elegans REVLKRFRVFKKNAKVIRELQKNEQG

However, both enzymes share a relatively low degree of protein sequence identity
with other cysteine proteases (20-30%) [5,6].

More importantly, CTSF and CTSW play a unique role in cancer, exhibiting both anti-
cancer and differentiation properties. They have been shown to suppress tumor growth
by inhibiting angiogenesis, cell proliferation and invasion, suggesting their potential as
therapeutic targets for cancer treatment. On the other hand, CTSF and CTSW also play a
crucial role in orchestrating the immune system by modulating immune cell activation and
effector function. They have been implicated in the regulation of dendritic cell maturation,
T-cell activation and macrophage polarization, highlighting their importance in immune
system homeostasis.

Given their unique properties and diverse roles in pathological conditions, CTSF
and CTSW have emerged as compelling targets for therapeutic intervention and disease
management. Further investigation into their molecular mechanisms and regulation is
warranted to unlock their full potential for therapeutic applications.

2. Structure of Cysteine Proteinases F and W

CTSF is not composed of a single sequence comprising a propeptide and a catalytically
mature active region. Instead, it features an additional N-terminal segment with notable
structural resemblance to the functional domains of cysteine protease inhibitors [7-9].
The CTSF gene encodes a polypeptide with a molecular weight of approximately 53 kDa,
consisting of 484 amino acids with five N-glycosylation sites. In 1999, Santamaria et al. [9]
described the complete nucleotide sequence of the CTSF cDNA, its chromosomal location
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and its expression profile in various human tissues and cancer cell lines. To identify and
characterize this protease, they analyzed the human EST databases and compared the
sequence of this enzyme with sequences of previously solved human cysteine proteinases.
The EST analysis revealed that the highest degree of similarity was found with a cysteine
proteinase from Schistosoma mansoni (48%). Significant similarities were also found with the
various human cysteine proteinases, ranging from 37% with CTSL2 to 26% with CTSB. The
amino acid sequence alignment of all known cysteine proteinases allowed the identification
of conserved residues that are also present in CTSF and CTSW (e.g., alanine residue at
position 271, proline residue at position 12, active site Cys residue, His-431 and Asn-451
residues, Trp residue and GIn residue at position 289) [10].

The study by Santamaria et al. [9] showed that the C-terminal region contained con-
served aromatic and Gly residues flanking the active site His and Asp residues, emphasizing
the relationship of CTSF to the already known cysteine proteinases [9]. The electrostatic
potential of the CTSF cleft, calculated using MOLCAD software, is electronegative or neu-
tral. According to the self-consistency evaluation obtained by PROCHECK, the model
of CTSF has three disulfide bonds, which are conserved among cysteine proteases [11].
Cathepsin F, similar to other cysteine proteinases, is delivered to the endosomal/lysosomal
compartment through glycosylation of at least one N-site on the protein. This glycosylation
is recognized by the mannose-6-phosphate (M6P) receptor, which mediates targeting to
lysosomes [12,13].

The CTSW cDNA encodes a putative polypeptide of 376 amino acids with a calculated
molecular weight of approximately 42 kDa [14]. There are 11 exons in the CTSW gene,
10 of which encode cysteine proteinases [14]. CTSW contains all the highly conserved
residues found in papain-like enzymes, including the residues of the catalytic triad (Cys-153,
His-291, Asn-330), GIn19 of the putative oxyanion hole, Trp177 in the S1’-binding pocket,
and Gly67 and Gly68 (papain numbering) (Table 2). Compared to papain, the Gly-23—Cys
substitution of CTSW may lead to a higher degree of peptide bond cleavage selectivity [5,6].

Table 2. Conserved, additional and substituted residues of CTSF and CTSW polypeptides.

Conserved residues in CTSF

Cys-113, His-249, and Asn-269, GIn-87, Trp-271, and Trp-275, Gly-153, Gly-154
Additional residues in CTSF
Cys-110, Cys-144, Cys-151, Cys-184, Cys-242, Cys-290
Conserved residues in CTSW
Cys-153, His-291, Asn-331, GIn-19, Trp-177, Gly-67, Gly-68
Substituted residues in CTSW
Tyr-67—Phe
Pro-68— Val
Val-133—Thr
Ala-160—Ser
Phe-207—Leu

Meinhardt et al. discovered new proteoforms of CTSW with altered amino acid
sequence of the protein. Specifically, a variant resulting in the deletion of exon 6 causes a
premature stop codon, leading to the production of a truncated and non-functional protein.

Notably, the C-termini of the novel proteoforms are shorter than those of wild-type
CTSW. Intron 10-containing proteoforms are more abundant, suggesting their physiolog-
ical relevance. Since wild-type CTSW differs from all other cysteine proteinases in its
C-terminal extension, Meinhardt et al. [15] hypothesized that the C-termini of the differ-
ent CTSW proteoforms may play a regulatory role in the subcellular localization of this
enzyme. The wild-type variant is the only one found in natural killer (NK) cells, while
the intron 10-containing isoform has also been found in gastric mucosal intraepithelial
lymphocytes and has been suggested to be involved in gastro-esophageal reflux disease,
but no association has been found [16].
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Although the structures of both enzymes have not yet been solved, predicted (Al-
phaFold) 3D structures obtained from the Gene Card site are shown in Figure 1.

Model Confidence @

B Very high (pLDDT > 90)

[ High (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

[ Very low (pLDDT < 50)

Figure 1. CTSF and W structure. Predicted (AlphaFold) 3D structures of CTSF (left) and CTSW
(right). AlphaFold produces a per-residue model confidence score (pLDDT) between 0 and 100. Some
regions below 50 pLDDT may be unstructured in isolation (source: https://www.genecards.org/
cgibin/carddisp.pl?gene=CTSF, https:/ /www.genecards.org/cgi-bin/carddisp.pl?gene=CTSW, both
accessed on 3 May 2024).

CD8+ T lymphocytes (cytotoxic T cells, CTLs) and natural killer (NK) cells primarily
express CTSW mRNA, with interleukin-2 regulating its expression. [2,17-19]. In partic-
ular, quantitative RT-PCR studies showed that NK cells express approximately 21 times
more CTSW transcripts than CTLs. Furthermore, in response to IL-2, CTSW gene and
protein expression increased more significantly in NK cells (7-fold) than in cytotoxic T
cells (CTLs) (2-fold), suggesting that CTSW is specifically expressed in these immune
cells [20]. Wex et al. showed that decreased expression of endogenous CTSW, mediated by
antisense oligonucleotides, corresponded to a downregulation of the cytotoxic activity of
IL-2-dependent NK-92 cells. Thus, the results of this study confirmed the hypothesis that
CTSW plays a central role in cellular cytotoxic processes mediated by NK cells [21,22].

In contrast to other cysteine proteinases, human and mouse CTSW is localized to the
rough endoplasmic reticulum (ER), although the mechanisms by which CTSW is anchored
to this compartment remain unclear [23]. CTSW was found mainly in immune system
tissues. High levels of mRNA were found in the spleen, peripheral blood and lymph nodes.
Moderate levels were found in the bone marrow and appendix. The lowest levels were
found in the thymus [5].

3. Involvement of CTSF and CTSW in Malignancies

Among many functions, cysteine proteinases are also involved in the process of tumori-
genesis through their ability to promote autophagy and degradation of the extracellular
matrix by activating and degrading cytokines, chemokines and various growth factors,
thereby modifying the tumor microenvironment and promoting angiogenesis [23-25]. The
expression pattern of different cysteine proteinases differs in different tissues and between
primary and metastatic tumors, further enhancing the specificity of the activity of these
enzymes [26].


https://www.genecards.org/cgibin/carddisp.pl?gene=CTSF
https://www.genecards.org/cgibin/carddisp.pl?gene=CTSF
www.genecards.org/cgi-bin/carddisp.pl?gene=CTSW
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3.1. CTSF

To understand the expression pattern of CTSF in human tissues, Santamaria et al. [9]
performed Northern blot analysis, which showed variable expression in most of the tissues
examined. The main sites of CTSF expression were skeletal muscle and testis, while no
expression of this enzyme was detected in leukocytes and the thymus. Furthermore,
increased CTSF expression has been demonstrated in several cancer cell lines (e.g., HeLa
cells), suggesting that this enzyme may play a role in the progression of some human
malignancies [8]. This correlation has also been observed for other cysteine proteinases
whose activity has been associated with neoplastic events [27].

Hybridization of Northern blots containing poly(A)1 RNA extracted from different
cancer cell lines with full-length CTSF cDNA showed that the transcript in normal tissue is
identical in size to that observed in HeLa cells, but the number of transcripts is increased.
Reduced transcript levels were detected in melanoma, K-562 and lung carcinoma cells [9].

While recent studies have shown increased expression of CTSF in various cancer cell
lines, the exact role of this enzyme in tumor initiation, progression and prognosis remains
elusive. In the kidney cancer cell lines 769-P and A-498, more than 88% of CTSF was
localized in the nucleus. However, despite extensive research aimed at elucidating this
phenomenon, no definitive consensus has been reached regarding its molecular functions
within the nucleus [28].

A qualitative proteomics study by Wei et al. in 2022 [29] identified elevated levels of
CTSF and other candidate proteins, including fibulin-1, in brain metastatic lesions from
non-small cell lung cancer (NSCLC) patients with brain metastases (BMs) compared to
NSCLC tissues without BMs and primary brain tumor samples. This study aimed to
identify molecular biomarkers for the early diagnosis and assessment of NSCLC. This
approach might help in distinguishing between NSCLC patients with and without BMs,
keeping track of disease progression, and improving patient survival [29]. On the other
hand, CTSF expression continued to decrease with advancing cancer stages and metastasis,
while increased CTSF expression was detected in tissues of patients with higher overall
survival, highlighting the role of CTSF in attenuating NSCLC development [30]. It is
likely that previous research [9] did not consider the stage of the disease or the presence
of metastases, which explains the discrepancies with the newly reported data [29,30]. In
addition, the first study did not define the type of lung cancer studied [9].

The bioinformatics study by Song et al. [30] showed that CTSF is downregulated in
NSCLC tissues compared to healthy tissues. Gene-gene interaction analysis showed that
CTSF activity is associated with genes involved in immune responses, and immunostaining
showed higher expression of CTSF in macrophages and other infiltrating immune cells
compared to tumor cells. In addition, 10 proteins belonging to HLA class Il and MHC were
shown to interact with CTSF, confirming its role in the regulation of immune responses [28].
In this context, GeneMANIA analysis revealed a correlation between CTSF and CTSW
within a group of 20 related genes. This correlation encompasses their endopeptidase activ-
ity, cellular and tissue localization, and interaction with MHC class II [30]. As previously
shown, CTSF is not detected in lymphocytes or the thymus [27]. For this reason, we can
speculate that CTSF may play a more prominent role in the humoral immune response
compared to the cellular immune response.

Thyroid cancer manifests as a distinct type of malignancy characterized by signifi-
cant expression of CTSFE. This association has been confirmed by research conducted by
Wang et al. [31] using whole-genome sequencing (WGS) of individuals diagnosed with
papillary thyroid cancer (PTC), the most common thyroid cancer resulting from a combina-
tion of environmental and genetic factors [32]. The results revealed 127 alterations (genetic
changes) shared by at least two members within the families analyzed, distributed across
125 genes [31]. Among the pathogenic variants, a variant in the CTSF gene characterized
by C>T at position 66,332,107 in the cytoband 11q13.2 was also identified. There were
also more distant variants: G>A 1243 bp of the cDNA and an amino acid variant from
Gly to Arg at the amino acid number 415 of this transcript. It is worth mentioning that
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an increased expression of CTSF compared to the wild type was observed as a result of
the gene variation. As most of the family members had C>T in rs200426008, immuno-
histochemical confirmation was required. This analysis revealed significantly increased
immunoreactivity of the mutated CTSF gene in PTC tissue compared to healthy tissue,
highlighting the potential role of CTSF variations as a predictive factor for PTC inheritance
and thyroid cancer inheritance in general [31].

Recently, it has been suggested that a panel of serum biomarkers including CTSF could
serve as a prognostic and diagnostic tool to predict survival in gastric cancer (GC) patients.
The panel showed high diagnostic performance with 95% specificity and 92% sensitivity in
discriminating GC patients from healthy individuals [33]. The results showed that CTSF
mRNA expression was lower in the malignant tissues than in the normal tissues. Ji et al.
demonstrated that the downregulation of CTSF expression favored the proliferation of GC
cells and inhibited apoptosis [18]. Furthermore, downregulation of CTSF expression in GC
tissues was associated with tumor invasion, differentiation and lymph node metastasis.
To investigate the role of CTSF in GC, they silenced CTSF expression using Lenti-shRNA
and showed significantly increased proliferation and decreased apoptosis in the GC cell
lines [18]. On the other hand, Zheng et al. demonstrated the suppressive function of CTSF
on the proliferation, invasion and migration of GC cells by upregulating the CTSF gene via
the long non-coding RNA-LINCO00982. In this case, the InNkRNA-LINC00982 targeted the
expression of HEY1 (transcription factor belonging to the basic helix-loop-helix—orange
family of transcription factors), which has been shown to be an indicator of poor clinical
outcome in several cancers, such as pancreatic, colorectal, esophageal and thyroid cancers.
HEY1 is associated with the downregulation of the CTSF gene, confirming an inverse
association between CTSF expression and GC proliferation [34].

The drug Eltrombopag (EO) effectively suppresses the expression of lysosomal au-
tophagy genes at the transcriptional level. In addition, EO increases the sensitivity of
glioblastomas to temozolomide treatment both in vitro and in vivo. Specifically, EO im-
pairs autophagy and reduces the protein levels of TFEB targets such as LAMP1, CTSF and
HEXA genes in tumors derived from a glioblastoma xenograft mouse model. When EO is
co-administered with temozolomide in glioblastoma xenograft mice, tumor proliferation
rates are significantly reduced and survival is prolonged [34]. According to previously
published works [28,29], the expression level of CTSF changes depending on the stage
of the malignancy; therefore, the benefits of this drug should be studied in patients with
different stages of cancer.

3.2. CTSW

Analysis of The Cancer Genome Atlas (TCGA) database projections for patients with
uterine corpus endometrial carcinoma (UCEC) showed that tumor cells express CTSW at
significantly lower levels than normal cells. This hypothesis was further supported by
gRT-PCR studies, which showed that primary cells expressed CTSW at higher levels than
HEC-1A and Ishikawa cells. Patients with different risk factors based on novel immune
risk score (NIRS) showed the same expression pattern [35].

In most cancers, elevated levels of CTSW gene expression correlate with a favorable
prognosis for cancer patients. However, a patient’s ancestry may impact the expression of
this gene. A multi-cancer study by Lee et al. found that CTSW expression was significantly
lower in African patients compared to European patients with head and neck squamous
cell carcinoma (HNSCC). This disparity was linked to a higher relative risk of mortality
from the disease [28].

Increased expression of CTSW has been positively correlated with survival in breast
cancer patients and is thought to enhance the immune response against early cancer cells.
Zhang et al. demonstrated that the expression of CTSW in tumor-infiltrating lympho-
cytes (TILs) may be influenced by the breast cancer-associated variant rs3903072. Their
findings indicate that, unlike other quantitative trait locus (QTL) genes where elevated
expression typically promotes cancer progression, increased CTSW expression in TILs
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may enhance the cytotoxic activities of immune cells, boosting their capacity to eliminate
cancer cells [35]. This research demonstrated the possibility that a cancer-associated genetic
variant may regulate a gene not only in the primary tumor (parenchyma) but also in the
surrounding supportive tissue (stroma), influencing the immune system’s surveillance of
T lymphocytes and natural killer cells and ultimately affecting the elimination of early
cancer-initiating cells [35]. In a study of invasive breast cancer (BC) patients with BRCA
variants, the expression levels of five metastasis-specific proteins (CTSW, MRS2, SDCB2,
RTN4 and RAD23B) were found to correlate with increased overall survival. This intriguing
observation suggests that these proteins could serve as potential exosome markers for BC
metastasis. Notably, three metastatic BC cell lines, particularly those with lung metastases,
showed significantly reduced levels of CTSW in their exosomes. Furthermore, lower levels
of CTSW in exosomes were associated with reduced gene expression and poorer survival
in invasive BC patients [36].

Uterine corpus endometrial carcinoma (UCEC), a common cancer in women world-
wide, exhibits considerable heterogeneity, leading to variable prognostic outcomes. To
address this variability, The Cancer Genome Atlas (TCGA) database was used to obtain
gene expression profiles of UCEC samples. A survival risk score was derived using mul-
tivariate Cox proportional hazards regression and a six-gene signature, including CTSW,
to assess the likelihood of patient survival. The formula for calculating the risk score is
risk score = (—0.4377) x PCSK4 level + (—0.5322) x IHH level + 0.4211 x CTSW level
+ (—0.3115) x LRRCS8D level + (—0.0673) x TNFRSF18 level + 0.1499 x CDKN2A level.
This signature was further validated in an independent test dataset and across the entire
TCGA dataset, demonstrating its robust predictive ability. These findings pave the way for
the identification of novel prognostic biomarkers and the development of tailored treat-
ment strategies for UCEC patients [37]. According to the findings of Zhang et al., CTSW,
together with CD3D and CD48, can be used as predictive markers for UCEC prognosis
and responsiveness to immunotherapy, as they discovered a significant positive associa-
tion between their expression levels in this disease. The coordinated expression of CTSW,
CD3D and CD48 in UCEC could be due to their coregulation by common transcription
factors or regulatory elements, or their involvement in overlapping signaling pathways or
regulatory networks. This coordinated expression suggests a functional interplay between
these molecules in immune activation. However, it is still unknown how CTSW modulates
immunity in UCEC, in particular how it affects CD8+ T-cell expression. Gene set variation
analysis revealed several significant changes in immune pathways between the high and
low new immunological risk score groups, suggesting the need for further research [38].

According to the study by Pan et al., CTSW plays an important role in the development
of colorectal cancer (CRC) and may serve as a potential therapeutic target. Their results
indicate that both CTSW and FABP4 are positively associated with the immune response
(including the cGAS-STING pathway) and DNA damage repair processes. However, while
FABP4 is positively correlated with genes involved in epithelial-mesenchymal transition
(EMT), CTSW shows an inverse relationship with N-cadherin and MMP9 expression,
suggesting that it may suppress cell migration. These findings highlight the critical role of
CTSW and FABP4 in CRC metastasis and immune response [39].

The grade, stage and invasiveness of endometrial cancer depend on the presence of
specific immune cell populations. One study found positive correlations between CTSW
mRNA expression in tumors and levels of infiltrating B cells, CD8+ T cells, CD4+ T cells,
macrophages and dendritic cells. Functional enrichment analysis revealed that these genes
were primarily associated with T-cell activation and response. In addition, Kaplan—-Meier
survival analysis showed a strong association between overall survival in EC patients and
the expression of specific genes, including TMEM150B, CACNA2D2, TRPM5, NOL4, CTSW
and SIGLECL1. These findings suggest that the tumor microenvironment has a significant
impact on the clinical outcome of EC patients. This research holds promise for the develop-
ment of new prognostic biomarkers and immunotherapies for EC [40]. According to Chen
et al., CTSW may influence EC growth by affecting T-cell biology. CTSW and SIGLEC1
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were found to be positively correlated with overall survival in EC patients. This suggests
that these proteins may be potential targets for immunotherapy in EC patients [40]. The
predictive and diagnostic use of CTSW in pancreatic ductal adenocarcinoma (PDAC) was
suggested by data presented by Khojasteh-Leylakoohi et al. The results of the survival
study showed that PDAC patients had a reduced survival rate due to overexpression of
hsa.miR.153.1, hsa.miR.539 and hsa.miR.412 and decreased expression of hsa.miR.642a,
hsa.miR.363, CD22, BTNL9 and CTSW [41]. Studies in dogs, particularly those with ep-
itheliotropic lymphoma (a type of cutaneous T-cell lymphoma), have identified microarray
probes for CTSW, TRAT1 and KLRK1 as potential tools to differentiate this lymphoma from
other forms of interface dermatitis. These findings provide the veterinary community with
much-needed biomarkers for improved diagnosis [42].

Based on the results of the aforementioned studies, it can be suggested that increased
CTSW expression is positively associated with enhanced cellular immune response and
serves as a biomarker of increased survival rate.

The pan-cancer study by Lee et al [43] which included 9818 cancer patients, shows
significant differences between racial and ethnic populations based on cancer survival
disparities (CSDs), genetic background/ancestry (GA) and tumor molecular signatures
across 33 cancers. While GA correlated with race, the same parameter showed marked
differences in CSD for four cancers: breast invasive carcinoma (BRCA), head and neck
squamous cell carcinoma (HNSCC), renal clear cell carcinoma (KIRC) and skin cutaneous
melanoma (SKCM). Moreover, CTSW emerged as one of the ancestry-related genes with
significantly elevated expression, correlating with worse clinical disease status. This
enzyme, which is underexpressed in individuals of African ancestry compared to European
ancestry, was linked to an increased relative risk of mortality in head and neck squamous
cell carcinoma (HNSCC) patients of African descent [43].

In conclusion, the expression of CTSF and CTSW is highly variable in human tissues
and, in some cases and compared to other cysteine proteinases, is associated with antitumor
properties and immune system biology. Understanding the role of CTSF and CTSW in
tumor initiation and progression is essential for the development of novel prognostic
biomarkers and immunotherapies.

4. Involvement of CTSF and CTSW in Immune Response and Neurological Conditions
4.1. Immune Response

The function of cysteine proteinases is closely related to their role in immune cell
activity. Together with their endogenous inhibitors, cysteine proteinases participate in
proteolytic reactions that mediate the interplay between immune and cancer cells [44].

Evidence indicates that cysteine proteinases, particularly CTSF, are implicated in
immune responses through their expression in monocyte-derived macrophages [45,46]
(Figure 2). CTSF has been shown to contribute to atherogenesis by remodeling the extra-
cellular matrix and is upregulated by angiotensin II. CTSF is overexpressed in monocyte-
derived macrophages within atherosclerotic lesions [47-49].

A study by Shi et al. highlighted the role of CTSF in degrading the MHC class II-
associated invariant chain (Ii), essential for the function of MHC class II molecules in
macrophages. While cysteine proteinases L and S perform this function in the thymus and
lymphoid organs, macrophages deficient in cysteine proteinases L and S can still process Ii
and load peptides onto MHC class II due to CTSF’s involvement in generating CLIP (class
II-associated invariant chain peptide) from li-MHC class II complexes, thereby mediating
MHC class II maturation and peptide loading [49].

Pires et al. demonstrated the role of cysteine proteinases in the survival of Mycobac-
terium tuberculosis (MTB) in human macrophages. They hypothesized that MTB affects
the gene expression and proteolytic activity of cysteine proteinases B, D and S, resulting
in increased expression of these cysteine proteinases activated by interferon-y (INF-y)
macrophages (M1). However, although most cysteine proteinases have increased expres-
sion in the presence of this pathogen due to their pathogen-killing role, in the case of
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CTSE its expression was significantly reduced after M1 activation, leading to increased
intracellular survival of the pathogen [50].

Peripheral blood

Immune system

@ Tcells W
Monocyte
O Macrophage F

F CTSF
W CTSW F

Figure 2. Expression of CTSF and W in the immune system. CTSF is expressed in monocyte-derived
macrophages. CTSW is located in T cells in the immune tissue, with high levels of mRNA found in
the spleen, peripheral blood and lymph nodes, moderate levels in the bone marrow and appendix,
and the lowest levels in the thymus. Both CTSW and CTSF can circulate in different tissues through
the peripheral bloodstream. The schematics represent the cells and the organs in which CTSF and
CTSW are expressed.

Since the majority of T cells are represented by immature CD4 and CD8+ thymo-
cytes [51], and CTSW is almost exclusively expressed in CD8+ T cells, it has been hypoth-
esized that CTSW induction may be associated with T-cell maturation in the thymus [5].
Further research has shown that CTSW mRNA expression increases during the differen-
tiation of thymocytes into CD8+ T cells, with concomitant inhibition of CD4 co-receptor
expression [52].

However, the generation of a CTSW-null mouse showed that the ability of mouse
CTSW-deficient CD8+ T and NK cells to induce target cell apoptosis was unaffected.
Therefore, it was concluded that mouse CTSW is not involved in cell-mediated cytotoxicity,
regardless of its restricted expression [14]. In addition, it was shown that CTSW knockdown
using small interfering RNA (siRNA) did not affect INF-y production by CD8+ T cells, thus
excluding an essential role of CTSW in the cytotoxicity process [53].

It has been shown that CTSW-expressing cytotoxic cells may play a significant role in
the pathogenesis of autoimmune gastritis compared to their involvement in other gastric
diseases and inflammatory bowel diseases. The observed increase in CTSW-expressing
cytotoxic cells within autoimmune gastritis compared to its decrease in celiac disease and
ulcerative colitis highlights the distinct immune cell profiles involved in the pathogenesis
of these gastrointestinal diseases [14,54]. According to current data, CTSW appears to
act as a gatekeeper for peripheral regulatory T-cell differentiation and mucosal immune
quiescence in mice. CTSW, which is significantly upregulated in pTreg cells in response to
TGF stimulation, is important for the intrinsic control of pTreg cell development. pTreg cells
are an important T-cell lineage for mucosal immunological tolerance and anti-inflammatory
responses, and IL-2R signaling is required for pTreg cell production, growth and mainte-
nance. CTSW deficiency results in increased pTreg cell production, which protects mice
against intestinal inflammation [55].

Studies based on quantitative RT-PCR analysis of cathepsin expression in inflamed
mucosa due to Helicobacter pylori infection reveal different expression patterns for different
cysteine proteinases (K, L, B and W). Compared to cathepsins K, L and B, which were more
widely expressed, CTSW showed lower expression levels. Each of these cysteine proteinases
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showed different expression patterns: CTSK (parietal cells), CTSX (macrophages), CTSL
(epithelial cells) and CTSW (lymphocytes) [56].

The possible role and function of CTSW in influenza A virus (IAV) replication has
also been investigated [56]. Knockdown of CTSW using siRNAs resulted in a reduction
in the titer of IAV strains [57]. CTSW is a critical host factor for IAV entry into target cells,
suggesting that it is a promising target for the development of new antiviral drugs [57,58].

A recent study—case report demonstrated the impact of certain proteins, including
CTSW, in the absence of relapse in patients with chronic myeloid leukemia (CML) upon
discontinuation of tyrosine kinase inhibitor (TKI) therapy. In fact, it was shown that in
several cases of TKI discontinuation, an immunological mechanism is activated, leading
to increased levels of NK cells, which in turn exert anti-leukemia activity. Single-cell
transcriptome analyses have shown that the proteins associated with this activity are GNLY
(granulysin), GZMH (granzyme H) and CTSW [59].

However, the large number of in vitro and in vivo experiments and bioinformatic
analyses of the molecular mechanisms of CTSW and CTSF still do not provide a clear
explanation of the role of CTSW and CTSF in the immune response to cancer.

4.2. Neurological Conditions

According to quantitative RNA-sequencing data analysis from the Allen Brain Atlas
database, the human brain uses well-defined and balanced patterns of cathepsin expres-
sion during different stages of its development. Overall gene expression was found to
be comparable between infancy and young adulthood. Notably, the order of cathepsin
expression remained consistent throughout the brain at all ages studied, with CTSB, D and
F showing the highest levels of expression, CTSA, L and Z showing moderate expression,
CTSC, H, K, O, S and V showing low expression and CTSE, G and W showing very low
expression. Therefore, this section will be devoted exclusively to CTSE. Any imbalance in
cathepsin gene expression during brain development may lead to lysosome-related brain
disorders [60].

Variants in the CTSF gene were first described in mice, where CTSF-deficient mice
showed symptoms of neurological disease from 12 to 16 months of age with lack of
motor coordination, progressive hind limb weakness, significant weight loss and pre-
mature death [61]. Electron microscopy also showed that these mice had accumulated
eosinophilic granules typical of lysosomal dysfunction in neurons, including large amounts
of autofluorescent lipofuscin and pronounced gliosis, supporting the role of this gene in
neurodegeneration.

Several studies in recent years have shown a correlation between novel variants in
the CTSF gene and neurodegenerative disorders, including dementia, early- and late-onset
Alzheimer’s disease (AD), and Kufs disease type B [6,62]. Kufs disease type B is also
known as adult-onset neuronal ceroid lipofuscinosis type 13 (CLN-13) and is characterized
by dementia and a variety of motor symptoms [63]. Interestingly, CTSF is not the only
cathepsin associated with CNL diseases—CTSD missense variants have been identified in
several forms of CNL disease [64].

Smith et al. identified a single region on chromosome 11 where two families af-
fected by recessive Kufs disease type B exhibited linkage. Exome sequencing of five sam-
ples from these families within this linkage region revealed homozygous and compound
heterozygous missense variants in the CTSF gene (c.962A>G (p.GIn321Arg), c.1373G>C
(p.Gly458Ala), ¢.1439C>T (p.Ser480Leu)) [64]. They also sequenced the CTSF gene in
22 unrelated individuals with suspected recessive Kufs disease and identified one pa-
tient carrying compound heterozygous variants c.962A>G (p.Tyr231Cys) and c.954delC
(p-Ser319Leufs*27). The authors provided in silico functional predictions for all variants
identified in this study [64]. From this study, we can speculate that CTSF screening could
represent a marker of early-onset dementia limiting the need for invasive biopsies.
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Bras et al. analyzed exomes from first-cousin family members and again identified
two key variants in the CTSF gene that may be associated with early-onset AD. According
to Polyphen-2, SIFT and VariantTaster, the first variant, 1243G>A, was homozygous and
deleterious/disease-associated. The second variant, c¢.214-6C>T, was biallelic and heterozy-
gous in most samples from the databases. Overall, the siblings were diagnosed with an AD
phenotype with overlapping Kufs disease, likely due to the presence of biallelic variants of
the CTSF gene [65].

Using exome sequencing and targeted massive parallel resequencing, a homozygous
variant p.Ile404Thr in the CTSF gene was found to cosegregate in a Belgian family with
Kufs disease, while a heterozygous variant p.Arg245His was detected in two patients with
a common haplotype from a Belgian cohort of unrelated patients with frontotemporal
dementia [66]. Novel compound heterozygous variants in the CTSF gene, a missense
variant c.977G>T (p.C326F) and a nonsense variant c.416C>A (p.S5139X), causing Kufs
disease type B, have also been detected and updated with magnetic resonance imaging
findings: diffuse cortical atrophy, mild hyperintensity and a reduction in deep white matter
on T2-weighted images [67]. In addition, a novel homozygous frameshift pathogenic
variant p.Gly439Alafs*36 in the CTSF gene was identified that causes Kufs disease type B
while mimicking frontotemporal dementia—parkinsonism [68]. Di Fabio et al. described
the neuroradiological features of Kufs disease type B in two Caucasian women carrying
a homozygous ¢.213+1G>C variant in the CTSF gene, including brain volume reduction,
periventricular and deep white matter hyperintensities, and thinning of the corpus callo-
sum at the onset of cognitive decline, which may prompt clinicians to further investigate
diagnostic signs of this disease [69]. Peters et al. demonstrated that lysosomal integral
membrane protein type 2 (LIMP-2/SCARB2) is a substrate of CTSF and that Kufs disease
type B-causing variants of CTSF result in its inability to cleave LIMP-2 [70].

A recent proteomic analysis of samples from children with myelin oligodendrocyte
glycoprotein antibody-associated disease (MOGAD) identified potential new biomarker
candidates. By comparing protein expression profiles between the MOG group and healthy
controls, functional analysis revealed that the dysregulated proteins, including CTSF, were
primarily involved in various biological processes such as complement and coagulation
cascades, cell adhesion, axon guidance and glycosphingolipid production. However, the
limited sample size in the study by Wang et al. prevented further confirmation of these
potential biomarkers [71], given that previously published research shows variance in
prevalence between populations [72].

4.3. Aging and Diabetes

In the process of aging—senescence—there is an accumulation of apoptotic cells and
this phenomenon can lead to certain diseases such as dermatitis [73].

The study by Takaya et al. showed a significant upregulation of CTSF gene and
protein expression in senescent fibroblasts and keratinocytes compared to proliferating
cells, suggesting the use of CTSF as a biomarker for the detection of senescent cells. In
addition, the study performed a comparative analysis of CTSF protein expression in
human skin samples from individuals aged 3 to 89 years. The results showed a significant
difference in the number of positive CTSF cells between the two age groups. Specifically,
the younger skin tissue showed few CTSF-positive cells, whereas the older skin tissue
showed a multitude of CTSF cells, confirming that this enzyme could be used as a potential
biomarker for skin rejuvenation therapies targeting senescent cell removal (senolysis) [73].

Research has confirmed a causal relationship between early age-related macular de-
generation (AMD) and elevated serum CTSF levels. Notably, while serum CTSF has been
associated with early AMD, data analysis indicates that other cysteine proteinases did not
show a significant increase in serum levels, suggesting that this protease is a notable factor
involved in the pathophysiology of AMD [74].
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In recent years, in vivo and in vitro studies have shown that adipose-derived stem
cells (ADSCs) downregulate CTSF and downstream pro-apoptotic proteins (Bid, BAX
and caspase 9) while increasing downstream anti-apoptotic protein expression (Bcl-2 and
Bcl-XL). ADSCs protect against radiation-induced dermatitis, have an anti-apoptotic effect
by suppressing CTSF expression, and may be a promising therapeutic candidate for the
prevention of radiation-induced dermatitis [75].

Laser-dissected leukocyte-infiltrated and non-infiltrated pancreatic islets were ana-
lyzed for proteases and protease inhibitors by specific microarray analysis (CLIP-CHIP),
quantitative real-time PCR and protein analysis. The results identified CTSS, W and C activ-
ity at the sites of leukocyte penetration of the peri-islet basement membrane in association
with a macrophage subpopulation in NOD mice and human type 1 diabetic samples. This
suggests that these enzymes may represent a novel therapeutic target specifically for the
islet infiltration phase of type 1 diabetes [76].

Using recombinant adenovirus (rAV)-driven small hairpin RNA (rAV-sh), Saghizadeh
et al. showed that silencing matrix metalloproteinase-10 (M10) and CTSF in organ-cultured
diabetic corneas normalized slow wound healing while reducing the expression of markers
in diabetic and stem cells. The most remarkable result was achieved when shRNAs targeting
M10 and CTSF were delivered at the same time as c-met overexpression, resulting in a
significant acceleration of the wound healing process compared to control corneas [77].

5. Inhibitors of CTSF

The preferred protease cleavage site motif is defined as -P3-P2-P1-P1’-P2/-P3/-. Cleav-
age occurs between residues P1 and P1’ [78]. CTSW binds to conserved primary and
non-primary sites but accepts most amino acids at the P2 position. Interestingly, when only
the top 19 polypeptides recognized by TAILS are included, CTSW shows a stronger affinity
for arginine (N) and lysine (K) at the P1” and P1 positions, respectively. This property
may be important in the design of highly selective CTSW inhibitors, but they are yet to be
designed [57].

For this reason, only the inhibitors of CTSF are summarized in this section. CTSF is
inhibited by cystatins, cysteine protease propeptides, peptidyl ketones and vinyl sulfones.
Some binding constants (Ki) for CTSF inhibitors are listed in Tables 2 and 3.

5.1. Endogenous Inhibitors
Cystatin Family

The cystatins are the largest group of endogenous cathepsin inhibitors. They are
generally potent non-selective reversible inhibitors of cathepsin endopeptidases but weaker
inhibitors of exopeptidases. Cystatins form a superfamily that can be divided into three
major families: stefins, cystatins and kininogens [3,78,79]. Stefins (stefin A and B; also
known as cystatin A and B) and cystatins are single-chain proteins that form equimolar
complexes with their target enzymes. Unlike stefins, cystatins contain disulfide bonds at the
carboxy terminus of the molecule and some members can be glycosylated. Kininogens are
multidomain glycoproteins that can bind two cathepsin molecules with different affinities.
They are composed of three cystatin-like domains, only two of which (domains 2 and 3)
have cysteine protease inhibitory activity. Exosite binding inhibitors such as cystatins bind
to a region adjacent to the active site, preventing substrate access to this site without directly
blocking the catalytic center of the enzyme [80]. The cystatins that inhibit CTSF are listed
in Table 3.
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Table 3. Endogenous inhibitors of CTSE.

Inhibitors Ki (nM) Reference
Cystatin A (Stefin A) 25.000
Cystatin C 0.030 [81]
L-kininogen 4.700
Equistatin 0.470
Chicken cystatin 0.060
Cystatin F 0.170 [82]
Human p41 fragment 0.510 [83]
Propeptide of cruzipain 0.032 [84]

5.2. Thyropins (p41 Fragment)

Thyropins are protease inhibitors whose structures contain thyroglobulin type 1 do-
mains. The p41 fragment sequence is homologous to these consecutive repeats and is
embedded in the much larger invariant chain (p41li) associated with major histocompat-
ibility complex (MHC) class II [85]. The p41 fragment inhibits human CatV, K, S and F
with Ki values in the nM (nanomolar) range [86,87]. Similar to cystatins, the p41 fragment
interacts with the target enzyme in a cystatin-like manner but makes more additional
contacts, thereby achieving higher proteinase specificity [83].

5.3. Propeptide-like Inhibitors

Human CTSF was efficiently inhibited by a cruzipain propeptide (cysteine proteinase
from Trypanosoma cruzi) [84]. The cruzipain propeptide is selective for CTSF over other
mammalian cysteine proteinases. The Ki for CTSF was in the same range as that observed
for the related enzyme.

5.4. Synthetic Inhibitors

Using the dipeptide nitrile library, Schmitz et al. evaluated their activity profile as
CTSF inhibitors [88]. N-(4-phenylbenzoyl)-leucylglycine nitrile and N-(4-phenylbenzoyl)-
leucylmethionine nitrile were found to be potent covalent-reversible inhibitors of human
CTSFE. None of the investigated dipeptide nitriles were selective for CTSF over cathepsin K,
which was used as a functional reference. The structure of human CTSF with the covalent ir-
reversible vinyl sulfone inhibitor, 4-morpholin-4-ylpiperidine-CO-Phe-Nva-VS-Ph (Morph-
Pip-Phe-NvaVSPh), was determined by Somoza et al. [88,89]. A diazomethyl ketone-
containing irreversible inhibitor (BIL-DMK) rapidly inactivates CTSF in isolated enzyme
assays [90]. A number of commonly used small peptide caspase inhibitors such as Z-VAD-
fmk (Z-ben-zyloxycarbonyl, fmk-fluoromethylketone), Z-DEVD-cmk (cmk-chloromethylke-
tone) and Ac-YVAD-cmk (Ac-acetyl) efficiently inhibit CTSF [91,92] (Table 4).

To evaluate their potential anti-cancer effects and impact on the lysosomal compart-
ment in human renal cell carcinoma, Rudziska et al. synthesized two fluoromethylketone-
based peptides known for their inhibitory activity against cysteine cathepsins. The study
showed that these inhibitors exhibited weaker interactions with the CTSW active site com-
pared to other cysteine proteinases, specifically B and L. This observation was corroborated
by Western blot analysis, which showed that renal cancer cells treated with these inhibitory
peptides did not induce an increase in CTSW levels, in contrast to the observed effects on
other cysteine proteinases [93].
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Table 4. Synthetic inhibitors of CTSFE.

Inhibitors Ki (nM) Reference
0 6N
N-(4-phenylbenzoyl)-leucylglycine nitrile | % N ~7 7.79 [84]
= = o
| =
"I
i N 2N
N-(4-phenylbenzoyl)-leucylmethionine nitrile | = N 7 7.28
P o '\\I
s"\
- I
Morph-pip-Phe-NvaVSPh O . NWﬁ\O [85,86]
\ °
0 0 7
N /Nﬁ-\
BIL-DMK O N [87]
0
1
Z-DEVD-cmk [88]
Ac-YVAD-cmk
Z-VAD-fmk

6. Conclusions

This review aims to summarize the current state of knowledge of CTSF and CTSW
biology, highlighting their distinct evolutionary pathways despite shared features such as
potential anti-cancer activity and involvement in immune regulation. We conducted an
extensive literature search encompassing the past 20 years, primarily using Google Scholar
and PubMed databases. Despite this effort, the scarcity of recent publications on these
enzymes highlights the need for further research to understand their activity and biological
targets, which may reveal potential therapeutic opportunities. The identification of specific
natural inhibitors and the development of new synthetic inhibitors could be key to this

discovery process.
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