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ABSTRACT

Introduction: Cysteine proteases are involved in a broad range of biological functions, ranging from
extracellular matrix turnover to immunity. Playing an important role in the onset and progression of several
diseases, including cancer, immune-related and neurodegenerative disease, viral and parasitic infections,
cysteine proteases represent an attractive drug target for the development of therapeutic tools.

Areas covered: Recent scientific and patent literature focusing on the design and study of cysteine protease
inhibitors with potential therapeutic application has been reviewed.

Expert opinion: The discovery of a number of effective structurally diverse cysteine protease inhibitors
opened up new challenges and opportunities for the development of therapeutic tools. Mechanistic studies
and the availability of X-ray crystal structures of some proteases, alone and in complex with inhibitors,
provide crucial information for the rational design and development of efficient and selective cysteine
protease inhibitors as preclinical candidates for the treatment of different diseases.
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viral infections, and a number of parasitic diseases including malaria and Chagas disease.[1]

Cysteine proteases activity is regulated via a combination of factors including localization, pH and
endogenous inhibitors, whose dysregulation could be associated with diseases. The mechanism of action of
cysteine proteases involves the nucleophilic attack of the thiol moiety of a cysteine residue onto the
peptide carbonyl carbon. The cysteine is typically located in a catalytic dyad with a histidine residue; in
some cases a triad including aspartic acid is present. The relatively low pK; of the thiol group enables the
deprotonation of the catalytic cysteine by the proximal histidine with the formation of the corresponding
thiolate, which behave as an exquisite nucleophile. The cleavage of the peptide bond occurs through i) the
nucleophilic reaction of the thiolate onto the peptide carbonyl carbon (nucleophilic acyl substitution),
followed by ii) the hydrolysis of the thiolester intermediate.

The MEROPS database includes 14 superfamilies for cysteine proteases and, among them, clan CA and clan
CD represent the bulk of these enzymes. Clan CA includes: i) papaya protease papain; ii) mammalian
proteases cathepsins, mainly located in lysosomes and cellular compartments, with several roles in the
biosynthesis and homeostasis in healthy tissues as well as in tumours onset and progression; iii) calcium-
dependent calpains located in the cytoplasm. An extracellular activity of cathepsins has been highlighted to
favour cancer progression and metastasis.[2] Clan CD includes i) caspases (mediators of apoptosis); ii)
legumain (involved in protein degradation, in the major histocompatibility complex and in the pathogenesis
of malignant and non-malignant diseases);[3] iii) viral proteases; iv) separase (playing key roles in the
separation of sister chromatids during mitosis).[4]

1.1. Cysteine cathepsins

11 cysteine cathepsins (B, C, F, H, K, L, O, S, V, W, and X/Z), differing in their cellular and tissue localization,
expression, biochemical and structural properties and activity, are encoded by the human genome.[5]
Cathepsins (Cats) are briefly presented below following alphabetic criteria.

Cathepsin B (CatB) was the first lysosomal protease to be associated with breast carcinoma. [6] It also has a
role in receptor-mediated apoptosis of tumour cells, particularly when caspases are inhibited. [4] A possible
role of CatB in Alzheimer’s disease (AD) has also been cumulatively highlighted by genetic knockout studies,
chemical inhibition and RNA silencing studies in cellular and animal models. These studies confirmed that
CatB inhibition improved memory deficit in AD, thus showcasing how CatB may represent a therapeutic
target for the treatment of AD. [7]

Cathepsin C (CatC) — also known as DDP1 (dipeptidyl peptidase I) | —is a lysosomal cysteine protease key for
the activation of granule serine peptidases in inflammatory cells, elastase and cathepsin G in neutrophils
cells and chymase and tryptase in mast cells. In this way, CatC participates to inflammation and immune
regulation process and it is involved in various inflammatory diseases including rheumatoid arthritis,
chronic obstructive pulmonary disease (COPD), inflammatory bowel disease, asthma, sepsis, and cystic
fibrosis, where it is responsible for tissue damage and chronic inflammation. For these reasons it is
considered as an attractive target for treating the abovementioned disease. [8,9]

CatC inhibition has been widely studied - with different strategies including both peptide or nonpeptide
structures - but many molecules failed as effective drugs for the off-target effects, toxicity or poor
pharmacokinetics. Recently, a few non-covalent CatC inhibitors with anti-inflammatory activity have been
developed, opening the route to the possible development of non-peptidyl non-covalent compounds as
highly effective CatC inhibitors [8]

In 2020 the CatC inhibitor brensocatib has been approved for the treatment of adult non-cystic fibrosis
bronchiectasis (NCFBE). Recently, the role of CatC in tumor metastasis has been investigated and the



potentiality of its inhibition as a possible therapeutic strategy both for primary cancer and metastasis has
been patented. [10]

Cathepsin F (CatF) is a widely expressed lysosomal cysteine protease that has been identified as a cancer
marker in cervical, gastric, lung and brain tumours and it is also considered to have a role in the apoptosis
pathways. Recently, it has been proposed as a possible marker for skin aging. [11,12]

Cathepsin H (CatH) is extensively expressed in the lung, pancreas, thymus, kidney, liver, skin, and brain.
CatH is active in lysosomes, where it is involved in the proteolytic functions for protein turn-over in cell
metabolism. CatH is also active at neural pH levels in the extra-lysosomal and extracellular space. CatH
dysregulation plays a critical role in a number of diseases, including atherosclerosis, myocardial infarction,
type 1 diabetes, neuroinflammation, brain atrophy, severe pulmonary disorders, cancer and high myopia.
In the past years some researches focused on the possibility to inhibit CatH as a possible therapeutic
strategy. [5]

Cathepsin K (CatK) is a cysteine protease with endoproteolytic and collagenolytic activities, highly
expressed by osteoclasts and activated macrophages. Its main role is the degradation of type | collagen and
elastin — the major component of the organic bone matrix — in bone resorption; changes in CatK levels are
associated with bone and cartilage degradation disorders including pycnodysostosis (associated with CatK
deficiency), osteoporosis, and osteoarthritis (associated with CatK overexpression). CatK inhibition has
been studied for osteoporosis treatment, to replace or complement traditional therapies. In
postmenopausal women with osteoporosis, CatK inhibition limited bone resorption and improved bone
mass and microarchitecture, preventing or decreasing bone resorption. [13,14] Some CatK inhibitors have
advanced into clinical studies but the presence of CatK in other tissues than the bones/osteoclasts often
caused side effects, for example increasing risk for cerebrovascular accidents. [13] On the other hand, some
strategies focusing on the fine tuning of the delivery systems proved to ameliorate the bioavailability and
reduce side effects. [15]

An increased secretion of CatK has been recently correlated also whit different disorders, including vascular
inflammation, pneumonitis, tuberculosis, skin and CNS disorders as well as tumour progression. For this
reason, its specific inhibition represents a possible diagnostic biomarker and also a therapeutic target.
Good results were obtained for inflammatory arthritis and COVID-19, [16] as well as for
metastatic breast cancer in animal models and in a preliminary clinical trial. [17]

Cathepsin L (CatlL) is upregulated in a wide range of tumours and its inhibition was investigated as a
therapeutic strategy to prevent metastasis and cancer-associated osteolysis, without the induced drug
resistance observed for some currently used drugs. A proper development of intracellular CatL inhibition as
a therapeutic approach was limited by the scarce specificity of inhibitors — due to the structural homology
between cathepsins — that may cause side effects. Targeting extracellular CatL, specific for cancer cells,
could provide a therapeutic strategy without undesired effects and some molecules have been tested in
preclinical models with good results towards tumour progression and cancer-associated bone resorption.
[4,18] With the outbreak of the Covid-19 pandemic, some selective inhibitors of CatL have also been
investigated for their potential of blocking SARS-CoV-2 infection in humans.[19]

Cathepsin O is a polypeptide of 321 amino acids whose RNA is widely expressed in human tissues and it is
believed to be involved in cellular protein degradation and turnover. [20]

Cathepsin S (CatS) is overexpressed in a variety of solid cancers, including follicular lymphoma, gastric,
colon, brain, breast, and pancreatic cancer, where it promotes tumour invasion, angiogenesis and
metastasis [21] and creates a favourable microenvironment [22]. Extracellular CatS overexpression could be
exploited for targeting cytotoxic therapeutics to tumour cells, while CatS inhibition should be an alternative
approach for cancer treatment.[23] Thus, targeting both extracellular and intracellular CatS with small
molecule inhibitors could represent a possible approach for cancer treatment. Furthermore, CatS



overexpression in the tumour micro-environment (TME), could be exploited for targeted delivery of
cytotoxic therapeutics to tumour cells while limiting off-target effects to healthy tissue. Non-invasive
imaging and diagnosis using fluorescent activity-based probes targeted to CatS in the TME is another
opportunity to be explored. [21] In this context, the use of nanocarriers that are functionalized for a
directed drug delivery represents a convenient strategy. [22] In the past, CatS inhibitors have been tested in
some clinical trials for treatment of different diseases, including coeliac disease, Sjogren's syndrome,
systemic lupus erythematosus, psoriasis, rheumatoid arthritis, neuropathic pain and others but in many
cases, there was no further progression in the trials and no additional data have been published. [21]
Cathepsin V (CatV) — also known as Cathepsin L2 — is mainly expressed in cornea, thymus, heart, brain, and
skin. CatV is a lysosomal enzyme that acts as an endopeptidase and plays very different functions, including
a role in immunity, in the turnover of elastin fibrils and degradation of diverse intra- and extra-cellular
substrates. A possible dysregulation of CatV, whose mechanism remains to be clarified, might contribute to
the onset and progression of tumours (including breast cancer, squamous cell carcinoma, colorectal cancer)
and cardiovascular diseases (including atherosclerosis, aortic aneurysm and hypertension). CatV has been
highlighted as a possible prognostic marker in several tumours and the use of both peptidic and non-
peptidic inhibitors has also been investigated for regulating CatV activity as a possible therapeutic strategy.
The strong structural similarity with cathepsin L, together with the lack of significant results in animal
models, did not allow significant development in this field up to date. [24]

Cathepsin W has been recently studied for its role in immunity [25], virus infection [26] and tumour
prognosis. [27]

Cathepsin X/Z is highly expressed in monocytes, T-lymphocytes, macrophages, and dendritic cells and it is
thought to have roles in phagocytosis, maturation, proliferation, migration, adhesion, and signal
transduction in immune cells. It is also expressed in cells of the gastrointestinal tract, non-hematopoietic
bone marrow cells and brain cells. Together with CatlL, CatX was suggested to have a role in some
neurodegenerative diseases since both these cathepsins are involved in the degradation of the proteins
causing these disorders. CatX expression is increased in the gastric mucosa infected by Helicobacter pylory
and affected by gastric carcinoma, thus suggesting a role in chronic inflammation and tumours. [28]

1.2 Ubiquitin specific proteases

Protein ubiquitination is a pivotal post-translational modification performed by the Ubiquitin Proteasome
System (UPS) involved in proteolysis, proteasomal degradation, chromatin condensation, gene expression,
DNA replication and repair, cell-cycle regulation, viral infection, immune response, metabolism.[29]

Protein ubiquitination has been associated with a number of human diseases including viral infection,[30]
neurodegenerative disorders [31] immune and inflammatory-diseases,[32,33] muscle and skeletal
pathologies, and cancer.[34] In the past years some proteasome inhibitors approved for the treatment of
lymphoma and multiple myeloma confirmed the UPS as a possible pharmacological cancer target, even
though selectivity and toxicity aspects should be considered.

Deubiquitinating enzymes (DUBs) are specific proteases with the key role of removing ubiquitin or
ubiquitin-like proteins from target proteins, thus preventing their subsequent degradation by the
proteasome. [33,35]

Deubiquitination is finely regulated and, analogously to ubiquination, it has a role in the protein
degradation, gene expression and regulation of the cell cycle, DNA repair and kinase activation. DUBs
mutations have been studied for their relation with a number of diseases that range from cancer — where
they are implicated in the stability of oncogenes and tumour suppressor — to neurological disorders. [34,35]


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/elastin

The human genome encodes nearly 100 putative DUBs belonging to five different families of which four are
papain-like cysteine proteases.[35]

Among them, the Ubiquitin specific proteases (USPs) is the largest group with 58 described cysteine
proteases members showing a number of conserved domains and similar catalytic sites. [35-37]

For the above-mentioned reason, some USPs (vide infra) have attracted growing interest in recent years
and their inhibition has been studied as a possible novel therapeutic strategy.

USP7 is involved in multiple oncogenic pathways and its overexpression has been often reported in
aggressive cancers. USP7 inhibition thus represents a possible therapeutic target for cancer treatment.
[33,38] The inhibition of USP7 has been observed to restore the natural levels of the tumour suppressor
p53 (by inhibiting its proteasomal degradation) thus resulting in anti-proliferative effects both in vitro and
in vivo. [39-41] Anyway, the past identified USP7 inhibitors were weak, poorly soluble, scarcely selective
and generally toxic; more potent, selective and safe USP7 inhibitors are therefore needed.

USP11 was studied for having a role in breast cancer, by interacting with the tumour suppressor gene
BRCA2. A recent study highlighted that breast cancer patients with high-level USP11 expression showed
higher recurrence and poorer survival. [42]

USP13 regulates the ubiquitination and degradation of parkin and alpha-synuclein, proteins playing a key
role in the onset and progression of Alzheimer’s disease (AD) and Parkinson’s disease (PD).[43] USP13 was
overexpressed in the brain of AD and PD patients while in AD and PD models USP13 knockdown
ameliorated the clearance of neurotoxic proteins. According these results, the inhibition of USP13 could be
a target for treating AD and PD.

USP15 is mainly expressed in endocrine tissues, gastrointestinal tract, liver, gallbladder, bone marrow,
lymphoid tissues and it is upregulated in a variety of cancer cells including glioblastoma, multiple myeloma
and leukemia, breast and ovarian cancer, prostate cancer, gastric cancer, pancreatic ductal
adenocarcinoma. Thus, in recent times it was pointed out as s possible therapeutic target for the above-
mentioned and other diseases including osteoarthritis, wound healing, Parkinson’s disease and other
neurodegenerative disease and human papillomavirus. [44]

USP19 has a role in apoptosis, autophagy, ERAD protein quality-control, antiviral immune response and it
has been associated to cancer, neurodegeneration and degenerative diseases as well as to antiviral
immune response.[45] USP19 inhibition was effective against muscle wasting in mice and USP19 silencing
promoted myogenesis.[46] USP19 inhibitors could also be effective for the treatment of obesity and insulin
resistance.

USP22 has been widely investigated for its roles in various conditions including different types of cancers,
diabetic renal tubulointerstitialis fibrosis, cerebal ischemia, SARS-CoV-2 infection and antiviral defense.

A reduced or altered expression of USP22 has been associated with chromosomal instability and with
metastatic cancers in different organs and tissues. [47]

USP28 has been highlighted to be a tumour-promoting factor, stabilizing different cancer-related proteins
and modulating immune response. Its overexpression has been linked with poor prognosis in several
cancers and it has been linked to several pathways, including the regulator of cell growth MYC, the histone
demethylase protein LSD1 (having a role in cellular differentiation) and NOTCH signalling (that controls
cellular differentiation and drives tumorigenesis in certain cancers). Generally, the inhibition of USP28 was
investigated as a therapeutic target in cancers, autoimmune and inflammatory diseases, infections, and
other disorders. Recent studies also reported that, in some tumours, USP28 might play an oncostatic role.
(48]

USP32 was recently identified as a possible therapeutic target for breast cancer after that alterations and
high transcript levels were observed both in breast cancer cell lines and in primary breast tumours. [42]



1.3 Main protease and papain-like protease of coronaviruses

In SARS-CoV-2 infection the inhibition of viral cysteine proteases (PL"® and MP™) — playing a pivotal role at
the first stages of viral infection and replication — has been explored for the treatment of the disease.[49-
51]

MP™ (main protease) and PLP™ (papain-like protease) are two highly conserved viral cysteine proteases of
Coronavirus that are both crucial for viral replication and infection. In particular, M (also known as 3CL"" -
3C like protease) is a homodimer with a catalytic dyad at the active site in each monomer. It plays a key role
in viral genome replication, transcription, and other processes, vital for the continued survival of the virus.
[50,52,53] PL"™ active site consists in a catalytic triad and its main role is processing the viral polypeptide
into functional proteins. [54] M was largely investigated in SARS-CoV-1 and MERS and a number of
effective inhibitors — both peptidomimetic and non-peptidomimetic compounds — have already been
reported against SARS-CoV-1 and MERS. Thus, a number of effective SARS-CoV-2 M™® inhibitors were
designed using peptidomimetics from SARS-CoV1. [50] PL" inhibitors were less investigated than M
inhibitors and they were only more recently reported.

The past research on inhibitors in SARS-CoV-1 and MERS way a key point for studying new molecules active
against SARS-CoV-2 and in particular small molecule inhibitors, peptidomimetics and some non-
peptidomimetic molecules. [50] Both PL’® and M"° are promising targets for the discovery and
development of anti-coronavirus drugs, including the form of protease inhibitos even dual for both the viral
proteases. [55]

The inhibition of cysteine proteases has been reported to impair protozoic infections - including
Trypanosoma cruzi, Plasmodium and Leishmania-, where these enzymes play critical roles including
pathogenicity, nutrient accession, enzyme activation, immune-evasion.[4,56]

The comprehension of the mechanism of action of cysteine protease inhibitors (i.e., covalent inhibition,
multiple noncovalent interactions) is a crucial point for the development of therapeutics.[2]

Cysteine proteases inhibition generally occurs through the reaction of the catalytic cycteine with
electrophiles. In this context, reported inhibitors encompass Michael acceptors, thioketone, a-ketoamides,
trans-o,B-unsaturated alkyl/benzyl esters, chloromethyl ketones, hydroxymethyl ketones, nitriles,
disulfides, and dithiocarbamtes. For example, the main cysteine cathepsins inhibitors known up to date are
low molecular weight epoxysuccinyl derivatives, vinyl sulfones or nitriles, capable to bind the active centre
of the enzyme, or antibody-based inhibitors. The non-specificity and the ocurrence of side effects often
limit the practical use of such inhibitors in therapeutic protocols. Reversible proteases inhibitors have also
gained interest but many of them failed in clinical trials because of their poor bioavailability or toxicity.[57]
In this paper, recent scientific and patent literature focusing on the design and study of cysteine protease
inhibitors with potential therapeutic application has been reviewed. Notably, recent researches mainly
explored viral cysteine proteases, ubiquitin specific proteases, and cysteine cathepsins.

2. Cysteine proteases as drug target for the treatment of viral infections

Viral cysteine proteases have emerged as a versatile and attractive drug target for the treatment of viral
infections. Additionally, besides viral enzymes, cysteine proteases present on the surface of the permissive
host cells have also been demonstrated to be involved in the infection of human cells by virus. Cysteine



proteases are involved in the onset and development of several viral infections. Owing to the outbreak of
the COVID-19 pandemic, most of the recently reported studies focused on the inhibition of SARS-CoV-2
cysteine proteases, namely Papain-Like protease (PL"°) and Main Protease (M").

2.1. Inhibition of SARS-CoV-2 PL"°

A broad variety of structurally diverse SARS-CoV-2 PLP inhibitors have been reported over the very recent
years.[50,51] In 2020, pirfenidone 1 (Figure 1) — an approved drug for the treatment of idiopathic
pulmonary fibrosis — was described in a patent as SARS-CoV-2 PL”™ inhibitor, with an ICs of 5.88 + 0.59
UM.[58] In 2022, the use of pirfenidone for the treatment of coronavirus infection was also described in a
patent.[59]
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Figure 1. Structure of pirfenidone.

In 2020, the use of 6-thioguanine and its analogues (Figure 2) as PLP inhibitors was patented. The authors
described 6-thioguanosine as the most active compound within the studied series (ICso = 14.66 uM). The
ICso value of the approved anticancer drug 6-thioguanine was found to be 26.93 uM. Notably, the
structurally related guanine was showed to be inactive (ICso > 100 uM).[60] In a subsequent study the PL"™
inhibition properties of 6-thioguanine were found to be significantly lower (ICsp = 72 + 12 uM).[61]
Furthermore, 6-thioguanine and 6-mercaptopurine were demonstrated to be inactive in a study where the
PLP" inhibition properties were determined through a FRET-based biochemical assay.[62]

The poor or moderate activity of these compounds against SARS-CoV PL”, coupled with their high
cytotoxicity, renders these derivatives scarcely attractive candidates for the development of antiviral drugs.
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Figure 2. Structures of PL"® inhibitors.

Other sulfur-containing organic molecules were patented for their SARS-CoV-2 PL™ inhibition properties.
For example, dimercaptosuccinic acid 5 (succimer, Figure 3) exhibited remarkable activity, with an 1Cs
value of 0.37 uM.[63]

The activity of the 2-imidazolyl disulfide-based compound 6 (PX-12) as SARS-CoV PL"™ inhibitor was also
discussed in a patent (Figure 3; ICsq = 0.76 uUM).[64] 6 is a thioredoxin and thioredoxin reductase inhibitor
acting as cysteine thioalkylating agent and as tubuline polymerisation inhibitor,[65] which in 2006 entered



phase 2 clinical trials for the treatment of advanced pancreatic carcinoma but failed to reach the phase 3.
Notably, 6 exhibited lower SARS-CoV PL"" inhibitor properties when its activity was determined by a FRET-
based enzymatic assay in a study peublished in 2020 (ICso = 18.7 + 2.6 uM).[66] Additionally, 6 was
demonstrated to behave as a non-specific cysteine protease inhibitor and its activity against SARS-CoV MP™
was documented (ICso = 0.9 + 0.2 uM).[66]

Sulfur-containing small molecules with broad structural diversity have been reported to inhibit SARS-CoV-2
proteases. For example, tideglusib 7 — a glycogen synthase kinase 3 inhibitor drug candidate — was
demonstrated to possess remarkable SARS-CoV PL™ inhibitor activity (ICso = 0.76 uM) in a patent filed in
2020 (Figure 3).[67] However, further studies based on a FRET enzymatic assay revealed a lower activity of
tideglusib against SARS-CoV PL"™® (ICso = 7.1-30.4 uM) and highlighted its non-specificity as cysteine
protease inhibitor. Tideglusib was indeed demonstrated to behave as SARS-CoV MP™ inhibitor (ICso = 2.1
0.3 uM).[66] Tideglusib was found to be inactive in a successive cell-based SARS-CoV PL™ inhibition
study.[68]

The activity of thiamine 8 (vitamin B1, Figure 3) as inhibitor of PL’™ from SARS-CoV-2 (ICso = 7.29 uM) was
discussed in a 2022 patent.[69] The properties of the approved proton-pump inhibitor pantoprazole 9
(Figure 3) as SARS-CoV-2 PL°™ inhibitor were also reported in a 2022 patent (ICso = 8.67 uM).[70] A patent
discussing a method for the treatment of COVID-19 with pantoprazole was also filed by Curemark LLC in
2021.[71]

The researchers of the Immunologik GmbH reported a patent on the dithiocyanate 10 (PR-619; Figure 3),
which behaved as SARS-CoV-2 PLP™ inhibitor at various concentrations.[72] A method of treatment patent
was also filed in 2021 by Yale university.[73] The ICsy value of 10 against SARS-CoV-2 PL”™ was later
published using a biochemical assay (ICso = 6.1 £ 1.2 uM).[74]

Noticeably, according to a patent filed in 2021, isothiazolidinone derivatives 11a,b (Figure 3) behaved as
potent SARS-CoV-2 PLP inhibitors with ICsq values of 54 and 60 nM, respectively.[75]

Disulfiram 12 (Figure 3) — an acetaldehyde dehydrogenase inhibitor approved for the treatment of chronic
alcoholism — was also described as SARS-CoV-2 PL"" inhibitor in a patent filed in 2021.[76] Although no ICs
data were reported in the patent, the SARS-CoV-2 PL”™ inhibition activity was previously investigated in
2020 using a FRET-based enzymatic assay (ICso ranging from 6.9 to >60 uM).[66] Disulfiram was also
demonstrated to inhibit SARS-CoV-2 MP™ (ICso = 2.1 + 0.3 uM), thus highlighting its lack of specificity against
cysteine proteases.[66]

In a patent filed by researchers of ShangaiTech University, a number of thiadiazole derivatives were
described as inhibitors of PL’™ from SARS-CoV-2.[77] Selected examples are reported in the Figure 3. The
ICso value of the derivative 13a — which was designed as a HCV helicase inhibitor in 1999 [78] and then
demonstrated to behave as an allosteric modulator of G-protein coupled receptors [79-81] — was published
in 2023 by the same authors (ICso = 0.655 + 0.063 uM). The inhibition properties of 13a against M"" from
SARS-CoV-2 (IC50 = 0.185 + 0.023 pM) were also demonstrated.[82]
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Figure 3. Sulfur-containing SARS-CoV-2 PL" inhibitors and related activities (selected examples).

Researchers from the Japanese University of Tohoku (Sendai) and Tokyo (Bio-Xcelerator) patented a drug
containing an active sulfur compound as the principal component.[83] The inventors describe the action
of polysulfides in inhibiting virus-derived proteases. Active sulfur compounds are R'S(S),R?, with R* and R?
selected from amino acids. For example, glutathione trisulfide GSSSG (or polysulfide) is able to covalently
bond with the thiol group of the active site of the two proteases PL"" and M"", leading to their inhibition.
The glutathione trisulfide is more efficient than the reduced form GSSSH as the electrophilicity of the
central sulfur in GSSSG is stronger than in GSSSH. GSSSG is also able to react with nitric oxide (NO) and to
enhance vasodilation and platelet aggregation, suppressing actions by NO.[83]

The role of selenium in COVID-19 infection has also been studied[84] and a number of organoselenium
compounds have been investigated for their activity as SARS-CoV-2 cysteine protease inhibitors. Although
research on selenium-containing drugs is still in its early stage, considerable evidence about the impact that
the unique properties of selenium have on the pharmacological activity, toxicity and biotransformation
pathways of organoselenium compounds has been provided. In some cases, the incorporation of selenium
into small organic molecules is a rewarding strategy to modulate and increase their biological activity. [85-
89] A variety of structurally diverse organoselenium compounds with chemopreventive and antioxidant
activities have been described in the last four decades. The introduction of selenium into small molecules
often brings about additional benefits, closely related to the modulation of the oxidative stress status of
mammalian cells. [85-87] Selenium has been demonstrated to possess both protective and toxic effects on
the nervous system and on the heart. Confusing effects of selenium have also been well documented in
cancer biology and virus-associated diseases. [85-87]

For example, in this scenario, naphthyl imide-derived selenides 14a,b exhibited interesting SARS-CoV-2 PL"
inhibitor activity, with ICsq values of 1.93 and 4.09 uM (Figure 4).[90]



The inhibitor properties of diaryl diselenides 15 against SARS-CoV-2 PL"™ were reported in a patent filed in
September 2020 by scientists of the Shandong University (Figure 4). The ICsy value of the 2-carboxy-
substituted derivative 15b (0.80 uM) proved to be lower than that of the related diphenyl diselenide 15a
(2.97 uM).[91]

Amongst selenium-containing compounds, ebselen 16 (Figure 4) was showed to be one of the most
promising candidates to develop SARS-CoV-2 proteases inhibitor-based therapeutics. Indeed, the activity of
ebselen against SARS-CoV-2 proteases — preliminary investigated in the 2020 at the beginning of the
pandemic [49] — was also reported in a patent (ICso against SARS-CoV-2 PL°™ 0.93 uM) [92] and published in
a 2021 paper (ICsq values from 2.02 to 2.26 uM).[93] On the other hand, ebselen was later disclosed to be a
non-specific protease inhibitor and its activity against Mycobacterium tuberculosis transpeptidase,
glutamate dehydrogenase, hepatitis C virus helicase, glutathione S-transferases, and plant cysteine
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proteases was documented. A significantly lower SARS-CoV-2 PL™ inhibitor activity of ebselen was
reported in a successive FRET enzymatic assay-based study (ICso 10.3 to >60 pM). Ebselen was also reported

to inhibit SARS-CoV-2 M (ICsp = 3.7 £ 2.4 uM).[66]
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Figure 4. Structure of some selenium-containing PL"" inhibitors.

The possibility to employ selenoneine (Figure 5), which likewise other organoselenium compounds behaves
as inhibitor of SARS-CoV-2 proteases, for the prevention/treatment of COVID-19 infection has also been
described in a patent filed at the beginning of 2022.[94]
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Figure 5. Equilibria between the selenol, diselenide, and selenocarbonyl forms of selenoneine.

Over the recent past years, a number of approved drugs have been investigated as SARS-CoV-2 protease
inhibitors. Eflornithine 17 — an ornithine decarboxylase inhibitor used for the treatment of trypanosomiasis
— was showed to inhibit SARS-CoV-2 PL"™ (ICsq = 0.63 uM, Figure 6).[95] The approved andidepressants
trazodone 18 [96] and phenelzine 19 [97] were reported to have SARS-CoV-2 PL™ inhibitor activity, with
ICso values of 3.15 and 4.56 uM, respectively (Figure 6). Vilanterol 20 — an inhalable B2 adrenergic receptor
agonist employed for the treatment of chronic obstructive pulmonary disease — was also described for its
activity as SARS-CoV-2 PLP inhibitor (ICsq = 4.05 UM, Figure 6).[98,99]

A patent filed in 2022 reported the remarkable activity of the nitrosourea derivative lomustine 21 — an
approved nucleic acid alkylating agent for the treatment of brain tumours and Hodgkin’s lymphoma — as
SARS-CoV-2 PLP™ inhibitor (ICs = 0.57 uM, Figure 6).[100] The main drawback of the possible use of this
compound is related to its significant cytotoxicity against human cells.[101]



A patent filed in October 2021 reported the high SARS-CoV-2 PL’™ inhibitor activity (nM range) of two
approved HCV serine protease inhibitors, namely simeprevir 22 and vaniprevir 23 (Figure 6).[102] The
activity of these two compounds has been further investigated.[103-105] A cell-based study on SARS-CoV-
2-infected Vero E6 cells highlighted an ECsy value of 15 and 51 uM for simeprevir and vaniprevir
respectively.[104] Furthermore, simeprevir was showed to lack biological activity in a study published in
2022 and evaluating the effect of the drug on SARS-CoV-2-infected human angiotensin-converting enzyme
2 transgenic mice.[105]

Catechol derivatives have been described as SARS-CoV-2 cysteine protease inhibitors. The activity of
norepinephrine 24 and carbidopa 25 — an aromatic L-aminoacid decarboxylase inhibitor registered for the
treatment of Parkinson’s disease — as inhibitors of SARS-CoV-2 PL"™ was described in a patent filed in 2020
(Figure 6).[106]

Tegaserod 26, an approved drug for the treatment of irritable bowel syndrome (IBS) whose relationships
with adverse cardiovascular events have been debated in the literature,[107] was also described as a SARS-
CoV-2 PL" inhibitor (ICso = 1.42 uM) in a patent filed on December 2020.[108]
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Figure 6. Some approved drugs reported as SARS-CoV-2 PL?® inhibitors in recent patents.



The possibility to employ Nelfinavir 27 (Figure 7) for the prevention and treatment of SARS-CoV-2-
associated disease has been described. Nelfinavir is an inhibitor of HIV-1 and HIV-2 proteases which also
behaves as SARS-CoV-2 MP™ inhibitor (ICso = 3.06 pM). The administration of Nelfinavir mesylate to rhesus
monkeys led to a considerable reduction of symptoms associated with COVID-19 infection and was found
to improve the pathological tissue damage of major organs throughout the body.[109]
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Figure 7. Structure of Nelfinavir.

A number of natural polyphenols have also been reported to behave as SARS-CoV-2 cysteine protease
inhibitors. Amongst these compounds, amentoflavone 28 exhibited the higher activity against SARS-CoV-2
PLP™ (ICso = 11 uM, Figure 8).[110] Theaflavin-3-gallate 29 and ellagic acid 30 (Figure 8) were also shown to
possess inhibitory properties against SARS-CoV-2 PLP™ (ICso values 23.5 and 42.3 uM, respectively).[110]

HO

Ellagic acid; ICg, = 42.3 UM

Figure 8. Poliphenols as SARS-CoV-2 PLP® inhibitors described in recent patents.

The SARS-CoV-2 PL" inhibitor activity of a series of naphthalene ethylamine derivatives 31 was described
in 2021 by researchers of the University of Georgia; selected examples of such compounds are depicted in
Figure 9 along with the related ICsy values.[111] The molecule 31b was previously described as a SARS-CoV
PLP" inhibitor and its activity was also highlighted through a cell-based study.[112]
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Figure 9. Naphthalene ethylamine derivatives as PL"™ inhibitors. Selected examples from [111].

In this context, a patent describing the activity of a series of naphthalene ethylbenzamide derivatives was
filed in 2021.[113] Selected examples are reported in the Figure 10. The compound 32f, bearing the
piperidine ring, proved to be the most potent inhibitor within the studied series, with an 1Cs, value of 0.5
KUM. Notably, in a cell-based study on SARS-CoV-2-infected Vero E6 cells the ECs, value of 32f was found to
be 1.0 uM.[113]
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Figure 10. Naphthalene ethylabenzamide derivatives as PL""™ inhibitors. Selected examples from [113].

2.2, Inhibition of SARS-CoV-2 MP™

As aforementioned, patents focusing on the development and the study of inhibitors of viral 3CL protease —
also known as the Main Protease (MP°) — have also been filed. SARS-CoV-2 MP™ plays a central role in viral
replication and the design and/or investigation of potent and selective inhibitors of this cysteine protease
represent an important step for antiviral drug discovery.[49,50]

The activity of a series of small molecules with a formamido-oxoethyl-acetamide-related structure as
inhibitors of SARS-CoV-2 MP™ has been described in a patent filed in 2021 by researchers of the University
of Arizona.[114]

A library of protease inhibitors were screened by applying a FRET-based enzymatic assay for the SARS-CoV-
2 MPin order to identify the most promising candidates and to investigate their mechanism of action. The
results of the study enabled to highlight the high occurrence of formamide-oxoethyl-acetamide-related



motifs within the most active compounds (Figure 11). Additionally, cathepsin/calpain inhibitors have
generally demonstrated to exhibit interesting activity against SARS-CoV-2 M, thus suggesting how

pro

cathepsin/calpain inhibitors could be considered as a source of potential SARS-CoV-2 M inhibitors

candidates.
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Figure 11. Some of the compounds screened as SARS-CoV-2 MP® inhibitors in [114].

On the basis of the results of such a screening, a series of small molecules 42-49 characterised by a
formamido-oxoethyl-acetamide-related structure was proposed as inhibitors of SARS-CoV-2 viral
replication and/or SARS-CoV-2 MP" inhibitors (Figure 12).[114]
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Figure 12. Selected formamido-oxoethyl-acetamide-based SARS-CoV-2 MP™ inhibitors developed in [114].

A method for the prevention and the treatment of SARS-CoV-2 infection was also described in a patent
filed in 2021.[115] The invention is in the field of medicinal chemistry and deals with a new class of small
molecules with a methyl-acetamido-propanamide structure of general formula 50, capable to inhibit
SARS-CoV-2 MP™ (Figure 13).
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Figure 13. General structure of SARS-CoV-2 MP™ inhibitors from [115] and structure of compound ML188.



The design was based on the scaffold of ML188, a non-covalent inhibitor which contains a pyridyl in the
P1 substitution; P2 and P4 substitutions in ML188 were also considered. A number of compounds were
synthesized and tested in the FRET-based enzymatic assay against SARS-CoV-2 M at 20 uM. Compounds
showing > 50% inhibition were then titrated to determine ICso values. Molecules with ICso < 5 UM were

pro

selected for cellular cytotoxicity profiling in Vero E6 cells. Additional experiments were carried out on
novel cysteine reactive warheads.

Selected compounds with the highest activity are depicted in Figure 14. The most potent compound
appeared 50a, which can exist in two diastereoisomers. After HPLC separation thereof, the FRET-based
enzymatic assay showed that the isomer (3R,23R)-50a has the highest antiviral activity, similar to 41,
while the (23S) isomer was inactive, with ICsq > 10 uM. The co-crystal structure of SARS-CoV-2 with (23R)
showed that the P2 biphenyl and the P3/P4 a-methylbenzyl substitutions well fit into the S2 and the
S3/S4 pockets. Some of the studied compounds can be considered amongst the most selective covalent
MP™ inhibitors reported so far.
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Figure 14. Selected examples of SARS-CoV-2 MP” inhibitors from.[115]
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Structurally-related compounds were described in an application filed in 2021 by the researchers of Anixa
Biosciences and focusing on SARS-CoV-2 MP™ inhibitors and methods for their use in the treatment of
diseases.[116] Inhibitors presented in this invention are small molecules with general formula 51 (Figure
15).
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Figure 15. General structure of SARS-CoV-2 MP” inhibitors from [116]

A number of variables is considered, with significant diversity of groups on the different positions of the
general formula. Isotopically-labelled forms of some compounds have also been included, as for example
’H, 3H, ¢, *c, PN, 0, *?P, *°S. In some cases the use of heavy isotopes has shown positive therapeutic
effects and a reduction in the required dosages. Selected compounds (Figure 16) were tested for their
capacity to inhibit SARS-CoV-2 MP™ by using the FRET-based assay, and values of ICs; were determined, as
depicted in Figure 16. All tested compounds resulted non-toxic for the human cells (ICsq > 100 uM).
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Figure 16. Selected examples of SARS-CoV-2 MP” inhibitors from [116].



A series of compounds forming reversible adducts with active cysteine proteases, including SARS-CoV-2 3CL
protease, were described in a patent filed in 2022.[117] General structures of these compounds 52 or 53,
known as masked aldehyde inhibitors (MAIls) and peptidomimetic vinyl heterocycles (PVHs), respectively
are depicted in the Figure 17. Notably, PVHs also behave as potent, time-dependent inhibitors of cruzain;
thus further optimization studies may also lead to efficient antitrypanosomal agents.
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Figure 17. General structures of masked aldehyde inhibitors (MAIs) and peptidomimetic vinyl
heterocycles (PVHs).

Examples of masked aldehyde inhibitors of SARS-CoV-2 3C, as well as of cruzain, cathepsins L and B are
reported in the Figure 18. Compounds 54b-d are pro-drugs of the parent masked aldehyde 54a, and appear
more active in blocking cellular infection by SARS-CoV-2 than 54a. Compound 54e, containing a mixed
acetal, shows a lower activity.
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Figure 18. Masked aldehyde inhibitors from [117]. Selected examples and related activity.

A series of pyridine-2(1H)-one-derived structures 55 capable to act as non-covalent inhibitors of SARS-CoV-
2 MP and to reduce or ameliorate symptoms associated with COVID-19 infections was described in a

patent filed on January 2022.[118] General structure and selected examples of these compounds are
reported in Figure 19.
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Figure 19. General structure and selected examples of SARS-CoV-2 MP™ inhibitors from [118].

Several compounds bearing the nitrile moiety have been studied for the treatment of viral infections,
including COVID-19. The compound 56, a SARS-CoV-2 MP™ inhibitor bearing the cyano group (Figure 20), is
used in combination with ritonavir in the novel orally available agent paxlovid, which has been approved by
the FDA for the treatment of patients with moderate or severe COVID-19.
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Figure 20. Structure of paxlovid.

In this context, a patent filed in 2022 reported a series of differently functionalised nitriles 57, characterised
by variable molecular complexity, as inhibitors of SARS-CoV-2-MP" (Figure 21).[119]
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Figure 21. Structure of cysteine proteases inhibitors from [119]. Selected examples.

Similarly, a patent filed in 2022 provided a series of compounds — many of which bearing the cyano moiety
— as inhibitors of different proteases and their use in treating viral infections. In Figure 22 are reported the
general formula 58 and 59 of the studied compounds.[120]
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Figure 22. General structure of inhibitors described in [120].

Selected compounds with the more significant activity (ICso < 2 uM) against SARS-CoV-2 MP™® are
described in Figure 23. The activity is depending also on the stereochemistry. For example, isomer 2 of
compound 59b is more active (ICso < 2 uM) than the corresponding isomer 1 (ICso > 30 uM).
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Figure 23. Selected examples of inhibitors described in [120].

In a related field, a patent filed in 2022 described a new class of a variety of small molecules with a
pyrrolidine-acetamide structure 60 (Figure 24) acting as inhibitors of SARS-CoV-2 PL?® and MP™.[121]
Previous screening found 41 and 33 (boceprevir, a drug used for treatment of chronic hepatitis C) as
SARS-CoV-2 inhibitors (ICsp 0.03 uM and 4.13 uM). These results were independently validated also by



other groups.[122] Based on these findings, in the present application the hybrid inhibitors 60a and 60b
as hybrids of 41 and telaprevir and of 41 and boceprevir, respectively, were designed (Figure 24).

The FRET-based enzymatic assay on these hybrids enabled to determine the enzymatic inhibition against
the MP™ from seven human coronaviruses, including SARS-CoV-2; 41 was used as a control. Compounds
60a and 60b were found to be equally potent, with enzymatic inhibition comparable to 41 (Figure 11).
Cell-based assays highlighted that 60a was less potent than 41, while 60b had greater antiviral activity
than 41.
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Figure 24. General structure and selected examples of pyrrolidine-acetamide inhibitors. ICs, values against
SARS-CoV-2 MP™ are reported.[121]

The use of terpenes for the prevention or treatment of coronavirus infections was also reported in a patent
filed in 2021.[123] Triterpenes were found to be effective in inhibition of coronavirus infections. Five
triterpenes (Figure 25) were selected on the basis of FRET protease assays with the SARS-CoV-2 M. All
five compounds were significantly efficient inhibitors, and among these 61, 62 and 63 showed the highest
activity.

61 (Ovatodiolide) 62 (dehydrosulphurenic acid) 63 (Versisponic acid D)
ICsp 21.31 MM ICsp 15.82 MM ICsp 11.06 MM
(0.125 MM SARS-CoV-2 3CLpro / (0.125 MM SARS-CoV-2 3CLpro / 1.25 mM (0.25 MM SARS-CoV-2 3CLpro/ 2.5
1.25 mM IQF peptide substrate) IQF peptide substrate) MM IQF peptide Substrate)

~

64 (25R-Antcin K/ 25S-Antcin K) 65 (Dehydroeburicoic Acid)

Figure 25. Structures of terpenes for the inhibition of SARS-CoV-2 MP™.



A method for preventing and/or treating viral infections by inhibiting a cysteine protease in a virus and/or
a sodium taurocholate cotransporting polypeptide in a cell has also been described in a patent filed in
2021 by the researchers of Arjil Biotech.[124] A group of compounds have been studied, and their
inhibitory activity against SARS-CoV-2 M was investigated. Selected structures, and their combinations,
with the best activity are reported in Figure 26.

OCH, HO
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66 67
(3-O-methyl-kaempferol)

Figure 26. Structures of SARS-CoV-2 MP™ inhibitors 66-68.

Table 1. Activity of SARS-CoV-2 MP™ inhibitor combinations. Selected data from [124].

Drugs 1C50 (LM) Origin
62 + 67 2.409 Combination
68 2.487 Sanghuangporus
61 + 63 (0.25p/0.6FP) 2.934 Combination
61 + 62 (0.25p/0.6FP) 3.065 Combination
61 + 66 8.646 Combination

The use of spiro-lactam derivatives 69 (Figure 27) for the treatment of viral infections was described in a
patent filed very recently by researchers of Aptinyx.[125]
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Figure 27. General structure of spiro-lactam derivatives 69.

The results of activity against SARS-CoV-2-M"" evidenced the best inhibition activity at 30 uM for
compounds 70b > 70c > 70d > 70a (Figure 28); 70b and 70c showed ICs values of 11.50 uM and 6.00 uM,
respectively, with respect to 41 — used as a standard — with ICso of 0.35 uM.
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Figure 28. Structure of compounds 70a-d.

2.3. Inhibition of host cysteine proteases for the treatment of viral infections

Pharmaceutical compositions of compounds with general formula 71,72 (Figure 29) were used to inhibit
non-viral cysteine proteases (i.e., human cathepsin L) in a patent filed on August 2021. Such a patent
focuses on the treatment, prevention, amelioration, and reduction of the disease and/or symptoms
associated with coronavirus infections.[126] The invention relies on the important role of cysteine
proteases — both those of the host cells and those virally encoded — in the viral infection by SARS-CoV-2.
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Figure 29. General structures and selected examples of cysteine proteases inhibitors reported in [126].
®Heteroatom-containing substituents are also included.

The use of nitroxoline 73a (5-nitro-8-hydroxyquinoline) and its derivatives in the prevention and/or
treatment of a disease caused by the virus SARS-CoV-2 has been reported in a patent filed in December
2021 (Figure 30).[127] As aforementioned, viral and host cysteine proteases plays a central role in the
phase of the viral life cycle and in the disease caused by the infection from SARS-CoV-2. The role of certain
cathepsins has been well investigated. Based on this, the authors of the invention found that 8-
hydroxyquinoline-based cysteine protease inhibitors behave as effective agents for the prevention and/or
treatment of the infection caused by SARS-CoV-2. Compounds 73a,b — previously demonstrated to act as
potent reversible cathepsin B inhibitors — exhibited the highest activity against SARS-CoV-2 in engineered



Huh7-hACE2 cells. The efficacy of these compounds is reasonably due to the activity against host and/or
viral proteases involved in SARS-CoV-2 cell entry and replication. Nitroxoline 73a is clinically used for the
treatment of infections of the urinary tract and its antibiotic activity is explicated through a metal ion
chelation mechanism. Thus, the synergism of metal chelation and cathepsin inhibition could lead to an
increased activity of some 8-hydroxyquinoline-derived cysteine proteases inhibitors against SARS-CoV-2.
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Figure 30. 5-Nitro-8-hydroxyquinoline-based cysteine protease inhibitors for use in the prevention and/or
treatment of coronavirus disease. Selected examples from [127].

A method for the treatment or prophylaxis of viral diseases in animals was provided in a patent filed in
March 2021.[128] The method relies on the administration of a suitable inhibitor of a cysteine protease of
the cathepsin family. Relacatib 74 (Figure 31) is a potent orally available small molecule capable to
effectively inhibit cathepsins K, L, and V (K; = 41-68 pM); the selectivity of relacatib is reported to be 39-300-
fold over other cathepsins. The method of treatment proposed in the patent foresees the use of relacatib
for the treatment or prophylaxis of subjects with a viral disease caused by a virus including, amongst the
others, poliovirus, rhinovirus, coxsackievirus, foot-and-mouth virus, influenza virus, hepatitis virus,
coronavirus (SARS-CoV and SARS-CoV-2), Ebola virus, and Dengue fever virus.
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Figure 31. Structure of relacatib.

A patent dealing with the development of viral entry inhibitors and RNA polymerase inhibitors was filed in
2021.[129] Compounds discussed in the invention are also suitable for treating COVID-19 by blocking the
activation of SARS-CoV-2 cysteine proteases and serine proteases. Compound 75 behaves as cysteine
protease inhibitor; camostat is the serine protease inhibitor (Figure 32). ECs, of 75 was determined
through in vivo assays to prevent entry of SARS-CoV-2 in various cell lines, evidencing its efficacy in
preventing cellular entry. Significant results were found by the inventors using combinations of a viral



entry inhibitor and a nucleoside analogue, or a RNA polymerase inhibitor, such as Remdesivir and 76
(Figure 32).
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Figure 32. Structure protease inhibitors and RNA polymerase inhibitors.

3. Cysteine protease inhibition for the treatment of cancer and other diseases

As stated above, cysteine proteases (e.g., USP7, USP13, cathepsins B, L, S) have a role in the onset and
progression of several diseases, including, amongst the others, different types of cancer, neurogenerative
disorders, osteoporosis. Thus, the inhibition of certain cysteine proteases represents an interest target in
developing drug candidates for the treatment of the mentioned diseases and several studies have been
reported.

With reference to cancer treatment, including both primary cancers and metastatic diseases, both
cathepsins and USPs inhibitors have been investigated and some important results have been recently
achieved.

3.1. Inhibition of Ubiquitin-Specific Peptidases

In a patent published in 2020, researchers of Almac Discovery Ltd claimed a series of 245 small molecule
USP7 selective inhibitors as possible anticancer therapeutics or cancer preventive agents.[130] The general
structure of the tested molecules is shown in the Figure 33. Such molecules can be employed — also in
combination with other treatment agents — in the form of a pharmaceutically acceptable salt tautomer,
stereoisomer or N-oxide derivative. The inhibitors of the invention were classified in three groups according
to their ICsq values. Remarkably, 84 out of 245 compounds exhibited high activity against USP7 (ICso <250
nM, selected examples of such inhibitors are depicted in the Figure 33).
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Figure 33. General structure and selected examples of the most effective USP7 inhibitors from [130].

A further experiment showed that the levels of p53, p21 and MDM2 decreased after treatment with the
compound 77a (Figure 33), when compared with vehicle (DMSO). Cell-based studies highlighted a dose-
dependent p53 stabilisation, p21 induction and concomitant decrease in MDM2 levels after 77a
administration. Biochemical and cellular assays demonstrated the selectivity of the compounds of the
invention for USP7 over other USPs, as well as broader classes of 38 deubiquitylating enzymes (DUBs). The
high selectivity of the compounds of the invention is interesting as the overall homology between DUBs
was expected to lead to cross-reactivity.

A patent filed in 2019 presented a method for treating cancer by inhibiting USP7 directly or also by
modulating/inhibiting the USP7-related ETSP7, via the administration of a series of differently substituted
and functionalised quinazolin-4(3H)-one-based small molecules 78 (Figure 34).[131] The patent discloses a
method to inhibit USP7 that can be used as a novel treatment for a number of conditions including cancer
and metastasis, neurodegenerative diseases, immunological and inflammatory disorders, cardiovascular
diseases and viral or bacterial infections. The authors provided 63 examples of compounds and the activity
was tested in vitro. Notably, thirteen compounds proved to behave as potent inhibitors (ICsqg < 20 nM;
selected examples of these derivatives are reported in the Figure 34).
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Figure 34. General structure and selected examples of the most effective USP7 inhibitors from [131].

In 2022 the researchers of the Johns Hopkins University filed a patent focusing on a series of cyclic peptides
that are potent and highly specific inhibitors of deubiquitinating enzymes, including USP22.[132] The
disclosed peptides are proposed for the treatment or recurrence prevention of diseases including
metastatic cancer, by modulating histone H2B ubiquitination via the inhibition of the SAGA
deubiquitinating module (DUBm), including USP22 and three scaffolding proteins. The disclosed cyclic
peptides have been tested in vitro for their effectiveness and specificity against the Human DUB module
with good results. Specificity tests against a panel of USPs showed that the inhibition for USP27 occurred at
25-fold higher inhibitor concentration while for USP51 occurred at a 2500-fold higher concentration.

The treatment with five over six inhibitors significantly increased H2B-ubiquitination in cells up to 12-15
folds. This also confirmed the ability of these compounds to cross the outer cell membrane and enter the
nucleus. It is interesting to note that the effect in cells was not depending on the relative potency exhibited
in vitro, since the weakest inhibitor tested, hD4, had a similar effect on enriching H2B-Ub in cells to the
most potent inhibitor, hD1. This suggests a different capability of each molecule to penetrate the nucleus.
The researchers of Georgetown University in 2022 filed a patent on the use of USP13 inhibitors for the
treatment or prevention of a series of USP13-related diseases including cancer, neurodegenerative and
myodegenerative diseases and prion diseases in humans or veterinary patients. Different structures,
including variously substituted heteroaromatic derivatives 79 as well as suitable amino acids N-
functionalised with substituted 2H-chromen-2-one moieties 80 (Figure 35), were reported in the patent.
Such compounds inhibit USP13 in cells, reducing alpha-synuclein levels both in vitro and in vivo.[133]

The ICso determined on SHSY5Y neuroblastoma cell lines highlighted the potent activity of the studied
molecules as UPS13 inhibitors (Figure 35). In animal models, 79¢ reduced alpha-synuclein levels within the
cell from 30% to 56% in a dose-dependent manner (10 mg/kg or 40 mg/kg of molecules injected
respectively).
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Figure 35. Structures of USP13 inhibitors from [133].

According the authors, the inhibition or reduction of activity of USP13 can be associated decreased mRNA
and protein expression and/or to a decreased enzymatic activity of USP13. The viability tests showed that
the reported molecules were safe and did no cause cell death up to 1mM concentration. Pharmacological
parameters were evaluated in wild type mice (C57B6) injected with 10 mg/kg of deuterated 79c. The mice
tissues were analysed over 12 h after injection, highlighting a good potentiality for the tested molecules to
cross the blood-brain barrier.

In a 2021 patent, the researchers from Dana-Farber Cancer Institute, claimed a compound to be used for
the inhibition of USP28 — a ubiquitin-specific protease known for its capability to stabilise different
oncoproteins — and the related treatment of USP28-associated diseases, particularly cancer.[134] The
authors present 74 molecules having the general structure depicted in the Figure 36. The IC5, of 49
compounds was determined via a Ubiquitin-Rhodaminel 110 assay. All the synthesised molecules proved to
be very effective and 37 compounds were found to have ICsq < 1 pM (selected examples 81a-jare provided
in the Figure 36); only one compound was found to have ICsq > 100 pM, whereas the ICsq value of remaining
11 synthesised derivatives was comprised between 1 and 100 pM.
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Figure 36. General structures and selected examples of small molecules as inhibitors of USP28 from [134].

The authors of a patent filed in 2022 report the use of USP19 inhibitors for the treatment of obesity, insulin
resistance, type Il diabetes, or muscular atrophy and reduce loss of muscle mass.[135] In the patent, 201
exemplificative compounds are discussed. The ICsq for the inhibitory activity was for the majority of them
<0.01 puM or 0.01-0.1 uM. The general structural features of the compounds discussed in the patent, as well
as selected examples of some of the most active derivatives (82a-h), are reported in the Figure 37. Further
tests for ICso were also performed on cells from a breast cancer cell line, a neuroblastoma cell line and a
mouse skeletal muscle cell line. The cells were treated with a USP19 inhibitor showing a low nanomolar
ECso and good cell permeability. Further permeability assays were performed on human colorectal
carcinoma Caco-2 cells confirming good performance. Notably, in vivo test on animal models also suggested
that the compounds presented in this patent and a previously patented USP19 inhibitor 83, namely ADC-
141 (Figure 38), have a similar efficacy in diminishing the loss of muscle mass.
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Figure 38. USP-19 inhibitor 83 (ADC-141).

3.2 Inhibition of Cathepsins

In a 2022 patent, the use of cathepsin C inhibitors 84-87 (Figure 39) for the treatment of primary cancer
metastasis — including liver, lung and bone metastasis of breast cancer or bone metastasis of lung cancer —
was claimed. Amongst a series of compounds, the administration of brensocatib (88, Figure 39) was
described as particularly promising.[10]

The important link existing between cancer and CatC was highlighted via different tests. Initially, primary
lesions and lung metastatic lesions from breast cancer patients were analysed by immunofluorescence



assay, showing that the enzyme is highly expressed in lung metastases. After that, serological levels of CatC
were determined in breast cancer patients and correlation with traditional prognostic score was
determined, indicating that CatC may be used as a marker gene to predict the risk of lung metastasis. In
animal models, the overexpression of CatC corresponded to significantly more pulmonary metastatic
lesions while CatC knockdown seemed to attenuate lung metastasis of breast cancer cells. CatC
overexpression in lung metastases promoted and increased neutrophil recruitment and formation of
Neutrophil extracellular traps (NETs), fibrous networks which protrude from the membranes of activated
neutrophils found in a variety of disorder including tumours and autoimmune diseases. [136]

Brensocatib (88) — also known as AZD7986 or INS1007 — is a specific inhibitor of CatC already approved for
the treatment of Non-Cystic Fibrosis Bronchiectasis that entered Phase Il clinical trials. The administration
of Brensocatib in animal models showed good results against the formation of pulmonary nodule since
treated mice exhibited significantly reduced metastatic lesions and less neutrophil infiltration and NETs
when compared with untreated mice.

In an animal model-based study, administration of brensocatib to mice previously spleen injected with liver
and pancreatic tumour cells relevantly inhibited the primary growth of liver cancer cells HUH7 in liver and
the metastatic growth of pancreatic cancer cells KP4 in liver.
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Figure 39. Selected example of CatC inhibitors and structure of brensocatib (88).

Barnesin A derivatives can also be used as cysteine protease inhibitors for the treatment of a wide range of
diseases. A patent filed in 2019 focuses on compounds 89a-c structurally-related to barnesin A, acting as
novel potent and selective cysteine protease inhibitors (Figure 40).[137] The authors propose that
pharmaceutical compositions of the reported compounds can be used for the treatment of a number of
diseases where cysteine proteases are validated targets.

The molecules discussed provide an alternative therapeutic, preventive and/or curative strategy for
diseases in which cysteine protease levels can be pathological. The molecules included in this patent
showed good to high protease inhibition activity in vitro against cathepsins B and L (with higher values for



cathepsin L) and in some case good to high protease inhibition activity against rhodesain. The compounds
showed good pharmacokinetic properties and high stability towards soft nucleophiles. Microsome stability
assay was also performed in vitro to evaluate liver metabolism effects on the compounds, by measuring the
intrinsic clearance and identifying the metabolites formed, with good results for all the compounds.
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Figure 40. General structure and selected examples of barnesin A-related cysteine proteases inhibitors
from [137].

The authors of a patent filed in 2021 claim the use of synthetic peptides as specific inhibitors of cysteine
cathepsins.[138] As aforementioned, cysteine cathepsins are involved in a number of cellular pathways and
their misregulation or overexpression has been related to a broad range of diseases including neurological
and cardiovascular disorders, obesity and rheumatoid arthritis, and cancer. The molecules presented by the
authors are tetrapeptides fluoromethyl ketone (FMK) derivatives 90 and 91 (Figure 41). Studies about the
inhibitory properties of 90 and 91 were performed in vitro using recombinant cathepsins B and L. Further
tests on renal cancer cell lines 769-P and A498 (scratch test) proved that the addition of tetrapeptides at a
concentration of 20 uM slowed down the growth of tumour cells, thus showing a good potential in
preventing the adhesion and the formation of intercellular contacts. The above-mentioned peptides have
high affinity for the catalytic triad of cysteine cathepsins and can be used for therapeutic agents that are
specific inhibitors of proteolytic processes involving cysteine cathepsins, in particular cancer.
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Figure 41. Structures of synthetic peptides 90 and 91 as specific inhibitors of cysteine cathepsins [138].



As mentioned above, the inhibition of cysteine protease is a possible target for the treatment of metastatic
cancer. The authors of a patent filed in 2019 propose an invention for the inhibition of spontaneous
metastasis, tumour cell invasion and lymph node colonization in cancer patients by trans-dermal
administration of molecules that inhibit cysteine proteases.[139] Topical administration of the
epoxysuccinyl-based thiol protease inhibitor 92 (Also named E-64, Figure 42) to mice highlighted a better
survival rate (45%) in the animal that received the treatment with respect to the 2 control groups (20%).
The topical buffering agent particle size proved to influence the efficacy of the treatment. The authors also
described that the use of derivatives of 92 on mice models was demonstrated to reduce angiogenic activity
and tumor growth rate with respect to the control group.

The inhibition of cathepsins activity is an interesting possible route also for the treatment of diseases where
inflammation processes play a key role.

Notably, a patent a patent filed in 2020 claimed the use of known protease inhibitors, including 92, for
treatment of IBDs by inhibition of Bacteroides spp. proteases, including cysteine proteases. Bacteroides
proteases are a source of persistent mucosal inflammation in IBDs and their inhibition reduced the
disruption of epithelial barrier function at the tight junctions in Caco-2 cells. According the researchers, the
use of protease inhibitors might be helpful in correcting dysbiosis, enhancing or supporting the
gastrointestinal barrier and motility, up to antagonizing disease-related bacterial infections.[140]

92

Figure 42. Structure of 92.

A patent filed in 2020 reports a number of low-molecular weight (< 3 kDa) cysteine peptidase inhibitors and
cystatins of natural origin for the prevention or treatment of inflammatory conditions associated to
cysteine peptidase overexpression originating from microorganism infection.[141] The claimed inhibitors
were originated from natural raw material such as egg protein, and some plants including knotweed, houtt,
and others. The described natural inhibitors were tested against native cathepsin B, and different tissue
and organ homogenates. For example, an assay performed on gingival pocket fluids highlighted the high
inhibition on gingipain both by cystatin and low molecular weight inhibitors from knotweed. For cancer, the
results mainly depended on the tumour type and origin of the natural inhibitor. Low molecular weight
knotweed inhibitors were the best both in lung and in colorectal cancer, with an inhibition activity up to
80% at 300 uL dose. These results further confirm the potential use of the new molecules for therapeutic
purposes.

A patent filed in 2020 focused on a series of cathepsin C inhibitors for the potential treatment of
inflammatory disorders associated to this enzyme. The general structure of such inhibitors is reported in
Figure 43. [9] Their activity was tested against CatC on pancreas homogenate from mice with induced
pancreatitis and half of the studied compounds proved to have 3 nM < ICso < 300 nM.

Furthermore, in animal models, the compound 93 reduced the severity of induced acute pancreatitis in
mice when the animals were administered orally twice daily at 20 mg/kg (as highlighted by pancreas
histological data against control).



Figure 43. General structure of cathepsin C inhibitors (a) and structure of compound 93 (b) from [9].

In a patent filed in 2021 by the researchers of Ruishi Biopharmaceutical, small molecule inhibitors of
cathepsin C and their possible medicinal use in inflammatory conditions were claimed (Figure 44). [142] The
claimed compounds were tested in vitro for their capability of inhibiting CatC with respect to the control
AZD7986. Remarkably, 12 of the 26 tested compounds showed ICsy values lower than that of AZD7986
(12.21 nM). Pharmacokinetic properties were tested in mouse and beagle dog models. The claimed
compounds were also tested in vivo on neutrophil elastase (NE), related to CatC activity in chronic
inflammation and tissue damage. Compounds 94 and 95 (Figure 44) showed stronger inhibition rates of NE
protease with respect to the control molecule AZD7986, when administered at a dose of 3 mg/kg.

Figure 44. Structure of cathepsin C inhibitors 94, 95 and AZD7986.

A patent filed in 2023 by the researchers of Boehringer Ingelheim International claims the use of
compounds with the general structure 96 (Figure 45) as possible drugs for the treatment of pulmonary
emphysema — and other inflammatory diseases in the lungs, involving neutrophils — by inhibiting the
activity of cathepsin C. [143] Inhibition test was performed in vitro by fluorescence assay on 359 examples
of the general structure 96, which proved to be very potent (ICsq values in the nM range). Some compounds
were also tested against neutrophil elastase NE (directly related to CatC activity in chronic inflammation
and tissue damage) in U937 lymphoma cell lines, showing nM ICso values. The tested compounds also
showed good selectivity against other Cathepsins and good pharmacokinetic properties.
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Figure 45. General structure of cathepsin C inhibitors 96 and structure of compound 97.

In a patent filed in 2023, the use of the pyrimidine-2,4-diamine 97 (Figure 45) as a possible inhibitor of
cathepsin C to be used for the treatment of inflammatory diseases was claimed.[144] The tested
compounds showed low toxicity and proved to have a strong inhibitor activity in vitro and in vivo against
cathepsin C. Strong anti-NSP and anti-inflammatory activities in vivo were also demonstrated.

When administered in a rat model of chronic obstructive pulmonary disease (COPD), 97 ameliorated
histopathological changes, including alveolar haemorrhage and dilation, partial alveolar fusion,
inflammatory cell infiltration, and alveolar structure destruction in a dose-dependent manner. Animals
treated with 97 showed a decrement in the level of pro-inflammatory cytokines and increased anti-
inflammatory Interleukin 10 (IL-10) in a dose-dependent way.

A patent claiming structurally-stabilized and/or cysteine-reactive NOXA peptides and their methods of use
to inhibit selectively BFL-1, or dually BFL-1 and MCL-1 for treating cancer and autoimmune/inflammatory
disorders was filed in 2018.[145] BFL-1 and MCL-1 promote mitochondrial apoptosis suppression by linking
specific alpha-helical portions (BH) of pro-apoptotic proteins including NOXA. BFL-1 is an independent
oncogenic driver in different human cancers; when overexpressed or mutated BFL-1 can induce
chemoresistance in lymphomas and improve survival in melanomas.

MCL-1 (Myeloid Cell Leukemia-1) is a protein involved in the development, maintenance, and
chemoresistance of a variety of cancers. MCL-1 is among the ten most expressed pathologic factors in
human cancers.[146] Compounds interfering with BFL-1 and/or MCL-1 activity could support the treatment
of cancers and autoimmune/inflammatory disorders. One of the main problems with the inhibition of anti-
apoptotic protein is often the lack of specificity.

The claimed structurally-stabilized and cysteine-reactive NOXA BH3 peptides of the above-mentioned
patent [145] can selectively bind covalently BFL-1 and non-covalently MCL-1, blocking their activity and
reactivating apoptosis. The covalent link with the target BFL-1 protein involves a cysteine residue, as
highlighted by crystallography and fluorescence studies.

The studied peptides include an electrophilic reactive group (“warhead”), a specific sequence of 5-35 or 8-
18 modified amino-acids and at least one peptide structure stabilizing modification. General structure of
NOXA SAHBs (stabilized a helix of BCL2) polypeptides is reported in the Figure 46 (a); structural
modifications of the hydrocarbon cross-linkers — including epoxidation, aminohydroxylation or
dihydroxylation — can also be performed (Figure 46, b). The epoxide moiety or one of the free hydroxyl
moieties can be further functionalized, providing the possibility of attaching a therapeutic agent or an
agent facilitating the polypeptide to enter the cells.
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Figure 46. General structure of NOXA SAHB polypeptides and exemplificative structural modification.

A method for enhancing cytotoxic cancer therapy by using inhibitors of autophagy related 4B cysteine
protease (ATG4B) has also been described in a patent.[147] Autophagy involves lysosomes and more than
30 proteins, including ATG4B. In tumour cells the autophagy mechanism helps the cancer growth and it is
interesting to note that some traditional therapies including radiation therapy (RT) and the chemotherapist
temozolomide (TMZ) can trigger the autophagic response thus contributing to cancer resistance. The
inhibition of the activity of ATG4B might help the treatment of some kind of cancer including brain
glioblastoma (GMB), breast, lung, and liver cancers.

In a patent filed in 2020, a number of novel molecules that might increase the effectiveness of traditional
first-line therapies like RT and TMZ or other antineoplastic alkylating agent more than small molecule
inhibitor therapy (mTOR therapy) were presented. mTOR (mammalian/mechanistic target of rapamycin) is
a protein kinase that controls growth, metabolism and aging in the cell in response to nutrients and grow
factors. mTOR pathways result to be over-activated in about 30 % of GBMs, increasing tumorigenicity and
cancer progression. The use of allosteric inhibitors for mTOR in cancer cells has been experimented but it
resulted to be not sufficient because it induced autophagy and promoted cancer cell survival. These novel
molecules 98-100 that inhibit the biological activity of ATG4B (Figure 47) can be administrated to the
patient before, concurrently with, or after the alkylating agent or mTOR inhibitor.

Notably, 98 suppresses the ATG4B-dependent autophagy and reduces the cytoprotective autophagic
response of cancer cells, and thus the tumorgenicity, of glioblastoma. This molecule exhibited no relevant
tissue toxicity in treated mice and also showed an excellent blood/brain barrier (BBB) penetration.
Compared to different already known autophagy inhibitors like chloroquine (CQ) and hydroxy-CQ, 89 was
highly specific against autophagy and offered better efficacy in combination treatments.
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Figure 47. Compounds used for enhancing cytotoxic cancer therapy via inhibition of ATG4B.

4, Expert Opinion

Cysteine proteases family includes a variety of enzymes which play a central role in several biological
processes. The involvement of cysteine proteases in the onset and progression of a number of diseases,
ranging from cancer to neurodegenerative disorders, going through viral infection-associated diseases has



been well documented. For example, the dysregulation of the ubiquitin-proteasome system has been
associated with the pathogenesis of metabolic and neurodegenerative disorders, viral, and microbial
infections, and certain types of cancer. The misregulation of cysteine cathepsins — which are mainly
involved in the lysosomal proteins degradation, apoptosis, and immunity processes — can result in the onset
of a broad range of diseases, including cardiovascular disorders, obesity, rheumatoid arthritis, and cancer.
Particularly, in cancer cathepsins contribute to invasion, proliferation, and metastasis.

On the basis of these considerations, the selective inhibition of cysteine proteases represents an attractive
and rewarding strategy to develop new therapeutic tools for the treatment of the above-mentioned
diseases.

Additionally, after the COVID-19 pandemic outbreak in 2020, the key role played by cysteine proteases in
coronavirus-related infections has emerged. SARS-CoV-2 encodes for several enzymes essential for its vital
cycle; after entered the host cell, the viral RNA is translated into two polyproteins, whose cleavage affords
the viral proteins necessary for assembling new virones. The enzymes involved in the cleavage of such
polyproteins are cysteine proteases, namely main protease (M) and papain-like protease (PL?™).[49-51]
Furthermore, cysteine proteases present on the surface of the permissive host cells have also been
demonstrated to be involved in the infection of human cells by SARS-CoV-2. Thus, the inhibition of different
cysteine proteases is an interesting target for the design and development of drug candidates to treat
COVID-related infections.

Several patents dealing with the inhibition of cysteine proteases have been filed over the past five years. An
analysis of such patents highlighted a rather broad structural diversity of the proposed inhibitors.

Owing to the high societal impact of COVID-19 pandemic, most of the recently reported patents focused on
the inhibition of cysteine proteases for treating or preventing the disease associated with SARS-CoV-2
infections. Several effective SARS-CoV-2 MP™ and SARS-CoV-2 PL" inhibitors have been described in recent
patents. The fact that the two proteases of SARS-CoV-2 display a high degree of conserved amino acid
residues with respect to the corresponding proteases of SARS-CoV1 and MERS, coupled with the availability
of resolved X-ray structures of MP™® and PL"™ from SARS-CoV-2 (alone and in complex with inhibitors),
reasonably enabled a rational design and development of efficient inhibitors. In this context, both
peptidomimetic and non-peptidomimetic inhibitors have been described. Their mechanism of action, which
in some cases is still not elucidated, often relies on the nucleophilic attack of the cysteine thiol moiety of
the enzyme onto suitable electrophilic sites of the inhibitor.

In some cases, although interesting inhibition data against SARS-CoV-2 proteases were found by enzymatic
assays, additional studies related to their activity in biophysical cell-based assays should be carried out.
Indeed, a number of compounds with remarkable ICsq values according to enzymatic assays were showed
to be scarcely effective in tests conducted on SARS-CoV-2-infected cells. For example, compounds labelled
as DCPH28 and 4c (Figures 9 and 10, vide supra) — which showed high potency in the enzymatic assay (ICso =
0.35 and 0.5 uM, respectively) — were demonstrated to lack sufficient activity on successive studies on
SARS-CoV-2-infected Vero E6 cells (ECso = 9.5 and 1.0 uM, respectively).[111,113]

An additional issue related to the development of cysteine proteases inhibitors is related to their
selectivity. In some cases, considering the homology between certain cysteine proteases, the design and
development of selective inhibitors is quite challenging. Nonetheless, some interesting results highlighting

pro

the possibility to selectively target specific cysteine proteases (i.e., USP7, SARS-CoV-2 MP®, cathepsin B and
L) have been recently achieved.[115,130,137] On the basis of the critical role of selectivity issues,
considerable research efforts should be directed towards achieving inhibitors capable of targeting specific
cysteine proteases.

A detailed comprehension of inhibition mechanisms is crucial for the improvement of the inhibitor activity

as well as for its reasoned structural modification, which is critical to the successful development of drug



candidates. In this scenario, particular attention of future researches will likely be devoted to further X-ray
investigations of different enzyme-inhibitor complexes.

In this scenario, structurally diverse small molecules acting as selective cysteine protease inhibitors has
been described as promising drug candidates for cancer treatment or prevention. For example, direct
selective USP7 inhibition as well as modulation/inhibition of the USP7-related ETSP7 has been achieved
employing piperidine [130] and quinazolin-4(3H)-one derivatives.[131] Cell-based studies and in vivo tests
on animal models provided interesting data on the possible use of USP19 inhibitors for the treatment of a
series of diseases including cancer, obesity, insulin resistance, type Il diabetes, muscular atrophy.[135]

The use of cysteine-reactive NOXA peptide-based specific inhibitors enabled the inhibition of the oncogenic
driver BFL-1 and the survival protein MCL-1, which is amongst the most widely expressed pathologic factor
associated with cancer growth and chemoresistance (e.g. in melanomas and limphomas).[145] Peptide
inhibitors were also synthesised to specifically target diseases-related cathepsins [138] and the SAGA
deubiquitinating module (DUBm).[132]

The design and synthesis of selective, potent, and specific inhibitors is generally highly desirable. However,
in certain cases, non-specific/non-selective cysteine protease inhibitors can be successfully employed for
therapeutic applications. For example, as mentioned above, compounds capable to inhibit both viral and
permissive host cell cysteine proteases can be considered interesting drug candidates for the treatment of
COVID-19 infection.[127]

The research of new drugs is a challenging process trat aims to find a balance between the efficacy and the
toxicity, metabolic stability and cell permeability of the molecules.[148]

Different strategies are nowadays available to identify new lead compounds. High throughput screening
(HTS) is currently the mainly used [149,150], along with the more recent structure-based virtual screening
of specific molecules libraries, that is faster and cheaper than HTS but needs a careful validation
process.[148,150,151] For example, HTS has been the technique used to discover the selenium-containing
cysteine protease inhibitor ebeselen, after a screening performed on 1280 molecules using fluorescence
techniques.[148]

A traditional approach for the research of new drugs has been drug repurposing, which relies on the reuse
of already existing drugs for new therapeutic application that presents several advantages. In drug
repurposing, the use of drugs that are already known for their effectiveness on specific targets towards
different ones is performed. Since already tested drugs are used, this allows to step the pharmacokinetic,
pharmacodynamic and toxic studies directly to phase Il or lll clinical trials. Different approved drug libraries
are available for this kind of research, that is a remarkably time saving approach [152] and it has been
largely used for finding therapeutic strategies during the outbreak of Covid-19 pandemic (e.g., testing
molecules that were already known for their efficacy against hepatitis C virus, Zika virus and Ebola, among
the others).[151] Examples of known drugs studied as SARS-CoV-2 cysteine proteases inhibitors are
reported in the Figure 6.

The research on peptidomimetics is especially interesting in the develop of protease inhibitors and wide
collections of molecules can be rapidly obtained via multicomponent reactions and be later functionalized
and tested.[153] Peptide-based design strategies are often based on X-ray structural analysis of the target
peptide and represent a useful approach that also allows to increase stability and cell permeability.[148]
This strategy has been applied also in the research field of cysteine protease inhibitors.

Also, a focus on drug conformation, with the aim of improving drug positioning in the binding pocket or
finding different binding sites, strengthening the interaction (e.g., via the introduction of multiple hydrogen
bonds, covalent binding, halogen bonds, additional van der Waals forces or multivalent binding),
introducing or enhancing additional interactions represents an interesting strategy to face the
consequences (e.g., affinity decrease) of possible mutation and drug resistance.[154]



The activity screening of natural products to obtain desired derivatives as therapeutics is another
favourable approach that has been recently widely explored.[148] Specific chemical modifications can be
applied on lead compound discovered via different routes to overcome possible defects including low
activity, structural instability or unfavourable pharmacokinetic and develop them into ideal drugs. These
modifications include bioisosteric modification or scaffold hopping strategy. The introduction of additional
functional groups can also be performed to improve the potency and drug-like properties of the studied
molecules.[148] Examples of the application of this approach to the discovery of cysteine proteases
inhibitors are reported in Figures 8, 25, and 40.

Overall, the design, developement and study of cysteine protease inhibitors is attracting considerable
attention in medicinal chemistry-related fields and huge progresses have been made. This research topic is
reasonably going through a steadily growing phase and the availability of a broad variety of inhibitors,
coupled with mechanistic data, will likely bring about further achievements in a such vivacious field.

5. Conclusion

Cysteine proteases are crucially involved in a wide array of biological processes and also play a key role in
the onset and progression of several diseases, including viral and parasitic infections, cancer, neurological
and cardiovascular disorders. The inhibition of cysteine proteases thus represents an attractive strategy to
develop new therapeutic tools, and a number of structurally diverse inhibitors have been reported in the
recent scientific and patent literature. Owing to the high societal and health impact of COVID-19 pandemic,
a significant number of the reported studies focused on the inhibition of viral cysteine proteases for
treating or preventing the disease associated with SARS-CoV-2 infections. However, important researches
on the inhibition of mammalian cysteine proteases have also been reported. Promising results have been
described about the possibility to develop potent and selective inhibitors. On the basis of the reported
achievements, we believe that cysteine protease inhibition may represent a great opportunity to develop
novel drug candidates.
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