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“Sapere che sappiamo quel che sappiamo, e sapere che non sappiamo quel
che non sappiamo, questa € la vera conoscenza.”

NICCOLO COPERNICO
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Abstract

SARS-CoV-2, responsible for the Coronavirus Disease-19 (COVID-19) infection, is an
RNA virus belonging to the Coronavirus (CoV) family (1,2). Under the electron microscope,
it appears like a crown (hence the name corona-virus): this characteristic is given by the
presence on the external envelope of spike (S) glycoproteins which are responsible for entry
into the host's cells (humans). This entry depends on the link between the S1 unit of the spike

protein and a cellular receptor which facilitates the attachment of the virus to the surface of

the target cells. (Fig. 1)

Figure 1. Sars-CoV-2 structure

In particular, it has been demonstrated that the virus uses the angiotensin-converting
enzyme 2 (ACE2) as an entry receptor and the Transmembrane Serine Protease-2

(TMPRSS2) for the activation of the S protein (3). (Fig. 2).
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Figure 2. Mechanism of entry of SARS-CoV-2 through the ACE-2 receptor.

ACE?2 is a homolog of ACE and plays a key role in balancing the responses caused by
ACE. ACE is a Zn and chloride-dependent metallopeptidase, produced by the endothelial
cells of the blood vessels of all organs, but in particular by the lung, and is responsible for
the metabolism of important biologically active peptides, called Angiotensin I and
Bradykinin. In particular, it catalyzes the transformation of Angiotensin I into Angiotensin
II, thus intervening in the regulation of the Renin-Angiotensin-Aldosterone system.
Angiotensin II is a powerful vasoconstrictor peptide: it causes an increase in peripheral
vascular resistance with a consequent increase in blood pressure but also secretion of
aldosterone with a consequent increase in cardiac output. There are two types of ACE: ACE1

and ACE2 (4).

The ACE2 enzyme, which degrades angiotensin II into angiotensin-(1-7), represents an
entry gate for viruses of the Coronavirus family, such as SARS-CoV-2, and since this
degradation occurs in a particular way when blood passes into the lungs, it has been
hypothesized that greater expression of ACE2 leads to an exacerbation of the respiratory

symptoms of SARS-CoV-2 infection. (5) (Fig. 3 and Fig. 4).
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Figure 3. The ACE?2 enzyme, which degrades angiotensin Il into angiotensin-
(1-7), represents an entry gate for viruses of the Coronavirus family.
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Figure 4. Different docking points of SARS-CoV-2 at the ACE-2 receptor

In the most serious cases, in fact, SARS-CoV-2 infection can cause acute
inflammation in the lung tissues, causing interstitial pneumonia, in which there is a reduction
in gas exchange at the level of the alveoli. In conditions of acute hypoxia, free radicals (ROS)
are formed and therefore a consequent inflammatory state due to a reduction in oxygen

supply (alteration of the vessel wall starting from the endothelium, cardiac alteration) (6).
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This virus, through the ACE2 receptors, enters the organism, forcing the host's cells to
produce proteins useful for replication. This initial process is responsible for the strong
inflammation with consequent production of free radicals, alterations in the functionality of
the pulmonary alveoli with a consequent alteration of the structure of the vessels and
therefore edema. This is the reason why forced oxygen ventilation becomes necessary to
remove the hypoxic state. Therefore, by reducing the inflammatory state it is possible to

avoid acute respiratory crises.

One of the endogenous mediators of inflammation is IL-6, therefore its "reduction”
inhibition could lead to an improvement in lung function. An important role is also played
by PDEs (phosphodiesterases), a family of enzymes that metabolize cAMP and cGMP. In
inflammatory cells (such as neutrophils, T lymphocytes and macrophages), cAMP interferes
with the expression of pro-inflammatory mediators (e.g. TNF-alpha) and is therefore also an
anti-inflammatory agent. cCAMP causes relaxation of the smooth muscles of the airways,
resulting in bronchodilation. One of the PDEs, PDE 4, is particularly present in the lungs
and in inflamed cells. Therefore, the inhibition of PDE-4 in this case would induce an
increase in cAMP and prolongation of the anti-inflammatory effect with a consequent
bronchodilator effect. In fact, it is known that the inhibition of PDE-4 is useful for the
treatment of COPD and also for asthma. PDE4 is divided into four sub-classes: A, B, C and
D. The B form is the one most present at the level of the immune system and the respiratory

system, therefore, it will be the one on which we will carry out our studies.

In Figure 5, the therapeutic effects of PDE inhibitors are reported.
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Figure 5. Possible therapeutic effects of PDE inhibitors.

Given the multiplicity of factors involved and responsible for the COVID-19 disease,
as well as for other viral infections (such as human immunodeficiency virus HIV, human
hepatitis C virus-HCV, hepatitis B virus-VBH), its inhibition could represent a multitarget
and multidrug antiviral therapeutic strategy that includes a pharmacological treatment
supported by a rationale that involves the use of multiple drugs in combination, such as
inhibitors of the entry of the virus into the host cell, is therefore advantageous; blockade of

PDE4-B; inactivation of inflammatory processes in the respiratory tract.(7,8).

Our research project involves:

e amolecular docking study on multiple classes of molecules and on selected targets
involved, in particular the targets will be: PDE4-B; the Spike protein; the ACE2
receptor.

e Subsequently, those molecules that have given a satisfactory result in the theoretical

study will be synthesized.
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e For all synthesized molecules, in vitro studies on the virus and cytotoxicity studies

on human cells will be performed.
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CHAPTER 1 - SARS-CoV-2 Infection and the Global
Therapeutic Scenario

1.1. The COVID-19 Pandemic

In December 2019, a cluster of pneumonia cases of unknown etiology emerged in the
Chinese city of Wuhan (9). Soon after, analyses of the patient's lung fluid, blood, and throat
swab reconducted this outbreak to a newly identified virus, tentatively named 2019-new
coronavirus (2019-nCoV) (10). Phylogenetic analyses performed on viral genomes isolated
from patients' samples revealed a close relationship between the new virus with several bat
coronaviruses isolated in China (>90%). A lower degree of similarity was also found with
SARS-CoV (80%) and MERS-CoV (50%), the causative agents of two recent coronavirus-

related epidemics (11).

The striking similarity between the SARS-CoV-2 genome and several bat coronaviruses
led to the hypothesis that bats could be the animal reservoir for SARS-CoV-2, with pangolins
or other mammals acting as the intermediate host before human transmission (12). The
assumption that bats could be the animal reservoir of SARS-CoV-2 was further reaffirmed
at a later stage by the work of Temmam et al., which identified in the caverns of North Laos
a series of bat coronaviruses that share a high level of sequence similarity (96%) with the

SARS-CoV-2 genome (13).

From a clinical perspective, the spectrum of COVID-19 manifestation is broad, ranging
from asymptomatic infections to severe viral pneumonia with respiratory failure and even
death (14). The most common symptoms, similar to influenza, are related to mild upper
respiratory tract affection, such as fever, cough, myalgia, and headache (15). Less common
but still relevant ones include gastrointestinal manifestations, such as diarrhea, more severe
respiratory illnesses, such as dyspnea, and multi-organ failure (16).
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The long incubation time compared to similar infections (17), the capability of
asymptomatic (18) or paucisymptomatic (19) patients to transmit the virus even before the
eventual symptoms' manifestation, and the aerial transmission modality (20,21) all
concurred to determine a higher transmissibility index (estimated between 2.5 and 3.0) for
the SARS-CoV-2 virus, compared to similar viral infections (22). These factors contributed
to the rapid spread of SARS-CoV-2 worldwide, resulting in more than 650 million cases and

more than 6.5 million deaths globally (23).

In the first stages of the COVID-19 pandemic, extraordinary sanitary measures, such as
physical and social distancing, wearing face masks and eye protection devices (24,25) were
adopted to prevent the collapse of the public healthcare system (26), due to the unbalance
between the high demand and the low availability of critical supplies (27,28). Although this
short-term plan has proven helpful in gaining time (29,30), more sustainable and long-term
oriented strategies were needed to better cope with the socio-economic (31) and
psychological (32,33) consequences of the pandemic, other than ensuring a fair and efficient

resource management (34).
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1.2. Drugs Used in SARS-CoV-2 Infection

Considering that bringing a brand-new drug on the market is usually a very long and
expensive process (35), the so-called "drug repurposing" was the first approach to finding
suitable therapeutic options for COVID-19 patients (36,37). This strategy extends the
applicability domain of already marketed drugs for treating diseases other than the one it
was conceived for (38). This approach is appealing because it involves using de-risked
compounds, with potentially lower overall development costs and shorter development
timelines (39). Unfortunately, despite all the promising premises (40), this approach was
largely unsuccessful (41). Indeed, several investigated drugs showed little to no efficacy in
randomized clinical trials (42). The few successful cases were primarily symptomatic
treatments, mostly limited to hospital usage for the most severe cases due to the therapy's

high costs or route of administration (43).

The initial failure of the drug repurposing strategy against COVID-19 can be mostly
reconducted to the very first stages of the pandemic, where few clinical pieces of evidence
were available for the rational elaboration of therapy plans. For example, the combination
of HIV protease inhibitors Lopinavir and Ritonavir was examined (44), despite a suboptimal
predicted recognition pattern towards the SARS-CoV-2 main protease (Mpro) compared to
other compounds of the same class. Another example is the combined use of an antimalaria
drug (hydroxychloroquine) and an antibiotic (azithromycin) despite no clear indication of

the possible mechanism of action (45,46).

With more and more clinical observations becoming available, more fine-tuned
treatments, especially symptomatologic ones, were adopted. This is the case, for example,
of corticosteroids such as dexamethasone (47), employed to tame the inflammatory response

associated with severe COVID-19 cases, and low molecular weight heparins (48), used to
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prevent or treat thrombo-embolic events associated caused by interference with the

cardiocirculatory system.

A group of anti-arthritis drugs represents another successful example of drug
repurposing to their ability to modulate the immune response (49) and cytokine storm (50)
caused by severe SARS-CoV-2 infection. This family includes the monoclonal antibodies
Tocilizumab and Sarilumab (51), which both inhibit Interleukin-6 (IL-6) signaling (52),
Anakinra, that interferes instead with IL-1 signaling (53), and the Janus Kinase (JAK)
inhibitor Baricitinib (54), alone or in conjunction with remdesivir (55), with the latest
representing maybe the most successful example of drug repurposing against COVID-19

being the first approved drug against this illness (56-59).

Originally designed against Ebola Virus, remdesivir is a nucleotide analog prodrug that
acts as a viral polymerase inhibitor (60) and is efficient in shortening the recovery time in
hospitalized adult patients affected by COVID-19 (61,62). Unfortunately, as previously
mentioned, remdesivir and the other repurposed drugs need parenteral administration,
thereby limiting their massive-scale adoption as pharmacological treatments against

COVID-19 (63).
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1.3. Convalescent Plasma and Monoclonal Antibodies

With the first round of spontaneously healed patients, doctors started flanking standard
treatment with the use of convalescent plasma (CP), i.e. the plasma derived from recently
recovered donors with a sufficiently high neutralizing antibody titer (64,65). A similar
protocol was previously adopted to face Ebola (66) and MERS (67) outbreaks, justifying its
emergency use in the first stages of the COVID-19 pandemic. Unfortunately, despite
promising observational data from the first studies performed on small-size patients' cohorts,
more thorough investigations from more extensive clinical trials demonstrated the inefficacy
of'this treatment, leading to its dismission from routine clinical practices. Despite this failure,
CP inspired the design of safer and more targeted immunological treatments in the form of
monoclonal antibodies (mAbs). Since the beginning of the pandemic, several mAbs directed
against COVID-19 have been developed, with some obtaining approval from regulatory
agencies. Multiple of these mAbs are often used in conjunction to combine their neutralizing
power and boost their therapeutic efficiency, exploiting their ability to bind at different
epitopes (68,69). The list of approved ones contains the therapeutic combinations of
casirivimab and imdevimab (Regeneron/Roche), redanvimab (Celltrion Healthcare),
sotrovimab (GSK), and the combination of tixagevimab and cilgavimab. Furthermore, the
association of bamlanivimab and etesevimab is nearly approved, despite the previous failure

of trials investigating bamlanivimab on its own (70,71).
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1.4. Vaccines

As seen in the case of CP and mAbs, a targeted immune response against SARS-CoV-2
can be a beneficial treatment for patients. While immunoglobulins are limited to treating
ongoing infections in hospital settings due to the high costs and the parenteral administration
route, a more economical and scalable approach would be instructing the human body to
produce this type of response without needing external intervention. Based on this
assumption and parallel to the drug repurposing approach, the industry and academia spent
a consistent joint effort on developing preventive tools to avoid the infection in the first place
or at least mitigate the most detrimental effects of the illness. This endeavor resulted in the

quick approval by regulatory agencies of several vaccines (72,73).

Three different classes of these therapeutic entities can be recognized. The first one,
related to inactivated virus vaccines, comprises the Chinese CoronaVac (Sinovac) and the
Russian CoviVac. The second group is formed by adenovirus vector vaccines such as
Vaxzevria/ChAdOx1-S (AstraZeneca), Sputnik V/Gam-COVID-Vac, and
Jecovden/Ad26.COV2.S (Janssen). Finally, the third one is composed of mRNA-based
vaccines, including Comirnaty/BNT162b2 (Pfizer-BioNTech) and Spikevax/mRNA-1273

(Moderna) (74-76).

Despite the poor performances of the first class of vaccines, several independent studies
have asserted worldwide the efficacy of vaccination campaigns based on the other two types

of vaccines, particularly in the case of mRNA-based ones (77-80).
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1.5. Viral Variants

Due to its exposition on the external surface of the SARS-CoV-2 membrane and its
pivotal role in the virus' ability to infect host cells, the spike protein is often subjected to
mutations that alter the virus's infectivity and antigenicity (81,82). Therefore, since the
spreading of the original viral strain (Wuhan-Hu-1) began, several viral variants appeared
on the scene (83), particularly in the Third-world Nations where collective sanitary practices
like social and physical distancing (84) or wearing face masks in public places 18 were
hardly implementable (85). The insurgence of novel viral strains with different susceptibility
to the protective effect of vaccines (86) demands a periodical update of their original
formulations coupled with multiple booster shots to maintain their efficacy (87), thus
hampering the management of the pandemic based on massive vaccination of the world

population (88,89).

Among the large pool of SARS-CoV-2 mutations, some gathered the scientific
community's attention due to their increased fitness, gaining the "variant of concern" (VOC)
status (90,91). The first SARS-CoV-2 VOC was the B.1.1.7 variant, more commonly
referred to as the "Alpha" or "English" variant due to being first identified in November 2020
in the Kent region of the United Kingdom (92,93). Despite worries about the higher
transmissibility compared to other circulating variants at the time (94,95), clinical studies
appointed how mAbs, CP, and especially vaccines, were still able to confer protection against

B.1.1.7108-110, containing its impact on the sanitary system (96).

Unfortunately, soon after the emergence of the Alpha variant, a more threatening VOC
arose. The B.1.617.2 variant, commonly known as the "Delta" or "Indian" variant due to
being first identified in India in late 2020, quickly overthrew the B.1.1.7 one thanks to its
strikingly increased transmissibility (97). The advent of the Delta variant was associated

with the first signs of reduced protection provided by mAbs, CP, and most importantly,
pag. 17



vaccines (98-100), thanks to its increased immune system evasion capability, posing a

heavier workload on the sanitary system (111,112).

The latest hallmark in the history of SARS-CoV-2 variants is represented by the
B.1.1.529 variant, first detected in South Africa and more often recalled as the Omicron
variant (113). The combination of increased transmissibility (114) and immune system
evasion (115) conferred this variant a net selective advantage in bypassing the protection
provided by the complete primary vaccination cycle and a variety of clinically utilized mAbs
(116-118) compared to other circulating strains. The ground-breaking impact the Omicron
variant had on the worldwide spread of SARS-CoV-2 even led to the introduction of the
"booster dose" to compensate for the reduced coverage of the primary vaccine cycle (119).
Lately, several subvariants germinated from the original Omicron strain (also labeled as
BA.1), namely BA.2, BA.3, BA .4, and BA.5124-126. Although different studies indicated
how the first identified Omicron subvariants (BA.2 and BA.3) were similarly susceptible to
existing treatments despite their increased transmissibility, it also emerged how the most
recently identified ones (BA.4 and BA.5) are significantly more efficient in evading the
immune response. These findings indicate that SARS-CoV-2 continued to evolve by
increasing its immune-evasion capability rather than counting on sheer higher
transmissibility, sustaining the virus spread even in populations with high vaccination

frequency and recovery rates (120).
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1.6. Spike Protein

The ability of the SARS-CoV-2 virus to infect human cells heavily depends on a surface
glycoprotein known as the S/spike protein (121), named after its peculiar shape (122). For
this reason, both mRNA vaccines and mAbs are designed to target this protein and prevent

the virus entrance within the cell, thereby limiting its replication (123).

Concerning these, although different pathways for SARS-CoV-2 cell entry are possible
(124,125) the principal and better-characterized one involves binding to the human ACE2
receptor (hACE2) (126), a membrane-anchored metallopeptidase that is abundantly present
in various districts of the human body, from the vascular endothelium to the epithelia of
lungs and small intestine (127). On its own, host cell receptor binding is not sufficient to
ensure entrance within host cells. Priming and activating the S protein by host proteases is
required to enhance its cell-cell and virus-cell fusion processes and increase viral shielding
from neutralizing antibodies (128,129). The list of priming proteases included, but is not
limited to, TMPRSS2, a transmembrane serine protease that is often co-expressed with
ACE2 in SARS-CoV-2 target cells, Furin and cathepsin B/L, (130,131). The priming process
entails the exposure of a lipophilic fusion peptide (FP), which penetrates the host cell
membrane triggering the viral fusion thanks to its strong membrane-perturbing capacities

(132,133)

From a structural perspective, the spike is a trimeric transmembrane glycoprotein
composed of 1273 amino acids organized in two main subunits, S1 and S2, and several

functional domains.

The S1 subunit comprises two main domains, specifically the N-terminal and C-terminal
domains (NTD and CTD, respectively), which are both involved in the binding to host cell

receptors (134). The CTD contains the receptor-binding domain (RBD, residues 319-541),
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consisting of two motifs. Firstly, a core structure formed by a twisted five-stranded anti-
parallel B sheet (B1, B2, B3, B4, and B7), with three short helices (a1, a2, and a3). Secondly,
an extended loop (receptor binding motif, RBM), formed by a two-stranded 3 sheet (85 and
6), lying at one edge of the core and containing most of the residues involved in binding to

hACE2 (135).

Figure 6. (A) Crystal structure of spike RBD (pink) in complex with hACE?2 (teal), deposited
in the Protein Data Bank with accession code 6M0J. (B) Close-up view of interface contacts
between the spike RBD and hACE?2: hydrogen bonds are represented as black dashed lines.

The S2 subdomain has significant roles in spike protein trimerization and in mediating
the virion entry into the host cell once the molecular contacts have been established (136).
It is formed by relevant subdomains such as the transmembrane domain (TD) (residues
1296—-1317), which exerts both the spike anchoring to the outer side of the viral membrane
and the maintenance of the trimeric quaternary structure and a cytoplasm domain (CD)
(residues 1318-1353), which mediates viral assembly and cell-cell fusion. Furthermore, the
previously mentioned fusion peptide, a cleavage S2’ site (residues 815/816), and two heptad-

repeat domains (HR1/HR2) (residues 984—1104/1246—1295) are also part of S2 (137).
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1.7. Recent Studies for New Drugs

In view of the ongoing mutation of SARS-CoV-2 (such as Omicron), new clinical
studies have been addressed to small-molecule anti-CoV drugs, considering the convenience
and flexibility of oral administration and the large production capacity. These are
summarized in Table 1. Some clinical advances in the development of small-molecule drugs
targeting SARS-CoV-2 3CLpro have been reported by Hu et al. (138). The noncovalent,
reversible oral nonpeptidic SARS-CoV-2 3CL protease inhibitor clinical candidate, namely
S-217622 developed by Shionogi, has been deeply studied (139). This compound was
discovered via virtual and biological screening of an in-house compound library, and
optimization of the hit compound using a structure-based drug design strategy (140). It is
under evaluation in a phase III clinical trial (NCT05305547) and is a prospective oral
therapeutic option for COVID-19. Moreover, new viral and cellular pathways are currently
being investigated as potential targets to develop effective therapy to stop the pandemic

(141).

Recently, the nanoligomer treatment SBCoV207, which has been already validated
for its ability in mitigating uncontrolled immune response in SARS-CoV-2 infection (142),
has shown a high bioavailability and biodistribution to the lungs and produced no toxicity in
mice at 10 mg/kg, when administered via intranasal, intraperitoneal, or intravenous routes
(143). Opaganib (aka ABC294640), a drug targeting the sphingolipid metabolism and used
for the treatment of inflammatory diseases, also exhibited an antiviral activity towards
different viruses, including SARS-CoV-2. Particularly, opaganib reduced the mortality of
patients with moderately severe COVID-19 by about 62%, due to its ability to suppress
SARS-CoV-2 infection and replication by inhibiting three enzymes in sphingolipid
metabolism: sphingosine kinase-2, dihydroceramide desaturase and glucosylceramide

synthase. Thus, this drug may represent a safe alternative to remdesivir and dexamethasone
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with both antiviral and anti-inflammatory properties (144). Interestingly, G-quadruplexes

specific ligands, namely 5,10,15,20-tetrakis-(N-methyl-4-pyridyl) porphine (TMPyP4),

showed better antiviral effects than remdesivir on the Vero E6 cells, Syrian hamster and

hACE2 transgenic mouse model of SARS-CoV-2 infection, with no significant toxicity

(145). Most importantly, this study provided an alternative strategy for COVID-19 treatment

by targeting the secondary genomic structures of SARS-CoV-2, paying the way to the

rational design and synthesis of new safer agents.

Structure Name

Activity

S$-217622

Opaganib

5,10,15,20-tetrakis-(N-methyl-4-
pyridyl)porphine
(TMPyP4)

SARS-CoV-2 3CL protease inhibitor

Sphingosine kinase-2,
dihydroceramide desaturase and
glucosylceramide synthase inhibitor

CG-quadruplexes specific ligand

Table 1. New drugs for the treatment of COVID-19 (146).
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1.8. Potential Targets of Interest

Although targeting the SARS-CoV-2 main protease was successful in individuating
several clinical candidate drugs, and even led to the first approval of COVID-19 specifically
designed drugs, other drug discovery campaigns aimed at different viral targets are needed
for therapy diversification, potential combined and synergic treatment, and resistance

prevention (147,148).

Altogether, the SARS-CoV-2 genome encodes four major structural proteins, including
nucleocapsid (N), membrane (M), envelope (E), and the spike as mentioned earlier (S), plus
16 nonstructural proteins, encompassing the previously mentioned main protease (149).
Although Mpro plays a pivotal role in processing the SARS-CoV-2 viral polyproteins, it is
not the only component of the functional replicase complex that is required for the viral
spread process (150). Alongside it, a secondary but still relevant enzyme operates, namely
the papain-like protease (PLpro, the catalytic domain of protein nsp3) (151). Despite being
a cysteine protease like Mpro, PLpro exerts its enzymatic functions through a catalytic triad
composed of Cys111, His272, and Asp286 (152). Further, PLpro processes peptide bonds
located at the C-terminal end of LXGG motifs (153). Functionally speaking, this 343
residues segment which is part of the multidomain nsp3 protein is responsible for cleaving
the SARS-CoV-2 polyproteins at three different sites, resulting in the liberation of nspl,
nsp2, and nsp3 proteins (154). Moreover, PLpro is also responsible for cleaving post-

translational modifications on known regulators of host innate immune response (155).

As demonstrated by the approval of Remdesivir by regulatory agencies, another
valuable target for the development of COVID-19 drugs is represented by the RNA-
dependent RNA polymerase (RdRp)49. This complex machinery comprises four subunits,
including one nsp12, responsible for the catalytic activity of the assembly, one nsp7, and two

nsp8, with the latest two acting as cofactors (156). The assembled holoenzyme presides RNA
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replication, a process that results in the formation of nine subgenomic RNAs (157). The
active site of nsp12 resides in its C-terminal RdARp domain and includes residues spanning
from Thr611 to Met626, which are involved in binding one turn of double-stranded RNA,
while residues D760 and D761 are required for recognition of the 3’ end and essential for
RNA synthesis (158,159). Remdesivir binds within the active site, forming direct contact
with residues K545, R553, D623, S682, T687, N691, S759, D760, and D761 and blocking

the catalytic machinery by delaying the chain termination process (160,161).

During the RNA synthesis process, the RdRp interoperates also with nsp13 (helicase)
(162), an enzyme involved in unwinding the RNA secondary structure of the 5’ untranslated
section of viral genome (163) to increase the efficiency of the copy process (164,165). From
a structural perspective, the nspl3 is a 596 residue, triangular pyramid-shaped helicase,
which exploits its function thanks to the energy provided by its NTPase domain composed
of six conserved residues (K288, S289, D374, E375, Q404, R567) (166). Adding to its
helicase activity, the nsp13 active site also exerts RNA 5’ triphosphatase activity, further
highlighting its importance in the maturation process of the viral mRNA (167). The 5° end
of the newly synthesized mRNA is then subjected to post-translational modifications to boost
both its stability (preventing cleavage from exonucleases), protein translation, and viral
immune escape (168). This activity is sequentially carried out by two S-adenosyl-L-

methionine-dependent methyltransferases, namely nsp14 and nsp16 (169).

Specifically, the 527 residue nsp14 encompasses both a proofreading exoribonuclease
(ExoN) and an N7-methyltransferase enzymatic activity (170). Furthermore, it has recently
been suggested that it could encompass also a third, essential function for the viral replication
cycle, based on the fact that SARS-CoV-2 ExoN knockout mutants are nonviable despite the
95% sequence identity with SARS-CoV (171) and the conservation of important active site

amino acids including both the cap-binding residues (N306, C309, R310, W385, N386,
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N422, and F426) and the S-adenosyl methionine (SAM) binding residues (D352, Q354,

F367, Y368, and W385) (172,173).

After its cleavage by the Mpro, evidence suggests that it forms a binary complex with
nsp10 which cooperatively exerts the proofreading activity on fresh RNAs produced by the
RdRp machinery (174,175). Although the binary complex theory is the most prominent one,
an alternative hypothesis based on the formation of a ternary nsp10-nsp14-nsp16 has been
proposed due to the flexibility of the lid subdomain of nsp14 and the fact that nsp10 also

forms a heterocomplex with nsp16.

Particularly, the nsp16-nsp10 heterodimer is responsible for the 2° O-methyltransferase
activity that is required to complete the cap-0 — cap-1 conversion of mRNA that is initiated
by nspl4. While the catalytic activity entirely resides on nsp16, nspl0 portrays a support
role, aiding the recruitment of both the m7GppA-RNA substrate (which happens at a binding
site defined by residues K24, C25, L27, Y30, K46, Y132, K137, K170, T172, E173, H174,
S201, and S202) and the SAM cofactor (which binds in a pocket defined by N43, G71, G73,
G81, D99, D114, C115, D130, and M131), thus enhancing nspl6’s catalytic activity

(176,177).

Lastly, another essential target for coronavirus biology is represented by nsplS5, a
uridine-specific endoribonuclease (NendoU) (178). The active form of this enzyme is a
dimer of trimers, with each monomer composed of 345 residues organized in three different
domains: N-terminal, middle, and C-terminal NendoU, where the catalytic activity resides
(179). The active site contains six conserved residues: His250, His250, and Lys290, which
compose the catalytic triad, Thr341, Tyr343, and Ser294, with the latest associated with
selectivity in substrate recognition (180). Due to their localization within the hexamer,

cooperativity or anti-cooperativity between different binding sites is possible (181). Nsp15
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enzymatic activity involves the cleavage of both single- and double-stranded RNA at uridine

sites producing 2',3’-cyclic phosphodiester, and 5'-hydroxyl termini (182).

Functionally speaking, Nsp15 seems to directly participate in viral replication through
interference with the innate immune response. Indeed, to evade host pattern recognition
receptor MDAS responsible for activating the host defenses, the Nspl5 cleaves the 5'-
polyuridine tracts in (-) sense viral RNAs, though it has also been suggested that Nspl5

degrades viral RNA to hide it from the host defenses (183-185).
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CHAPTER 2 — Aim of the Research

SARS-CoV-2, responsible for the COVID-19 infection, is an RNA virus belonging
to the Coronavirus (CoV) family. This virus causes severe inflammation of the respiratory
tract epithelium and can lead to the death of the patient who is affected. There are currently
no valid drug therapies. It appears under the electron microscope as a crown (hence the
name) due to the presence of spike glycoproteins (S) on its outer envelope which facilitate
entry into target cells. This input depends on the binding of the S1 unit of the protein S to a
cell receptor, which facilitates the attachment of the virus to the surface of the target cells.
In particular, it engages the ACE2 as an entry receptor and the serine protease TMPRSS2 for
the activation of protein S. The ACE2 receptor is an important protein that regulates the
vasoconstriction processes of the arteries. This membrane protein is present on the cells of
the epithelium of the lungs, protecting them from damage that can be caused by infections
and inflammation, and is also expressed in heart, kidney and intestinal tissues. In severe
cases, SARS-CoV-2 infection can cause acute inflammation in the lung tissues causing

interstitial pneumonia, in which there is a reduction in gas exchange in the alveoli.

As well as for other viral infections (eg HIV, HCV, HBV), a multitarget and multidrug
antiviral therapeutic strategy that includes a drug treatment supported by a rationale

involving the use of several drugs in combination could be advantageous.

This could be achieved:

1 preventing the binding with the ACE2 receptor;
2 reducing the inflammation caused by SARS-CoV-2 and which seems to be involved in
the subsequent complication of a vasculitic nature that affects multiple areas of the body;

3 blocking the deposit of fibrin on the alveoli.

pag. 27



Therefore, we proposed to create a "multitarget and multidrug" system with molecules
made by total synthesis in order to be able to counteract the action of the virus on several
fronts and at various levels. For the realization of this research project, we will take care of
the various steps, from molecular modeling, to synthesis, to in vitro study, also making use
of experts in various sectors (virologists, pathologists, pulmonologists, intensivists,

internists) and experts in phylogenetic analysis.

The phylogenetic analysis will be used for a first screening of SARS-CoV-2
sequences to check if there are phylogenetic clusters that detect genetic differences between
the sequences. Furthermore, viral genome sequences will be analyzed to identify mutations

under positive selection and recombination events.

Recently the research group that will coordinate this project has already begun to
work on the idea proposed here by identifying a series of molecules, some of which have

already been subjected to computational calculations.

The whole study was take place in three phases (in the three years of the doctorate),
obviously interconnected, as phase 2 was start immediately at the end of phase 1 for each
class of compounds, as well as phase 3 was start for each molecule just completed. synthesis
and characterization. Obviously for some molecules already synthesized we could start

immediately from Phase 3, while for others already identified we was start from phase 2.

In general, the three phases in which the PhD project was be divided are the following:

Phase 1. Molecular Docking study on selected targets involved (in particular: spike proteins,
ACE?2 receptor, iPDE4B).

An idea, certainly to be developed, stems from the study of the chemical-pharmaceutical
properties of Gabesate, an in vivo inhibitor of serine proteases and characterized by a
guanidine grouping. This drug, has anticoagulant properties, is an inhibitor of inflammatory

cytokines (TNF-alpha and IL-6). TNF-alpha is a cytokine produced primarily by the immune
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system and is the first to be produced following infections. Many derivatives of this class
possess inhibitory activity against phosphodiesterases and in particular against PDE4. PDE4
is predominant in lung tissues, following its inhibition in inflammatory cells, there is an
increase in AMPc, and this generates an anti-inflammatory action producing a
bronchodilator effect. SARS-CoV-2 contains an extra "piece" in its genome, a sequence of
amino acids that is actually well known to virologists because it is common to some of the
most devastating viruses that affect humans, even if for the rest they are completely different
parasites among them: Ebola, HIV, highly pathogenic strains of avian flu, Zika and even
another coronavirus, MERS, which does not use the ACE2 receptor. Neuropilin is found on
the outside of our cells and binds to a lateral tract of the spike, the virus's hook protein.
Instead, ACE2 "sticks" with the top of the viral protein. If the receptors are both present, as
happens in some cells of the respiratory tract, the infectious power of the coronavirus is

expressed to the maximum degree ".

This first modeling phase will allow you to design and identify the lead compounds.

Phase I1I: Synthesis, for each class, of the lead molecule, physico-chemical characterization
and stability tests.

It should be emphasized that for all the types of molecules proposed, there are known
synthetic pathways, developed by the same researchers involved in the project, for similar
molecules. This obviously was allow the objectives identified in the modeling phase to be

achieved in a short time.

Phase I11: Biological testing of selected compounds in vitro on the virus and cytotoxicity
studies on uninfected human cells.

The active molecules was represent the prototype leads to investigate (in the second funding
phase) the mechanisms and molecular targets involved and from which to start for the design
and synthesis of even more effective analogues. Toxicity studies may also be performed ex

Vivo.
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CHAPTER 3 - Potential PDE4B Inhibitors against SARS-CoV-2
Infection

3.1. Introduction

SARS-CoV-2 is a member of the Coronavirus family responsible of the worldwide
pandemic of human respiratory illness COVID-19 (186). Several studies are addressed to
find new drug targets and vaccines to curb this disease (187-191). Among the different
involved targets, cyclic nucleotide phosphodiesterases (PDEs) are being investigated, a large
superfamily of enzymes which play a major role in intracellular signaling by controlling
tissue cAMP (cyclic 3',5'-AMP) and cGMP (cyclic 3',5'-GMP) levels in response to receptor
activation. Among the 11 subtypes of PDE family, PDE4 is the principal cAMP-metabolizing
enzyme found in the immune and inflammatory cells. The inhibition of PDE4 may induce
an increase in cAMP (192,193) and prolongation of the anti-inflammatory effect with a
consequent bronchodilator effect. Thus, PDE4 inhibitors have been proven as anti-
inflammatory agents against different pulmonary disorders through inhibition of the release
of inflammatory signals and cytokines (194). This inhibition has been addressed for diverse
diseases (195), including inflammatory diseases (196), the topical treatment of psoriasis
(197) and atopic dermatitis (198), cancer (199), inflammatory bowel diseases (200,201),
neurological disorders (202), diabetic nephropathy (203), and pulmonary dysfunctions in

COVID-19, such as chronic obstructive pulmonary disease (COPD) (204,205).

Several studies are being carried out on PDE4 inhibitors in order to understand their
mechanism of action. Our study was focused on rolipram and piclamilast (RP 73401) (Fig.
7) (206,207). Rolipram (4-(3-cyclopentyloxy-4-methoxyphenyl)-2-pyrrolidone, A, Fig. 7)
was designed as a COPD therapeutic target acting as a PDE4 inhibitor (208,209). PDE4

inhibition by piclamilast (3-cyclopentyloxy-N-(3,5-dichloropyridin-4-yl)-4-
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methoxybenzamide, B, Fig. 7) was effective in preventing blast-induced long-term
potentiation deficits (210). A possible mechanism of action responsible of the anti-
inflammatory and immunomodulatory effects of this class of compounds has been recently
suggested by Nguyen et al. (211) for tanimilast, a new potent and selective inhaled inhibitor
of PDE4 in advanced clinical development for the treatment of COPD. The study was carried
out in vitro on a model of dendritic cell activation by SARS-CoV-2 genomic ssRNA (SCV2-
RNA). Tanimilast lowered the release of pro-inflammatory cytokines (TNF-a and IL-6),
chemokines (CCL3, CXCL9, and CXCL10) and of Thl-polarizing cytokines (IL-12, type I

IFNs).

Figure 7. PyMOL version of rolipram (A) and piclamilast (B).

PDE4, which consists of different isoforms (212), comprises four subtypes, PDE4A,
B, C, and D. Non-selective PDE4 inhibitors, which bind all four PDE4 subtypes
simultaneously, produce many promising therapeutic benefits, accompanied however by
unwanted side effects, principally, nausea, diarrhea, and emesis (213); they may also induce
gastroparesis, as demonstrated in mice (214). Thus, the selective inhibition of a single
subtype may be addressed. In particular, our study was aimed to the PDE4B subtype, that
has been related to diverse activities. PDE4B inhibitors have been also suggested as
promising therapeutic targets for Pseudomonas aeruginosa, which is a frequent cause of

hospital-acquired lung infections (215) and other molecules have been designed and studied
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as potential PDE4B inhibitors to reduce or block inflammatory processes of the respiratory
tract (216,217). Indeed, PDE4B regulates the pro-inflammatory toll receptor—tumor necrosis

factor a pathway in monocytes, macrophages and microglial cells.

Interestingly, it has been demonstrated that PDE4B, which is the predominant form
in the immune and respiratory systems, is involved in human respiratory illness coronavirus
disease 2019 (COVID-19), the worldwide pandemic caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) (218,219). Therefore, it represents molecular target
for anti-inflammatory and antiviral drugs. Unfortunately to date, the development of
selective PDE4B inhibitors is not easy as the amino acid sequence of the PDE4 active site is
identical in all PDE4 subtypes (PDE4A-D) (221). However, recently a modeling study was
carried out on PDE4B and PDE4D active cavity (222). Among the PDE4 selective inhibitors,
roflumilast, which shows higher affinity to PDE4B than PDE4A, C and D, represents a
potential and effective therapy for COVID-19 (223). Moreover, a PDE4B selective inhibitor,
BI 1015550 has been proposed as a clinical drug candidate for the oral treatment of
idiopathic pulmonary fibrosis (224). In this view, aim of our work was the design of new
selective inhibitors of PDE4B as potential therapeutic agents for COVID-19 disease.
Specifically, twenty-one in house molecules were examined and correlated to the structures
of piclamilast and rolipram in order to seek greater possible interactions with the catalytic

site of the A chain of PDE4 (225).

Recently, a modeling study was carried out on PDE4B and PDE4D active cavity
(226). Piclamilast and rolipram were chosen since in the literature they are among the major
PDEA4 inhibitors (ICso = 1.1 nM and 1200 nM for piclamilast and rolipram, respectively)
(227). The magnesium and zinc ions present at the catalytic site of PDE4B were taken into
account for the docking study, by using AutoDock Vina software, as they could be involved

in PDE4B inhibitory activity. Drug likeness predictions, i.e. physicochemical-
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pharmacokinetic and ADME (absorption, distribution, metabolism, and excretion)
properties, of the studied compounds have also been performed. These studies will allow us
to select the best compounds to be proposed for future in depth in vitro and/or in vivo studies.
We are confident that the identification of potentially active molecules could be important
for the discovery and development of new drugs for COVID-19 and at the same time useful

for the study of the molecular mechanisms involved in this devastating disease.
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3.2. Rationale for Molecular Docking Studies

A molecular docking study was performed on piclamilast and rolipram in the
catalytic site of PDE4B, located mainly on the A chain of PDE4B (PDB code: 1XM4) (228).
AutoDock Vina was used for docking (229). The magnesium and zinc ions present at the
catalytic site of PDE4B were also considered. With this study it is possible to predict the
structure of the ligand-protein intermolecular complex, and to establish what in the jargon is
called Pose or Binding Mode, that is the position, orientation and conformation that each
individual ligand assumes on the surface of the biological receptor macromolecule. All the
side chains of the flexible amino acid residues selected have been included in the flex file,
that is, those side chains, present in the active site on the A chain of PDE4B in that could
have a probable interaction with the ligand (Fig. 8). In particular, the selected residues are:
ARG409, ASN'235, ASN'283, ASN'395, ASP'275, ASP'346, ASP'392, CME'432,
GLN'284, GLN'443, GLU 304, HIS 234, HIS'238, HIS'274, HIS'278, HIS 307, ILE 410,
ILE'450, LEU'303, LEU'393, MET 347, MET 411, MET 431, PHE 414, PHE 446,
SER'229, SER'236, SER'282, SER'348, SER'429, SER' 442, THR'345, THR'407,
TYR'233, TYR'403, TYR449. Also for the ligand a file with the extension .pdbqt has been
created, in which its atoms have been defined; its potentials and its degrees of freedom. This

last process was obviously repeated for all ligands tested.
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Figure 8. Catalytic domain of human phosphodiesterase 4B in complex with piclamilast (in
magenta,).

Piclamilast is a selective second-generation PDE4 inhibitor with important anti-
inflammatory effects (229). It has been studied for its applications in the treatment of
conditions such as COPD, bronchopulmonary dysplasia, and asthma. It acts through the
selective inhibition of the four PDE4 isoforms (PDE4A-D), while shows no inhibition of the
other PDEs (230). PDE4 isoforms are particularly important for inflammatory and
immunomodulatory cells. They are the most common PDE in inflammatory cells such as
mast cells, neutrophils, basophils, eosinophils, T lymphocytes, macrophages, and structural
cells such as sensory nerves and epithelial cells. Inhibition of PDE4 blocks the hydrolysis of
cAMP thereby increasing the levels of cAMP within the cells. cAMP suppresses the activity
of immune and inflammatory cells, thus, the inhibition of PDE4 in a mouse model of induced
chronic lung disease demonstrated anti-inflammatory properties, determined the reduction
of pulmonary fibrin deposition and alveolar vascular loss, and prolonged survival in
hyperoxia-induced neonatal lung injury. Moreover, a PDE4 inhibition study in a mouse
model of allergic asthma showed that piclamilast significantly improved lung function,
airway inflammation and goblet cell hyperplasia. Recently, the neuroprotective effect of

piclamilast has been studied. It has been suggested that post-ischemia pharmacological
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treatment with piclamilast determines an improvement of cerebral ischemia—reperfusion
injury in mice (231). The docking study with piclamilast gave the following resulting poses

(Table 2).

Table 2. Docking study with piclamilast. The average rmsd of the poses are compared with
pose 1.

pose R:}Elnnl%y?'n fl:cgz}l’l /mol) rmsdLb. rmsdu.b.
1 -10.1 0.000 0.000
2 -9.5 0.851 1.392
3 -9.4 0.807 2.110
4 -8.4 1.023 2.553
5 -8.4 1.480 2.512
6 -8.0 1.276 2.087
7 -7.8 1.624 4.096
8 -7.8 1.734 2.126
9 -1.7 1.520 2.351

The docking results show a similar bonding energy for pose 2 and pose 3, equal to -9.5
and -9.4 kcal/mol, respectively. The nine poses obtained from the docking were compared
to the pose of piclamilast obtained experimentally with PyMol.

Rolipram is a selective PDE4 inhibitor discovered and developed as a potential
antidepressant drug in the early 1990s. It has been used as a prototype molecule for drug
discovery and pharmaceutical research development by several companies. The study on
rolipram was stopped after clinical trials showed that its therapeutic window was too narrow;
it could not be used at levels high enough to be effective without causing significant
gastrointestinal side effects. Nevertheless, rolipram has several activities that make it a
continuing target for research (232-235). Rolipram has been used to study whether PDE4
inhibition could be useful in autoimmune diseases, Alzheimer's disease, cognitive
enhancement, spinal cord injury, and respiratory diseases such as asthma and COPD (236).
In this study, rolipram was used to better understand the exact level of exhaustiveness to be
used to set the data when starting molecular docking. The data obtained with an
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exhaustiveness of 16 are satisfactory and comparable to those obtained with piclamilast. The

results of the docking study with rolipram gave the following poses (Table 3).

Table 3. Docking study with rolipram. The average rmsd of the poses are compared with
pose 1.

pose ?:}glnnl%y?'n fl:cgz}l,ﬂmol) rmsdLb. rmsdu.b.
1 -8.4 0.000 0.000
2 -8.4 1.124 2.156
3 -8.2 1.322 3.113
4 -8.2 1.291 2.763
5 -8.1 1.355 2.998
6 -8.1 1.602 2.875
7 -7.8 1.237 1.902
8 -1.7 1.354 2.961
9 -7.5 1.458 2.124

The docking results show the same binding energy for pose 1 and pose 2, equal to -
8.5 kcal/mol. The nine poses obtained from docking were compared with the data obtained
experimentally by PyMol. The conformation that overlaps almost perfectly is pose 1 (Fig.

9).

Figure 9. Comparison between the crystalline structure of piclamilast (in magenta), with
pose 1 of the docking of rolipram (in blue). Part of the catalytic site of PDE4B with part of
the flexible residues is visible in green.

From the data obtained with different degrees of exhaustiveness (4, 8, 12, 14, 16, 20)

for piclamilast and rolipram, we concluded that level 16 was the most favorable gave the
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results most similar to the experimentally obtained structure and it was therefore chosen for
the docking of all the synthetic compounds.

Docking studies were subsequently carried out on 21 compounds designed in our
laboratories and with structural similarity with both rolipram and piclamilast with an
exhaustiveness level of 16 for all the molecules under examination (237,238). Some of them
are described in the literature for their synthesis and/or biological activities (239-246).
Docking studies will help us to verify the possible inhibitory activity of our synthetic
molecules and predict the possible interaction on the catalytic site of PDE4 in vitro. The
different energy levels of molecules under study, along with their molecular structure, are
represented in Table 4.

Table 4. Energy levels of the first 5 poses out of a total of 9 of each molecule (whose name

is indicated in the first column) with an exhaustiveness level of 16, obtained by molecular
docking compared to piclamilast and rolipram with the program AutoDock Vina.

compd structure 2 3 4 5

piclamilast @ Y©: /O -10.1
rolipram o;{j/©:o/ : -8.4 -8.4 -82 82 -8.1
N
H

9.5 94 -84 -84
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Both compounds 8 (pose 3) and 17 (pose 1) interact with PDE4B mainly through

hydrophobic interactions (Fig. 10A,B). In the docking solutions the two compounds are

deeply buried into the active site of PDE4B, which covers about 90% of their accessible
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surface area, and are interacting mostly with the same PDE4B residues as well as with the
two divalent cations. It is especially noteworthy that aromatic rings of both 8 and 17 form
n-7 interactions with F446, which together with Q443 bind cAMP as part of the active site.
Compound 17 makes an additional hydrogen bond with S282 and a very strong bond with
Mg?" (Fig. 10B). Compared to piclamilast and rolipram, which both make two hydrogen
bonds with Q443 and otherwise bind many of the same residues and the ions as compound

8 and 17, these new compounds are interacting with many more residues in the active site,

probably due to the potential of their slightly larger size.

Figure 10. Docking of compounds 8 and 17 in the active site of PDE4B. Compound 8 (pose
3 in A) is shown with carbons in green and compound 17 (pose I in B) with carbons in
orange. The molecular surface of PDE4B is displayed in light blue and the flexible side
chains with carbons in magenta, of which the ones interacting with the ligands are labelled.
Strong interactions and hydrogen bonds are indicated with dashed yellow lines and 7-r
interactions with transversal yellow lines. Rolipram and piclamilast are shown in lines with
carbons in yellow and magenta, respectively.
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3.3. Drug Likeness Predictions — Physicochemical -
Pharmacokinetic’ ADME Properties

Drug-likeness is one of the qualitative ideas employed for predicting drug-like property.
It is designated as an intricate balance of diverse molecular and structural features which
assesses qualitatively the chance for a molecule to become an oral drug with respect to
bioavailability. The targeted molecules were appraised for predicting the Drug-likeness
based on 5 separate filters namely Egan, Ghose, Muegge, Veber and Lipinski rules
accompanying bioavailability and Drug-likeness scores using the Molsoft software and
Swiss ADME program (http://swissadme.ch) using the ChemAxon’s Marvin JS structure
drawing tool (247). Drug-likeness was established from structural or physicochemical
inspections of development compounds advanced enough to be considered oral drug-
candidates. Drug likeness is examined as an important part that provides the base for the
molecules to be a powerful oral drug candidate. Various rules viz. Lipinski, Ghose, Veber,
Egan, and Muegge were considered to measure Drug-likeness of the candidate compounds
to find out whether they can be bioactive oral drug candidates according to some acute
criterion like molecular weight, LogP, number of hydrogen bond acceptors and donors. The
number of violations to the above-disclosed rules along with bioavailability and Drug-

likeness scores are given in Table 5.

Table 5. Drug likeness predictions and Physicochemical-Pharmacokinetic’/ADME
properties of tested compounds.

Lipinski,
Ghose, - pioavail  Prug-
MW Number Number Log Poiw Log S¢ TPSA® BBB GI Veber, ability likeness
of HBA* of HBD* (iLOGP)® g permeant! absorption Egan, and Score model
Muegge score
violations
251.24 5 0 2.28 Soluble 81.35 No High 0 0.55 -1.20
31821 1 0 3.09 Poorly 14.16 Yes High 0 0.55 111
soluble
29341 2 | 346 ~ Moderately 5, Yes High 0 055  0.40
soluble
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S

9]
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|

320.45

461.38

288.18

328.16

0.00

0.00

3.02

2.84

Moderately
soluble

Poorly
soluble

Poorly
soluble

Moderately
soluble

11.41

11.41

60.55

Yes High
No High
Yes High
Yes High

0.55

0.55

0.55

0.55

0.09

0.40

-1.60

-0.46

9

310.35

259.34

309.36

251.32

323.58

323.58

318.17

343.42

3

1

3.04

3.07

3.40

2.61

2.52

3.31

Moderately
soluble

Moderately
soluble

Moderately
soluble

Moderately
soluble

Moderately
soluble

Moderately
soluble

Moderately
soluble

Moderately
soluble

52.49

31.23

40.46

20.31

43.60

43.60

55.63

55.63

Yes High
Yes High
Yes High
Yes High
Yes High
Yes High
Yes High
Yes High

0

0.55

0.55

0.55

0.55

0.55

0.55

0.09

-0.72

-0.77

-0.04

-0.55

-0.38

0.07

0.37

318.17

281.26
203.19

221.21

3

6
3
4

1

0
1
2

2.54

2.57
1.65
1.54

Moderately
soluble

Soluble
Soluble
Soluble

55.63

90.58
59.16
71.55

Yes High
No High
Yes High
Yes High

0.55

0.55
0.55
0.55

0.10

-1.18
-1.30
-1.10

a) number of hydrogen bond acceptors; b) number of hydrogen bond donors; c) lipophilicity; d) Water solubility (SILICOS-IT
[S=Soluble]); e) topological polar surface area (A2); f) Blood Brain Barrier permeant.

The results revealed that none of the compounds violated any rule and their

bioavailability score was around 0.55. All the tested molecules were able to pass the blood-

brain barrier (BBB) except compounds 1, 5 and 19. All compounds exhibited moderate to

good Drug-likeness scores ranged from -1.60 to 0.40. The bioavailability radar of best

predicted compounds is displayed in Figure 11. Compounds 8 and 17 appeared to be the
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most promising in the in silico predictions with a Drug-likeness score of -0.73 and 0.12

respectively, without any rule violation.

 Molecule 3| Molecule 16
LIPO LIPO
FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR

INSOLU INSOLU
— Drugs — Drugs
—— Non-drugs —— Noh-drugs
— Your compound —— Your compound

.

r T T T T
-6.00 -4.00 -2.00 0.0L) 2.00 4.00 6.00 -I6.00 -:1.00 -I2.00 OI.OL) 2I.00 4I.00 6.00

Figure 11. Bioavailability Radar of the tested compounds. The pink area represents the
optimal range for each property for oral bioavailability, (Lipophilicity (LIPO): XLOGP3
between -0.7 and +5.0, Molecular weight (SIZE): MW between 150 and 500 g/mol, Polarity
(POLAR) TPSA between 20 and 130 A%, Solubility (INSOLU): log S not higher than 6,
Saturation (INSATU): fraction of carbons in the sp3 hybridization not less than 0.25, and
Flexibility (FLEX): no more than 9 rotatable bonds.

Moreover, all the tested compounds displayed high gastrointestinal (GI) absorption and
most of them are P-gp (p-glycoprotein) non-inhibitors. The predictions for the passive BBB
permeation, HIA (human gastrointestinal absorption), and P-gp substrates are displayed

together in the BOILED-Egg diagram as shown in Figure 12.
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Figure 12. BOILED-Egg diagram of the selected compounds 1-21

The early evaluation of ADMET properties of drug candidates play important role in
the research and development of new drugs. Taking into account that existing methods for
evaluating ADME-Tox properties are expensive and time-consuming and usually require
extensive animal testing the computer modeling techniques for ADME-Tox prediction are
more preferable method in early drug discovery. Thus, “drug-like’ molecules were evaluated
in silico for their ADME properties (Table 6) in order to rapidly screen multiple properties
(248). Compounds that have been predicted to exhibit high blood-brain barrier, low water
solubility and poor Caco2-permeability were excluded from potential hits. The server

pkCSM (249) was used for this purpose. pkCSM relies on graph-based signatures. These
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encode distance patterns between atoms to represent the small molecule and to train

predictive models (250).

Table 6. The main pharmacokinetic descriptors studied on pkCSM predictive models.

Absorption Distribution Metabolism
No P-glycoprotein
Wsol Caco2 HIA substrate BBB CNS Cyp2d6s CYP3Ad4s

1 -3.366  1.002  96.865 No -0.581 -2.517 No Yes
2 -6.939 1.072  96.683  Yes 0.895 -1.470 No Yes
3 -4.182 0977 92785  Yes 0.857 -1.937 Yes Yes
4 3913 1.380 94.520  Yes 0.928 -1.617 Yes Yes
5 -4.419 0971 92.957  Yes 0.982 -1.561 Yes Yes
6 -5.837  1.177  96.071  Yes 0.712 -1.321 No Yes
7 -4.098 1.293 94354 No 0.003 -2.916 No No
8 -3.293 1375 97.884 No -0.011 -2.881 No No
9 -3.929 1394 95590  Yes 0.259 -2.067 No Yes
10 -3.471 1368 95921 No 0.338 -2.159 Yes Yes
11 5694 1.085 95294 No 0.038 -1.524 No Yes
12 -3.790 1.730 93.813 No 0.445 -1.020 Yes Yes
13 2650 1362 92431 No -0.345 -1.700 No Yes
14 -2.688 1374 92736 No 0.336 -1.711 No Yes
15 -2.710 1.315 91.839 No 0.162 -2.738 No Yes
16 -2496 0.028 91.873  Yes 0.068 -2.122 No Yes
17 -2.680 1.326 94734 No 0.277 -1.743 No Yes
18 -2.672 1312 91268 No 0.166 -2.781 No Yes
19 -3.844 1.174 97.077 No -0.815 -2.660 No Yes
20 -2.012 1206 94222 No -0.169 -2.429 No No
21 -2.888 1.173  93.615  Yes -0.320 -3.027 No No

WSol, Water solubility in 25 °C (mg/L); Caco2, permeability of Caco?2 cell line (Papp in x10°% cm/s) high permeability of
Caco2 would translate in values > 0.90; HIA, human intestinal absorption (% Absorbed); BBB, represents the BBB
permeability as logBB (the logarithmic ratio of brain to plasma concentrations) LogBB>0.3 cross the brain, while logBB<-
1 is poorly distributed to the brain; CNS, blood-brain permeability-surface area product as (logPS) compounds with
logPS>-2 are considered to penetrate the CNS; CYP2DG6s, substrate for CYP450 isoform 2D6,; CYP3A4s, substrate for

CYP450 isoform 3A44.
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In order to identify new molecules to be investigated for the fight against COVID-19, a
docking study, through the AutoDock Vina program, was carried out. The possible
interactions of twenty-one in house compounds with the catalytic site of the A chain of
PDE4B were investigated, identifying the poses of the molecules with high similarity to
piclamilast and rolipram in the most favorable spatial conformation of interaction with the
catalytic site of PDE4B. These compounds were inserted into the pocket of the catalytic site
of the PDE4B and in many cases they overlapped piclamilast almost completely. The
obtained results indicated that the designed compounds may represent promising ligands for
PDE4B receptors and therefore they deserve further in-depth in vitro studies. Moreover,
Drug-likeness were carried out on these compounds. The most interesting compounds in the
in silico predictions were 8 and 17 showing Drug-likeness scores of -0.73 and 0.12,

respectively, without any rule violation.
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3.4 Design of Human Transmembrane Protease Serine-2 (TMPS2)
Inhibitors Guanidine Derivatives against SARS-CoV-2 Infection

The SARS-CoV-2 infection depends on the host cell ACE2 and TMPRSS2, where
the virus uses ACE2 for entry and TMPRSS2 for S protein priming. The TMPRSS2 gene
encodes a Transmembrane Protease Serine-2 protein (TMPS2) that belongs to the serine
protease family (Figure 13) (251). Docking of TMPS2 inhibitors (camostat, nafamostat,
gabexate), using Auto dock Vina software, into the constructed model was performed and
the protein-ligand complexes were subjected to MD simulations and computational binding
affinity calculations. After these studies, we designed some guanidine derivatives, which
were then synthesized. These studies determined the tertiary structure of TMPS2 amino acid
sequence and predicted how our synthetic guanidine derivatives bind to the model, which is
important for drug development for the prevention and treatment of COVID-19. We
subsequently carried out molecular docking studies with our guanidine-structured molecules
to select those that bind more in relation to the bond between gabesate and TMPS2. Below,
structures of the gabesate and our synthetic compounds, are reported, in pymol format,
necessary to carry out the molecular docking through the Auto dock Vina program. The
synthesis of the selected molecules is in progress; in vitro studies on the virus and

cytotoxicity studies on non-infected human cells will then be performed.

ACE2 receptor \
blockers TMPS2 inhibitors

Figure 13. Therapeutic approaches for treatment of COVID-19 either by
ACE?2 receptor blockers, TMPS?2 inhibitors or spike vaccine.
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The research project involves the design of molecules that prevent the binding with the
ACE2 receptor, together with the design and synthesis of molecules capable of reducing
oxidation and inflammation processes. At the same time,a molecular docking study had to
be carried out on several classes of molecules and on selected targets involved (spike protein,
ACE2 receptor, TMPRSS2 serineprotease). Docking of TMPS2 inhibitors, camostat,
nafamostat, gabexate, using Auto dock Vina software, into the constructed model was
performed and the protein-ligand complexes were subjected to MD simulations and
computational binding affinity calculations. After these studies, new guanidine derivatives
were designed and synthesized. These studies determined the tertiary structure of TMPS2
amino acid sequence and predicted how our synthetic guanidine derivatives bind to the
model, which is an important goal in drug development for the prevention and treatment of
COVID-19. We subsequently carried out molecular docking studies with our guanidine-
structured molecules to select those that bind more in relation to the bond between gabexate

and TMPS2 (Fig. 14) (252,253).
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Figure 14. Interaction between gabesate and domain of the TMPS2
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CHAPTER 4 — Results and Discussion

The compounds that had given the most interesting results in molecular docking studies
for the inhibition of PDE4B were synthesized along with the compounds structurally related
to gabesate that possessed the chemical characteristics capable of interacting with the pocket
binding to the ACE2 receptor. For the PDE4B the most interesting compounds that gave
encouraging results in molecular docking studies were compounds M1 and M5 (8 and 17 in
ref. 254, respectively). Then, in vitro tests were carried out on these samples. The studied
compounds are summarized in Table 7. The purity of the new compounds was assessed by

elemantal analysis.

Table 7. Structures of the studied compounds

Number in
ref. (254)

MeO 0
m—/( M1 8 Ref. 254
MeO H OCH,CH3

Cl

NZ N\
Cj[h? M2 14 Ref. 254

Structure Compd Elemental analysis

N

Br

MeO OEt
A\ M3 7 Ref. 254
MeO H 0
O

(L>\ M4 5 Ref. 254

i

N\\//N(Meh+r

\N/

NZ~ | N\>
k\N N MS5 17 Ref. 254
\\©\Br
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Specifically, PDE4B inhibition studies were carried out on compounds M1-MS8.

ACE?2 receptor inhibition was studied for three classes of compounds:

1) Class A — pyrrolidinone derivatives: FG1, FG2, FG4, FGS and FG8
2) Class B — guanidine or biguanidine derivatives: FG3, FG6 and FG7

3) Class C — quaternary salts: FG9 and FG10
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4.1. Chemistry

The synthesis of compound M2 (9-[(4-bromophenyl)methyl]-6-chloro-9H-purine) is shown
in Scheme 1. 6-Chloropurine was reacted with 4-bromobenzyl bromide in the presence of

potassium carbonate in N,N-dimethylformammide.

Br

Cl Cl
= =z N
cry - o
DMF
Ny : Xy N

Br
Br

Scheme 1. Synthesis of compound M2 (Sample 14)

Compound M4 (4-[(9H-carbazol-9-yl)methyl]-N, N-dimethylpiperazin-1-amine) was
prepared as depicted in Scheme 2. Carbazole was reacted with 1,6-dibromohexane in the
presence of sodium carbonate in DMF under reflux. The bromo derivative obtained was
reacted with N, N-dimethypiperazin-1-amine. The amine was then converted into its iodide

salt by reaction with iodomethane in acetonitrile under reflux.

Na CO,
+  Br(CH,)Br ——— >
N DMF, reflux N
H

6 Br
/N /
HN N—N
/N
N <
CH3CN, reflux N

(

"l B ™

“\'\ \\/N\ -
.

Scheme 2. Synthesis of compound M4
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Compound M5  (9-[(4-bromophenyl)methyl]-N, N-dimethyl-9H-purin-6-amine)  was
obtained as reported in Scheme 3. 9-[(4-Bromophenyl)methyl]-6-chloro-9H-purine,
prepared as above described, was reacted with dimethylamine in ethanol to give the desired

compound.
\N/

CH.) NH = N
(CH), N | $>
N

N N C,HOH k\
N
Br
Br

Scheme 3. Synthesis of compound M5
Compound M8 (4-[(9H-carbazol-9-yl)methyl]-N, N-dimethylpiperazin-1-amine) was
prepared as depicted in Scheme 4. Carbazole was reacted with 1,3-dibromopropane in the
presence of sodium carbonate in toluene under reflux. The bromide obtained was then
reacted with N, N-dimethyl-2-(4-methylpiperidin-1-yl)ethanamine in the presence of sodium
carbonate in toluene under reflux. The amine was then converted into its iodide salt by

reaction with iodomethane in acetonitrile under reflux.

Na,CO,
+  Br(CH,),Br———»
N toluene, reflux N
H

NaZCO3
toluene

reflux

it O O
O N O CH,CN, reflux NL)\
A (
; C‘ ; C‘ v

N SNy, T

Scheme 4. Synthesis of compound M8
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Pyrrolidinone derivatives belonging to class A (FG1, FG2, FG4, FGS and FGS8) were
synthesized as described below. Specifically, the synthetic route to compounds FG1, FG2,
FG4 and FGS is depicted in Scheme 5. N-(3-aminopropyl)aklylamides were reacted with 4-
chlorobutyryl chloride in the presence of NaxCOs in toluene under reflux. The amido

derivative obtained was cyclized to the corresponding pyrrolidinone derivative.

CICO(CH,) C1 Q
/\/\ Na, CO R! NN Na Co, /\/\
NH, —2 3 » N NH
2 toluene, reflux 2 H DMF, reﬂux
R (e}

FG1: R'=R?=Ph

FG2: R' = H; R% = indolyl cl
FG4: R" = Ph; R? = cyclohexyl

FG5: R' = H; R? = 5-OMe-indolyl

Scheme 5. Synthesis of compounds FG1, FG2, FG4 and FG5
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4.2. In Vitro Studies

4.2.1. Studies on Human PDE4B

The effect of synthesized compounds was evaluated by using the Human PDE4B (cAMP-
specific 3',5'-cyclic phosphodiesterase 4B) ELISA Kit, a quantitative sandwich enzyme
immunoassay. The results of ELISA immunoassay are shown in Figure 15. The intensity of
colored product significantly decreased in the presence of 100 nM of both compounds M1
and M2. When the compounds were used at the concentration of 10 uM, a reduction was
obtained after treatment with M1, M2, M3 and M6. These preliminary results indicated that
M1, M2, M3 and M6 bind to human PDE4B by impacting on the interaction with the

specific antibody and potentially by affecting PDE4B activity.

1 L W 100 nM
I 1 10 M
100- L
—_ T I
S il e i
Q
Q
c
(3]
0
o
O 50-
o)
<
04 : i

T T T T T T -
cC MM M2 M3 M4 M5 M6 M7 M8

Figure 15. Results of ELISA immunoassay for human PDE4B are reported. These
preliminary results indicated that M1, M2, M3 and M6 bind to human PDE4B by impacting
the interaction with the specific antibody and potentially by affecting PDE4B activity.
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4.2.2. Angiotensin II Converting Enzyme (ACE2) Inhibition Studies

Compounds FG1-FG10 were studied for their inhibiting activity of ACE2. The stock
solutions of all the molecules (FG1:FG10) were prepared by solubilizing the powders in
DMSO, thus obtaining a starting concentration of 10 mM for all. ACE2 activity was
measured using Angiotensin II Converting Enzyme (ACE2) Inhibitor Screening Kit (cat. No.
MAK378, Sigma-Aldrich, St. Louis, MO, USA). The assay was performed in triplicate,
using an aliquot of 10 pL of each sample and following the manufacturer’s protocol. The
inhibitory activity of all ten molecules was evaluated at a final concentration of both 10 uM
and 1 uM. Fluorescence was read using a VICTOR Nivo Multimode Microplate Reader
(PerkinElmer). The % relative inhibition of each molecule determined at the concentration
10 uM and 1 uM are reported in the tables below. The compounds with the greatest inhibitory

action on the ACE2 receptor are FG1 and FG2.

SAMPLE (10 pM) % Inhibition
ACE2 0
ACE2 +
Commercial 98,66526569
Inhibitor
ACE2 + FG1 -6,632252664
ACE2 + FG2 5,646919307
ACE2 + FG3 -10,51254774
ACE2 + FG4 -10,03121676
ACE2 + FG5 -4,305819571
ACE2 + FG6 5,939903385
ACE2 + FG7 2,275858461
ACE2 + FG8 -7,865227324
ACE2 + FG9 0,408084965
ACE2 + FG10 8,381437366
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SAMPLE (1 pM)

% Inhibition

ACE2 0
ACE2 +
Commercial -20,40599222
Inhibitor
ACE2 + FG1 20,62224237
ACE2 + FG2 25,14082419
ACE2 + FG3 6,80141609
ACE2 + FG4 -25,80003837
ACE2 + FG5 1,072530999
ACE2 + FG6 -6,688059155
ACE2 + FG7 0,709788807
ACE2 + FG8 -7,696063898
ACE2 + FG9 0,340070804
ACE2 + FG10 -20,40599222

pag. 59



CHAPTER 5 — Materials and Methods

5.1. Chemistry

The progress of the reactions and the purity of the synthesized products were monitored by
thin layer chromatography (TLC), using aluminum plates covered with Whatman K6F silica
gel (or Merck-25 DC-Alufolien Kiesegel 60 F254) and alumina (Merck) with fluorescence
indicators, using the appropriate eluents and observed under ultraviolet light (254 nm). The
organic extracts were dried on anhydrous sodium sulphate (Merck) or on anhydrous
magnesium sulphate (Riedel - De Haen). The melting points were determined with
Gallenkam apparatus. As solid supports for liquid chromatography adsorption were
employed Silica Gel 60 (Merck) and Alumina 90 (Merck) and celite 545. The concentration
of the solutions, after reaction and extraction, was carried out at reduced pressure with a
Buchi Rotavapor apparatus. IR spectra were performed in KBr with a Shimatsu 8000
spectrophotometer. '"H NMR spectra were obtained with Bruker Advance 300 and 600
spectrometers MHz using DMSO-ds as solvent, at the Faculty of Pharmacy of L. University.
Pasteur I of Strasbourg and at the Faculty of Pharmacy of the University of Salerno. The
mass spectra were carried out with a Finnigan LCQ Deca spectrophotometer, at the Mass

Spectrometry center of the CNR in Cosenza.

5.2. Human PDE4B Elisa Assay

The Human PDE4B (cAMP-specific 3',5'-cyclic phosphodiesterase 4B) ELISA Kit
(Code number: HUEB0664 Creative Diagnostics, Shirley, NY), a quantitative sandwich
enzyme immunoassay, was carried out following the manufacturer’s recommendations.
Briefly, the human PDE4B (5 ng/mL) was incubated in a 96-well plate together with a

biotinylated antibody specific for PDE4B, in the presence of absence of synthesized
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molecules (M1-M8) at the concentration of 100 nM and 10 pM, respectively. Each
compound was dissolved in DMSO to make stock solutions and then sterile water was used
for dilutions. After incubation and washing, the enzyme Streptavidin- horseradish peroxidase
(Streptavidin-HRP) was added, incubated and washed. The binding between the enzyme
Streptavidin-HRP and the biotinylated antibody specific for PDE4B, carried out in the
presence of 3,3',5,5'-tetramethylbenzidine (TMB) substrate, induced the formation of the
colored reaction product. In our experiments, we related the intensity of coloration to the
interaction between human PDE4B and synthetic molecules which can inhibit the

antibody's ability to bind.

5.3. Angiotensin II Converting Enzyme (ACE2) Inhibition Screening
Studies

The stock solutions of all the molecules (FG1-FG10) were prepared by solubilizing the
powders in DMSO, thus obtaining a starting concentration of 10 mM for all. ACE2 activity
was measured using Angiotensin II Converting Enzyme (ACE2) Inhibitor Screening Kit (cat.
No. MAK378, Sigma-Aldrich, St. Louis, MO, USA). The assay was performed in triplicate,
using an aliquot of 10 pL of each sample and following the manufacturer’s protocol. The
inhibitory activity of all ten molecules was evaluated at a final concentration of both 10 uM
and 1 pM. Fluorescence was read using a VICTOR Nivo Multimode Microplate
Reader (PerkinElmer). Two time points were chosen (T1=105s and T2=370s, in the linear
range of the graph) and the corresponding fluorescence values were obtained (RFU1 and
RFU2, RFU = Relative Fluorescence Unit). The slopes were therefore calculated for all the
samples, and it was possible to calculate the % relative inhibition of each molecule using the

formula:

, s Slope EC — Slope S
% Relative Inhibition = Slope EC * 100

(EC = Enzyme control (ACE2, no inhibition), S = sample (ACE2 + molecule)
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CHAPTER 6 — CONCLUSIONS

The novel COVID-19 continues to endanger human health, and the therapeutic drugs
for its treatment are under intensive research and development. Identifying the efficacy and
toxicity of drugs in animal models is helpful for further screening of effective medications,
which is also a prerequisite for drugs to enter clinical trials. SARS-CoV-2 invades host cells
mainly by the S protein on its surface. After the SARS-CoV-2 RNA genome is injected into
the cells, Mpro will help assemble and release new viruses. RdRp is crucial for virus
replication, assembly, and release of new virus particles. Among the new strategies for the
treatment of COVID-19, many scientific and effective methods have been studied, such as
computer drug design technology or structure detection by using macromolecular docking
analysis to target the interaction and affinity between drugs and SARS-CoV-2. In addition,
drug similarity characteristics can also be evaluated to determine whether it has the potential
to become a standard for drugs. If the standard is established, it can further detect the
ADMET of potential candidate drugs by using human or humanized tissue functional
proteins as “drug targets”. In vitro research techniques combine with computer simulation
methods may lead to the discover of a new “lead compound”. Studying the ADMET, that is
the interaction between drugs and biophysical, biochemical barrier factors in the body, not
only determines the safety of the drugs, but also provides reference for pharmacokinetic
characteristics. The study of drug efficacy and toxicity in experimental animals and animal
models is an important guarantee to promote the development of new drugs, which is helpful
to explore the bioavailability of drugs or to develop new therapies together with other drugs.
The results obtained in vitro with our compounds, structurally designed and synthesized on
the basis of molecular docking studies, allowed us to identify potential inhibitors of both
PDE4B and ACE2 receptors. In the future, these molecules will be subjected to in vivo tests,

in order to evaluate their real effectiveness and possible toxicity. Many of these molecules,

pag. 62



in addition to having a possible usefulness in SARS-Cov-2 infection, may have important
possible uses in other diseases such as pulmonary hypertension, asthma and arterial
hypertension. Thanks to this work, we therefore lay the foundations for a future in vivo study

that could bring new therapies to the medical field as well as to SARS-CoV-2 infection.
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