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ABSTRACT

RNA viruses cause many human and animal infections characterized by worldwide spread, high

mortality, and significant health costs. In the case of some RNA virus diseases, such as Polio,

Measles, Yellow Fever, and others, there is the possibility of accessing effective

immunoprophylaxis measures. Still, the incidence and severity of some viral diseases are to develop

effective and selective therapies. This scenario is essential to develop and manufacture new and

effective antiviral agents.Usually, existing antiviral agents target specific viral proteins, with a

higher probability of developing drug-resistant, especially those with an RNA genome. The recent

SARS-CoV-2 pandemic has moved the scientific world to pay particular attention to the

Coronaviridae family, ssSRNA (+) viruses that cause respiratory diseases.We focused our studies on

Alphacoronavirus HCoV-229E and Betacoronavirus HCoV-OC43 andSARS-CoV-2.

These viruses use different cell receptors to enter the host cell. Recent studies have highlighted an

additional mechanism of endocytosis upstream of the binding with the receptor, which involves the

heparan sulfate (HS) present on the cell surface through an electrostatic interaction in which

negative HS charges interact with the virus envelope, concentrating the virions and allowing the

recognition of the secondary receptor.Therefore, this phase of the entry process is strategically

interesting as it could be the target of broad-spectrum antivirals. Among the strategies used to block

the HS-virus interaction, one particularly effective is the use of small cationic molecules that bind

competitively to HS. Among these cationic molecules of particular interest are the
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dispirotripiperazines and their diazadispiroalkane derivatives synthesized and kindly provided us by

Prof. Vadim Makarov (Russian Academy of Sciences) and colleagues.

During my Ph.D. course, the main goal was to identify new antiviral compounds with broad-

spectrum activity and study their mechanism of action. These objectives have been achieved

through a multidisciplinary approach. We evaluated the toxicity and the antiviral activity of some

diazadispiroalkanes, against HCoV-229E, -OC43, and SARS-CoV-2.

Subsequently, we then evaluated the selectivity and potency of these compounds, studied its

mechanism of action, examined the kinetics of virus adsorption in the presence of the compound.

After all, we verified whether our identified lead derivative could interfere with the penetration of

the virus in the cells.

The lead compound was shown to be a SARS-COV-2 inhibitor and more robust against HCoV-

OC43. The molecule acts during the pre-treatment and in the early stages of infection, causing a

dose-dependent reduction in infectivity.

Therefore, the validated method for evaluating the antiviral activity of diazadispiroalkanes can be

applied for the discovery and development of broad-spectrum antiviral drugs in vitro.
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Introduction

Viruses cause many diseases and death worldwide.The increase in epidemics in recent years has

greatly impacted human life, both from a loss of life and economic point of view.Due to climatic

changes that determine the displacement of vectors or mutations in viruses (1), humans have often

become the new host of viruses that initially only affected animals (2, 3). Over the past twenty

years, we have seen many examples of epidemic outbreaks caused by arthropod-borne viruses:

West Nile virus (4), Chikungunya virus (5,6, 7), Yellow Fever virus (8), Zika virus (9);viruses that

have leaped species such as Ebola (10), subtypes HSN1 and H7N9 influenza A (11,12), swine

HIN1 influenza (13,14),SARS coronavirus (15,16,17), MERS coronavirus (18,19) and the

youngest, SARS coronavirus 2 (20, 21). In the current scenario of emerging and re-emerging

viruses, the pulse for developing and producing new and effective antiviral agents is particularly

demanding, especially after the recent pandemic caused by SARS-CoV-2.
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Since the 1960s, with the discovery of idoxuridine (22), the first synthesized antiviral for topical

use, a new landscape has opened towards the discovery of new antiviral agents capable of

selectively inhibiting viruses without inducing toxicity.Based on the theory on which the action of

idoxuridine was found, it took another 17 years for a highly selective antiviral chemotherapy

against Herpes Simplex 1 and 2 to be established. In fact, in 1977, the synthesis of aciclovir [9- (2-

hydroxyethoxymethyl) guanine], a nucleoside analog, ushered in a new era of antiviral therapy (23,

24). However, 90 drugs divided into 13 groups were approved (25) as specific and effective

antiviral therapies to treat nine human diseases, with an emphasis on the urgency of discovering

new treatments. If on the one hand, thanks to vaccines, we have the possibility of having specific

strategies for a single pathogen,an immune response on the part of the host towards the

microorganism; on the other, the existing antivirals may be active on several viruses, such as

Ribavirin(26,27), Acyclovir (28) Remdesivir (29). Re-purposing known antiviral drugs against

emerging viruses is a strategy underlying the search for broad-spectrum antivirals (30).Broad-

spectrum antivirals may be divided into two groups: the first one acts against the host-cell

machinery, essential for establishing an infection and viral replication; the second one, acts directly

against a selected viral enzyme, inhibiting it with high potency and minimalinterface with host

processes.
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Since antiviral agents are small molecules that target a specific stage of the viral replication cycle,
drug-resistant viruses are likely to appear, especially those with an RNA genome, which have a
high ability to adapt to the host's immune system or antiviral treatment due to the rapid rate of

replication andwide variation of the pre-existing genome (31).
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Figure 1: Coronavirus genome organization: structural (S — HE — N — M - E) and non-structural genes, polyprotein
processing, RNA production and genome replication. Figure from Hidalgo et al., Bol Med Hosp Infant Mex. 2021 (32).
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In this scenario, the urgency of discovering new pharmaceutical treatments emerges and the

importance of knowing the underlying biology of viral infections. The pandemic events have forced

the scientific world to pay specific attention to the Coronaviridae family, ssSRNA (+) viruses that

cause respiratory diseases. Human Coronaviruses (HCoVs) are members of the Coronavirinae

subfamily, consisting of four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus and

Deltacoronavirus. Alpha- and betacoronaviruses originate from bats and infect mammals, while

gamma- and deltacoronaviruses originate from birds and infect both bird and mammal species (33).

Coronavirus genome (Figure 1) is the largest viral RNA described so far, with a size of about 27-32

kb that encodes for structural (S — HE — N — M - E) and non-structural proteins: spike (S), a type |

transmembrane protein, which interacts directly with host cells through cleavage into an S1 subunit

for receptor binding and an S2 subunit for membrane fusion from part of the host proteases.Heavy

packed genomic RNA is wrapped forming a helically symmetricnucleocapsid (N). The

nucleocapsid is covered by a phospholipid bilayer (envelope - E), composed of the S glycoprotein

trimmer and the hemagglutinin-esterase (HE),which collaborates with protein S for the attachment

of virions, thanks to its ability to bind sialic acid. The most abundant structural protein is membrane

protein (M), which interacts with other viral proteins to assemble virions. The HCoV ppla and

pplab polyproteins (non-structural proteins) are processed autocatalytically by viral proteases into

16 non-structural proteins whose functions are to regulate and direct the replication and assembly

processes of the virus (34).Replication cycle may be divided into several different steps. The entry,

which we will discuss later, differs among the different coronaviruses. After the virus enters the
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host cell,viral genomic RNA is released into the cytoplasm to allow translation of the two
polyproteins, ppla and 1 ab (35). The self-protein cleavage of polyproteins producesmore than a
dozen nsps13, necessary to form a replicase - transcriptase complex to generate a new negative
sense genomic RNA. The ssSRNA(-) will became the templete for virions’ genome. Meanwhile, the
structural transmembrane proteins (S, M and E) are synthesized, inserted, and folded and folded and
transported to the Endoplasmic reticulum-Golgi intermediate compartment (ERGIC), where the
assembly of the virion will take place, once gRNA is encapsulated in the nucleoproteins produced.
Once virions are formed, they are transported to the cell surface through the Golgi apparatus, via
small vesicles (36, 37). The first coronaviruses to be described were CoVs 229E (alphacoronavirus)
and OC43 (betacoronavirus) (Figure 2), causing mild upper respiratory tract infections, with the
highest incidence during the winter season (38), though in fragile patients can lead to pneumonia

(39).
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Figure 2: HCoV-OC43 observed usingtransmission electron microscopy (TEM).Photo Credit: CDC/ Dr. Erskine Palmer
(1981)

After the emergence of SARS-CoV-1 in 2003, CoV-NL63 (40) and CoV-HKUI1 (41) were

identified, highlighting that these viruses were more clinically relevant than previously believed.

With the discovery of MERS-CoV (42), we learn that spillover of species from animal to man could

easily happen (43), thus becoming a major health risk. The confirmation of an increasingly frequent

leap of emerging virus species from animals to humans came with the SARS-COV-2 pandemic,

with a heavy toll onhuman lives.
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Overall, known HCoVs studies have helped us understand its pathogenesis, replication cycle, and

virus-host interactions to model strategies against the current pandemic.Our attention

wasfirstfocused on two main representative viruses belonging to this family: HCoV-229E and

HCoV-OC43. Then, we started studying SARS-CoV-2.These viruses share a marked tropism for

the respiratory tract epithelial cells (44,45) and they can infect human neuronal tissue (46,47,48)

(Figure 3).

Despite the various similarities these three viruses have in common, they differ strongly in the bond

that the transmembrane spike glycoprotein (S) forms with host receptors and fuse viral and cell

membranes to initiate infection.
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Figure 3. Tissue tropism of SARS-CoV-2, SARS-CoV and MERS-CoV. Figure from Hui KPY et al., Lancet Respir
Med. 2020 (49)
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HCoV-229 uses the cellular receptor human aminopeptidase N (hAPN),(50,51), a type II

transmembrane protein and a zinc aminopeptidase also called cluster of differentiation 13 (CD13).

HCoV-0OC43 binds to sialic acids (9-O-Ac-Sias) attached as terminals to the glycan chains on

glycoproteins and lipids(52), and the entry is via caveolin-1 dependent (53). SARS-CoV-2 uses the

receptor of Angiotensin-converting enzyme 2 (ACE2) for entry and the serine protease TMPRSS2

for S protein priming (54). Recent studies suggest an additional mechanism of endocytosis

upstream of these processes, involving heparan sulfate (HS) on the cell surface that facilitates

receptor-mediated uptake of excess positive-bearing protein groups (55). Heparan sulfate

proteoglycans (HSPGs) serve as an attachment factor for the initial anchoring of spike protein to the

cell surface, which increases its local concentration to involve secondary receptors(Fig. 1)

(56,57,58).S0 based on literature, one of the most attention-grabbing processes in discussing an

effective antiviral is entry (59, 60, 61, 62). Viruses are obligate intracellular parasites; therefore,

their replication results from the ability to enter the cell by endocytosis and through the host nucleus

for replication and transmit the viral progeny from infected to non-infected cells. The viruses

chosen, use different entry strategies into the cell as described above.
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Fig. 4. Putative antiviral mechanism of CoVs during viral entry. Figure from Yu et al., Front. Mol. Biosci. 2021

Therefore, preventing the virus from joining the cell could be of great value. The binding between

viruses and cells, in most cases, is mediated by surface proteins such as glycoproteins. Heparan

sulfate (HS) is negative charge-enriched linear polysaccharide molecule that is attached to several

membrane and extracellular proteins (HSPG), which are part of glycosaminoglycans (GAGs).

HS glycosaminoglycans (HSGAGs) are anionic molecules, due to the presence of sulfate and

carboxylic groups, which interact withthe glycoproteins of the viral envelope. In fact, they behave

as low affinity coreceptors that concentrate the pathogen on the cell surface and promote the

binding with secondary receptors, which facilitate the entry of the virus into the cell (63) (Figure 4).

Over the years, several methods have been explored to block HSGAGs - protein interactions such

as enzymatic alteration of HS, the use of competitive GAG mimetic compounds and small cationic
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molecules that bind competitively to HS (64, 65).Among the latter, the most interesting are the

dispirotripiperazine (DSTP27 and PDSTP) and their derivatives, (66)that showed an interesting

antiviral activity against viruses belonging to different families(67).Briefly, dispirotripiperazines are

part of the class of dispiro compounds, tricyclic molecules with two shared atoms, and are divided

into piperazines (composed of three six-membered cycles), homopiperazines (composed of 2 six-

membered cycles and a seven-membered cycle) or a dispiro system consisting of one six-membered

cycle and two seven-membered cycles, synthesized by Soviet researchers, as they describe in the

literature (68). They are mainly characterized by the presence of two quaternary positively charged

nitrogen atoms in the structure, which are possibly responsible for electrostatic interactions with

negatively charged HSGAGs, carrying out their antiviral activity (68, 69).

Based on a dispirotripiperazine-core, diazadispiroalkanes were subsequently synthesized, which

proved to be active against viruses of the Herpesviridae family (70).
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Aim of the study

The recent pandemic outbreak of SARS-CoV-2 spread rapidly, and it is still ongoing, thus antiviral
therapies are urgently needed. There are currently no drugs for HCoV-OC43, which as mentioned,
seasonally causes self-healing colds, which in fragile patients can lead to pneumonia (40).

For SARS-COV-2, however, only a few drugs have been approved as effective and safe against
infection. In aid to Remdesivir, Molnupiravir which was born to treat influenza infections, has also
shown antiviral activity against SARS-COV-2 and may be available to the public in the second half
0f 2022(71, 72).PF-07321332, developed by Pfizer, is currently in clinical development (73).

RNA viruses encode a small number of proteins, and they are dependent on host cell pathways to
create viral progeny.The small molecules described above have great potential as a broad-spectrum
antiviral therapy.

In vitro studies of antiviral activity are the basis of in vivo animal researchand clinical trials.

Through a multidisciplinary approach that encompassed several aspects of molecular, cellular

biology and virology, thethesis’ objectives can be summarized in the following points:

e Deepening the knowledge on Coronaviridae viruses HCoVs -OC43, -229E, SARS-CoV-2.
e To determine whether the diazadispiroalkane derivative compounds were cytotoxic for cell
cultures that support viral replication.

e To evaluatethe potential antiviral activity of diazadispiroalkane derivatives on

alphacoronavirus HCoV-229E, betacoronavirus HCoV-OC43 and SARS-CoV-2.
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e To elucidate the molecular mechanism and potential broad-spectrum antiviral activity of the
identified lead compound 236.
e To provide more insight into the mechanism by which diazadispiroalkanes could inhibits

HCoVs 229E, OC43 and SARS-COV-2 infectionin vitro.
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MATERIALS AND METHODS

Molecules

Diazadispiroalkane derivatives structures object of our study have been synthesized and kindly

provided by Prof. Vadim Makarov (Russian Academy of Sciences) (Table 1).
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Table 1. Structures of diazadispiroalkane derivatives.
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Cells and viruses

Cell lines were purchased from American Type Culture Collection (ATCC). The absence of
mycoplasma contamination was checked periodically by the Hoechst staining method. Cell lines
supporting the multiplication of Coronaviruses were the following: Monkey kidney (Vero-76)
[ATCC CRL 1587 Cercopithecus Aethiops], Monkey kidney (Vero C1008, clone E6) [ATCC CRL
1586 Cercopithecus Aethiops].

Human coronaviruses, single-stranded RNAs (ssRNA+) were Coronaviridae: Betacoronavirus
strain OC43 (ATCC VR- 1558), Alphacoronavirus strain 229E (ATCC VR- 740); Betacoronavirus
SARS-CoV-2 (strain VR PV10734) clinical isolate, kindly provided by Lazzaro Spallanzani
Hospital, Rome, Italy.

All experimental work involving SARS-CoV-2 virus was performed in a biosafety level 3 (BSL3)

containment laboratory.

Cytotoxicity assays

Vero-E6 cells were seeded in 96-well plates at an initial density of 3x10°/ml, in Minimum Essential
Medium with Earle’s salts (MEM-E), L-glutamine, 1mM sodium pyruvate and 25 mg/L kanamycin,
supplemented with 10% fetal bovine serum (FBS). Vero-76 cells were seeded in 96-well plates at
an initial density of 3x 10° cells/mL, in Dulbecco’s modified Eagle medium (D-MEM) Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA. with 1-glutamine and 25 mg/L kanamycin,

supplemented with 10% FBS. Cell cultures were then incubated at 37 °C in a humidified, 5% CO2
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atmosphere, in the absence or presence of serial dilutions of test compounds. The test medium used

for the cytotoxic assay as well as for antiviral assay contained 1% of the appropriate serum.

Cell viability was determined after 72 or 144 hrs at 37 °C by MTT method (74).

Antiviral assays

Compound’s activity against HCoVs229E and OC43 was based on inhibition of virus-induced

cytopathogenicity in Vero-76 cells respectively, acutely infected with a MOI of 0.01. After a 3 or 5-

days incubation at 35 °C, cell viability was determined by the MTT method, as described

previously (74) Compound’s activity against and SARS-CoV-2 was determined by plaque reduction

assays in infected cell monolayers, as described (75).

Briefly, the monolayer of Vero-76 cells was grown overnight on a 24-well plate. The cells were

then incubated with 100 pL of proper virus dilutions to give 50—-100 PFU/well, immediately

followed by the addition of various concentrations of the samples. The medium was also added to

non-treated wells as non-infected controls. After 1 h, the inoculum was removed, and infected cells

were overlaid with 1.2% methylcellulose medium containing various concentrations of test samples

and incubated for 72 hours at 37 °C. After 3 days, the overlay medium was removed, and the cell

monolayer was fixed with 4% paraformaldehyde solution, permeabilized, and immunostained with

crystal violet 1% (w/v)for plaque detection. Plaques in the controland experimental wells were

counted. All the experiments were conducted in triplicate and average values were plotted.
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Yield reduction assay

Vero-76 cells were inoculated with HCoV-OC43 at a MOI of 0.1 in maintenance medium and
tested compounds at not cytotoxic concentrations. Following 2 hours adsorption period at 35°C and
5% CO2, the inoculum was removed and replaced with fresh medium containing the same
concentration of tested compounds. After 144 hours at 35 °C and 5% CO: each sample was
harvested and diluted with serial passages, starting from 10-1 up to 10-8. The titer of the serial
dilutions of the virus-containing supernatant was determined by Reed and Muench method.

Remdesivir and Hydroxychloroquine were used as reference compounds.

HCoV-0C43 and SARS-CoV-2 Virucidal activity assay

Title compound (20 pM) was incubated with 1x10° TCIDso/mL of OC43 at either 4 or 35 °C for
lhour. The mixture without test sample was used as the control. At the end of the incubation period,
samples were serially diluted in media and titers were determined on Vero-76 and Vero E6 cells at
high dilutions, at which the compound was not active. Virus titers were determined by the Reed and

Muench method in Vero-76 cells.
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Cell pretreatment assay

Vero-76 and Vero E6 cell monolayers in 24-well plates were incubated with 20 uM concentration

of the 11826236 compound or references (100, 20, 4, 0.8 uM) for 2 hrs at 4 °C. After removal of

the compounds and two gentle washes, cells were infected with HCoV-OC43 and SARS-CoV-2.

After virus adsorption to cells, the inoculum was removed and the cells were then overlaid with

medium, incubated for 4 days at 35°C and 37 °C, and then virus titers were determined by Reed and

Muench method and plaque assay, respectively.

Time of addition assay

The confluent monolayers of Vero-76 and E6 cells in 96 and 24-well tissue culture plates were

infected for 1 hrs at room temperature with HCoV-OC43 and SARS-CoV-2 dilutions to give final

m.o.i. of 1. After adsorption, the monolayers were washed two times with MEM medium with L-

glutamine, supplemented with 1% inactivated FBS, ImM sodium pyruvate and 0.025 g/L

kanamycin (Maintenance Medium) and incubated with the same medium at 5% CO2 and 37 °C

(time zero). Vero-76 and E6 cells were treated with compound 11826236 (20 uM, approximately 10

times higher than the ECso) or reference for 1 hours during infection period (at -1 to 0) and at

specific time point, 0 to 2, 2 to 4, 4 to 6, 6 to 8, and 8 to 10 hrs post infection. After each incubation

period, the monolayers were washed two times with maintenance medium and incubated with fresh

medium until 10 hrs post-infection. Then, the monolayers were frozen at -80°C and the viral titers

were determined by Reed and Muench (HCoV-OC43) and plaque assay (SARS-CoV-2).
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Adsorption assays

Vero-76 cells and E6 grown in 96 and 24-well plate were infected with OC43 and SARS-CoV-
2respectively, with a MOI of 0.1, in the presence or absence of compound 11826236. Multiwell
were incubated for 60 min at 4°C. Medium containing unadsorbed virus was then removed, cells
were washed twice with PBS and overlayed with medium. Plaques were counted after 72 hrs of
incubation at 37 °C for SARS-CoV-2 while titer reduction was determined after 144 hrs of

incubation at 35 °C by Reed and Muench method for HCoV-OC43.

Penetration Assay

A 24-well tissue culture plate was seeded with Vero-E6 cells (3 x 10° cells/well), which were then
incubated overnight at 37 °C under 5% CO2. The cells were chilled on ice for 1 h, and the medium
was removed. The cells were infected with SARS-CoV-2 on ice for 1 h. The medium containing
unbound virus was then removed; various concentrations of 11826236 (100-0.8uM) in medium
were added, and the cells were incubated at 37 °C for 1 h to trigger endocytosis of the virus.

The infected cells were then treated with alkaline phosphate-buffered saline (PBS; pH 11) for 1 min
to inactivate any viruses that had not penetrated the cells, and then acidic PBS (pH 3) was
immediately added to neutralize the mix. The neutralized medium was removed, cells were
overlayed with 0.75% methylcellulose in media and then were incubated at 37 °C. After incubation

at 37°C for 72 days cells were stained, and plaques determined by counting.

Dr. Alessandra Marongiu - “Study of antiviral activity of diazadispiroalkane compounds against alpha- and beta- 35

coronaviruses” — PhD thesis — University of Sassari



Quantitative reverse transcription PCR (qQRT-PCR)

Total viral RNA was extracted 48 hours post infection in the presence or absence of compound
11826236 using the QIlAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) and reverse
transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). The resulting cDNA was used as a template for PCR.For quantification, a standard curve
was performed using 10-fold dilutions of viral stocks of HCoV-OC43 cDNA.qRT-PCR was

performed using TagMan™ Universal PCR Master Mix according to the manifacturer’s protocol.
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The PCR primers’ set were designed on N gene:

Forward Reverse

HCoV- 0C43 GTGCAGGAAGGTCTGCTCC TCCTGCACTAGAGGCTCTGC

The cycle conditions of qPCR were 2minat50°C, 95°C 10 min, followed by 40 cycles of 95°C 30
sec and 60°C for 30 sec. A melting curve was performed by a gradual increase in temperature (0.5
°C). Real-time PCR assays were run on a CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad). The resultant curves were analyzed by Biorad CFX Manager 3.1. Each experiment was

performed in triplicate.

Statistical analysis

Cell-based experiments were independently repeated at least three times. The data are reported as
mean =+ standard deviation (SD). Data were analyzed using the GraphPad Prism v5.0 software (La
Jolla, CA, USA). Statistical analysis of the experimental results was performed using unpaired

Student t-Test.The statistical significance values are defined as *p< 0.05, **p< 0.01, ***p<0.001.
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RESULTS Part I, Broad H-CoVs antiviral studies

Diazadispiroalkane derivatives were evaluated for their potential broad-spectrum anti-
Coronaviruses activity in cell-based assays. Several compounds exhibited significant inhibitory
activity against HCoV-OC43 and SARS-CoV-2, with ECsg values in the low micromolar range (i.e.,
<10 uM, Table 2).

No antiviral activity was detected against HCoV 229E. Concomitantly, moderate to low
cytotoxicity was detected for almost all compounds, with CCso values mostly in the high
micromolar range (>100 pM) in Vero-76 cells. Concerning the spectrum of antiviral activity, the
most relevant results referred to the interesting activity of derivatives 11826228, 11826236,
11926056, 12026128 and 12026131 against the panel of HCoV-OC43 and SARS-CoV-2, while as
shown, none of the derivatives exert antiviral activity against HCoV 229E (Table 2).

Particularly, 236 resulted in being effective in reducing cytopathy induced by HCoV-OC43 with an

ECsoof 2 uM and a selectivity index, SI >50.
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Compounds Vero-76 SARS-CoV-2 0C43¢ 229E

“CCso bECso

11826228 >100 8.6 8.542 >100
11826229 >100 30 65 100
11826235 >100 T+2 >100
11826236 >100 1.3+0.3 2+0.9 >100
11826237 >100 85+5 >100 >100
11926056 >100 3 6+2 >100
11926061 >100 30 50 >100
11926068 >100 >100 >100 >100
11926072 >100 78.7+3 >100 >100
12026126 >100 >100 33 >100
12026127 >100 >100 13 >100
12026128 100 4.44+0.3 7+1.6 >100
12026130 39 7+0.9 7+0.9 >39
12026131 >100 3 13 >100
12026132 28 >28 6.8 >28
Remdesivir >100 1.6+£0.3 - 6+2
Hydroxychloroquine 40+5 1.2 9.8+17 -

Table 2. Data represent mean values for three independent determinations. Variation among duplicate samples was less
than 15%. *Compound concentration (uM) required to reduce the viability of mock-infected Vero-76 cells, as
determined by the MTT method. ®Compound concentration (uM) required to reduce the plaque number of SARS-CoV-
2, 229E by 50% in Vero-76 monolayers and Compound concentration (uM) required to achieve 50% protection of
Vero-76 cells from OC43 (°), induced cytopathogenicity, as determined by the MTT method.

The same remarkable antiviral activity was recorded for 236 against SARS-CoV-2 with an ECso of

1.3£0.3 uM (SI > 77).

056 and 128 derivatives were able to reduce the plaque number of SARS-CoV-2, by 50% in Vero-

76 monolayers with an ECsoranging from 3 to 4.4 uM. Hydroxycholoquine was used as reference

compound against HCoV-OC43 and under our experimental conditions showed an ECso of 9.8 +1.7

uM. Whereas, Remdesivir was used as reference compound against HCoV-229E and SARS-CoV-2

(ECso of 6uM and 1.6 uM, respectively).
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12026130 retain the interesting antiviral activity againstHCoV-OC43 and SARS-CoV-2 but its
cytotoxicity on Vero-76 monolayers resulted increased (CCso = 39uM).

11826229 and 11926061 resulted ten times less active than the above-discussed derivatives both
towards OC43 and SARS-CoV-2.

11926126 and 11926127were able to maintain the anti-OC43 activity but were completely inactive
on SARS-CoV-2.

11926068 and 11926072 instead, resulted inactive against all the strains tested.

Based on the described preliminary data, 236 showed the most compelling profile, resulting in a
promising antiviral activity against SARS-CoV-2 and broaden spectrum againstHCoV-OC43.
Therefore, 236 was selected for additional studies, first against HCoV-OC43, and then against

SARS-CoV-2, as reported below, to better understand its in vitro mechanism of action.
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Lead 236 and HCoV-0C43 antiviral studies

Vero 76 0C43
) -
236 236
100pM 0.8 uM
236 236
20uM 4 uM

Figure 4. Effect of 236 inhibitor (100,20,4,0.8 uM) on the Vero-76-infected monolayers by HCoV-OC43. Control (A),
infected treated cells with 100 uM (B), 20 uM (C), 4 uM (D), 0.8 uM (E) HCoV-0OC43 infected cells (F). Pictures of
cell morphology were taken at 5 days post-infection using ZOE Fluorescent cell imager (Bio-Rad) (bar size = 100 um,
magnification, 20 x).

The protective effect of 236 on OC43 infected cells was shown in Panel figure 4. The intact cell
monolayer suggests that the three higher concentrations determined protection from infection and
no cytotoxic effect against cells (Fig. 4B, C and D), whereas, in 4D, OC43 infected monolayer

showed a cytopathic effect with morphological variations and shape rounded cells representing the

dead cells. The 236 CCso and ECso curves are reported on figure 5.
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Figure 5. Cytotoxicity and anti HCoV-OC43 activity of 236 derivative. The viability of HCoV-OC43 infected Vero-76
cells was estimated by MTT assay, 6 days post-infection. The number of live cells was expressed as a percent of mock
infected, non-treated, control cells. Data are expressed as means = SD of at least three independent measurements.

To detect the reduction of virus titer in the presence of the 236, lead derivative, a Yield reduction

assay was conducted. Not cytotoxic concentrations of 100, 20, 4, and 0.8 pM were employed and

was interesting observed a dose-dependent reduction of OC43 titer.
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Figure 6. The Yield of infectious OC43 virus produced in infected Vero-76 cells treated with 236. Monolayers were
infected with OC43 (m.o.i. = 0.1). The infected cultures were treated with 236 at indicated doses (100, 20, 4 0.8 uM).
Viral yields in the culture supernatant were tittered at 48 h post-infection. Results are expressed as means + standard
deviations from 2 separate experiments. Statistical analyses were performed by Student t-test. Results were considered

significant vs control when * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.

Anti-OC-43 activity of 236 was also investigated through Real-Time PCR protein (N) gene
expression (Figure 7). In particular, 236 strongly reduced the N expression after OC43 infection
until 4 uM, and it resumes being expressed in a dose-dependent manner at lower concentrations.

All together these results point out that 236 possesses a great antiviral and never investigated

activity.
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Figure 7. Real-Time PCR quantifying infection with HCoV-OC43 after 48h treatment with 236 derivative.

44 Dr. Alessandra Marongiu - “Study of antiviral activity of diazadispiroalkane compounds against alpha- and beta-

coronaviruses” — PhD thesis — University of Sassari



RESULTS Part I, SAR Studies and 236 potency against HCoV-0OC43

The COVID-19 pandemic has shown the world how lack of therapies and detailed understanding of
viruses limit effective countermeasures. We investigated the mechanism of antiviral action and the
target pathways of small molecules, already effective against sSRNA (+) viruses (74).

Small molecules are opening a new scenario for broad spectrum antiviral therapies,especially to
avoid drug resistance.

Starting from a structure—activity relationship (SAR) perspective, we can state the relevance of the
core of compounds 236 and 056, they have the same central structure, but one is a salt and the other
is a base, for which similar antiviral activity is appropriate.

It is interesting that compound 228 with an additional methyl group in pyrimidine has slightly less
activity, perhaps this methyl group creates difficulties for the electrostatic interaction of charged
nitrogen with the sulfur groups of the proteoglycan sulfate.

Furthermore, the nitro group appears to play an important role in the activity of compounds and
samples 229 and 061 in which nitro transformed into a fraction of the formyl group demonstrated
lower activity on SARS-Cov-2 and HCoV-OC43.

Compounds 061 and 235 also have some changes in the structure of the nucleus, so here we built

the diazadispiro system due to 7-6-7 rings which led to increased activity.
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Interestingly, some polymeric compounds in which portions of diazadispiro alternate with

pyrimidines also demonstrate antiviral activity, for example 131, as described by Makarov and

colleges against HSV-1 (66).

The derivative of interest (236) was firstly investigated against HCoV-OC43.

We did not observe morphological alterations of the cell monolayers of Vero-76, data confirmed by

the MTT method. While, after infection, HCoV-OC43 showed a cytopathic effect with

morphological variations of monolayer and round-shaped cells representing dead cells (Figure 4F).

Conversely, treatment with various concentrations of the compound protected cells from HCoV-

0OC43 infection, up to 120 hpi (Figure 4B-E).

Subsequently, 236 was valued in a yield reduction assay, in order to establish the reduction of virus

titre in the presence of the active compound and further demonstrate the powerful antiviral activity

of this compound.

Not cytotoxic concentrations of 100, 20, 4, and 0.8 uM were used and a dose-dependent reduction

of virus titre was observed (Figure 5).

Accordingly, the antiviral activity of 236 was also confirmed through a Real-Time PCR assay, in

which we were able to quantify the reduction in viral RNA copies, 48 hours after infection,

compared to the standard reference curve (Figure 7).

Indeed, the gene expression of the nucleocapsid (N) protein was strongly reduced after OC43

infection and treatment with 236 for up to 48h, and resumes being expressed in a dose-dependent

manner at lower concentrations.
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Protein N represents the nucleopcapside protein, encoded by the structural gene present in single
copy in the OC43 genome (75). The quantification of RNA copies, performed by RT-PCR, is
directly proportional to the number of viruses present in the treated and untreated sample.

The results obtained in Real-Time PCR confirm that compound 236 is able to neutralize the viral
titer at low concentrations.

These preliminary data indicate that 236 possesses a great antiviral and never investigated activity,
as that reported against HCoV-OC43. Since the compounds showed a different activity between
alpha and betacoronaviruses, we wanted to evaluate whether SARS-CoV-2 showed the same

profile of inhibition to diazadispiroalkans derivates.
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RESULTS Part 11, Lead 236 and SARS-CoV-2 antiviral studies and
mode of action (MoA).

In in vitro assay 236 was endowed with an interesting activity against SARS-CoV-2 (1.3 uM) and a
CCs0>100 uM on green monkey kidney epithelial cell (Vero-76).

Dispirotripiperazines, were found able to inhibit virus-to-host fusion by binding to the cell-surface
heparan sulfates (64, 65, 68 76, 77).

Consequently, we hypothesized that the dispirotripiperazine-based molecules, 236 and other
derivatives (Tablel), might have the same molecular mechanism towards SARS-CoV-2, inhibiting
viral adhesion to the cell.

To investigate this hypothesis, a virucidal activity assay was conducted, to evaluate the effect of
compound 236 on SARS-CoV-2 viral infectivity. As expected, no direct influence of the compound

was observed on virion infectivity, treated at two different temperatures. (Figure 8A).
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Furthermore, we assessed the potential mode of antiviral activity with a time-of-addition assay

(Figure 8B).

Remdesivir and Heparin were used as a reference compounds. The experiment was performed in

SARS-CoV-2-infected Vero-76 cells (m.o.i. = 1) exposed to the compound (20 uM) at different

times of infection.

Interestingly, Figure 8B showed that the compound exerted the greatest effect when added before

infection and along with the virus. As expected, the antiviral activity of the selected

compoundshowed activity comparable to heparin, used as a positive control.

Remdesivir, on the other hand, has been shown to be more active in later stages of the replication

cycle, being a nucleoside analogue(29).

Furthermore, moderate titer reduction is detectable later, after the infection process (6 hpi), making

us hypothesize that 236 compound can also interact in the cell-cell virus spread.
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Fig. 8. Evaluation of mechanism of action (MoA) of 236 in vitro. (A) Virucidal effect (expressed as plaque-forming
units (PFU/mL) of 236 (20 uM) against SARS-COV-2 at either 4 °C or 37 °C for 1 h. Dark columns, viral titer for viral
and 236 solution; Grey columns for the viral titer of not treated solution. (B) Pre-Treatment Assay and Time course
experiment. Vero cells were inoculated with SARS-COV-2 (m.o.i. = 1) and then 236 (20 uM) was added at the
indicated times. Viral yields were determined by plaque assay. Dark columns, viral yield for cells treated with 236,
Grey columns; the viral yield for control cells. Light grey and pattern color viral yield for cells treated with reference

compounds, Heparin and Remdesivir, respectively.

The dynamic of SARS-CoV-2 adsorption in the presence of 236 was also evaluated.

The treatment at low temperature allowed the attach of viruses to the receptors present in the host
cell surface, but avoided the following internalization of virions.

In view of that, Vero cell monolayers were incubated with SARS-CoV-2 (m.o.i. = 1) and compound
236 for 2 h at 4 °C, using the fixed and not cytotoxic concentrations employed in the antiviral assay
(100, 20, 4, 0.8 uM).

The treatment with 236 determined a dose-dependent reduction of the virus infectivity.

Moderate reduction of adsorption was detected until the lowest concentration (0.8 uM) (Fig. 9A).

Dextran Sulphate was used as a positive control (78, 79).
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Additionally, to investigate the mechanism of 236 inhibition of the SARS-COV-2 entry into Vero

cells, we carried out a penetration assay.

Prechilled Vero cells were infected with SARS-CoV-2 (m.o.i. = 1) for 120 min at 4 °C.

Thereafter cells were overlayed with 100 pM, 20 uM of 236 or left untreated. Penetration was

permitted at 37 °C for 60 minutes to activate endocytosis of the virus.

The infected cells were then treated with alkaline buffer (PBS; pH 11) for 60 seconds to inactivate

any viruses that had not penetrated the cells, and then acidic PBS (pH 3) was instantaneously added

to neutralize the mix. Dextran Sulphate was used as a control. The percentage of inhibition was

subsequently determined (Fig. 9B).

In contrast to attachment, 236 reduced penetration process only up to 36 to 51 % at the higher

concentration tested (Fig. 9B). Dextran Sulphate treatment led to a reduction of 36 % but at higher

dose (100 pg/ml) (Fig. 9B).

These results suggest that 236 well prevents the attachment of SARS-CoV-2, whereas it had only

some additive effect on penetration.
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Figure 9. Adsorption (A) AssayVero-76 monolayers were pre-adsorbed for 120 min at 4 °C with viruses at a m.o.i. = 1

in the presence of fixed concentrations of compound 236. Penetration (B) assay. Dose-dependent of 236 (Dark

columns) inhibition of SARS-CoV-2 penetration. Dextran Sulphate, (Grey columns) was used as internal control. The

results presented were obtained from three independent experiments. Data are mean +SD.
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DISCUSSION

Coronaviruses are classified in four genera. Alphacoronaviruses, Betacoronaviruses,

Gammacoronaviruses and Deltacoronaviruses. Among them, only Alpha and Betacoronaviruses

are pathogenic for humans (82).

Alphacoronaviruses and betacoronaviruses typically cause respiratory illness in humans and

gastroenteritis in animals (83). Between alfa coronavirus, 229E is associated to upper and lower

respiratory tract infections (84). while the beta HCoV-OC43 can be also neuroinvasive and may be

associated with multiple sclerosis (85, 86).

They were not considered to be extremely pathogenic to humans until the occurrence of severe

acute respiratory syndrome (SARS) in 2002. The introduction of new drugs for the prevention or

therapy of Covid-19 in an already worned healthcare system is pivotal.

Especially in the context of persistently high morbidity and mortality due to COVID-19, efficacious

antivirals have an evident appeal. Reduced viral load would decrease the severity and span of

disease, as well as the possibility of transmitting the virus.

Among COVID-19 antivirals, resulted in advanced clinical trials (87), Molnupiravir made by MSD

(Merck), that acts as a competitive nucleoside analogue for viral RNA dependent RNA polymerase,

while PF-07321332, Pfizer’s SARS-CoV-2 protease inhibitor co-packaged with ritonavir was

authorized for emergency use for the treatment of high-risk patients with COVID-19 to prevent

severe illness (88, 89).
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Viruses that have short replication times and produce high numbers of copies, determining

mutations can give resistance against antiviral drugs (25). SARS-CoV-2 shares this ability to

produce frequent escape mutations, then multiple antiviral drugs may be required in combination

for effective treatment or prophylaxis.

Therefore, an inhibitor targeting an early process of infection would give an alternative to available

antivirals. One distinctive mode of action is the prevention of virus adsorption by defined blockage

of heparan sulfate (HS) receptors (57). Drugs from different classes can thus be combined to

generate a synergized activity against SARS-CoV-2-induced cytopathic effect (90).

HSPGs are capable to support many viruses in invading the host cells during different steps of their

life cycle. Due to their ubiquitous expression on the cell surface, tissue and functions, viruses utilize

HSPGs primarily for the attachment, the internalization, trafficking, and spread.

Among the viruses, the contact between the host cell surface and HSPGs is a precondition for

penetrating and infecting target cells. Different types of coronaviruses, including human

coronavirus OC43, and severe acute respiratory syndrome coronavirus-2, require before the specific

interaction with the entry receptors, a preliminary binding of the viral envelope proteins with host

cell carbohydrates or glycoproteins, this allows the increase in the number of viral particles on the

cell surface and then guides their internalization.
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Other studies (91) previously showed that HCoV OC43, resulted able to bind, not only the O-

acetylated sialic acid, but also HS in cell culture. This affinity for HS has been described from

Chamberlain K., and coworkers as a resultof in vitro viral adaptation to cell culture also for

Enterovirus A71 (92).

In this PhD research study, we report the promising anti-Coronavirus activity of

Dispirotripiperazine-core derivatives, diazadispiroalkane.

Previously crowned as active molecules against HCMV (74), we investigated their activity against

Coronaviruses, given the need to find new antiviral therapies in this pandemic period and to support

the vaccination campaign.

As expected and in line with the literature knowledge (93) on the role of the Heparan Sulfate

Proteoglycans in SARS-CoV-2 viral infection and their possible employ in disease treatment, none

of molecules showed anti 229E activity, while several derivatives showed potent anti OC43

activity.

Different in vitro activities should be explained considering the differences between the two human

viruses HCoV-229E (alphacoronavirus) and HCoV-OC43 (betacoronavirus). They bind different

host cell receptors (human aminopeptidase N (hAPN) and 9-O-Acetyl-N-acetylneuraminic acid

(Neu5,9Ac2), respectively and whereas OC43 is known to use HS, there is no evidence that heparan

sulfates was required for 229E attachment and infection of target cells.

Among all investigated compounds, the derivative of diazadispiroalkane236 was found to have a

great broad-spectrum anti-B-Coronavirus activity with a cytotoxic profile in the high micromolar
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range. To gain a detailed view of the efficacy of 236 against SARS-COV-2, a yield reduction test
was performed showing a dose-dependent reduction in viral titer, even at low concentrations.

We first investigated the possibility that compound 236 acts directly on the viral particle leading to
the inactivation of the virion, by means of a virucidal assay.

The results shown in Figure 8 A showed that this compound does not directly target the virus.

The molecule's mechanism of action was confirmed by the adsorption and penetration assay and
therefore occurs in the early stages of viral infection, as demonstrated when the compound was
added during infection, while it is less effective on virus penetration into cells (Figure 9A and 9B).
In line with previous findings (94, 95) we can speculate that 236 avoids virus infection by binding

to cell surface heparan sulfate glycosaminoglycans (HS) moieties.
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CONCLUSIONS

During this PhD research, we identified PDSTP analogsas potent inhibitors of SARS-CoV-2. We

showed that PDSTP derivatives are able to block in vitro the early phase of SARS-CoV-2 viral

replication cycle. We also can speculate that viral adhesion to cellular proteoglycans of heparan

sulfate is the main target of our molecules.

Due to their hypothesized mode of action, these compounds will be useful for prophylaxis as well

as therapies.To further investigate and confirm the therapeutic potential of 236, the next step would

be to conduct in vivo experiments in animal models.

Future research may, in addition, help to widen molecule libraries for treating viruses for which

currently there is no therapy.
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