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Abstract: Influenza still represents a problematic disease, involving millions of people every year and
causing hundreds of thousands of deaths. Only a few drugs are clinically available. The search for an
effective weapon is still ongoing. In this scenario, we recently identified new drug-like compounds
with antiviral activity toward two A/HIN1 Influenza virus strains, which were demonstrated to
interfere with the processes mediated by hemagglutinin (HA). In the present work, the compound’s
ability to act against the A/H3N2 viral strain has been evaluated in hemagglutination inhibition
(HI) assays. Two of the five tested compounds were also active toward the A/H3N2 Influenza
virus. To validate the scaffold activity, analogue compounds of two broad-spectrum molecules were
selected and purchased for HI testing on both A/HIN1 and A/H3N2 Influenza viruses. Forty-three
compounds were tested, and four proved to be active toward all three viral strains. A computational
study has been carried out to depict the HA binding process of the most interesting compounds.

Keywords: Influenza; hemagglutinin; neutralization; homology modeling; docking; small molecules;
receptor binding site; molecular dynamics

1. Introduction

Flu is a contagious respiratory disease caused by Influenza viruses that infect the
nose, throat, and sometimes the lungs, causing seasonal epidemics with potentially severe
outcomes. Viral infection can cause mild to severe illness and can lead to death at times.
Influenza virus infections are a significant cause of morbidity and mortality worldwide,
mainly among aged and high-risk people [1]. Before the dramatic emergence of the
SARS-CoV-2 virus, pandemic Influenza has always been a growing threat to public health
worldwide. In the 20th century, three outbreaks of human pandemic influenza occurred in
1918, 1957, and 1968, causing significant mortality. Notably, an A/HINT1 strain caused the
1918 pandemic, Spanish Flu, infecting about 500 million people and killing 50 million [2].
Over the past two decades, Influenza A virus HIN1 2009 (A/HIN1/pdm09) caused the first
Influenza pandemic of the 21st century. The new HIN1 virus was detected first in Mexico
and the United States [3] and spread quickly across the world, affecting over 214 countries
and causing over 18,449 deaths [4]. On 10 August 2010, the World Health Organization
(WHO) declared the end of the 2009 global HIN1 influenza pandemic. However, the
virus circulates as a seasonal Flu virus and causes illness, hospitalization, and deaths
worldwide every year. A study on the impact of Influenza on excess mortality in all ages
in Italy in recent seasons (season 2013 /14-2016/17) reported that over 68,000 deaths were
attributable to Influenza epidemics [5]. According to data collected by the Centers for
Disease Control and Prevention (CDC) from 2010 to 2020, Flu was estimated to have caused
12,000-52,000 deaths annually. During that time, Flu also caused 9 to 41 million illnesses and
140,000-710,000 hospitalizations. Globally, the WHO has estimated that seasonal Influenza
may result in 290,000-650,000 deaths each year due to respiratory diseases alone [6]. Several
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studies on factors linked with high influenza-associated respiratory mortality showed that
mortality was higher in the seasons dominated by subtype A/H3N2 in people over the age
of 65, but higher in seasons dominated by A/HINT1 in people aged 65 or younger [7-10].
The repeated episodes of Flu result from antigenic drift or antigenic shift that cause strain
and subtype changes of Influenza viruses, respectively [11,12].

The preferred strategies to fight Influenza virus infection are vaccination and antiviral
drug treatment. Vaccination is the primary means to prevent and control seasonal Flu;
however, the success of the vaccine may vary based on different factors, including the time
needed to design and produce the vaccine, limited worldwide availability, and, in particular,
the genetic relationship between the viruses utilized for the vaccine and the circulating
strains. Universal intervention methods against different Influenza virus subtypes have
been explored to address the problems of antigenic variation [13-15].

Antiviral drugs may represent another option as universal intervention methods to
fight the different viral subtypes. As of today, only three classes of chemotherapeutic
drugs have been approved by Food and Drug Administration (FDA) and are available
for the influenza virus infection treatment: the matrix protein 2 (M2) inhibitors aman-
tadine (generic) and rimantadine (Flumadine® and generic), the neuraminidase (NA)
inhibitors oseltamivir phosphate (available as a generic version or under the trade name
Tamiflu®), zanamivir (trade name Relenza®), peramivir (trade name Rapivab®), and the
cap-dependent endonuclease (CEN) inhibitor baloxavir marboxil (trade name Xofluza®).
Baloxavir is not recommended for pregnant women, breastfeeding mothers, outpatients
with complicated or progressive illness, or hospitalized patients as there is no information
about its use in these patients. Unfortunately, over the last years, Influenza viruses are show-
ing, in a threatening manner, resistance phenomena associated with the overwritten drugs.
As an example, all currently circulating Influenza viruses are resistant to adamantane antivi-
ral drugs, and these are therefore not recommended for monotherapy. To circumvent this
issue, efforts are made to develop new strategies or therapeutic approaches by researchers.
The declared goal to fight seasonal Influenza remains the vaccine, even if its development
proceeds slowly due to several factors. Therefore, through the search for new antiviral
drugs [16-20], the use of specific monoclonal antibodies [21,22] and the development of
combination therapies [23-25] antiviral strategies with alternative mechanisms of action
towards different targets are studied. Some of these antivirals are small molecule drugs
that, in contrast to antibodies, offer the advantage of oral bioavailability, high shelf stability,
standardization, and relatively low production costs. Some examples are represented by
new neuraminidase, cap-binding, and polymerase inhibitors [26-28].

Among the protein targets of new anti-influenza drugs, many studies have considered
viral hemagglutinin (HA) for its role in virus adhesion and internalization [29]. HA is a
surface glycoprotein responsible for the binding of the virus to host cells and subsequent
membrane fusion within the late endosome. HA is a 75-80 kDa homotrimer, and each
monomer is composed of two polypeptides, HA1 and HA2, where the HA1 subunit forms
mainly the head region of HA, while the HA2 subunit is the primary component of the
stem region (Figure 1A). Eighteen types of HAs have been characterized and can be divided
into two groups based on phylogenetic development and sequence similarity. Each group
can be split into more clades (Figure 1B).
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Figure 1. (A) Structure and (B) phylogenetic tree of hemagglutinin.

The critical role played by this glycoprotein has prompted the development of antibod-
ies directed toward the conserved stem region of HA to generate a universal vaccine [30-32].
Furthermore, many small molecules have been developed blocking the viral entry [33].
These latter can be important tools in Flu prevention and treatment as no FDA-approved
therapy specifically blocks receptor binding or fusion mechanism. Umifenovir (Arbidol) is
an orally active antiviral small molecule used to treat Influenza in Russia and China [34];
however, this HA targeting inhibitor is not approved for use in other countries, and large
doses are needed to achieve therapeutic efficacy [35]. While Arbidol has broad-spectrum
antiviral activity against different pathogenic viruses [34], it has recently demonstrated
its binding to a specific hydrophobic cavity in the upper region of the HA stem [36].
Notwithstanding, Arbidol needs comprehensive optimization to improve HA affinity and
pharmacokinetic stability, and additional molecules targeting HA on other surface epitopes
need to be identified.

In our research efforts against Influenza, we focused on hemagglutinin as the target of
lactoferrin and its derived peptides [37-40]. Furthermore, we recently published the iden-
tification of new drug-like compounds with anti-Influenza activity toward two A/HIN1
strains [41]. They showed a sub-micromolar activity in hemagglutination inhibition (HI)
assays, neutralization and hemolysis studies. All activities indicate that they can block the
adhesion to the host cell by hemagglutinin.

In the present work, the compound’s ability to act against A/H3N2 viral strain has
been evaluated in HI assays to test if they can block the clinically relevant HAs. A/HIN1
and A/H3N2 strains are often present in seasonal Influenza circulating every year around
the world. These HAs, moreover, are phylogenetically far from each other (Figure 1B), and
therefore inhibition of both A/H1IN1 and A/H3N2 accounts for a broad-spectrum activity.

Two out of five previously tested compounds showed activity toward the A/H3N2
strain. To validate the scaffold antiviral property, analogue of the two hits were selected
and purchased for HI testing on three viral strains. Forty-three compounds were tested,
and four of them were active toward all three strains.

A comprehensive computational study has been carried out using both docking
and molecular dynamics (MD) calculations to better depict the interaction between these
molecules and target HAs, providing a suggestion regarding their mechanism of action.
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Structure-based approaches are often applied to study the binding of proteins, peptides,
and small molecules interacting with HA [42-46]. The schema of the different phases of the
work is summarized in Figure 2.

Previous work?

Diverse library HI assays on two 5 active HI assays on
selection A/H1IN1 cmpds A/H3N2

4 more
active
cmpds

3

HI assays on all 43 analogues 2 broad-spectum
IAV strains selection cmpds

Structure-based
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Neutralization
assay

Possible binding
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Figure 2. Schema reporting the step-by-step procedure applied. ? This part of the workflow is
reported in a previous article [41].

2. Results
2.1. Hemagglutination Inhibition (HI) Test against the A/H3N2 Strain

In the previous article, a set of five active small molecules has been identified. In the
present study, these compounds have been assayed toward the A/H3N2 strain in order to
evaluate their ability to block the interaction between the HA and the target cells in HI assays.
Results obtained are shown in Table 1. Two out of the five tested compounds presented a
sub-micromolar potency toward A/H3N2, demonstrating a large spectrum of activity.

2.2. Compound Scaffold Validation

A set of analogues for each hit was selected through substructure search in the Enamine
database to validate the scaffolds of broad-spectrum compounds (scaffold structures used
in the search are reported in the Supplementary Materials). Available compounds were
tested in HI assays toward the three studied HAs.

The new set of assayed compounds comprised 22 analogues of reference hit 1, and
twenty-one of 4, resulting in forty-three molecules. A total of 23 compounds out of
43 showed activity on at least one of the studied viral strains: 19 compounds were ac-
tive against the oseltamivir-sensitive strain (A/Roma/H1N1), 19 were active against the
oseltamivir-resistant strain (A /Parma/HINT1), and 16 on both HINT1 strains. These ana-
logue compounds were all more active than the original hits toward A/HINT1 strains
reaching a picomolar activity (Table 2).
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Table 1. HI titers of compounds 1-5 on the three studied viral strains.
HI Titer (uM)
ID Structure A/Parma a
HIN1 2 A/Roma HIN1 A/Parma H3N2
H 0
N, -
S
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1 0.48 0.24 0.48
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N
F
2 0.48 0.48 -
NH
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N N z
H
@)
S ©)
.S7 @) /
HN o
3 0.48 0.48 -
O N
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4 0 N 0.48 0.48 0.48
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5 N | 0.48 0.48 -
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2 Data already published in the previous article [41].
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Table 2. HI titers of the 23 active compounds toward at least one of the HA strains. Common

substructure is highlighted in blue for ligand 1 analogues and in red for ligand 4 analogues.

HI Titer (pM)
ID Structure A/Parma A/Parma
A/Roma HIN1 HIN1 H3N?2 Ref Cmpd
HO™
6 0.012 0.012 480 4
7 0.047 0.012 12,500 4
Sy
8 N 0.012 0.012 - 4
-
ﬁ
9 NF 0.012 0.012 - 4
|
10 N 0.012 0.012 - 4
[ J
x
“/\
11 N - 0.012 0.012 - 4
1 \)
—
|
12 N 0.012 0.012 - 4
13 24 0.012 6 4
~ .
F
14 - 0.012 - 4
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Table 2. Cont.

HI Titer (pM)
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A/Roma HIN1 HIN1 H3N2 Ref Cmpd
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Table 2. Cont.

HI Titer (pM)
ID Structure A/Parma A/Parma
A/Roma HIN1 HIN1 H3N2 Ref Cmpd
_F
.‘_ L ‘1
AN
23 _ e 12 0.012 - 1
Q -
!
H
N < N
24 | 0.024 0.047 - 4
F
l‘ ,'|’
Y
25 H’J'”b 0.012 0.012 50,000 1
CT
N/’\’I"’ :
\=
26 - N f = 0.093 0.047 - 4
N\/g Z
)-s
H -~
A “\/\Nj O
27 A - - 25,000 1
7
N7 NS
=/
/
/‘/;j~
A 7
\ /
28 L S o 0.093 0.047 - 1
N\ /=\ .2
LN )N
\ /4

Five compounds were effective against the A/H3N2 strain, and four proved to be
active towards all three tested strains. In particular, one compound (13) presented an
excellent ability to interfere with hemagglutinin binding to the host cell glycoproteins.
Concerning the reference scaffold, nine active compounds are analogues of 1, while 14 are
derived from hit 4. Moreover, both scaffolds (the imidazolyl-phenyl-sulfonamide and the
pyridyl-carboxyl) are represented in the broad-spectrum active compounds. These data
confirm the validity of both scaffolds in inhibiting hemagglutination of phylogenetically
far hemagglutinins.



Pharmaceuticals 2022, 15, 301 9 of 19

2.3. Neutralization Assays

Neutralization studies have been carried out on the newly identified four broad-
spectrum compounds toward all Influenza A strains, while hits 1 and 4, that were been
already tested against A/HIN1 strains [41], were assayed in this work toward A/H3N2 to
complete their activity profile. The neutralization test, in fact, detects the overall antiviral
activity, since, by providing information on the titer needed to block the cytopathic effects
of the virus, it allows identification of antiviral molecules able to block the entry of the
virus into the cell, the viral internalization, and the fusion of the HA. Results obtained are
shown in Table 3.

Table 3. In vitro antiviral activity of broad-spectrum compounds.

cC A/Roma A/Parma A/Parma
1D . (HI\S}I’) HIN1 ) HIN1 A H3N2 )
ECsp (nM) © SI ECsp (nM) SI ECso (nM) SI
500 125 98
1 300 +/—-0.01 6 x 1022 +/—-0.01 24 x 1032 +/—-0.01 3 x 103
p<0.012 p<0.012 p <0.01
62 125 125
4 250 +/—0.07 4 x 1032 +/—0.03 2 x 1032 +/-0.02 2 x 103
p<0.012 p<0.012 p <0.01
200 900 300
6 31.25 +/—0.001 1.56 x 102 +/-0.01 0.34 x 102 +/—0.001 1.04 x 102
p <0.02 p<0.01 p <0.01
800 900 700
7 31.25 +/—0.05 0.39 x 102 +/—0.003 0.34 x 102 +/—0.002 0.44 x 102
p<0.01 p<0.01 p <0.01
700 700 500
13 31.25 +/—0.04 0.47 x 102 +/—0.04 0.44 x 102 +/0.05 0.62 x 102
p<0.01 p<0.01 p <0.01
900 700 800
25 31.25 +/-0.02 0.34 x 102 +/—0.002 0.44 x 102 +/0.01 0.39 x 102
p<0.01 p<0.01 p <0.01

* CC50 cytotoxic concentration 50%, ® EC50 effective concentration 50%, " 91 (selectivity index) = CC50/EC50.
The mean values of 3 independent experiments with standard errors are shown. # Data already published in the
previous article [41].

Compounds 1 and 4 showed the most interesting activity profile reaching the lowest
ECs toward A /Parma/H3N2 and A/Roma/HI1NT1, respectively, and the highest selectivity
index. Ligand 4, in particular, presents the best effectiveness toward the HIN1 strains. The
other compounds that were more potent than primary hits in the HI assay, maintain a sub-
micromolar potency and an acceptable selectivity index. Even though further optimization
studies are necessary to obtain the best candidate, these results are of great value for
developing new anti-Influenza virus compounds.

2.4. Computational Studies

As already verified for the previously identified compounds, biological assays suggest
that these ligands interfere with HA functions.

To rationalize the experimental activity data, we carried out a structure-based com-
putational study to depict the binding process between these ligands and hemagglutinin
(Figure 3). It is well-known that HA is a large homotrimer, and each monomer is consti-
tuted by HA1 and HA2 chains. The HA1 sequence mainly forms the globular head of the
mushroom-shaped protein where is located the receptor-binding site (RBS), while the HA2
chain forms the more conserved stem region that contains the fusion peptide, a sequence
of 15 amino acids responsible for the pH-triggered conformation rearrangement of HA
(Figure 1A).
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Figure 3. Schema reporting the step-by-step procedure applied in the computational studies.

In our study, the 3D structures of studied HAs were obtained by homology modeling,
exploiting the SwissModel tool, and starting from the sequences of the HA strains used in
the experimental assays, as already described in a recently published article [39].

The HI assay assesses the compound’s ability to interfere with the recognition of sialic
acid of host cell glycoproteins by hemagglutinin [47]; therefore, the binding in this site was
evaluated by docking calculations. This interaction occurs in the Receptor Binding Site
(RBS), a more conserved region on the hypervariable Receptor Binding Domain (RBD),
located on the globular head of HA [48].

All active ligands were docked in the RBS of each HA, exploiting a protocol which has
already been set up, aimed to broadly explore the ligand conformations fitting the binding
site [39]. The RBS is quite solvent-exposed, and several possible binding geometries can be
retrieved. The applied protocol aims at expanding the conformational sampling to identify
the most plausible binding modes.

The analysis of docked poses shows that all ligands adopt a similar binding mode,
occupying the site with an extended conformation. Key interactions on the A /Parma/H1N1
RBS are H-bonds with Val120, Tyr80, GIn210, Lys206, Glu211, Asp174, and 7-mt stacking
with Trp137. The binding geometries observed in the strain A/Roma/HIN1 are very similar
and involve almost the identical residues described before: H-bonds with Val123, Ala125,
Tyr83, Lys210, Glu215, and 7-r stacking with Trp141. In the RBS of the A /Parma/H3N2,
ligands find fewer H-bond contacts with Ser152, Thr151, Tyr114, and hydrophobic contacts
with Trp169 and Leu210. In Figure 4, the binding geometries of compound 4 in the
three binding sites are reported. Docked poses of the other ligands are available in the
Supplementary Materials.



Pharmaceuticals 2022, 15, 301 11 of 19

Figure 4. Docked pose of ligand 4 (stick, violet C atoms) in the RBS of the HA of A /Parma/HIN1,
green cartoon (A), A/Roma/HIN1, cyan cartoon (B), and A/Parma/H3N2, pale blue cartoon (C).
HA residues involved in the ligand binding are represented as lines.

2.5. Pharmacokinetic Profile

To complete the profiling of identified hits, physicochemical and pharmacokinetic
properties were calculated using QuikProp [49]. All compounds are compliant with the
Lipinski’s Rule of five. The predicted oral bioavailability of our compounds is very high,
with an oral absorption reaching at least 78%. The cell permeability, simulated by the CaCo
model, is also good, while solubility should be improved, as well as the interference with
the HERG potassium channel that raises concern for some ligands (Table 4).
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Table 4. Predicted pharmacokinetic properties of the most interesting compounds.
mol a p» QPlogHERG d e QPlogKhsg PercentHuman g
Cmpd MW QPlogPo/w QPlogS 4 QPPCaco #metab £ OralAbsorption PSA

1 355.454 3.941 —5.442 —6.374 1074.843 3 0.405 100.000 60.952
4 338.337 3.947 —5.292 —6.437 1607.601 3 0.321 100.000 72.475
6 268.271 1.351 —2.292 —4.267 255.939 3 —0.307 77.956 97.449
7 288.278 2.779 —4.527 —6.168 670.015 3 —0.007 93.798 84.973
13 361.390 2.138 —2.551 —4.094 634.323 2 —0.215 89.620 72.606
25 281.270 1.431 —4.575 —6.339 150.454 2 —0.357 74.293 110.030

2 QPlogPo/w indicates the octanol /water partition coefficient; > QPlogS is the log of the water solubility expressed
as molar concentration; © QPlogHERG indicates the ability to block the HERG potassium channel as ICsy (concern
below —5); 4 QPPCaco stands for the Caco-2 cell permeability in nm/s (<25 poor, >500 great); ¢ Number of likely
metabolic reactions; f QPlogKhsg binding to human serum albumin (—1.5-1.5); 8 PSA Polar Surface Area.

3. Discussion

The outbreak of SARS-CoV-2 dramatically demonstrated the risks of a global viral
spread and highlighted the crucial role of prevention. Influenza virus is a highly monitored
pathogen in this context: it is diffused mainly in the avian population, and its spillover
to humans could represent a severe threat [50,51]. Despite its global diffusion, only a few
drugs are clinically available, with vaccination representing a fundamental tool to prevent
seasonal Flu. The identification of an effective weapon is still an unmet goal.

In this scenario, our aim was to identify new drug-like compounds with anti-Influenza
activity toward both A/HIN1 and A/H3N2 strains, the subtypes commonly present in
seasonal Flu.

In a recent article, Hussein and coworkers identified a potent HIN1 inhibitor through
a high throughput screening (HTS) of 19,200 compounds [52]; in 2014, Basu et al. published
the identification of two strain-specific HA ligands through HTS of 106,000 compounds [53].
In the whole procedure applied, considering the previously published diverse library
screening [41], we globally assayed 148 compounds and identified six broad-spectrum
compounds with a final hit rate of 4%.

In the search for effective anti-Influenza agents, we focused on HA. This large glyco-
protein is the target of many studied compounds that mainly block the fusion machinery
and interact with the stem portion of HA [54-56]. Because of its role in the internaliza-
tion process, this region is less prone to mutations and, therefore, is a better target for
broad-spectrum compounds. Fewer ligands were studied that bind HA occupying the
RBS [57,58]. Computational studies accompanying the discovery of HA binders pose the
main question on the exact ligand binding site positioning on the HA surface that has been
largely investigated [59,60].

Our compounds proved to inhibit the hemagglutination caused by the interaction
between viral hemagglutinin (HA) and surface glycoproteins on the target cells. This
activity can be attributed to the interference with the recognition of the sialic acid in the
RBS of HA. The docking studies confirmed the ability of these molecules to interact with
residues at this shallow binding site.

The same molecules were tested to verify their antiviral activity, showing a sub-
micromolar potency and a promising selectivity index. In addition, the physicochemical
properties indicate the excellent oral bioavailability of active compounds.

Previously identified compounds (1 and 4) also resulted active in hemolysis assays
toward A/HINI [41]. In the present work, this assessment was not carried out for newly
discovered ligands, but we can envision for this latter a similar behavior of the hit analogues.
Hemolysis inhibition stands for interference with hemagglutinin functions. It is well known
that hemagglutinin is necessary for host membrane adhesion and virus internalization.
This function is due to a conformational rearrangement of the protein triggered by low
pH. As already mentioned, several known ligands can bind a conserved region (stem) of
the HA close to the fusion peptide [33]. The structural analysis of these ligands highlights
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the similarity of these compounds with our inhibitors (Figure 5A). To better assess this
possibility, a pharmacophore model was generated accounting for common structural
features shared by X-ray ligands in complex with HIN1 HA (PDB ID: 6CF7 [55] and
6WCR [54]). We aligned our ligands to the obtained pharmacophore and retrieved a
good alignment for all identified ligands (Figure 5A), suggesting the possibility for these
compounds to interact with the stem region of HA. An induced-fit docking protocol was
applied for compound 4 binding A /Parma/H1IN1 HA to verify this hypothesis further. The
binding site on the stalk region of HA was derived from recently resolved X-ray complexes
of H1 HA bound to small molecules [54,55]. The ligands occupy the HA epitope recognized
by universal antibodies on the HA stem in both cases. The same HA region is involved in
the bovine lactoferrin binding in several binding poses we obtained through protein-protein
docking in a previous study [37].

Figure 5. (A) The pharmacophore hypothesis obtained aligning the two X-ray ligands binding the
stem region of HA, and characterized by two aromatic rings (orange rings), one H-bond acceptor
(red sphere), and one hydrophobic (green sphere) feature. All six active ligands are aligned to the
hypothesis matching all the features. (B) Docked pose of ligand 4 (violet C atoms) in the binding
site on the stem region superimposed to the X-ray ligand (PDB ID 6CF7). HA (A/Parma/HI1N1) is
represented as a green cartoon. Residues involved in the ligand-binding are represented as lines;
residue name is followed by a subscript indicating the HA chain.

Best binding geometry shows our ligands located in the same region of HA occupied by
crystallographic ligands. In particular, they can reach a first hydrophobic patch surrounded
by residues: Val100, Leu321 of chain A, Ile56, Leu277 of chain B where an aromatic function
is placed, the H-bond contacts with Asn53 and Thr49 of chain B, and another hydrophobic
patch characterized by His18, His317 of chain A and Trp21, Ile45 of chain B (Figure 5B) is
only partially occupied. To further verify the binding hypothesis, a 50 ns MD simulation
was carried out on the docked complex that confirmed the ligand maintaining its interaction
on the HA stem, even exploring the cleft between HA1 and HA?2 (Figure 6, more details
about the MD simulation are available in Supplementary Materials). These results support
the hypothesis of the possible role of our compounds as fusion peptide inhibitors, along
with their ability to occupy the sialic acid-binding site. The hypothesized dual binding
site is not new and was also demonstrated for cyclo-hexyl-taurine in a complex with H5
HA [48]. Further studies will be carried out to verify our hypothesis experimentally.
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Figure 6. Alignment of the A/Parma/H1N1 HA and compound 4 complexes obtained after clustering
the MD trajectory frames. Cluster representatives are reported.

4. Materials and Methods
4.1. Compounds

Small molecules identified in the computational screen of ZINC database were pur-
chased from Enamine Ltd. as dry powders. Compound purity, assessed by NMR and
LC-MS, is higher than 92%. Chiral compounds are provided as racemic mixture. Com-
pounds were dissolved in dimethyl-sulfoxide (DMSO, Sigma, Chemical Company, St. Louis,
MO, USA) at 2 mmol/L and stored at —20 °C in amber glass vials.

4.2. Biological Assay
4.2.1. Cells and Viral Strains

Madin-Darby canine kidney (MDCK, ATCC, CRL-2936) cells were grown at 37 °C in
minimal essential medium (MEM, Invitrogen, Paisley, UK) containing 1.2 g/L NaHCO;,
and supplemented with 10% inactivated fetal calf serum (FCS, Invitrogen, Paisley, UK),
2 mM glutamine, nonessential amino acids, penicillin (100 IU/mL), and streptomycin
(100 pg/mL).

The following Influenza A virus strains were used: A/RomalSS/02/08 HIN1 (Brisbane-
like) oseltamivir-sensitive virus, A /Parma/24/09 HIN1 (Brisbane-like) oseltamivir-resistant
virus, and A /Parma/05/06 H3N2 (Wisconsin-like). Viruses were propagated in MDCK
cells in serum-free MEM supplemented with 4% Bovine Serum Albumin (BSA fraction
V, Gibco; Paisley, UK), 1 pug/pL N-tosyl-L-phenylalanine chloromethyl ketone-treated
trypsin (Sigma Chemical Co.; St. Louis, MO, USA). When extensive cytopathic effect (c.p.e.)
was observed, infected cultures were frozen and thawed three times, centrifuged (3000 r,
10 min), and supernatants were stored at —80 °C. Titers of virus stocks were determined by
hemagglutinin titration and/or plaque assay according to the standard procedures [61,62].

4.2.2. Cytotoxicity Assay

This procedure was performed as reported elsewhere [41]. Briefly, two-fold serial
dilutions of each compound and DMSO or H20 in culture medium were incubated at 37 °C
with confluent MDCK cells grown in 96-well tissue culture microplates (Nalge Nunc Europe
Ltd., Neerijse, Belgium). After 24 and 48 h, the following parameters were evaluated: cell
morphology was examined by light microscopy, cell viability was determined by neutral red
staining as already described by us [63], and cell proliferation was evaluated quantitatively
by microscopic counts after dispersion into individual cells with trypsin. Compound
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dilutions that did not affect any of these parameters were considered as non-cytotoxic
concentrations and utilized for antiviral assays.

4.2.3. Hemagglutination Inhibition (HI) Assay

Viruses in PBS (Phosphate-buffered saline) were incubated for 1 h at 4 °C with serial
dilutions of compounds in PBS. An equal volume of 0.5% turkey erythrocytes was then
added and allowed to agglutinate. Titers were expressed as the reciprocal of the compound
dilutions giving 50% hemagglutination of erythrocytes by four virus-agglutinating units.

4.2.4. Neutralization Assay

Neutralization was carried out by incubating serial two-fold compound dilutions,
starting from 1 uM, in culture medium with equal volumes of viral suspension containing
10° p.fu. for 1 h at 4 °C. In negative controls, culture medium was used instead of
compounds in the same volume. MDCK cells, grown in 96-well tissue culture microplates
(Nalge Nunc Europe Ltd., Neerijse, Belgium), were infected with 100 uL/well (10 p.f.u./cell;
in quadruplicate) of the virus-compound mixtures. After viral adsorption, cells were rinsed
thoroughly and incubated at 37 °C for 48 h. The viral cytopathic effect (c.p.e.) was measured
by neutral red staining as reported elsewhere by our laboratory [63].

4.3. Computational Studies

Computational studies were carried out using the Schrodinger Suite 2021-2 [49].

4.3.1. Homology Modeling

Homology models for the three viral strains were generated using the Swiss Model
web server (https:/ /swissmodel.expasy.org/, accessed on 29 October 2020). Methods and
quality parameters are reported in a previously published article [39].

4.3.2. Protein Preparation

The three generated structures were aligned and submitted to the Protein Preparation
routine in Maestro [49] to check the structure, optimize hydrogen atom position and H-bond
network. A final restrained minimization was carried out.

4.3.3. Binding Site Identification and Analysis

The homology models were aligned to the available X-ray complex of pandemic HA bound
to 6-SLN (PDB ID: 3UBN [64]) to locate the putative binding region on the receptor binding site
of the studied HAs. This site was explored by performing a SiteMap [49] calculation.

4.3.4. Receptor Grid Generation

For the site mentioned in the previous paragraph, the receptor grid was generated
following the procedure already mentioned [39].

4.3.5. Ligand Preparation

The structures of the active ligands were generated with the Build tool in Maestro.
All compound structures were prepared through Ligprep, which calculates tautomers and
protomers at physiological pH (7.0 & 0.4). The resulting structures were minimized to a
derivative convergence of 0.001 kJA~'mol ! using the PRCG minimization algorithm, the
OPLS4 force field, and the generalized Born/surface area (GB/SA) water solvation model
implemented in MacroModel [49].

4.3.6. Docking Calculations

Minimized ligand structures were docked in the RBS on the HA surface using Glide [49,65]
and the SP-peptide docking protocol as already described [39]. Briefly, the method allows
for expanding the conformational exploration of ligands. To detect the most plausible
binding geometry, all obtained poses were clustered applying the Kelley penalty to define
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the clustering level. Ligand geometries with the highest docking scores and in the most
populated clusters were evaluated.

4.3.7. Induced Fit

The induced fit calculation was carried out using the module available in Maestro
that combines the Glide docking ability with the Prime homology modeling to adapt the
protein to the ligand binding. The calculation was carried out on the A/Parma/HI1INI,
and the A/Roma/HIN1 HAs docking compound 4. The grid in the stem region was
centered on the X-ray ligand with PDB ID 6CF7, and default settings were applied for the
remaining parameters.

4.3.8. Molecular Dynamics

The best docked pose of compound 4 on the Parma/H1N1 HA stem was submitted
to MD simulation using Desmond available in the Schrodinger Suite 2021-2 [49]. The
system was prepared embedding the complex in a triclinic box of single point charge
(SPC) water molecules. Fifteen Na ions were added to neutralize the system. A total of
148,519 atoms were simulated using the OPLS4 force field. The system was submitted to six
relaxation steps as by default before the simulation. The production phase of the simulation
lasted 50 ns, recording frames each 100 ps using a normal pressure temperature (NPT)
ensemble with a Nose-Hoover thermostat at 300 K and Martyna-Tobias-Klein barostat at
1.01325 bar pressure. The electrostatic interactions were analyzed using the smooth Particle
Mesh Ewald method. The trajectory frames were clustered based on the ligand coordinates.
The representative complexes of the 12 obtained clusters were superimposed.

The Simulation Interaction Tool available in Maestro was used to check ligand protein
contacts, RMSD and RMSF of protein and ligand (Supplementary Materials).

4.3.9. Pharmacophore Alignment

A common pharmacophore hypothesis was built from the superimposed geometries
of the two X-ray ligands [54,55] using Phase [49,66]. To align the six active ligands to the
obtained hypothesis features, 50 conformers were generated for each structure.

5. Conclusions

To summarize, in the present work, we disclosed six new compounds endowed with
broad-spectrum activity toward the Influenza A virus is in the sub-micromolar range. The
compounds, besides, show a good pharmacokinetic profile, with an excellent predicted
oral absorption, and are synthetically tractable. Therefore, further optimization will be
easily carried out along with the testing on other critical viral strains, such as H5 and H7.

Computational studies verified the ability of identified molecules to bind the RBS of
HAs and suggested the possible binding in the stem region of this glycoprotein. While this
latter hypothesis needs experimental validation, antiviral activity showed by our ligands
makes them a valuable tool to be exploited in the fight against the Influenza virus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph15030301/s1, Figure S1: The scaffold of ligands 1 and 4 used for the substructure; Table S1:
Structure and ID of tested analogs; Figure S2: Docked poses of compound 1 in the RBS of studied
HAs; Figure S3: Docked poses of compound 6 in the RBS of studied HAs; Figure S4: Docked poses
of compound 7 in the RBS of studied HAs; Figure S5: Docked poses of compound 13 in the RBS of
studied HAs; Figure S6: Docked poses of compound 25 in the RBS of studied HAs; Figure S7: RMSD
values for ligand 4 and protein; Figure S8: RMSF values calculated for HA residues; Figure S9: Most
conserved contacts between ligand 4 and protein; Figure S10: Timeline representation of the ligand
protein contacts; Figure S11: Type of interactions between ligand 4 and HA.

Author Contributions: Biological studies, E.S.; computational studies, M.A.; writing—original draft
preparation, M.A. and ES.; writing—review and editing, M.A. and ES. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/ph15030301/s1
https://www.mdpi.com/article/10.3390/ph15030301/s1

Pharmaceuticals 2022, 15, 301 17 of 19

Funding: This research was funded by from Ministero della Salute-Istituto Superiore di Sanita™—
within the research Project: ‘Studio e sviluppo di nuovi farmaci antivirali contro infezioni da virus
influenzale A-HIN1'.

Data Availability Statement: Structural data of representatives of clusters obtained from MD trajec-
tory frames of the A/Parma/HIN1 HA and compound 4 complexes are available as
Supplementary Materials.

Acknowledgments: The authors would like to thank Agostina Pietrantoni (ISS) for her technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Highly pathogenic avian influenza. Microbiol. Rev. 1992, 56,
152-179. [CrossRef]

Taubenberger, J.K.; Morens, D.M. 1918 Influenza: The Mother of All Pandemics. Emerg. Infect. Dis. 2006, 12, 15-22. [CrossRef]
Garten, R.J.; Davis, C.T.; Russell, C.A.; Shu, B.; Lindstrom, S.; Balish, A.; Sessions, W.M.; Xu, X.; Skepner, E.; Deyde, V.; et al.
Antigenic and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating in humans. Science 2009, 325,
197-201. [CrossRef]

Cheng, V.C.C.; To, KK.W.,; Tse, H.; Hung, LEN.; Yuen, K.Y. Two years after pandemic influenza A/2009/H1N1: What have we
learned? Clin. Microbiol. Rev. 2012, 25, 223-263. [CrossRef]

Rosano, A.; Bella, A.; Gesualdo, F.; Acampora, A.; Pezzotti, P.; Marchetti, S.; Ricciardi, W.; Rizzo, C. Investigating the impact of
influenza on excess mortality in all ages in Italy during recent seasons (2013/14-2016/17 seasons). Int. |. Infect. Dis. 2019, 88,
127-134. [CrossRef] [PubMed]

World Health Organization. Up to 650,000 People Die of Respiratory Diseases Linked to Seasonal Flu Each Year. Available online:
http:/ /www.who.int/mediacentre /news/releases /2017 /seasonal-flu/en/ (accessed on 1 March 2018).

Green, HK.; Andrews, N.; Fleming, D.; Zambon, M.; Pebody, R. Mortality attributable to Influenza in England and Wales prior to,
during and after the 2009 pandemic. PLoS ONE 2013, 8, e79360. [CrossRef] [PubMed]

Simonsen, L.; Spreeuwenberg, P; Lustig, R.; Taylor, R.J.; Fleming, D.M.; Kroneman, M.; Van Kerkhove, M.D.; Mounts, A.W.; Paget,
W.J.; Echenique, H.; et al. Global Mortality Estimates for the 2009 Influenza Pandemic from the GLaMOR Project: A Modeling
Study. PLoS Med. 2013, 10, €1001558. [CrossRef] [PubMed]

Li, L; Wong, J.Y.; Wu, P; Bond, H.S.; Lau, E.H.Y,; Sullivan, S.G.; Cowling, B.]. Heterogeneity in Estimates of the Impact of
Influenza on Population Mortality: A Systematic Review. Am. |. Epidemiol. 2018, 187, 378-388. [CrossRef] [PubMed]

Paget, J.; Spreeuwenberg, P.; Charu, V.; Taylor, R.J.; Iuliano, A.D.; Bresee, J.; Simonsen, L.; Viboud, C. Global mortality associated
with seasonal influenza epidemics: New burden estimates and predictors from the GLaMOR Project. J. Glob. Health 2019, 9, 1-12.
[CrossRef] [PubMed]

Kim, ].L; Lee, I; Park, S.; Hwang, M.-W.; Bae, J.-Y.; Lee, S.; Heo, J.; Park, M.S.; Garcia-Sastre, A.; Park, M.-S. Genetic Requirement
for Hemagglutinin Glycosylation and Its Implications for Influenza A HIN1 Virus Evolution. |. Virol. 2013, 87, 7539-7549.
[CrossRef] [PubMed]

Wright, P.F.; Neumann, G.; Kawaoka, Y. Orthomyxoviruses. In Fields Virology, 6th ed.; Knipe, D.M., Howley, PM., Cohen, J.I,
Griffin, D.E., Lamb, R.A., Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2013; pp. 1186-1243.

Krammer, F,; Palese, P. Advances in the development of influenza virus vaccines. Nat. Rev. Drug Discov. 2015, 14, 167-182.
[CrossRef]

Krammer, F,; Palese, P.; Steel, ]. Advances in Universal Influenza Virus Vaccine Design and Antibody Mediated Therapies Based
on Conserved Regions of the Hemagglutinin. In Influenza Pathogenesis and Control; Oldstone, M.B.A., Compans, R.W.,, Eds.;
Springer International Publishing: Cham, Switzerland, 2015; Volume II, pp. 301-321. ISBN 978-3-319-11158-2.

Coughlan, L.; Palese, P. Overcoming Barriers in the Path to a Universal Influenza Virus Vaccine. Cell Host Microbe 2018, 24, 18-24.
[CrossRef]

Colombo, R.E.; Fiorentino, C.; Dodd, L.E.; Hunsberger, S.; Haney, C.; Barrett, K.; Nabha, L.; Davey, R.T.; Olivier, K.N. A phase
1 randomized, double-blind, placebo-controlled, crossover trial of DAS181 (Fludase®) in adult subjects with well-controlled
asthma. BMC Infect. Dis. 2016, 16, 1-10. [CrossRef] [PubMed]

Kikuchi, T.; Watanabe, A. Baloxavir heralds a new era in influenza virus biology. Respir. Investig. 2019, 57, 1-2. [CrossRef]
Koshimichi, H.; Ishibashi, T.; Kawaguchi, N.; Sato, C.; Kawasaki, A.; Wajima, T. Safety, Tolerability, and Pharmacokinetics of
the Novel Anti-influenza Agent Baloxavir Marboxil in Healthy Adults: Phase I Study Findings. Clin. Drug Investig. 2018, 38,
1189-1196. [CrossRef] [PubMed]

Hayden, F.G.; Sugaya, N.; Hirotsu, N.; Lee, N.; de Jong, M.D.; Hurt, A.C.; Ishida, T.; Sekino, H.; Yamada, K.; Portsmouth, S.; et al.
Baloxavir Marboxil for Uncomplicated Influenza in Adults and Adolescents. N. Engl. ]. Med. 2018, 379, 913-923. [CrossRef]
[PubMed]


http://doi.org/10.1128/mr.56.1.152-179.1992
http://doi.org/10.3201/eid1209.05-0979
http://doi.org/10.1126/science.1176225
http://doi.org/10.1128/CMR.05012-11
http://doi.org/10.1016/j.ijid.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31401203
http://www.who.int/mediacentre/news/releases/2017/seasonal-flu/en/
http://doi.org/10.1371/journal.pone.0079360
http://www.ncbi.nlm.nih.gov/pubmed/24348993
http://doi.org/10.1371/journal.pmed.1001558
http://www.ncbi.nlm.nih.gov/pubmed/24302890
http://doi.org/10.1093/aje/kwx270
http://www.ncbi.nlm.nih.gov/pubmed/28679157
http://doi.org/10.7189/jogh.09.020421
http://www.ncbi.nlm.nih.gov/pubmed/31673337
http://doi.org/10.1128/JVI.00373-13
http://www.ncbi.nlm.nih.gov/pubmed/23637398
http://doi.org/10.1038/nrd4529
http://doi.org/10.1016/j.chom.2018.06.016
http://doi.org/10.1186/s12879-016-1358-9
http://www.ncbi.nlm.nih.gov/pubmed/26830468
http://doi.org/10.1016/j.resinv.2018.10.002
http://doi.org/10.1007/s40261-018-0710-9
http://www.ncbi.nlm.nih.gov/pubmed/30288682
http://doi.org/10.1056/NEJMoa1716197
http://www.ncbi.nlm.nih.gov/pubmed/30184455

Pharmaceuticals 2022, 15, 301 18 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Beigel, J.H.; Voell, J.; Mufioz, P.; Kumar, P; Brooks, KM.; Zhang, J.; Iversen, P; Heald, A.; Wong, M.; Davey, R.T. Safety, tolerability,
and pharmacokinetics of radavirsen (AVI-7100), an antisense oligonucleotide targeting Influenza a M1/M2 translation. Br. . Clin.
Pharmacol. 2018, 84, 25-34. [CrossRef] [PubMed]

Tharakaraman, K.; Subramanian, V.; Viswanathan, K;; Sloan, S.; Yen, H.L.; Barnard, D.L.; Leung, Y.H.C,; Szretter, K.J.; Koch, T.J.;
Delaney, J.C.; et al. A broadly neutralizing human monoclonal antibody is effective against H7N9. Proc. Natl. Acad. Sci. USA
2015, 112, 10890-10895. [CrossRef] [PubMed]

Kallewaard, N.L.; Corti, D.; Collins, PJ.; Zhu, Q.; Gamblin, S.J.; Correspondence, J.J.S. Structure and Function Analysis of an
Antibody Recognizing All Influenza A Subtypes. Cell 2016, 166, 596-608. [CrossRef] [PubMed]

Ilyushina, N.A.; Bovin, N.V.; Webster, R.G.; Govorkova, E.A. Combination chemotherapy, a potential strategy for reducing the
emergence of drug-resistant influenza A variants. Antiviral Res. 2006, 70, 121-131. [CrossRef] [PubMed]

Yanmei, H.; Rami, M.; Chunlong, M.; Jiantao, Z.; Smee, D.F,; DeGrado, W.F.; Wang, ]. An M2-V27A channel blocker demonstrates
potent in vitro and in vivo antiviral activities against amantadine-sensitive and—Resistant influenza A viruses. Antiviral Res.
2017, 140, 45-54. [CrossRef]

Deleu, S.; Kakuda, T.N.; Spittaels, K.; Vercauteren, ].J.; Hillewaert, V.; Lwin, A.; Leopold, L.; Hoetelmans, R.M.W. Single- and
multiple-dose pharmacokinetics and safety of pimodivir, a novel, non-nucleoside polymerase basic protein 2 subunit inhibitor of
the influenza A virus polymerase complex, and interaction with oseltamivir: A Phase 1 open-label study in healthy volunteers.
Br. . Clin. Pharmacol. 2018, 84, 2663-2672. [CrossRef] [PubMed]

Gubareva, L.; Mohan, T. Antivirals Targeting the Neuraminidase. Cold Spring Harb. Perspect. Med. 2022, 12, a038455. [CrossRef]
[PubMed]

Massari, S.; Desantis, J.; Nizi, M.G.; Cecchetti, V.; Tabarrini, O. Inhibition of Influenza Virus Polymerase by Interfering with Its
Protein-Protein Interactions. ACS Infect. Dis. 2021, 7, 1332-1350. [CrossRef]

Lieve, N.; Stevaert, A.; Vanderlinden, E. Antiviral therapies on the horizon for influenza. Curr. Opin. Pharmacol. 2016, 30, 106-115.
[CrossRef]

Skehel, ].J.; Wiley, D.C. Receptor binding and membrane fusion in virus entry: The influenza hemagglutinin. Annu. Rev. Biochem.
2000, 69, 531-569. [CrossRef]

Ekiert, D.C.; Bhabha, G.; Elsliger, M.-A.; Friesen, R.H.; Jongeneelen, M.; Throsby, M.; Goudsmit, J.; Wilson, I.A. Antibody
recognition of a highly conserved influenza virus epitope: Implications for universal prevention and therapy. Science 2009, 324,
246-251. [CrossRef]

Wang, T.T.; Palese, P. Universal epitopes of influenza virus hemagglutinins? Nat. Struct. Mol. Biol. 2009, 16, 233-234. [CrossRef]
Hashem, A.M.; Van Domselaar, G.; Li, C.; Wang, J.; She, YM.; Cyr, T.D.; Sui, J.; He, R.; Marasco, W.A ; Li, X. Universal antibodies
against the highly conserved influenza fusion peptide cross-neutralize several subtypes of influenza A virus. Biochem. Biophys.
Res. Commun. 2010, 403, 247-251. [CrossRef]

Chen, Z.; Cui, Q.; Caffrey, M.; Rong, L.; Du, R. Small molecule inhibitors of influenza virus entry. Pharmaceuticals 2021, 14, 587.
[CrossRef]

Pécheur, E.-I.; Borisevich, V.; Halfmann, P.; Morrey, ].D.; Smee, D.E; Prichard, M.; Mire, C.E.; Kawaoka, Y.; Geisbert, TW.; Polyak,
S.J. The Synthetic Antiviral Drug Arbidol Inhibits Globally Prevalent Pathogenic Viruses. J. Virol. 2016, 90, 3086-3092. [CrossRef]
[PubMed]

Boriskin, Y.S.; Leneva, I.A.; Pécheur, E.-I.; Polyak, S.J. Arbidol: A broad-spectrum antiviral compound that blocks viral fusion.
Curr. Med. Chem. 2008, 15, 997-1005. [CrossRef] [PubMed]

Kadam, R.U.; Juraszek, J.; Brandenburg, B.; Buyck, C.; Schepens, W.B.G.; Kesteleyn, B.; Stoops, B.; Vreeken, R.J.; Vermond, J;
Goutier, W,; et al. Potent peptidic fusion inhibitors of influenza virus. Science 2017, 358, 496-502. [CrossRef] [PubMed]
Ammendolia, M.G.; Agamennone, M.; Pietrantoni, A.; Lannutti, F; Siciliano, R.A.; de Giulio, B.; Amici, C.; Superti, F. Bovine
lactoferrin-derived peptides as novel broad-spectrum inhibitors of influenza virus. Pathog. Glob. Health 2012, 106, 12-19.
[CrossRef] [PubMed]

Scala, M.C.; Sala, M.; Pietrantoni, A.; Spensiero, A.; Di Micco, S.; Agamennone, M.; Bertamino, A.; Novellino, E.; Bifulco, G.;
Gomez-Monterrey, LM.; et al. Lactoferrin-derived Peptides Active towards Influenza: Identification of Three Potent Tetrapeptide
Inhibitors. Sci. Rep. 2017, 7, 10593. [CrossRef]

Scala, M.C.; Agamennone, M.; Pietrantoni, A.; Di Sarno, V.; Bertamino, A.; Superti, F.; Campiglia, P.; Sala, M. Discovery of a
Novel Tetrapeptide against Influenza A Virus: Rational Design, Synthesis, Bioactivity Evaluation and Computational Studies.
Pharmaceuticals 2021, 14, 959. [CrossRef]

Superti, F; Agamennone, M.; Pietrantoni, A.; Ammendolia, M.G. Bovine lactoferrin prevents influenza a virus infection by
interfering with the fusogenic function of viral hemagglutinin. Viruses 2019, 11, 51. [CrossRef]

Agamennone, M.; Pietrantoni, A.; Superti, F. Identification of small molecules acting against HIN1 Influenza A virus. Virology
2016, 488, 249-258. [CrossRef]

Matsubara, T.; Onishi, A.; Yamaguchi, D.; Sato, T. Heptapeptide ligands against receptor-binding sites of influenza hemagglutinin
toward anti-influenza therapy. Bioorganic Med. Chem. 2016, 24, 1106-1114. [CrossRef]

Kim, J.I; Lee, S.; Lee, G.Y.; Park, S.; Bae, ].-Y.; Heo, J.; Kim, H.-Y.; Woo, S.-H.; Lee, H.U.; Ahn, C.A.; et al. Novel Small Molecule
Targeting the Hemagglutinin Stalk of Influenza Viruses. J. Virol. 2019, 93, e00878-19. [CrossRef]


http://doi.org/10.1111/bcp.13405
http://www.ncbi.nlm.nih.gov/pubmed/28929521
http://doi.org/10.1073/pnas.1502374112
http://www.ncbi.nlm.nih.gov/pubmed/26283346
http://doi.org/10.1016/j.cell.2016.05.073
http://www.ncbi.nlm.nih.gov/pubmed/27453466
http://doi.org/10.1016/j.antiviral.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16516984
http://doi.org/10.1016/j.antiviral.2017.01.006.An
http://doi.org/10.1111/bcp.13733
http://www.ncbi.nlm.nih.gov/pubmed/30098042
http://doi.org/10.1101/cshperspect.a038455
http://www.ncbi.nlm.nih.gov/pubmed/32152244
http://doi.org/10.1021/acsinfecdis.0c00552
http://doi.org/10.1016/j.coph.2016.08.003
http://doi.org/10.1146/annurev.biochem.69.1.531
http://doi.org/10.1126/science.1171491
http://doi.org/10.1038/nsmb.1574
http://doi.org/10.1016/j.bbrc.2010.11.030
http://doi.org/10.3390/ph14060587
http://doi.org/10.1128/JVI.02077-15
http://www.ncbi.nlm.nih.gov/pubmed/26739045
http://doi.org/10.2174/092986708784049658
http://www.ncbi.nlm.nih.gov/pubmed/18393857
http://doi.org/10.1126/science.aan0516
http://www.ncbi.nlm.nih.gov/pubmed/28971971
http://doi.org/10.1179/2047773212Y.0000000004
http://www.ncbi.nlm.nih.gov/pubmed/22595270
http://doi.org/10.1038/s41598-017-10492-x
http://doi.org/10.3390/ph14100959
http://doi.org/10.3390/v11010051
http://doi.org/10.1016/j.virol.2015.11.024
http://doi.org/10.1016/j.bmc.2016.01.039
http://doi.org/10.1128/JVI.00878-19

Pharmaceuticals 2022, 15, 301 19 of 19

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Leiva, R.; Barniol-Xicota, M.; Codony, S.; Ginex, T.; Vanderlinden, E.; Montes, M.; Caffrey, M.; Luque, EJ.; Naesens, L.; Vazquez, S.
Aniline-Based Inhibitors of Influenza HIN1 Virus Acting on Hemagglutinin-Mediated Fusion. ]. Med. Chem. 2018, 61, 98-118.
[CrossRef]

Vasile, F.; Panigada, M.; Siccardi, A.; Potenza, D.; Tiana, G. A combined nmr-computational study of the interaction between
influenza virus hemagglutinin and sialic derivatives from human and avian receptors on the surface of transfected cells. Int. J.
Mol. Sci. 2018, 19, 1267. [CrossRef]

Le, K.P; Do, P-C.; Amaro, R.E.; Le, L. Molecular Docking of Broad-Spectrum Antibodies on Hemagglutinins of Influenza A Virus.
Evol. Bioinform. Online 2019, 15, 1176934319876938. [CrossRef] [PubMed]

Weis, W.; Brown, J.H.; Cusack, S.; Paulson, ].C.; Skehel, ].J.; Wiley, D.C. Structure of the influenza virus haemagglutinin complexed
with its receptor, sialic acid. Nature 1988, 333, 426-431. [CrossRef] [PubMed]

Kadam, R.U.; Wilson, I.A. A small-molecule fragment that emulates binding of receptor and broadly neutralizing antibodies to
Influenza A hemagglutinin. Proc. Natl. Acad. Sci. USA 2018, 115, 4240-4245. [CrossRef] [PubMed]

Schrodinger Release 2021-2022: Maestro, Glide, LigPrep, Phase, Prime, MacroModel, SiteMap, Induced Fit Docking Protocol, Desmond
Molecular Dynamics System, D.E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interoperability Tools; Schrodinger, LLC: New
York, NY, USA, 2021.

Willyard, C. Flu on the farm. Nature 2019, 573, S62-563. [CrossRef]

Shi, W.; Gao, G.F. Emerging H5N8 avian influenza viruses. Science 2021, 372, 784-786. [CrossRef]

Hussein, A.FA.; Cheng, H.; Tundup, S.; Antanasijevic, A.; Varhegyi, E.; Perez, J.; AbdulRahman, E.M.; Elenany, M.G.; Helal, S.;
Caffrey, M.; et al. Identification of entry inhibitors with 4-aminopiperidine scaffold targeting group 1 influenza A virus. Antiviral
Res. 2020, 177, 104782. [CrossRef]

Basu, A.; Antanasijevic, A.; Wang, M.; Li, B.; Mills, D.M.; Ames, ].A.; Nash, PJ.; Williams, ].D.; Peet, N.P.; Moir, D.T.; et al. New
Small Molecule Entry Inhibitors Targeting Hemagglutinin-Mediated Influenza A Virus Fusion. ]. Virol. 2014, 88, 1447-1460.
[CrossRef]

Yao, Y.; Kadam, R.U.; Lee, C.C.D.; Woehl, J.L.; Wu, N.C.; Zhu, X.; Kitamura, S.; Wilson, I.A.; Wolan, D.W. An influenza A
hemagglutinin small-molecule fusion inhibitor identified by a new high-throughput fluorescence polarization screen. Proc. Natl.
Acad. Sci. USA 2020, 117, 18431-18438. [CrossRef]

Van Dongen, M.].P; Kadam, R.U.; Juraszek, J.; Lawson, E.; Brandenburg, B.; Schmitz, F; Schepens, W.B.G.; Stoops, B.; Van
Diepen, H.A.; Jongeneelen, M.; et al. A small-molecule fusion inhibitor of influenza virus is orally active in mice. Science 2019,
363, eaar6221. [CrossRef] [PubMed]

Tang, G.; Lin, X;; Qiu, Z,; Li, W,; Zhu, L.; Wang, L.; Li, S.; Li, H.; Lin, W.; Yang, M.; et al. Design and Synthesis of Benzenesul-
fonamide Derivatives as Potent Anti-Influenza Hemagglutinin Inhibitors. ACS Med. Chem. Lett. 2011, 2, 603—-607. [CrossRef]
[PubMed]

Yu, M,; Si, L.; Wang, Y.; Wu, Y.; Yu, E; Jiao, P,; Shi, Y.; Wang, H.; Xiao, S.; Fu, G.; et al. Discovery of pentacyclic triterpenoids as
potential entry inhibitors of influenza viruses. J. Med. Chem. 2014, 57, 10058-10071. [CrossRef] [PubMed]

Li, W,; Yang, F; Meng, L.; Sun, |.; Su, Y.; Shao, L.; Zhou, D.; Yu, E. Synthesis, Structure Activity Relationship and Anti-influenza A
Virus Evaluation of Oleanolic Acid-Linear Amino Derivatives. Chem. Pharm. Bull. 2019, 67, 1201-1207. [CrossRef]

Yusuf, M.; Kong, J.; Sy Bing, C.; Trykowska Kong, J.; Ahmad Khairudin, N.B.; Janezic, D.; Wahab, H.A. Structurally conserved
binding sites of hemagglutinin as targets for influenza drug and vaccine development. J. Chem. Inf. Model. 2013, 53, 2423-2436.
[CrossRef]

Lao, J.; Vanet, A. A New Strategy to Reduce Influenza Escape: Detecting Therapeutic Targets Constituted of Invariance Groups.
Viruses 2017, 9, 38. [CrossRef]

Gaush, C.R.; Smith, T.F. Replication and plaque assay of influenza virus in an established line of canine kidney cells. Appl.
Microbiol. 1968, 16, 588-594. [CrossRef]

Rimmelzwaan, G.F.; Baars, M.; Claas, E.C.J.; Osterhaus, A.D.M.E. Comparison of RNA hybridization, hemagglutination assay,
titration of infectious virus and immunofluorescence as methods for monitoring influenza virus replication in vitro. J. Virol.
Methods 1998, 74, 57—-66. [CrossRef]

Marchetti, M.; Trybala, E.; Superti, F; Johansson, M.; Bergstrom, T. Inhibition of herpes simplex virus infection by lactoferrin is
dependent on interference with the virus binding to glycosaminoglycans. Virology 2004, 318, 405—413. [CrossRef]

Xu, R.; McBride, R.; Nycholat, C.M.; Paulson, ]J.C.; Wilson, I.A. Structural Characterization of the Hemagglutinin Receptor
Specificity from the 2009 HIN1 Influenza Pandemic. J. Virol. 2012, 86, 982-990. [CrossRef]

Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T; Banks, ].L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database screening. J. Med. Chem. 2004, 47, 1750-1759. [CrossRef]
[PubMed]

Dixon, S.L.; Smondyrev, A.M.; Rao, S.N. PHASE: A novel approach to pharmacophore modeling and 3D database searching.
Chem. Biol. Drug Des. 2006, 67, 370-372. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.jmedchem.7b00908
http://doi.org/10.3390/ijms19051267
http://doi.org/10.1177/1176934319876938
http://www.ncbi.nlm.nih.gov/pubmed/31555044
http://doi.org/10.1038/333426a0
http://www.ncbi.nlm.nih.gov/pubmed/3374584
http://doi.org/10.1073/pnas.1801999115
http://www.ncbi.nlm.nih.gov/pubmed/29610325
http://doi.org/10.1038/d41586-019-02757-4
http://doi.org/10.1126/science.abg6302
http://doi.org/10.1016/j.antiviral.2020.104782
http://doi.org/10.1128/JVI.01225-13
http://doi.org/10.1073/pnas.2006893117
http://doi.org/10.1126/science.aar6221
http://www.ncbi.nlm.nih.gov/pubmed/30846569
http://doi.org/10.1021/ml2000627
http://www.ncbi.nlm.nih.gov/pubmed/24900355
http://doi.org/10.1021/jm5014067
http://www.ncbi.nlm.nih.gov/pubmed/25383779
http://doi.org/10.1248/cpb.c19-00485
http://doi.org/10.1021/ci400421e
http://doi.org/10.3390/v9030038
http://doi.org/10.1128/am.16.4.588-594.1968
http://doi.org/10.1016/S0166-0934(98)00071-8
http://doi.org/10.1016/j.virol.2003.09.029
http://doi.org/10.1128/JVI.06322-11
http://doi.org/10.1021/jm030644s
http://www.ncbi.nlm.nih.gov/pubmed/15027866
http://doi.org/10.1111/j.1747-0285.2006.00384.x
http://www.ncbi.nlm.nih.gov/pubmed/16784462

	Introduction 
	Results 
	Hemagglutination Inhibition (HI) Test against the A/H3N2 Strain 
	Compound Scaffold Validation 
	Neutralization Assays 
	Computational Studies 
	Pharmacokinetic Profile 

	Discussion 
	Materials and Methods 
	Compounds 
	Biological Assay 
	Cells and Viral Strains 
	Cytotoxicity Assay 
	Hemagglutination Inhibition (HI) Assay 
	Neutralization Assay 

	Computational Studies 
	Homology Modeling 
	Protein Preparation 
	Binding Site Identification and Analysis 
	Receptor Grid Generation 
	Ligand Preparation 
	Docking Calculations 
	Induced Fit 
	Molecular Dynamics 
	Pharmacophore Alignment 


	Conclusions 
	References

