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Abstract (147 words)

Influenza viruses are major human pathogens responsible for respiratory diseases affecting millions
of people worldwide and characterized by high morbidity and significant mortality. Influenza
infections can be controlled by vaccination and antiviral drugs. However, vaccines need annual
updating and give limited protection. Only two classes of drugs are currently approved for the
treatment of influenza: M2 ion channel blockers and neuraminidase inhibitors. However, they are
often associated with limited efficacy and adverse side effects. In addition, the currently available
drugs suffer from rapid and extensive emergence of drug resistance. All this highlights the urgent
need for developing new antiviral strategies with novel mechanisms of action and with reduced
drug resistance potential. Several new classes of antiviral agents targeting viral replication
mechanisms or cellular proteins/processes are under development. This review gives an overview of

novel strategies targeting the virus and/or the host cell for counteracting influenza virus infection.
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Introduction

Influenza viruses (IV) represent one of the major threats to public health, as they are responsible for
both epidemics and pandemics characterized by high morbidity and mortality. During the past
century, the pandemics of Spanish flu (1918), Asian flu (1957), Hong Kong flu (1968), bird flu
(2005), and recently, swine flu (2009) caused millions of deaths worldwide [1]. In addition, the
seasonal influenza epidemic results in hundreds of thousands of deaths per year

(http://www.who.int/). IV belong to the Orthomyxoviridae family and include A, B, and C types,

which differ in host range and pathogenicity. In particular, influenza A viruses (IAV) infect a wide
range of avian and mammalian hosts, while influenza B viruses (IBV) infect almost exclusively
humans. IAV are further classified into subtypes based on the antigenic properties of two viral
surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA): 17 HA (H1-H17) and 10 NA
(N1-N10) antigenic subtypes have been identified so far [2]. Within a subtype, different strains can
arise as a result of point mutations; indeed, IAV evolve constantly and new mutant strains replace
the old ones in a process known as “genetic drift”.

IAV possess a single-stranded, eight-segmented RNA genome of negative polarity, which
encodes the surface glycoproteins HA and NA and the M2 ion channel, that are all inserted into the
viral lipid envelope; the matrix protein 1 (M1), that lies beneath the membrane; the three subunits
(PB1, PB2, and PA) of the RNA polymerase complex, that is associated with the encapsidated
genome; the nucleoprotein (NP), that coats the viral genome; and the nonstructural proteins NS1
and NS2/NEP [2]. In addition, most IAV encode a nonstructural PB1-F2 protein of varying length,
which has pro-apoptotic functions [3], and PA-x and N40, two newly identified proteins encoded by
the PA and PBI genes, respectively [4,5]. The IV replication cycle initiates with the attachment of
HA to sialic acid (SA)-containing glycoprotein and glycolipid receptors on cell surface. The virus
particle then enters the cell via clathrin-dependent endocytosis and macropinocitosis. Following
entry, the acidic environment of the late endosome triggers a conformational change of HA which
drives fusion of the viral envelope with the endosomal membrane. Moreover, the M2 protein creates
a proton flow from the endosome into the virion leading to the dissociation of M1 from the viral
ribonucleoprotein complexes (VRNPs). The released vRNPs are then transported into the nucleus,
wherein the viral RNA polymerase initiates genome transcription and replication. Newly
synthesized viral genome segments and proteins (PB1, PB2, PA, and NP) are complexed with M1
and NEP and then exported from the nucleus to the cell membrane for the final assembly and
budding phases. Finally, NA cleaves terminal SA residues from HA and the cellular receptors

permitting the release of virions from the cell. In addition to the viral proteins, there are a number of


http://www.who.int/

cellular proteins involved in each stage of IV replication, which could represent potential antiviral
targets.

The current options for influenza therapy include vaccination and two classes of antiviral
compounds, the M2 ion channel blockers (adamantanes) and the NA inhibitors. However, vaccines
need to be reformulated each year due to the genetic instability of the virus and are not always
protective; thus, vaccination is unlikely to be effective against a rapidly emerging influenza
pandemic. Adamantanes inhibit IAV replication by blocking virus entry. However, they have no
activity against IBV and are often associated with serious side effects. NA inhibitors block the
release of virions after budding from the host cell. They exhibit activity against both IAV and IBV
but can also cause side effects. In addition, a major problem with both classes of drugs is the rapid
emergence of drug-resistant viral strains which have limited the use of the NA inhibitors and
rendered the M2 blockers ineffective. Thus, there is a clear need to discover novel IV inhibitors.

The necessity of developing new drugs to overcome resistance and counteract threats of
sporadic outbreaks of pandemic IAV has fueled the interest in gaining a deeper knowledge of the
structures and functions of the viral components. The body of information coming out of new
research initiatives may have the potential to be developed into useful therapeutic strategies. In
addition, targeting of cellular factors involved in IAV replication represents a novel antiviral
approach that could counteract viral drug resistance, as resistance against host-targeted antivirals
would likely not emerge as rapidly as it is for virus-targeted inhibitors. In this review, we present an
overview of recent progress in designing and developing new antivirals to block critical steps of the

viral life cycle by inhibiting functions of viral proteins and/or host-virus interactions.

New virus-based anti-influenza virus strategies

In this section, we will discuss current and new anti-influenza approaches from the point of view of
targeting the virus itself. A number of different novel virus-based anti-influenza strategies are being
developed, which include improving currently available drugs in potency, spectrum of activity, or
route of delivery; discovering new classes of compounds that target different viral proteins; and the
application of combination therapy. An overview of the viral proteins/processes that are blocked by

current drugs and by new inhibitors under development is depicted in Fig. 1.

Antiviral strategies targeting the M2 ion channel

Influenza M2 is a homotetrameric protein that acts as a proton channel [6]. After virus endocytosis
into the host cell, M2 is activated in response to the low pH in the endosomal lumen and creates a

proton flux from the endosome into the virion core [6]. M2 is essential for viral replication and its



short N-terminal extracellular domain is highly conserved in all human IAV [7]. For these reasons,
M2 is considered an excellent target for antiviral agents. Indeed, the M2 protein of IAV (A/M2) is
the target of two already licensed drugs for influenza treatment: amantadine and its methyl
derivative rimantadine [8,9]. Both these adamantane derivatives bind the N-terminal channel lumen
of the M2 pore and, upon binding, their charged amino group produces a positive electrostatic
potential in the channel lumen, which involves an electrostatic repulsion of protons and prevents
virus uncoating [8]. Unfortunately, these compounds are inactive against IBV, due to the fact that
there are significant differences in the amino acid sequence between the A/M2 and the M2 of IBV,
except for the H37xxxW41 sequence motif in the transmembrane domain required for the channel
activity and proton selectivity [6]. Moreover, the rapid emergence of drug-resistant virus variants
represents the main limit of these drugs. Indeed, almost all currently circulating IAV are resistant to
amantadine and rimantadine, greatly limiting their utility in the clinical practice [10]. Thus, new M2
blockers active against amantadine-resistant viruses are urgently needed.

Drug-resistance to amantadine and rimantadine is associated to single or multiple amino
acid substitutions at positions 26, 27, 30, 31, or 34 in the transmembrane region of A/M2 located
outside of the H37xxxW41 motif [11]. More than 95% of the reported transmissible IAV carry the
S31N mutation in the trans-membrane region of A/M2 [12,13]. For this reason, the possibility to
target the predominant S31N mutant represents an attractive challenge. Recently, some small
molecules were identified as potent inhibitors of the A/M2-S31N variant. Among these compounds,
M2WJ332 exhibited an antiviral activity against the A/M2-S31N variant higher than that of
amantadine against the wild-type A/M2 [14]. In addition to M2WJ332, some benzyl-substituted
amantadine derivatives were recently found to inhibit the activity of both S31N and wild-type
viruses [14]. Other frequent mutations in the A/M2 protein that confer resistance to amantadine and
rimantadine are L26F and V27A [11,15]. Recently, novel small molecules with inhibitory activity
against A/M2 bearing these mutations have been reported, including the spiroadamantane 9 [16],
the spiran amine 8 [17], and some organosilane-based compounds [18]. In addition, a number of
studies have reported other compounds (e.g., imines, adamantanaminoalcohols, adamantanamines,
and spiro-piperidine) with inhibitory effects against the wild-type M2 protein more potent than
amantadine; however, these compounds do not show any activity against amantadine-resistant
variants [19-21]. Finally, a neutralizing antibody directed against the A/M2 ion channel, M2-7A,
which is able to inhibit the replication of both amantadine-sensitive and amantadine-resistant
viruses with similar ICso values, has been identified [22]. Importantly, passive immunotherapy with

M2-7A protected mice from a lethal IV challenge [22]. Although the exact mechanism of action of



M2-7A and its binding epitope have not yet been clarified, this inhibitor clearly deserves further
investigation.

To date, there is no single M2 blocker capable of targeting both wild-type IV and all
circulating amantadine-resistant strains. Nevertheless, the therapy with a combination of these

inhibitors could provide an effective strategy to solve the problem of amantadine resistance.

Antiviral strategies targeting the neuraminidase

An attractive target for the development of new anti-influenza drugs is provided by the viral
neuraminidase. NA is a homotetrameric glycoside hydrolase that binds and removes a terminal SA
residue to the adjacent oligosaccharide moiety of the cellular receptors recognized by HA, playing a
key role in promoting IV infectivity (for a review see [23]). Indeed, NA is responsible for virus
penetration through mucosal secretions, helping the virus to access to the target cells by mucus
degradation [24]. Moreover, NA allows the detachment of the virion from infected cells and avoids
the self-aggregation of progeny virions at late stages of infection by disrupting HA-SA interactions,
thus promoting the release and spread of IV [23].

The proof-of-principle for the “druggability” of this target is represented by zanamivir
(Relenza) and oseltamivir (Tamiflu) that are the first two inhibitors of NA licensed for the treatment
of IAV and IBV infection [25,26]; however, the development and rapid spread of IV resistant to
these drugs have limited their efficacy [27]. This has prompted the search for new anti-NA drugs.
On the basis of the mechanism of action and the chemical features of the molecules, NA inhibitors
can be distinguished into two groups: (i) synthetic analogues of SA and (i1) natural molecules and
plant extracts with anti-NA activity.

The mechanism of SA analogues is based on the competition with the natural substrate of
NA, resulting in a block of the enzyme active site. These compounds are active against both IAV
and IBV thanks to the fact that the NA active site is highly conserved among different NA subtypes
of AV and also among IBVs [28,29]. However, these inhibitors are effective against influenza
infection only if administrated within 36-48 h of symptoms onset [29]. Zanamivir and oseltamivir,
currently used worldwide as therapeutic and prophylactic agents against IAV and 1BV, belong to
this class. Zanamivir (GG167) is a 4-deoxy-4-guanidino analogue of SA and was the first approved
NA inhibitor [26]. This compound is administrated in patients at least 7 years old via inhalation,
due to its poor oral bioavailability (Iess than 20%) [30]. Although zanamivir is well tolerated and
has few adverse reactions, the route of administration of this drug can represent a problem
especially for children and elderly patients that could not be able to inhale zanamivir suitably [31].

To circumvent these issues, an intravenous formulation of zanamivir has been formulated and is



currently in Phase III clinical trial. Oseltamivir (GS4104) is an ethyl ester prodrug, which is orally
administrated and is quickly converted into its active form oseltamivir carboxylate (GS4071) by
hepatic esterases. Oseltamivir possesses higher bioavailability (around 80%) than zanamivir and can
be administrated in patients > 1 year old [32]. More recently, other two SA analogues, peramivir
and laninamivir, have been licensed in some Asian countries and are currently under clinical
evaluation in other countries. Peramivir (BCX-1812, RWJ-270201) is a cyclopentane compound,
approved in Japan as Rapiacta and in South Korea as Peramiflu for use in adult and pediatric
patients with IAV and IBV infection [33]; in addition, it is currently undergoing clinical trials in the
USA and in other countries. This compound is administrated only as an intravenous formulation,
due to its very low bioavailability [34]. Laninamivir (R-125489) is a SA analogue structurally
similar to zanamivir. Laninamivir is administrated as octanoyl prodrug, laninamivir octanoate (LO;
CS-8958, R-118958), and holds great promise for its long-acting inhibitory activity [35]. LO has
been approved in Japan for clinical use (as Inavir) since September 2010, but is still undergoing
clinical trials in the USA.

Although the NA active site is a highly conserved target, a number of mutations in the NA
of viruses selected in vitro in the presence of NA inhibitors and also in patients have been
identified, namely substitutions of residues E105, E119, 1122, Q136, D151, R152, D198, R224,
S246, H274, R292, N294, and R371 [27]. These mutations map in framework or catalytic residues
of NA and can directly or indirectly alter the shape of the active site structure, thus leading to lower
efficiency in inhibitor binding ability [27]. Some mutations were found to confer resistance to
certain NA inhibitors but preserve the susceptibility to others [27]; for example, the main mutation
conferring resistance to oseltamivir (H274Y) also confers resistance to peramivir, but not to
zanamivir [36]. In addition, due to the similar binding properties and chemical structures of
zanamivir and laninamivir [37], it is expected that mutations causing resistance to zanamivir confer
cross-resistance to laninamivir. Currently, no mutation associated with resistance to laninamivir has
been identified and, although this finding remains to be confirmed, at the moment laninamivir
remains the only NA inhibitor not subjected to drug resistance [27]. Based on NA crystallographic
structure and knowledge of the binding mode in which these NA inhibitors interact with the enzyme
active site [38], many other analogues of SA have been synthesized and characterized, in order to
further optimize the binding properties of NA inhibitors. Work on novel anti-NA compounds
obtained by structure-based drug design strategies is well summarized in other recent reviews
[38,39].

An alternative and interesting approach to increase the efficacy of the approved NA drugs is

provided by the use of multivalent inhibitors, by conjugating the compounds to a biocompatible



polymer [40,41]. Indeed, several reports showed that such multivalent presentation of NA inhibitors
results in a dramatically higher antiviral potency than that obtained with the monomeric drug [41-
43]. As an example, zanamivir attached to the biodegradable polymer poly-L-glutamine exhibited
an antiviral activity 1,000- to 10,000-fold higher than that of monomeric zanamivir [41]. In
addition, a single dose of zanamivir dimers resulted in an in vivo longer-lasting activity against [V
compared to monomeric zanamivir [43].

In recent years, natural products have acquired increasing relevance in drug discovery,
including as anti-influenza agents. Among natural products, many classes of compounds with
promising anti-NA activity have been identified (reviewed in [44]); however, flavonoids are the
most studied as NA inhibitors [44]. Flavonoids are a group of secondary plant metabolites
containing 15 carbon atoms. In addition to antioxidant effects [45], they possess antiviral activity
against a wide array of viruses, including IV [44], showing anti-NA activity [46-49]. In addition,
plant extracts have also been evaluated for their inhibitory potential on NA, especially extracts from
plants of traditional Chinese medicine [44]; however, often the mechanism of action and/or the
active principle(s) have not been yet clarified [44]. As an example, a screening of extracts from
many medicinal plants led to the identification of five plant extracts endowed with anti-NA activity
in vitro and among these, the extract of Melia toosendan was found to be also active against IV in a

mouse model [50].

Antiviral strategies targeting the hemagglutinin

HA is a homotrimeric glycoprotein composed of a stem domain supporting a globular head. Each
HA monomer consists of two disulfide-linked polypeptides, HA1 and HA2, derived from
proteolytic cleavage of the single immature precursor HAO by host proteases. The most part of HAs
are activated by cleavage at a single arginine residue by extracellular proteases, whereas for other
HAs, associated to highly pathogenic avian viruses, this cleavage is performed by furin-like
intracellular proteases at sites characterized by multiple basic amino acids. HA is essential for the
interaction of the virus to cells by binding to SA receptors on host cells and also it is involved in the
low pH-induced membrane fusion between the viral envelope and the endosomal membrane [23].

A possible mechanism of inhibition of viral infection is to block the interaction between
viral surface molecules and cellular receptors and the following fusion of the virion with the
endosome membranes, thus preventing the entry of the virus into the host cell. Some drugs already
approved for the treatment of human immunodeficiency virus (HIV) infection (enfuvirtide and
maraviroc) and for the prevention of respiratory syncytial virus (RSV) infection (palivizumab)

specifically act by interfering with this step of the viral life cycle [51-53]. In the case of IV, the



entry step can be blocked mainly by two strategies: i) by preventing the binding between the viral
HA and the terminal SA of glycoproteins and glycolipids present on the cell membrane; ii) by
blocking the process of fusion between the viral envelope and endosomal membrane, necessary for
the release of the VRNP into the cytoplasm.

As for the first strategy, a variety of antiviral agents have been reported that can interfere
with IV attachment to target cells. These inhibitors can be divided in different groups based on
chemical properties and their mechanism of action:

1) Neutralizing monoclonal antibodies (mAbs) directed against the membrane-distal globular head
domain of HA. The globular head of HA contains three receptor binding sites (RBS) and is
responsible for the attachment to cellular receptors [23], thus representing the principal target of
these inhibitors. The main limit of this antiviral strategy is the hyper-variability of the globular head
of HA. In fact, several antibodies that target regions of globular head of HA, especially the exposed
loops that surround the RBS, are typically able to neutralize a limited range of IVs, often showing
strain-specific responses [54,55]. Despite the overall variability of the globular head of HA, the
RBS is relatively conserved; thus, antibodies against this site possess a broader spectrum of
neutralizing activity. An example is represented by CH65, which is able to neutralize several strains
of IV in vitro, by inserting its heavy-chain CDR3 loop into the receptor-binding pocket [55]. Recent
studies reported a few examples of RBS-directed antibodies with heterosubtypic anti-influenza
activity. In particular, two mAbs, S139/1 and CO5, showed neutralization activity against strains
from multiple IV subtypes both in vitro and in mice [56,57]. Crystal structures of the antibody—HA
complex confirmed that both antibodies are able to bind highly conserved residues in the RBS of
HA [56,58].

2) Decoy receptor or SA-containing inhibitors. This class of agents that can subdivided in: (i)
polyvalent synthetic SA-containing inhibitors; (i1) natural inhibitors containing SA. Both these
types of inhibitors act as receptor mimics and compete with sialylated receptors on the target cells
for binding to HA and thus neutralize the virus attachment. In addition, their binding to the virion
surface can lead to virus particle aggregation, causing a reduction of virus infectivity. As for the
first type of inhibitors, the design of polyvalent synthetic SA-containing compounds has been
proposed to overcome the low affinity of HA binding to monovalent SA analogues, which are
considered ineffective in competing with the highly multivalent interactions between the virus and
the host cell [59]. In fact, polyvalent SA-containing inhibitors were more potent in vitro than
corresponding monovalent molecules [59]. Some of these molecules also exhibited protective
effects against IV infection in mice [60,61]. As an alternative to multivalent sialosides, several

groups have proposed the use of liposomes with SA analogues on the surface in order to allow a



multivalent presentation of SA [62-64]. The second type of inhibitors are constituted by SA-
containing natural molecules, such as glycoproteins or proteoglycans, which possess the ability to
bind HA and at the same time to create a steric obstacle to the polyvalent interaction of the virus
with cells, thus blocking the process of virus absorption to target cells. An example of these
inhibitors is represented by the serum amyloid P component, which contains the a(2,6)-linked SA
into the oligosaccharide side chains. This sialylated glycoprotein has been reported to limit IAV
infection of airway epithelial cells and to have also therapeutic effects in mice [65].

3) Peptides against HA. Some peptides exhibiting potent and broad-spectrum anti-influenza activity
recently emerged as inhibitors of viral attachment [66,67]. Similar to antibodies, these peptides
specifically bind the HA protein and prevent IV absorption to the host cell. These peptides were
found to be effective not only in vitro but also in vivo, even when administered post-infection.

4) Carbohydrate-binding agents that recognize specific glycosylation sites on HA. The mechanism
of action of these inhibitors exemplified by cyanovirin-N (CV-N). This protein, which derives from
the cyanobacterium Nostoc ellipsosporum, recognizes high-mannose oligosaccharide structures on
HA (oligomannose-8 and -9) and its binding to HA prevents virus adsorption to the cell [68]. In
fact, removal of these glycans from HA causes a decrease of viral sensitivity to CV-N [68].
Interestingly, CV-N showed antiviral activity not only against IAV and IBV, but also against a
broad range of enveloped viruses, such as HIV [69], Ebola virus [70], human herpesvirus 6 [69,70],
and hepatitis C virus (HCV) [71]. The same mechanism seems to be used by a lectin from Green
Alga Boodlea coacta (BCA) [72]. Indeed, BCA exhibited a strong inhibition of HA activity by
specifically interacting with 1-2-linked mannose at the nonreducing terminus of HA [72]. In
addition, BCA showed activity against HIV [72].

5) Natural molecules from plants. Finally, some natural molecules which interfere with the binding
of HA to the cell surface have also been identified [73-76]. However, the molecular details of the
mechanism of these compounds have not yet been elucidated.

Another possible strategy of inhibition of viral entry consists in preventing the fusion of the
viral envelope with the endosomal membrane, in order to avoid the release of virion components
into the cytoplasm. There is a heterogeneous group of inhibitors that act at this step of the viral life
cycle, with distinct mechanisms of action:

1) Small molecules that inhibit the low pH-induced conformational change of HA. After binding to
the cellular receptor, IV is internalized into endosomes by clathrin-independent endocytosis [77].
The low pH inside the late endosomes triggers an irreversible conformational change of HA and
enables the extrusion of the fusion peptide and its consequent insertion into the endosomal

membrane [78]. Several small molecules that bind pockets in the stem region of the native form of
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HA have been identified as specific fusion inhibitors of IV [79-86]. Most of them prevent the
fusogenic activity of the virus by blocking the low pH-induced conformational change of HA
[79,81-86]. The most recent example of compounds acting by this mechanism is RO5464466,
which stabilizes the neutral pH conformation of HA in a pre-fusogenic state and prevents the
fusogenic change of HA [86]. In contrast, others compounds, such as C22, inhibit membrane fusion
by destabilizing the structure of HA, resulting in a premature and ineffective conformational change
[80,87]. However, these inhibitors possess common drawbacks that would severely limit their
potential utility in the clinical practice. In fact, these small molecules show a high propensity to the
emergence of drug-resistant variants and exhibit limited protection against different HA subtypes.
An exception is represented by arbidol (ARB, I1-metyl-2-phenyl-thiomethyl-3-carbotoxy-4-
dimetylaminomethyl-5-hydroxy-6-bromoindolehydrochloridemonohydrate). In fact, ARB exhibits a
broad spectrum of antiviral activity not only against IAV and IBV, but also against other viruses
such as RSV, parainfluenza virus, coxsackie virus, rhinovirus, hepatitis B virus (HBV), and HCV
[87,88]. This drug has been approved in Russia and in China for treatment and prophylaxis of IAV
and IBV. Studies with viruses resistant to ARB bearing mutations which map in the HA2 subunit
confirmed that ARB interacts with HA and acts by stabilizing its structure, thus preventing the low
pH-induced fusogenic change of HA [89]. Recently, biochemical studies showed that ARB dually
interacts both with cell membrane phospholipids and with aromatic residues of viral glycoproteins
on the surface of enveloped viruses [90]. This mechanism of action of ARB can prevent the
fusogenic change in viral glycoproteins required for membrane fusion and could explain the broad
spectrum of antiviral activity of this compound.

2) Neutralizing mAbs directed against the stem region of HA. Another possible approach to
interfere with the fusogenic activity of HA is to develop mAbs directed against its highly conserved
stem region, mostly formed by HA2 monomers. Thanks to the high conservation of this region,
such a strategy could allow to overcome the problem of the high variability associated to the HA
globular head. Recently, a number of studies reported antibodies that recognize conserved epitopes
of the stem region of HA and show a broad antiviral activity against I[AV both in vitro and in animal
models [91-97]. One of these antibodies, CR9114, exhibited antiviral effects also against IBV both
in vitro and in mice [92]. These observations suggest that the epitope recognized by CR9114 is
highly conserved not only among the different IAV subtypes, but also among IBV and this finding
opens the possibility to develop an universal influenza vaccine against IAV and IBV based on this
epitope [92].

3) Broad-spectrum antivirals interfering with membrane fusion by a nonspecific mechanism. An

additional approach is to block the fusion between virus and endosomal membrane in a step
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subsequent to the conformational rearrangement of HA. High-molecular weight molecules can
prevent the fusion between the virus and endosomal membrane by acting as a steric barrier. For
their nonspecific - still not entirely clear - mechanism of action, these compounds are active against
a wide range of viruses, including IV. Dextran sulfate and retrocyclin 2 represent two examples of
this type of inhibitors. Dextran sulfate is a sulfated polysaccharide which exhibits inhibitory effects
not only against IAV, but also against HIV, cytomegalovirus, herpes simplex virus (HSV), vesicular
stomatitis virus, and RSV [98-100]. Thanks to its negatively charged sulfated/carboxyl groups,
dextran sulfate interacts with HA, that has a net positive charge at pH <7 [101]. Biochemical studies
highlighted that there is an inhibitory effect on membrane fusion only when dextran sulfate is added
at early steps of the fusion process [102]. However, this compound does not seem to inhibit the low
pH-dependent conformational change of HA, rather suggesting an inhibitory activity due to steric
hindrance in the following step [102]. Other sulfated polysaccharides, such as iota-carrageenan and
pKG-03 derived from the marine microalga Gyrodinium impudium, have been reported to possess
anti-IV activity, although with an unknown mechanism of action [103,104]. Another broad-
spectrum antiviral that can be included in this class of inhibitors is retrocyclin 2. This molecule
belongs to the family of theta-defensins and is able to inhibit not only IV, but also HIV and HSV
[105-108]. Retrocyclin 2 was found to inhibit the process of membrane fusion even when HA is in a
fusogenic conformation or when a state of membrane hemifusion is already induced [106]. Detailed
studies on its mechanism of action demonstrated that retrocyclin 2 creates a network of crosslinked
and immobilized surface glycoproteins both on the virus and on the host cell, thus blocking the

successive membrane rearrangements necessary to complete the fusion process [106].

Antiviral strategies targeting the RNA polymerase

The viral RNA-dependent RNA polymerase (RARP) is a heterotrimer composed of subunits PB1,
PB2, and PA, which carry out both mRNA transcription and replication of the viral genome. During
transcription, in a process known as “cap-snatching” PB2 binds to the 5" methyl cap of host pre-
mRNA molecules and PA, which has endonuclease activity, cleaves the pre-mRNA to produce a
capped primer that is used to start transcription [109]. The PB1 protein possesses the RNA-
dependent RNA polymerase activity and it is also responsible for the addition of a poly(A) tail to
viral mRNA. PBI1 also catalyzes the genome replication, which occurs via a positive sense cRNA
intermediate that is an exact copy of the VRNA [109]. The three polymerase subunits interact each
other, in particular the N-terminus of PB1 interacts with the C-terminus of PA [110-112], while the

C-terminus of PB1 binds the N-terminus of PB2 [110,113]; in addition, a weak transient interaction
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has been proposed for PA and PB2 [114]. Thanks to its multidomain structure and multiple
enzymatic activities, the RARP can be targeted at different sites.

While a number of nucleoside/nucleotide drugs have been developed against other viral
polymerases and are commonly used for treating infections caused by HIV, HBV, and
herpesviruses, very few compounds have been reported which target the polymerization activity of
IAV RdRP. This is in part due to the fact that the RARP active site of PB1 has not yet been
structurally characterized and even the precise boundaries of this domain are not known. Almost
twenty years ago, 2’-deoxy-2’-fluoroguanosine was described as an inhibitor of IV transcription,
but it has not been further developed [115]. Ribavirin (1-B-D-ribofuranosyl-1H-1,2,4-triazole-3-
carboxamide, RBV) is a nucleoside analogue that exhibits a broad antiviral activity against RNA
and DNA viruses, including IV [116]. RBV is converted intracellularly into its monophosphate
form, which inhibits the cellular enzyme inosine 5'-monophosphate (IMP) dehydrogenase,
responsible for the conversion of IMP to xanthosine monophosphate during GTP synthesis, leading
to inhibition of RNA synthesis [116]. The triphosphate form of RBV has been shown to interact
with the IV RNA polymerase in a cell-free system [117]. However, despite evidence of in vitro
antiviral activity of RBV against IAV RdRP, its clinical application for anti-influenza therapy has
been rather limited, due to toxicity and poor in vivo efficacy. Indeed, variable results have been
reported from clinical trials using oral or aerosolized [118] and intravenous [119] RBV for treating
IAV- or IBV-infected patients. Thus, while RBV is currently approved for therapy against HCV and
RSV, its clinical efficacy for the treatment of IV infection remains to be further investigated. In
addition, an analogue of RBV - viramidine - was recently shown to have similar efficacy to RBV
against IAV infections while exhibiting lower toxicity and thus may deserve further evaluation as a
possible therapeutic agent [120]. Another anti-influenza nucleoside analogue is favipiravir (T-705;
6-fluoro-3-hydroxy-2-pyrazinecarboxamide), which is a pyrazine derivative first identified in 2002
[121]. T-705 was shown to inhibit influenza A, B, and C viruses in vitro and to be more effective
than oseltamivir in protecting mice infected with IAV [121]. By cellular kinases, T-705 is converted
to the active form, ribofuranosyl triphosphate, which acts as a nucleoside inhibitor of IV RdRP
[122]. Remarkably, fapiravir does not inhibit the synthesis of cellular RNA or DNA and in contrast
to RBV, it is not an effective inhibitor of IMP dehydrogenase, thus showing less cytotoxity than
RBYV [123]. T-705 is active against a broad range of IAV and IBV strains, including 2009 pandemic
strains, highly pathogenic avian H5N1 viruses, and the recently emerged H7N9 avian virus, and it
also inhibits influenza strains resistant to current antiviral drugs [123,124]. Besides IV, T-705
inhibits a number of other RNA viruses, whereas it exhibits no inhibitory effect against DNA

viruses. Importantly, very limited resistance to favipiravir has been reported [1