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ABSTRACT: Influenza (flu) virus is a serious threat to global
health with the potential to generate devastating pandemics. The
availability of broad spectrum antiviral drugs is an unequaled
weapon during pandemic events, especially when a vaccine is still
not available. One of the most promising targets for the
development of new antiflu therapeutics is the viral RNA-
dependent RNA polymerase (RdRP). The assembly of the flu
RdRP heterotrimeric complex from the individual polymerase
acidic protein (PA), polymerase basic protein 1 (PB1), and
polymerase basic protein 2 (PB2) subunits is a prerequisite for
RdRP functions, such as mRNA synthesis and genome replication.
In this Review, we report the known protein−protein interactions (PPIs) occurring by RdRP that could be disrupted by small
molecules and analyze their benefits and drawbacks as drug targets. An overview of small molecules able to interfere with flu RdRP
functions exploiting the PPI inhibition approach is described. In particular, an update on the most recent inhibitors targeting the
well-consolidated RdRP PA−PB1 subunit heterodimerization is mainly reported, together with pioneer inhibitors targeting other
virus−virus or virus−host interactions involving RdRP subunits. As demonstrated by the PA−PB1 interaction inhibitors discussed
herein, the inhibition of flu RdRP functions by PPI disrupters clearly represents a valid means to identify compounds endowed with
a broad spectrum of action and a reduced propensity to develop drug resistance, which are the main issues of antiviral drugs.
KEYWORDS: anti-influenza small molecules, RNA-dependent RNA polymerase, protein−protein interface inhibitors, PA−PB1,
PB1−PB2, PB1−RanBP5, PB2−importin-α, PA−Pol II CTD, PB2−ANP32

Viruses are able to generate pandemics with a devastating
socio/economic impact in the world. In 1918, humanity

witnessed the deadliest pandemic in human history, the
Spanish flu, which caused extraordinary mortality around the
globe.1 There is great concern that influenza (flu) viruses may
cause another unpredictable devastating pandemic, perpetu-
ated by the continuous emergence of new flu A strains.
Flu viruses are classified into four types (A, B, C, and D) on

the basis of the highly conserved internal proteins matrix
protein 1 (M1), membrane matrix protein (M2), and
nucleoprotein (NP). On the basis of the surface proteins,
hemagglutinin (HA), and the neuraminidase (NA), flu A
viruses are further classified into different subtypes.2 Flu A and
B viruses are relevant human respiratory pathogens, circulating
among humans and causing seasonal epidemics. The
generation of new epidemic strains occurs during the process
of antigenic drift, in which the viral error-prone RNA-
dependent RNA polymerase (RdRP) introduces mutations in
the genes responsible for encoding the antigenic proteins HA
and NA. On the other hand, new pandemic strains are
generated during the process of antigenic shift, which occurs
when two different flu A subtypes replicate within the same cell
and blend segments of their genome, generating viral particles
with a new reassortment of HA or NA antigens. This event

may be responsible for severe pandemic outbreaks when highly
virulent and pathogenic flu A strains cross the species barrier
and acquire the ability to spread easily among human beings,
which are naive to the novel strain.
Depending on the origin host, flu A viruses can be classified

as avian flu, swine flu, or other types of animal flu viruses.
Avian flu A viruses are classified as highly pathogenic avian
influenza (HPAI) or low pathogenicity avian influenza (LPAI),
on the basis of molecular characteristics of the virus and its
ability to cause disease and mortality in chickens in a
laboratory setting but not on the severity of illness in the
cases of human infection.
In 2009, the swine flu A(H1N1)pdm09 generated the first

pandemic of the XXI century with 500,000 infected people and
18,000 deaths.3,4 Currently, swine flu A subtypes A(H1N1)-
pdm09 and A(H3N2) and flu B lineages B/Yamagata and B/
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Victoria are circulating in humans, and quadrivalent influenza
vaccines used for prevention contain their most recent strains.5

Of particular concern to public health are two avian flu A
subtypes, the HPAI A(H5N1) and the LPAI A(H7N9).6 The
first human infection by flu A(H5N1) was reported in 1997 in
Hong Kong; then, it re-emerged in 2003 in China and, since
then, sporadic human infections have been reported in several
countries. Since 1996, it has caused more than 1000 deaths,
with a mortality rate as high as 55%.7 In 2013, the flu
A(H7N9) virus emerged in China, infecting humans and
causing a severe respiratory disease with a high fatality rate
(40%); to date, the flu A(H7N9) strain has infected over 1600
humans with 623 fatalities.8 Although there has been only rare
evidence of a sustained human-to-human transmission of these
avian flu strains, the possibility that they could change and gain
the ability to spread easily between people poses a serious and
constant threat to global public health.
On the basis of WHO data, 300,000 to 650,000 people die

each year from all variants of the virus during seasonal
epidemics in the world.5 Many researchers are working on a
universal flu vaccine, meaning that a single injection would
protect against all known and emerging flu A strains and last a
lifetime.9 On the other hand, existing vaccines, which are
effective against the flu causing an annual epidemic, must be
updated each year since they are rendered ineffective by the
major antigenic determinants of flu viruses.10 Moreover, they
only are effective against specific flu strains; their effectiveness
is variable within the host population, and the lag time needed
to produce a new vaccine may be too long to fight a new
pandemic.

Accordingly, antiviral drugs are greatly needed for the
management of the flu pandemic, but the therapeutic
armamentarium for prophylaxis and treatment of flu infections
is very limited.11 After almost 20 years from their approval, the
NA inhibitors oseltamivir and zanamivir remain the sole widely
used drugs for clinical use.12 Indeed, emergence of widespread
resistance has made M2 ion channel inhibitors no longer
recommended,13 and the recently approved NA inhibitors
peramivir and laninamivir octanoate have important limi-
tations. In particular, common side effects of laninamivir
include nausea, vomiting, diarrhea, dizziness, and decreased
neutrophil count,14,15 while peramivir has a very low
bioavailability, and thus, the compound is administrated only
as an intravenous formulation.16 Moreover, although resistance
to NA inhibitors is less frequent than that to adamantanes,
isolates with reduced susceptibility to NA inhibitors were
reported among avian strains. The limited antiflu therapeutic
armamentarium has been recently enriched by compounds
targeting the flu RdRP, such as favipiravir17 and baloxarir
marboxil18 (major details are given below in the description of
RdRP inhibitors).
In the search for next-generation flu antivirals, the RdRP has

been validated as a superior antiviral drug target.19−23 It is
essential for viral transcription and replication; its structure is
highly conserved among all the flu strains, and its activity is
highly host- and cell-type specific. The RdRP is a
heterotrimeric complex composed of polymerase basic protein
1 (PB1, 757 aa in flu A), polymerase basic protein 2 (PB2, 759
aa), and polymerase acidic protein (PA, 716 aa, P3 in flu C)
subunits, which extensively interact with each other in a tightly
associated and coupled fashion.24,25 Their correct assembly is

Figure 1. Crystal structure of flu A RdRP determined from bat flu A H17N10 strain (pdb: 4WSB30) and chemical structures of inhibitors of PA
(green), PB2 (blue), and PB1 (magenta) subunits, approved or in the pipeline. The overall RdRP is U shaped with the PAN endonuclease and PB2
cap-binding domains being the two upper protuberances, the PAC domain being the bottom, and the PB1 polymerase domain filling the interior.
Among the reported compounds, PA endonuclease inhibitor baloxavir marboxil and PB1 inhibitor favipiravir have been approved. The figure is
author created, and the RdRP structure has been adapted from the pdb mentioned above and drawn by using UCSF Chimera package.47
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pivotal for RdRP activities, such as cap-binding, endonuclease,
polymerase, and polyadenylation. RdRP works in the context
of the viral ribonucleoprotein (vRNP) complex, in which each
of the eight (seven for flu C and D) single-stranded negative-
sense viral RNA (vRNA) segments is coated by multiple copies
of the NP and bounded, at the 5′ and 3′ termini, to the viral
RdRP.
In recent years, major progress has been made in revealing

the structure and functions of the RdRP complex, not only
furnishing significant insights into the molecular mechanism of
transcription and replication but also creating unique
opportunities for a structure-based drug design (SBDD)
strategy. Readers are directed to recent reviews24−29 for a
comprehensive discussion on flu RdRP structures and
functions. Cusack and co-workers made an outstanding
contribution by solving the crystal structure of the whole
RdRP, determined from flu A/little yellow-shouldered bat/
Guatemala/060/2010 (H17N10),30 flu B/Memphis/13/
2003,31 and flu C/Johannesburg/1/196632 strains. Transcrip-
tionally active flu RdRP is U-shaped with the two upper
protuberances being the PAN endonuclease and the PB2C cap-
binding domains, the interior filled by the PB1 polymerase
domain, and the bottom formed by the PAC domain (Figure
1). The stable link between the subunits is mainly ensured by
hydrophobic interfaces of PAC with PB1N and PB1C with
PB2N, while the high conformational flexibility of the
heterotrimer is due to numerous intersubunit hydrophilic
interactions.
Transcription is a primer-dependent process, in which the

vRNA segments are used as template by the RdRP for
generating 5′ capped and 3′ polyadenylated mRNA molecules.
On the other hand, replication of vRNA segments is a two-step
process, in which the vRNA is initially copied into a
complementary RNA (cRNA), a replicative intermediate
that, in the context of the complementary ribonucleoprotein
(cRNP) complex, acts as the template for synthesis of vRNA.
Very recently, Fodor and co-workers determined, by
crystallography and cryo-electron microscopy, the structures
of polymerase from human flu A/NT/60/1968 (H3N2) and
avian flu A/duck/Fujian/01/2002 (H5N1) strains in the
presence or absence of a cRNA or vRNA template,33 providing
important insights into the replication mechanisms of the
vRNA genome.
Although viral polymerase is one of the main drug targets for

antivirals research, only recently there was a turning point in
the development of flu RdRP inhibitors, with the identification
of some very interesting compounds targeting each one of the
three polymerase subunits.34 In particular, the nucleoside
analog favipiravir (T-705 or avigan)17 was approved in 2014 in
Japan; the PA endonuclease inhibitor baloxavir marboxil18 was
approved in 2018 in both Japan and the USA, and the PB2
cap-binding inhibitor pimodivir35 has undergone phase 2b
studies36 and advanced to phase 3 studies (Figure 1).
Other RdRP inhibitors worthy of note are PB1 inhibitors

ribavirin37,38 and EIDD-2801,39,40 PA endonuclease inhibitors
AL-79441 (JNJ-64155806) and ANA-0,42 and the PB2
inhibitor CC-42344 (Figure 1). Ribavirin is a guanosine
analogue approved in 1986 as a broad-spectrum antiviral drug.
It was developed as an antiflu agent on the basis of its efficacy
in a mouse model of influenza,43,44 but its effect in human
clinical trials was less clear; thus, it was not approved for the
treatment of influenza.45 Compound EIDD-280139 is a
prodrug showing good oral bioavailability, broad-spectrum

inhibition of seasonal and highly pathogenic flu A and B
viruses, and a high barrier against resistance; efficacy testing
using a ferret model of flu infection demonstrated low toxicity
and potent efficacy of the compound.40 Compound AL-79441

(structure not disclosed) was discovered by Alios Biopharma;
although its oral administration showed a significant dose-
dependent antiviral activity and a good safety profile, its
development has been discontinued as early phase 1 studies
identified the inability to establish a single safe effective dose
across all patients. Compound ANA-0 is currently under
preclinical evaluation; it has been identified by Yuan et al.42

through a screening approach and showed broad and potent
antiflu activity. Compound CC-42344 was developed by
Cocrystal Pharma and is currently being evaluated in
preclinical IND-enabling studies for the treatment of influenza.
CC-42344 (structure not disclosed) exhibited broad and
potent antiviral activity (IC50 ranging from 0.1 to 9 nM)
against a panel of seasonal and pandemic flu A strains using in
vitro cytopathic effect inhibition assays. The discovery and in
vitro characterization of CC-42344 have not yet been
disclosed, while preclinical pharmacokinetic and safety profiles
were reported as favorable.46

The approval of RdRP inhibitors confirmed the high profile
of the RdRP as drug target, although they suffer from some
limitations. In particular, baloxavir marboxil and pimodivir led
to the rapid development of resistant viruses in vitro48,49 and
are characterized by a narrow range of antiviral activity, with
pimodivir that inhibits only flu A strains and baloxavir marboxil
that inhibits also flu B strains but at higher concentrations.35,49

Pimodivir is a very potent inhibitor of flu A RdRP with
picomolar affinity for the PB2 cap-binding site,35 while it binds
weakly to the flu B cap-binding domain due to amino acids
differences in the cap-binding sites among flu A and B; the
major loss in affinity derives from the substitution of Q325 in
flu B instead of F323 in flu A, which impairs a strong π-
stacking with the pyrimidine ring of the pimodivir.50 On the
contrary, the broad spectrum of activity shown by baloxavir
marboxil could be explained by high conservation of amino
acids forming the cap-dependent endonuclease resides in the
PA subunit across seasonal, pandemic, and highly pathogenic
avian influenza viruses.49 Analogously, the highly conserved
catalytic polymerase domain among various types of RNA
viruses could justify the broad spectrum of antiviral activity
shown by favipiravir.51,52 Moreover, attempts to select escape
mutants to favipiravir failed due to its ability to induce lethal
mutagenesis. Nevertheless, it is characterized by unfavorable
pharmacokinetics, high loading doses, and teratogenic
effects.34,53

An emerging approach to develop compounds with a high
barrier to drug resistance is the inhibition of the RdRP
functions by interfering with protein−protein interactions
(PPIs) among RdRP subunits. The main potential advantages
of targeting PPIs are (i) the great variability and specificity of
PPIs with respect to the active site of an enzyme, (ii) their high
degree of conservation among the different strains, and (iii)
the requirement for the simultaneous mutation of at least one
residue on both proteins involved in the interaction to develop
resistance. Accordingly, PPI inhibitors could show broad-
spectrum antiflu activity and a high barrier to drug resistance,
thus overcoming the main limitations that characterize the
currently available treatment.
This Review reports on the current status of the small

molecules that interfere with flu RdRP functions by inhibiting
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one of its PPIs. An analysis of the known interactions occurring
by RdRP subunits will be initially given, focusing on those
already targeted by small molecules but also those for which
the crystal structure is available and thus could serve as
alternative drug targets. Then, an update of the most recent
inhibitors targeting the well-consolidated RdRP PA−PB1
heterodimerization will constitute the main body of the
work, along with pioneer inhibitors targeting other virus−
virus and virus−host interactions by RdRP subunits;
approaches used for their identification, the hit-to-lead studies,
the structure−activity relationship (SAR) insights, and the
hypothesized binding modes will be described.

■ PROTEIN−PROTEIN INTERACTIONS BY RDRP
SUBUNITS AS DRUG TARGETS

Through interactions with multiple host factors, the vRNP
components play vital roles in replication, host adaptation,
interspecies transmission, and pathogenicity.54,55 When one
focuses on RdRP subunits, multiple PPIs are established not
only among themselves but also with a number of host proteins
that are essential cofactors for RdRP localization and functions.

A detailed discussion on the wide variety of host proteins
hijacked during flu virus replication is beyond the scope of this
work, and readers are referred to comprehensive reviews54,55

on this topic. Following, we will focus only on those
interactions occurring by RdRP subunits, both among
themselves and with host factors that could serve or have
already been employed as alternative antiflu targets, enum-
erated on the basis of the steps of the RdRP journey.
Nuclear localization of the RdRP occurs through interactions

of its subunits with importin-like factors and components of
the nuclear pore complex (NPC) (Figure 2). In particular, PA
and PB1 subunits enter within the nucleus as heterodimer
through their further complexion with the host nuclear import
factor Ran-binding protein 5 (RanBP5),56 a member of the
importin-β superfamily. RanBP5 binds to the PB1−PA dimer
through PB1. Although the crystal structure of the PB1−
RanBP5 interface is not available, it is known that the RanBP5
binding site is located in the PB1N at the level of the bipartite
nuclear localization signal (NLS) motifs (NSL1, residues 187−
190; NSL2, residues 207−211).57 Notably, PB1N mutations
affecting RanBP5 binding (single or double mutations at

Figure 2. Schematic representation of flu RdRP subunit nuclear localization and heterotrimerization (upper side): in the cytoplasm, PA and PB1
form a heterodimer (extensive interactions occurring between PAC and PB1N); then, the PA−PB1 heterodimer associates with RanBP5 (interaction
occurring at the PB1N bipartite NLS), and PB2 associates with importin-α1, -α3, -α5, or -α7 (interaction occurring at the PB2 NLS), which then
binds to importin-β1, to enter within the nucleus; finally, once in the nucleus, PA−PB1 and PB2 associate (extensive interactions occurring
between PB1C and PB2N) to form the whole RdRP heterotrimer. For clarity, the RdRP is shown alone and not in the context of the vRNP. Crystal
structures of PA−PB1 (pdb: 3CM872), PB2−importin-α (as an example, the PB2−importin-α7 complex was shown; pdb: 4UAD61), and PB1−PB2
(pdb: 2ZTT76) interfaces (lower side). PA subunit, green; PB2 subunit, blue; PB1 subunit, magenta. The figure is author created, and the
structures have been adapted from the pdb mentioned above and drawn by using the UCSF Chimera package.47
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residues 188−189 and 208−209) severely attenuated or were
incompatible with viral growth, although did not entirely
prevent PB1 nuclear accumulation. PB1N residues involved in
the RanBP5 binding are conserved across a broad range of flu
A strains and are unlikely to be a determinant of host
tropism.57

Nuclear localization of PB2 depends on its association with
importin-α1, -α3, -α5, or -α7, which then binds to importin-
β1.58 Besides mediating PB2 nuclear import, importin-α seem
to have a role in viral transcription and replication.59,60 In
particular, mutations of PB2 at the level of the importin-α
binding site greatly impaired polymerase activity, while
showing only a modest reduction in PB2 nuclear accumu-
lation.59 Crystal structures are available for PB2−NLS (res.
678−759) in complex with each of the importin-α isoforms
(pdb: 4UAF for PB2−importin-α1;61 4UAE for PB2−
importin-α3;61 2JDQ for PB2−importin-α5;60 4UAD for
PB2−importin-α761). All importin-α isoforms share an
essentially invariant NLS-binding surface, although differ
greatly in conformational flexibility. PB2C residues 678−736
sit above the minor NLS-binding pocket of importin-α while
PB2C residues 737−759 make extensive contacts that span
from minor to major NLS-binding pockets (Figure 2). Of note,
the domain contains two surface residues, D701 and R702,
implicated in the adaptation from avian to mammalian hosts.62

Residue 701 is always an aspartate in all flu strains, but D701N
adaptive mutation occurs in mammalian adapted flu
strains;63,64 additionally, residue 702 is an arginine in human
isolates and a lysine in avian strains.65 Although the exact role
of the two residues and their adaptive mutation remain to be
elucidated, it has been suggested that PB2 mutations affect
both its interaction with importin-α and importin-α usage.
Thus, PB2 of avian flu viruses uses importin-α3 in human cells,
while PB2 of mammalian-adapted flu viruses uses importin-
α7.66,67

In an alternative model, PB1 and PB2 form a heterodimer at
the cytoplasmic level and enter the nucleus via complexation
with the heat shock protein 90 (Hsp90).68 The interaction
between Hsp90 and PB2 can be mapped to the middle and N-
terminal domains of Hsp90 and the N-terminal or middle
portion of PB2.
Blocking nuclear localization of flu RdRP subunits is a

potentially promising mechanism for new antivirals, and
attempts have been already made, although they mainly
focused on targeting host factors and not their interaction with
RdRP subunits. Chase et al. reported that inhibition of Hsp90
by geldanamycin and 17-allylamino-demethoxygeldanamycin
impairs flu viral growth and delays the accumulation of mRNA,
cRNA and vRNA, although no significant difference in trimeric
RdRP levels was detected.69 Resa-Infante et al. analyzed the
feasibility of targeting importin-α7 in an in vivo animal model,
but pandemic H1N1 flu viruses were able to escape the
requirement for importin-α7 by acquiring adaptive mutations
in the vRNP and surface glycoproteins, which rendered the
virus even more virulent.70 On the other hand, Mohl et al.
reported the first small molecules impairing PA−PB1 nuclear
localization by interfering with the PB1−RanBP5 interaction71

(see PB1−RanBP5 Inhibitors).
As reported above, PA−PB1 heterodimerization occurs in the

cytoplasm, while once shuttled at the nuclear level, the PA−
PB1 complex and PB2 dissociate from their import factors and
assemble to form the heterotrimer (Figure 2). Thanks to its
heterotrimeric structure, flu RdRP itself is particularly suitable

for exploiting the PPI inhibition approach. The three RdRP
subunits are stably linked in head-to-tail fashion by extensive
interactions occurring between the PB1N and PAC termini and
the PB1C and PB2N termini. Crystal structures of both the
PAC−PB1N and PB1C−PB2N interfaces have been reported in
200872,74 and 2009,76 respectively.
He et al. published the structure of PAC (residues 257−716)

in complex with the 25 PB1N peptide from the avian flu A/
goose/Guangdong/1/1996 (H5N1) strain (pdb: 3CM8,
Figure 2).72 PAC resembles the head of a dragon, of which
the brain is domain I and the mouth, domain II. PB1N mainly
interacts with a hydrophobic core (defined by four α-helices)
of PAC, thus establishing largely hydrophobic interactions but
also H-bonds and van der Waals forces. A successive molecular
dynamic study carried out by Liu and Yao on this structure
identified three pockets within the PAC hydrophobic core: the
first defined by W706 and F411 involved in the interaction
with PB1N P5, the second defined by F710 and L666 involved
in the binding with PB1N F9, and the third pocket defined by
L640, V636, M595, and W619 involved in the interaction with
PB1N L8.73 The crystal structure indicated additional
interactions between the PB1N D2-A14 motif and residues of
the PAC hydrophobic core, such as Q408, N412, Q670, P620,
and I621.72 The double mutation of residues of the PAC
hydrophobic core disrupted the PAC−PB1N binding.
In parallel, Obayashi et al. reported the crystal structure of

PAC (residues 239−716) in complex with the PB1N terminal
81 residues from the flu A/Puerto Rico/8/1934 (H1N1) strain
(pdb: 2ZNL).74 The structure confirmed the hydrophobic
nature of PAC, with hydrophobic interactions contributing
substantially to the PAC−PB1N binding, although also
numerous H-bonds are present. Moreover, the structure
highlighted additional PAC residues, such as E617, T618,
E623, and R673, which are involved in the binding with PB1N
(residues K11, D2, and L10) thorough H-bonds. Mutations
V636S, L640D, and W706A of PAC greatly weakened or
abolished PB1N binding and reduced the synthesis of vRNA,
cRNA, and mRNA.
Thus, both structures suggested that the PAC−PB1N

interface is characterized by relatively few residues driving
the subunit binding, suggesting the feasibility to use small
molecules to interfere with this PPI. Moreover, the first 15
PB1N residues, which are involved in the PAC binding, are
completely conserved among avian and human flu strains.75

Crystal structures of PB1C−PB2N (PB1C: residues 678−757;
PB2N: residues 1−37) (pdb: 2ZTT and 3A1G; Figure 2)76

from the flu A/Puerto Rico/8/1934 (H1N1) strain showed
that, unlike the interaction between the PAC and PB1N that has
a predominantly hydrophobic character, the PB1C−PB2N
interface is characterized by more polar interactions and is
more extensive in sequence length and buried surface area
(1400 Å2). The interface area includes four salt bridges (three
between K698 and E2, R3, and E6 and one between D725 and
R3) and eight H-bonds between the polypeptides involving
main-chain atoms. The majority of the interaction energy
appears to be contributed by PB2N helix 1, which involves four
salt bridges to PB1C and the key apolar contacts, such as those
with I4 and L7. Functional studies confirmed the importance
of helix 1 of PB2N to vRNA synthesis, as deletion of this helix
(residues 1−12) greatly reduces the RdRP activity.76 The
mutation of key PB2N residues also showed a dramatic
reduction in mRNA synthesis with various interface mutants,
such as L7D that impairs PB1C−PB2N binding.76 On the other
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hand, some of the PB1C mutants showed very different effects
on PB1C−PB2N binding and RdRP activity, such as F699A and
I750D mutants showing weak PB2 binding but increased
enzyme activity. These results showed that, although small, the
PB1C−PB2N interface has a crucial function not only in the
RdRP subunit interaction but also in regulating the whole
RdRP complex. Moreover, residues of both PB1C and PB2N
involved in the binding are completely conserved among avian
and human flu viruses.
On the basis of the structural features, both PAC−PB1N and

PB1C−PB2N interfaces appear to be suitable for drug design.
Nevertheless, to date, only one class of small molecules has
been reported as PB1−PB2 inhibitors77 (see PB1−PB2
Inhibitors), while since 2012, more intense efforts have been
devoted to identify PA−PB1 interaction inhibitors with
interesting compounds that continue to appear in the
literature78 (see PA−PB1 Interaction Inhibitors).

One of the best known factors involved during transcription
of viral mRNA by the RdRP is the host RNA polymerase II
(Pol II) (Figure 3). The specific interaction between the RdRP
PA subunit and Pol II carboxy-terminal domain (CTD)79 is
required to enable the process of “cap-snatching”, in which the
flu RdRP takes short capped oligomers from nascent Pol II
transcripts to be used as transcription primers. The association
between RdRP and Pol II CTD occurs when Pol II CTD,
consisting of 52 heptad repeats (Y1S2P3T4S5P6S7), is
phosphorylated on Ser-5 by CDK7 (in complex with CycH
to form TFIIH) but not yet on Ser-2 by CDK9 (in complex
with CycT1 to form P-TEFb).80 Crystal structures of RdRP
from flu A/little yellow-shouldered bat/Guatemala/060/2010
(H17N10) (pdb: 5M3H; Figure 3) and flu B/Memphis/13/
2003 (pdb: 5M3J) bound to vRNA and a four-heptad repeat
phosphorylated Ser-5 have been recently determined.81 In
particular, six residues from one CTD repeat are accom-

Figure 3. Schematic representation of the flu RdRP association with Pol II during vRNA transcription and dimerization during vRNA replication
(upper side): once heterotrimerization has occurred in the nucleus, RdRP performs both the processes of transcription and replication; during
transcription of viral mRNA, the specific interaction between the PAC and host Pol II CTD is required to enable the process of cap-snatching;
during replication, a new RdRP is synthesized and associates with the resident RdRP to form a dimer, which is required for the synthesis of cRNA
from vRNA (interactions occurring between the PAC loop of the two RdRPs and PAC of one RdRP and PB2 loop of the other); finally, the
association of PB2 and host factor ANP32 promote the replication of vRNA from cRNA (interaction occurring at the PB2 627 domain). For clarity,
the RdRP is shown alone and not in the context of the vRNP. Crystal structures of the PA−Pol II CTD interface (pdb: 5M3H81), RdRP−RdRP
interface (pdb: 6QPG33), and 3′ cRNA binding site (pdb: 6QX333) (lower side). PA subunit, green; PB2 subunit, blue; PB1 subunit, magenta. The
figure is author created, and the structures have been adapted from the pdb mentioned above and drawn by using the UCSF Chimera package.47
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modated in a PAC phosphoserine binding site (site 1,
interaction surface of 672 Å, key aa involved in phosphate
binding K653 and R638), and ten residues from three
consecutive repeats are accommodated in a second PAC
phosphoserine binding site (site 2, interaction surface of
1168 Å, key aa involved in phosphate binding K289 and
R454). Site 1 is conserved in all flu A and B but not flu C or D
strains, while site 2 is only conserved in flu A strains. The
recent publication of the crystal structure of RdRP from the flu
C/Johannesburg/1/1966 strain in complex with the Pol II
CTD (pdb: 6F5P)82 confirmed that its phosphorylated CTD
binding sites are distinct from those of flu A and B RdRP. A
phosphorylated CTD peptide with four heptad repeats showed
Kd values of 0.9 μM for the RdRP−promoter complex, which
decreased to Kd values of 3.6 and 6.9 μM when the affinity was
evaluated by using bat flu A RdRP with double mutants in site
1 or site 2, respectively.81 Accordingly, the minigenome assay
showed a marked decrease in overall RdRP activity when
double mutated in each site, and RT-PCR analysis suggested a
strong decrease in mRNA levels.81

A further PPI that could be investigated for the development
of innovative antiflu agents is that between two RdRPs
occurring during genomic vRNA replication. In particular,
during the synthesis of cRNA from vRNA by the RdRP, the
nascent cRNA assembles into a cRNP complex with NPs and a
newly synthesized RdRP. In this context, the resident and the
newly synthesized RdRPs form a dimer that is required for the
initiation of vRNA synthesis on the cRNA template. Recently,
structures of the complete RdRP from human flu A/NT/60/
1968 (H3N2) and avian flu A/duck/Fujian/01/2002 (H5N1)
strains have been reported (crystal structures pdb: 6QNW for
flu A(H3N2) RdRP; 6QPF for flu A(H5Nl) RdRP; 6QPG for
flu A(H3N2) RdRP−Nb8205; Cryo-EM structures pdb: 6QX8
for dimeric flu A(H3N2) RdRP−cRNA; 6QWL for mono-
meric flu B RdRP−cRNA; 6RR7 for monomeric flu A(H3N2)
RdRP−vRNA−capped RNA; 6QX3 for monomeric flu
A(H3N2) RdRP−cRNA−Nb8205; 6QXE for dimeric flu
A(H3N2)−cRNA−Nb8205)33 (Figure 3). The structures
suggested that, in solution, flu A RdRP forms dimers of
heterotrimers through all the three subunits, PB1 thumb and
PB2 N1 subdomains and the PAC domain. In particular,
interactions occur between the PAC loop 352−356 and the
same loop of the second polymerase as well as H-bonds
between the PAC residue D347 of each polymerase and PB2
loop 71−76 of the other one. The mutation of PAC loop
residues resulted in a shift toward a monomeric heterotrimer.
Besides the RdRP−RdRP interface that could serve as a drug
target for the development of dimerization inhibitors, the
structure of monomeric flu A RdRP bound to the cRNA
template also revealed a binding site for the 3′ cRNA at the
dimer interface that could be exploited for drug design.
Interference at this dimer interface by a nanobody (Nb8205)
inhibited flu RdRP dimerization, vRNA synthesis, and flu
replication in infected cells. Also, in this case, numerous avian
to mammalian adaptive mutations have been observed at the
residues involved in the dimer interface, indicating that RdRP
dimerization may be regulated in a host-specific manner.
Another association by RdRP that is known to be essential

for its activity is with host acidic nuclear phosphoprotein 32
(ANP32) members A and B. In particular, the 627 domain of
PB2 (aa 538−680) has been reported to interact in the nucleus
of host cells with ANP32A and ANP32B,83 specifically
promoting the replication of vRNA from cRNA.84 Simulta-

neous knockout of ANP32A/B in human cells abolished flu
RdRP activity in the minigenome assay as well as viral
growth.85,86 Of note, as already highlighted for the PB2 cross-
species-transfer residues D701 and R702, residue 627 of PB2 is
strongly implicated in host adaptation.87 It is almost invariably
a glutamate in avian strains, but E627 K adaptive mutation is
required for efficient polymerase activity in mammalian-
adapted strains.88 This adaptive mutation has been correlated
to characteristic differences between avian and human ANP32.
To date, the molecular details of how ANP32 interacts with
RdRP and the E627 K mutation allows the RdRP to work with
mammalian ANP32 remain unknown.
In summary, RdRP subunits are involved in numerous PPIs.

Some of the them have already been validated as drug target,
such as PA−PB1, PB1−PB2, and PB1−RanBP5 interfaces,
with small molecules that have been reported to successfully
inhibit flu growth. For other interfaces, such as PA−Pol II
CTD and RdRP−RdRP dimer, although not exploited yet, the
proof-of-concept that RdRP functions could be blocked by
their specific inhibition has already been provided by using a
peptide and a nanobody, respectively. Moreover, the
availability of the interface crystal structures offered the
opportunity for SBDD. For other interactions involving host
factors such as those between PB2 and importin-α and ANP32,
although they are crucial for RdRP localization and/or
functions, further studies are required to determine their
potential as a drug target. In particular, the presence of cross-
species-transfer residues in the PB2 domain involved in both
the PPIs,89,90 of which the exact role remains to be elucidated,
could limit their inhibition. For example, the nature of residue
627 has been linked with a dependency on avian and human
ANP32 as well as on specific importin-α family members.24

Nevertheless, the complete map of amino acid mutations to
the avian flu PB2 that enhance growth in human cells and, in
particular, the examination of differential selection at known
PB2 molecular interfaces such as with importin-α and Pol II
CTD indicated that host-adaptive mutations are located
adjacent to but not at core residues that directly interact
with host proteins. These data suggested that host adaptation
may involve mutations at sites at the periphery of core
interactions.91

■ SMALL MOLECULE INHIBITORS OF
PROTEIN−PROTEIN INTERACTIONS BY RDRP
SUBUNITS

PA−PB1 Interaction Inhibitors. The PA−PB1 interface is
the most studied and exploited among the PPIs by the RdRP
subunits. A lot of evidence supports the validity of the PA−
PB1 interface as the drug target. As already reported above, the
interface is relatively small with few but highly conserved
residues that drive the binding of PB1N to PAC, and it is largely
hydrophobic, implying that it can be suitable for small
molecule-mediated inhibition. Additionally, only a few
substitutions of the key residues of the PA−PB1 interface
were tolerated without a loss of binding, and such mutations
resulted in severe impairment of RdRP functions and
attenuation of viral replication.92 Additionally, a limited ability
of flu viruses to compensate for mutations deliberately
introduced into the PAC or PB1N termini was observed,
indicating that escape mutations in these domains are a rare
occurrence.92

Since 2007, Schwemmle and co-workers have been pioneers
in the field of PA−PB1 complex formation inhibitions,
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furnishing evidence that vRNA synthesis could be blocked by
the specific inhibition of the RdRP PA−PB1 subunit
interaction using small peptides.75,93,94 In 2008, the publication
of the X-ray crystal structure of the PA−PB1 complex
facilitated and prompted the discovery of the first small
molecule inhibitors of this PPI, which appeared in the
literature in 2012. Other compounds were successively
identified, and those reported until 2015 were collected by

us in a perspective,78 of which representative examples are
shown in Figure 4, together with their biological activities,
cytotoxicity, and hypothesized binding mode within the PAC

cavity (the original figures reporting the binding pose of
compounds 1−10 are reported in Figures S1 and S2).
Some compounds have been identified by SBDD, such as

compound 1,95 while many of the others emerged by hit-to-
lead optimization campaigns, such as cycloheptathiophene−3-

Figure 4. Structures of representative compounds reported as PA−PB1 inhibitors until 2015. aThe IC50 value represents the compound
concentration that reduces the PA−PB1 complex formation by 50% (ELISA assay); bthe EC50 value represents the compound concentration that
inhibits 50% of flu A replication (PRA assay); cthe IC50 value represents the compound concentration that reduces by 50% the activity of flu A virus
RNA polymerase (minireplicon assay); dthe CC50 value represents the compound concentration that inhibits 50% of cell growth (MTT assay); ethe
Kd value represents the dissociation constant of the compound with the PA cavity. The predicted binding mode of all the molecules, with the
exception of 6, in the PA cavity from structure 3CM8 was generated using FLAP.78 The predicted binding mode of 6 in the PA cavity (generated
by Glide and GOLD) was reported as in the original paper.99 The figure is author created, while the original figures reporting the binding pose of
compounds 1−10 are reported in Figures S1 and S2.
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carboxamide derivative 2,96 triazolopyrimidine−2-carboxamide
derivatives 3,97 4,98 and 5,98 and pyridine derivative 6.99 Other
approaches, such as scaffold hopping, high throughput
screening (HTS), and drug repurposing, led to identify
compounds 7,97 8,100 and 9,101 respectively, while compound
10102 was identified serendipitously.
With an IC50 of 1.1 μM, compound 4 is one of the most

potent PA−PB1 heterodimerization inhibitors developed so
far. This ability also translated to good antipolymerase and
broad anti-flu A and B activities without showing any
cytotoxicity up to the concentrations of 250 μM. The best
antiflu activity was instead shown by benzofurazan derivative 8,
although endowed with a certain toxicity.
We recently analyzed the binding mode of all the best

compounds reported until 2015 by a common approach
(Figure 4) and also generated a pharmacophore model.78 The
pharmacophore is quite planar and consists of two hydro-
phobic moieties, one of which is involved in the interaction
with W706, a residue belonging to the first pocket defined by
Liu and Yao73 (indicated in green in Figure 4). A polar belt
with two H-bond acceptor points and one H-bond donor point
separates the hydrophobic moieties. Large molecules usually
exploit additional hydrophobic interactions with the second
and/or third pockets defined by Liu and Yao73 (indicated in
magenta and violet, respectively, in Figure 4). On the other
hand, for small molecules unable to establish additional
hydrophobic interactions, a favorable stabilization in the PA
cavity is ensured by the formation of H-bonds, mainly with
Q408 and K643.
The search for novel PA−PB1 interaction inhibitors has

become increasingly active in the last years, with the
identification of interesting compounds that are summarized
in this Review.
In 2016, after comparing the enzyme-linked immunosorbent

assay (ELISA) and fluorescence polarization assay for the

screening of PA−PB1 interaction inhibitors, Yuan et al.103

selected the ELISA assay to screen a library of 950 compounds,
which were tested at the concentration of 10 μg/mL. The 27
compounds that showed a >50% decrease of binding intensity
were then evaluated in a dose−response analysis, leading to the
identification of 15 derivatives that consistently inhibited the
PA−PB1 interaction with IC50 values < 2.5 μg/mL.
Compounds were then evaluated in a secondary cell-based
screening by the plaque reduction assay (PRA) (MDCK cells
infected with the flu A/HK/415742/2009 (H1N1) strain),
leading to the identification of compounds 11−13 (Figure 5)
that showed dose-dependent antiflu activity. On the basis of
their activity, cytotoxicity, and structural properties, 11
analogues with predicted good water solubility and low
molecular weight were then synthesized. Among them, 1,2,4-
triazolo[4,3-a]pyrimidin-5-ol derivative 14 (Figure 5), a 13
analogue, showed interesting antiviral activity (EC50 = 0.55
μM, MDCK cells infected with the flu A/HK/415742/2009
(H1N1) strain, PRA assay) coupled with a high selectivity
index (CC50 = 125 μM, SI = 227). Compound 14 also
inhibited viral replication of a panel of eight flu A strains in a
dose-dependent manner with EC50’s ranging from 0.09 to 1.23
μM (SI from 101 to 1388). These results were confirmed by an
in vivo assay using a mouse-adapted flu A/HK/415742/2009
(H1N1) strain, where mice intranasal treatment with 14 led to
full mice protection. The mechanism of action of 14 was
confirmed by a time-of-addition (TOA) assay, which showed
that the compound decreased vRNA but not mRNA
production at 3 h postinfection and decreased both mRNA
and vRNA production at 6 h postinfection. A minireplicon
assay confirmed its inhibitory effect on RdRP activity. Finally,
an isothermal titration calorimetry (ITC) assay showed that 14
binds PAC with a Kd value of 1.32 μM, while no binding was
detected with PB1N. Molecular docking studies suggested that
compound 14 might interact with a PAC allosteric site rather

Figure 5. Structures and activities of PA−PB1 interaction inhibitors identified by Yuan et al.103 (in the blue box) and Watanabe et al.104 (in the
magenta box). For the definition of IC50, EC50, CC50, and Kd, see the Figure 4 caption.

aIC50, ELISA assay; bEC50, PRA assay (MDCK cells); cCC50,
MTT assay (MDCK cell); dSI (selectivity index) represents the ratio between CC50 and the highest/lowest EC50 values;

eKd, ITC assay; fKd, SPR
assay; gEC50 and

hCC50, CV assay (MDCK cells). The figure is author created, while the original figures reporting the binding pose of compounds
14 and 15 are reported in Figures S3 and S4.
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than with a PB1 binding site, by forming H-bonds with
residues D426, Q427, R582, and L585 (the original figure
reporting the binding pose of compound 14 is reported in
Figure S3). Thus, compound 14 could not be considered a real
PA−PB1 inhibitor. Nevertheless, the conserved α-helix-8
region, where the allosteric binding site is located, plays a
critical role in the interaction with PB1, and compound 14
binding might induce a conformational change in PA causing
abrogation of the PA−PB1 interaction.
In 2017, Watanabe et al.104 screened in silico a library of

600,000 compounds to evaluate the binding energy of the
ligands by using the crystal structure 2ZNL74 as template.
Among the 136 compounds selected as potential antiflu
candidates, 99 were purchased and screened in a cell-based
crystal violet (CV) assay, in which the virus infection-induced
cytopathic effect in cells was observed. Data showed MIC
values ≤ 20 μM for 14 compounds, which were evaluated in a
surface plasmon resonance (SPR) analysis to determine their

binding affinity with PA. Compound 15 (Figure 5) showed a
good Kd value of 7.5 μM. Thus, it was investigated in a nuclear
transportation-inhibition assay showing that the addition of the
compound to PA− and PB1−co-transfected cells impaired
intranuclear translocation of PA. It displayed an interesting
antiflu activity in a PRA assay (EC50 = 0.47 μM, MDCK cells
infected with the flu A/WSN/1933 (H1N1) strain) and in a
CV assay (EC50 ranging from 0.53 to 0.92 μM, MDCK cells
infected with a panel of four flu A and one flu B strains)
without cytotoxicity up to 100 μM concentration (MDCK
cells, CV assay). The ability of the compound to inhibit vRNA
synthesis was also confirmed by Western blotting and TOA
assays. Docking studies suggested that the binding site of
compound 15 is located in the center of the PB1 binding site
of PA (the original figure reporting the binding pose of
compound 15 is reported in Figure S4).

Figure 6. Structures and activities of the PA−PB1 interaction inhibitors identified by Lo et al.105 (in the blue box), D’Agostino et al.106 (in the
magenta box), and Zhang et al.108,109 (in the teal boxes). For the definition of eIC50,

fEC50, CC50, and Kd, see the Figure 4 caption. aIC50:
compound concentration that reduces by 50% the RNP activity (RNP reconstitution reporter assay); bIC50: compound concentration that inhibits
50% of viral yield in MDCK cells (viral yield assay); cCC50, MTT assay (MDCK); dKd, SPR assay; eIC50, ELISA assay; fEC50, PRA assay (MDCK
cells); gIC50, minireplicon assay; hSI represents the ratio between CC50 and the highest/lowest EC50 values; iCC50: NRU assay (MDCK cell
growth); jIC50, SLC assay. The figure is author created, while the original figures reporting the binding pose of compounds 19, 21, and 23 are
reported in Figures S5−S7.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Review

https://dx.doi.org/10.1021/acsinfecdis.0c00552
ACS Infect. Dis. 2021, 7, 1332−1350

1341

http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00552/suppl_file/id0c00552_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00552/suppl_file/id0c00552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00552?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00552?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00552?fig=fig6&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00552/suppl_file/id0c00552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00552?fig=fig6&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00552?ref=pdf


In 2018, three independent groups reported on the
identification of PA−PB1 disrupters by exploiting different
approaches.
Lo et al.105 performed a SPR screening of an in-house library

of 165 compounds against PAC (residues 257−716), leading to
the identification of two initial hit compounds, 16 and 17
(Figure 6). They attenuated the vRNP transcriptional activities
(in a RNP reconstitution reporter assay) in a dose-dependent
manner with IC50 values of 8.80 and 68.8 μM, respectively, and
inhibited the flu A/WSN/1933 (H1N1) strain replication in a
viral yield reduction assay (IC50 = 1.67 and 30.58 μM,
respectively) without showing any cytotoxicity in both 293T
and MDCK cells. Despite compound 16 showed the most
promising antiviral profile, on the basis of the better solubility
but above all the suitability to chemical manipulation,
compound 17 has been selected to search for additional
analogues. Thus, 13 commercially available analogues were
purchased, and 10 derivatives were designed and synthesized.
Among them, compound 18 (Figure 6) showed an improved
ability to inhibit the vRNP activity (IC50 = 35.37 μM),
maintaining the same profile of antiviral activity and
cytotoxicity (IC50 = 27.0 μM and CC50 > 100 μM). Moreover,
it showed dose-dependent inhibition of vRNP activity of four
different flu A strains (flu A/WSN/1933 (H1N1), A/Japan/
305/1957 (H2N2), A/HK/1/1968 (H3N2), and A/HK/156/
1997 (H5N1) strains), even if the potency against H5N1
vRNP was weaker than those against the other strains.
Additionally, for compound 18, the ability to interact with
the PAC in both microscale thermophoresis (MST) and SPR
assays was confirmed, with consistent Kd values at the
micromolar level (38.2 and 37.7 μM, respectively). To gain
information on the binding site of 18 within PAC, the authors
investigated the discrepancy between the inhibition of H5N1
vRNP activity and that of other flu A strains. Sequence
alignment of PAC of all the tested strains revealed that H5N1
differs from the others in 17 residues, which are in close
proximity to the Pol II interacting residues, viral promoter and
vRNA binding region, and the PB1-binding cavity. Thus, the
authors hypothesized that the binding site of compound 18
within PAC could involve the above-mentioned binding sites.
A series of hybrid compounds was synthesized by

D’Agostino et al.106 to further investigate the previously
reported 3-cyano-4,6-diphenylpyridine class of PA−PB1
inhibitors,99,107 of which compound 6 (Figure 4) inhibited
both the PA−PB1 interaction (IC50 = 35 μM, ELISA assay)
and flu replication (EC50 = 9.2 μM, PRA assay, A/Puerto
Rico/8/1934 (H1N1) strain) at nontoxic concentrations
(CC50 > 250 μM).99 With the aim to increase the affinity of
the 3-cyano-4,6-diphenylpyridine scaffold toward PAC and thus
enhance its ability to displace PB1N, the cyano-diphenylpyr-
idine core was combined with the last three amino acids (M1-
D2-V3) of the PB1N peptide. In particular, tripeptidic (M−D−
V), dipeptidic (D−V), and monoamino acid (V) methyl ester
side chains were inserted at the C-2 position of the nucleus.
Other amino acids (L, I, H, R, F, and G) were also exploited by
synthesizing monoamino acid methyl ester derivatives. The
best biological profile was shown by the mono acidic isoleucine
derivative 19 (Figure 6), showing values of IC50 = 36 μM
(PA−PB1), EC50 = 39 μM (flu A/Puerto Rico/8/1934
(H1N1)), and CC50 > 250 μM. It inhibited polymerase
activity with an IC50 of 53 μM. For compound 19, molecular
docking and dynamic studies suggested a binding mode
comparable to 3-cyano-4,6-diphenylpyridine previously re-

ported by the authors such as compound 6 (Figure 1) (the
original figure reporting the binding pose of compound 19 is
reported in Figure S5).
With the aim to exploit a fast-track drug discovery approach

for the identification of PA−PB1 inhibitors, Zhang et al.108

performed an in silico screening of 2000 compounds belonging
to an in-house library of multicomponent reaction products by
using the crystal structure 3CM872 as template. The selected
top hits were then tested for the ability to inhibit the PA−PB1
subunit interaction by ELISA. Among them, compound 20
(Figure 6) showed PA−PB1 inhibition in a dose-dependent
manner with an IC50 of 4.3 μM. This activity well translated in
a good antiviral activity (EC50 from 0.9 to 4.5 μM) against five
flu A(H1N1) and two flu B strains including oseltamivir-
sensitive and oseltamivir-resistant strains (PRA assay, MDCK
cells) at subcytotoxic concentrations (CC50 = 17.4 μM, neutral
red uptake (NRU) assay, MDCK cells) with SI values from 3.9
to 19.3. Starting from compound 20, a successive SAR study
was then accomplished by exploring different moieties of the
molecule and entailing the synthesis of a focused library of 23
derivatives prepared by the one-pot Ugi-azide four component
reaction, also employing chiral starting materials. Among them,
the (S,S) diastereoisomer derivative 21 (Figure 6) emerged as
the most active. Compared to the parental compound 20, it
exhibited similar PA−PB1 inhibitory activity (IC50 = 7.6 μM)
but improved antiviral activity not only against the flu A/
WSN/1933 (H1N1) strain (EC50 = 0.7 μM) but also against a
panel of human clinical isolates of six flu A and five flu B strains
(EC50 from 0.6 to 2.7 μM, PRA assay). Moreover, compound
21 showed an inferior cytotoxicity in both MDCK and A549
cells (NRU assay) with CC50 values of 150 and of 98.1 μM,
respectively (SI values from 55.6 to 250 in MDCK cells and
from 36.3 to 163.5 in A549 cells). Successive mechanistic
studies confirmed the inhibition of the PA−PB1 interaction as
its antiviral mechanism of action. Indeed, the TOA experiment
showed that the pretreatment of cells with the compound has
little to no effect on viral replication, while it inhibited the
intermediate stage of viral replication postviral fusion.
Moreover, RT-qPCR experiments confirmed that it was able
to inhibit vRNA, cRNA, and mRNA expression in a dose-
dependent manner. Molecular docking studies suggested that
compound 21 can be accommodated in the PB1-binding
pocket of PA, forming extensive hydrophobic and multiple
π−π interactions mainly through the phenyl ring with F707
and K643, the thiophene ring with F710, and the
benzoimidazol-2-one phenyl ring with F411 and I621. In
addition, the benzoimidazol-2-one carbonyl group is involved
in a H-bond with E623 backbone amide NH (the original
figure reporting the binding pose of compound 21 is reported
in Figure S6). Finally, compound 21 was demonstrated to
possess a higher in vitro genetic barrier to drug resistance than
oseltamivir, since for up to 10 passages flu A/WSN/1933
(H1N1) remained sensitive to the compound when assayed in
PRA (for oseltamivir carboxylate, the EC50 increased 10-fold at
passage six and onward).
In late 2020, Zhang et al.109 published a further paper on the

identification of PA−PB1 inhibitors by using an HTS
approach. In particular, the authors developed an in vitro
split luciferase complementation-based (SLC) assay for HTS,
which was used to screen 10,000 compounds from the
MyriaScreen Diversity Collection. Among them, 105 com-
pounds displaying >95% inhibition at 20 μM concentration
were tested for the antiviral activity in a virus-induced CPE
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assay. Compounds 22 and 23 (Figure 6) showed potent
antiviral activity (MDCK cells infected with the flu A/WSN/
1933 (H1N1) strain) at 10 μM. Both the compounds were
able to interfere with the PA−PB1 heterodimerization in a
dose-dependent manner in both the SLC assay (IC50 values of
12.15 and 4.78 μM, respectively) and ELISA assay (IC50 values
of 20.47 and 18.54 μM, respectively). They also showed antiflu
activity against seven flu A(H1N1), one flu A(H3N2), and two
flu B strains including multiple drug-resistant strains (PRA
assay, MDCK or AX-4 cells), with EC50 values ranging from
2.45 to 7.54 μM and from 0.93 to 4.66, respectively, at

subcytotoxic concentrations (CC50 = 132 and >300 μM,
respectively, NRU assay, MDCK cells). On the basis of the
higher SI values (from >64.3 to >322), compound 23 was
selected for further studies, showing potent inhibition against
flu A(H1N1) and flu A(H3N2) strains at both low and high
multiplicity of infections. Moreover, it reduced PA nuclear
localization in PA−PB1 coexpressing cells highlighting the
PA−PB1 interaction inhibition in a cellular context, and TOA
studies suggested that 23 acts in the early phases of viral
replication, analogously to baloxavir marboxil. Finally, it was
able to reduce in a dose-dependent manner vRNA, cRNA, and

Figure 7. Structures and activities of PA−PB1 inhibitors identified by us.111,112 For the definition of IC50, EC50, and CC50, see the Figure 4 caption.
aIC50, ELISA assay; bEC50, PRA assay (MDCK cells); cIC50, minireplicon assay; dCC50, MTT assay (MDCK cells); eSI represents the ratio between
CC50 and the highest/lowest EC50 values.

Figure 8. Structures and activities of PB1−PB2 inhibitors identified by Yuan et al.77 and PB1−RanBp5 inhibitors reported by Mohl et al.71 For the
definition of eIC50,

fEC50, CC50, SI, and Kd, see the Figure 4 caption. aIC50, ELISA assay; bEC50: PRA assay (MDCK cells); cIC50, minireplicon
assay; dCC50, MTT assay (MDCK cells); eSI represents the ratio between CC50 and the highest/lowest EC50 values;

fEC50: IF assay (MDCK cells);
gCC50, CV-CTX assay (MDCK cells). The figure is author created, while the original figure reporting the binding pose of an analogue of compound
32 is reported in Figure S8.
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mRNA levels, as shown by RT-qPCR as well as the NP and
M1 protein expression levels, as measured by Western blot and
immunofluorescence assays. Molecular docking studies per-
formed for 23 within the PAC cavity suggested several key
interactions, i.e., a π−π interaction between the thiazole ring
and W706, a hydrophobic interaction of the decalin ring with
the pocket defined by aa F658, F707, and F710, and two H-
bonds between the keto and nitro groups with K643 and
Q408, respectively (the original figure reporting the binding
pose of compound 23 is reported in Figure S7).
Our group has been working for years on the development

of small molecule PA−PB1 complex formation inhibi-
tors.95,96,98,110−112 The study started with a SBDD95 by
screening 3 million small molecules from the ZINC database
on PAC from the crystal structures 3CM8.72 Among the 32
virtual hits identified, five showed the ability to inhibit the PA−
PB1 interaction in an ELISA assay. The cyclohepthathiphene−
3-carboxamide compound 24 (Figure 7) was subjected to a
first optimization phase that led to the identification of
compound 2, which showed an improved ability to displace the
PA−PB1 complex (IC50 = 32 μM) and, above all, acquired
antiflu activity (EC50 = 18 μM) at nontoxic concentrations
(CC50 > 250 μM).96 In 2017, a second optimization phase of
cycloheptathiophene−3-carboxamide-based compounds was
performed,111 exploring extensively both the aromatic rings
at the C-2 and C-3 positions of the core. Six compounds with a
selectivity index of >25 were identified with derivatives 25 and
26 (Figure 7), which emerged as the most active. Both
compounds showed an improved antiflu activity (EC50 = 0.18
and 0.26 μM, respectively, flu A/Puerto Rico/8/1934 (H1N1)
strain, MDCK cells) in a PRA assay but a weaker ability to
interfere with PA−PB1 complex formation (IC50 = 69 and 65
μM, respectively, ELISA assay). However, derivative 26
showed a higher ability to inhibit the PA−PB1 interaction
with an IC50 = 6.0 μM in an ELISA assay in which serum-free
DMEM was used as medium instead of PBS.112 On the other
hand, the weak anti-PA−PB1 activity of 25 was confirmed
(IC50 = 81 μM). Nevertheless, both compounds 25 and 26
were potent inhibitors of flu RdRP activity in a minireplicon
assay (IC50 = 0.33 and 0.27 μM, respectively), suggesting a
different mechanism of polymerase inhibition for compound
25 than the interference with the PA−PB1 interaction. Both
compounds 25 and 26 showed potent antiflu activity against a
panel of five flu A and three flu B strains (EC50 values ranging
from 0.24 to 0.71 μM and from 0.08 to 0.27 μM, respectively,
PRA assay) and were potent inhibitors also in a virus yield
reduction assay (EC50 = 0.41 and 2.9 μM, respectively). The
propensity of cyclohepthathiophene−3-carboxamide-based
derivatives to induce drug resistance was also evaluated by
selecting in vitro flu strains under compound selective pressure.
Of note, the activity of the compounds remained unvaried over
the whole selection process (until 20/30 passages), suggesting
that they are not prone to develop drug resistance in vitro.112

PB1−PB2 Inhibitors. In an effort to demonstrate the
possibility of suppressing viral replication by abrogating the
PB1−PB2 binding, in 2017, Yuan et al. initially evaluated the
antiviral activity of a PB2N derived peptide113 fused to Tat
protein.77 Then, the authors set up a modified ELISA assay to
screen PB1−PB2 inhibitors using full-length PB1 protein and
biotinylated PB2N peptide and screened a library of 950
compounds. Among them, compound 27 (Figure 8) showed
an IC50 = 12.9 μM and was the sole to show dose-dependent
antiflu activity (EC50 = 4.2 μM, MDCK cells infected with the

flu A/HK/415742/2009 (H1N1) strain, PRA assay). On the
basis of its chemical structure, 12 analogues with drug-like
properties were purchased, of which the pyrazolidine-3,5-dione
derivative 28 (Figure 8) was endowed with both anti-PB1-PB2
and antiviral activities (IC50 = 8.6 μM and EC50 = 1.4 μM). It
also showed lower cytotoxicity (CC50 > 500 μM) than 27
(CC50 > 210 μM). When compound 28 was tested against a
panel of six flu A strains, a strain/subtype-dependent inhibition
of flu replication was observed. In particular, compound 28
treatment led to dose-dependent inhibition of the replication
of flu A strains H1N1/pdm09, H7N9, and H9N2, but it was
unable to inhibit H5N1 and H7N7 replication at the higher
concentration used of 40 μM. For 28, docking studies
suggested a binding mode with a PB1C domain similar to
that of the PB2N peptide. Nevertheless, all eight PB1 residues
involved in binding with compound 28 were conserved among
the six flu A strains, as shown by aligning sequences of their
PB1C residues (678−757).

PB1−RanBP5 Inhibitors. As reported above, importin-β
RanBP5 is a nuclear import factor that associates with PA−
PB1 heterodimer and imports it into the nucleus. Therefore,
analogously to PA−PB1 inhibitors, compounds able to block
PA−PB1−RanBP5 binding might hinder RdRP heterotrime-
rization, thus inhibiting its functions.
In 2019, Mohl et al. reported a study focused on the

identification of inhibitors targeting the interaction of PB1 with
RanBP5.71 By using the flu A polymerase structure 4WSB,31

the Asinex PPI inhibitor library was virtually screened by
docking the compounds to the predicted RanBP5 binding site
of PB1, localized near the PB1 NLS containing domain. Eight
compounds were selected that were used for library expression.
In particular, a structure search for commercially available
analogues followed by docking filtration led to the identi-
fication of five virtual hits, which were evaluated for the antiflu
activity (three flu A strains and one flu B strain) in an
immunofluorescence (IF) assay (MDCK cells) and for their
cytotoxicity in a CV assay (MDCK cells). Among them,
compounds 29−31 (Figure 8) showed EC50 values against the
flu A/WSN/1933 (H1N1) strain of 15, 19, and 9.5 μM and
CC50 values of 117, 99, and 389 μM, respectively. On the basis
of the cost and feasibility of the chemical synthesis, compound
31 was selected for optimization, leading to the synthesis of 24
analogues. Structural modifications led to the identification of
five compounds that showed a potent activity in the IF assay
but resulted in less efficiency in the crystal violet cytopathic
(CV-CPE) assay, also showing an increased cytotoxicity than
31. The same behavior was shown by the compounds when
evaluated against five flu A and B strains. The most balanced
profile was demonstrated by compound 32 (EC50 = 0.12−0.42
μM in the IF assay, 3.7−44 μM in the CV-CPE assay, and
CC50 = 56 μM in the CV-CTX assay), for which the antiflu
activity was confirmed in an XTT-CPE and plaque assay (EC50
values of 5.9 and 9.9 μM, respectively). Docking studies were
performed for a strict analogue of compound 32 within the
RanBP5 binding site of PB1, suggesting key interactions with
residues Y689, D685, and R680 of the anchor helix of PB1,
which is important for the RanBP5 interaction (the original
figure reporting the binding pose of the analogue of compound
32 is reported in Figure S8). Compound 32 was also evaluated
for its resistance profile, showing no resistance development
after ten passages in the IF assay. Moreover, it showed the
ability to inhibit RdRP in a luciferase minigenome reporter
assay in Vero and HepG2-hNTCP cells, while no activity was
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observed at a subcytotoxic concentration in 293T, MT-4, and
Huh7 cell lines. Finally, the effect of compound 32 on PB1 and
NP localization was studied in MDCK cells, showing that,
analogously to PA−PB1 inhibitors, it prevents nuclear
accumulation of PB1 and, consequently, NP export. Thus,
although the inhibition of the PA−PB1−RanBP5 interaction
was not demonstrated by a PPI inhibition assay and the
compounds suffered from a certain cytotoxicity, this study
confirmed the validity of targeting this viral−host interaction
to achieve the antiflu activity by exploiting an alternative
mechanism.

■ CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Flu infections are responsible for annual epidemics associated
with high medical costs. Flu viruses also generate unpredictable
pandemic outbreaks; indeed, the WHO included global
influenza pandemic infections in the list of “10 Threats to
Global Health”.114

Unfortunately, the antiviral armamentarium is limited to a
few licensed drugs for which the development of drug
resistance limits their range of use. However, the most recently
approved compounds or those in the pipeline act by inhibiting
each of the three subunits of RdRP, which therefore is
emerging as a privileged drug target.
An innovative approach to interfere with the RdRp functions

entails its inhibition through dissociative compounds. For an
efficient and successful transcription and replication in host
cells, RdRP subunits must interact among each other and rely
heavily on the association with host proteins, which are
essential cofactors for promoting these steps. Thus, numerous
PPIs by RdRP occur during its journey within the viral
replicative cycle, which could be exploited for the discovery of
alternative antiflu drugs.
Here, we have summarized all the small molecules recently

reported to be endowed with antiflu activity thanks to the
inhibition of one of such PPIs. Among them, the PA−PB1
interface was the most explored with intense efforts made in
recent years that permitted one to enlarge the range of active
chemotypes as well as reach very potent antiflu activity.
Triazolopyrimidinol derivative 14 and cycloheptathiophene−
3-carboxamide derivative 26 were among the most active with
EC50 values against a panel of flu strains ranging from 0.09 to
1.23 μM (eight flu A strains) and 0.08 to 0.27 μM (five flu A
and three flu B strains), respectively. Compound 26 resulted in
the most selectivity with SI values >3000, and its activity was
comparable to or even higher than that observed for
polymerase inhibitor favipiravir against flu A and B strains
(EC50 values ranging from 0.083 to 3.1 μM, SI > 2000).115 The
propensity of PA−PB1 inhibitors to induce drug resistance was
also evaluated, showing that they are impressively refractory to
select drug-resistant viral variants under high-dose selective
pressure. This is the case of PA−PB1 inhibitors 21 (10
passages) and 26 (20/30 passages). Notably, this behavior was
also shown by compound 32 (10 passages), which inhibited
another PPI, such as PB1−RanBP5.
The results obtained for PA−PB1 inhibitors strengthened

the validity of PPIs by RdRP as drug targets to obtain antiflu
compounds. Such inhibitors could have great advantages over
the inhibitors of the single RdRP subunits. First of all, a broad
spectrum antiflu activity is expected by PPI inhibitors, since
residues of RdRP subunits involved in the binding are highly
conserved among different flu strains. It is worth mentioning

that the range of antiviral activity of the PB2 inhibitor
pimodivir is limited to flu A, as this compound was found to be
ineffective against flu B, while the PA inhibitor baloxavir
marboxil is able to also inhibit flu B strains, but at
concentrations 10-fold higher than those observed against flu
A strains.35,49

Second, PPI inhibitors should be less prone to develop
drug−resistant viruses, since to escape from the drug pressure
of PPI inhibitors, flu viruses should acquire simultaneous
mutations in the binding portion of both viral subunits in order
to restore an efficient RdRP complex assembly without a
substantial loss of the viral fitness. On the other hand, resistant
mutations to both pimodivir and baloxavir marboxil have been
selected in vitro or in treated patients.48,49

However, further work remains to be done to make
inhibitors of PPIs by RdRP real candidates. In particular: (i)
only computational studies were done to study their binding
mode, while no cocrystallization studies and mutagenesis
experiments were performed, which could facilitate the
optimization of the compounds; (ii) coadministration with
agents acting through different mechanisms of action remains
to be determined; (iii) the behavior of the best compounds in
an animal model was not evaluated, with the only exception of
compound 14, for which the in vivo activity was measured,
showing encouraging results. Additionally, the solubility of
PA−PB1 inhibitors should be improved. Indeed, by interacting
with interfaces generally flat and highly hydrophobic, PPI
inhibitors often suffer from low solubility; in agreement, the
PAC cavity is characterized by hydrophobic pockets, and the
efficient binding by small molecules is mainly ensured by
hydrophobic interactions. Only a few of the molecules herein
reported were identified in the search for aqueous soluble
compounds, but the pharmacokinetic properties should be
considered also in the hit-to-lead optimization phase, which
was aimed at improving the affinity of the molecules with PAC
by increasing their hydrophobicity at the expense of solubility.
From our survey, it clearly emerged that PPIs other than

PA−PB1 should be worth exploiting. Regarding viral−viral
interactions, the structure of the RdRp dimer has been recently
reported and is still unexplored, while only one research group
has focused on the PB1−PB2 interaction although the crystal
structure was reported in 2009. Nevertheless, as stated by Yuan
et al. who explored both PA−PB1 and PB1−PB2 interfaces,
PA−PB1 appeared as a preferred drug target for searching flu
RdRP complex formation inhibitors.116

Concerning RdRP-host PPIs, different interfaces can be
exploited. The interference with host cell factors involved in
viral replication rather than viral components may open new
perspectives to counteract flu infection while reducing the
development of drug resistance. One of the most promising
PPIs occurring between RdRP subunits and host factors could
be PA−Pol II CTD, but no inhibitors were reported to date.
One class of PB1−RanBP5 inhibitors with antiflu activity has
been recently reported, demonstrating that interfering with
nuclear localization of the RdRP subunits can be feasible for
achieving novel antiflu compounds. Further studies are instead
required to determine if the interaction between PB2 and host
factors importin-α and ANP32 can be a good drug target, due
to the presence of residues involved in host adaptation in the
proximity of the binding sequence.
Overall, the insights outlined in this Review clearly

suggested that PPI inhibition, although at its infancy, is a
highly promising strategy to inhibit flu RdRP functions and
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thus to identify innovative antiflu compounds characterized by
numerous advantages over classic RdRP inhibitors. Moreover,
the Review collects for the first time all the interactions
occurring by RdRP subunits that could be disrupted by small
molecules. Their benefits and drawbacks as a drug target were
analyzed, and this work offers scientists involved in the antiflu
research field the opportunity to apply the PPI inhibition
strategy toward new interfaces still unexplored.
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