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Abstract: Hemagglutinin (HA) plays a critical role during influenza virus receptor binding and
subsequent membrane fusion process, thus HA has become a promising drug target. For the past
several decades, we and other researchers have discovered a series of HA inhibitors mainly targeting
its fusion machinery. In this review, we summarize the advances in HA-targeted development of
small molecule inhibitors. Moreover, we discuss the structural basis and mode of action of these
inhibitors, and speculate upon future directions toward more potent inhibitors of membrane fusion
and potential anti-influenza drugs.
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1. Introduction

Influenza viruses are enveloped viruses that belong to the family Orthomyxoviridae,
and can be classified into four types: A, B, C and the recently identified type D [1], among
which influenza A virus (IAV) as well as IBV and ICV infect humans. IAV and IBV are
responsible for the seasonal epidemics, which cause up to 650,000 respiratory deaths
worldwide annually [1]. In addition, four large scale IAV pandemics (Spanish flu in
1918, Asian flu in 1957, Hong Kong flu in 1968, and swine flu in 2009) have occurred
historically, bringing tremendous loss of human lives [2]. Moreover, it is of great concern
that antigenically novel zoonoticIAVs can occasionally cross the species barrier and infect
humans with high rates of morbidity and mortality, posing potential pandemic risks [3,4].

Standard trivalent or quadrivalent recombinant influenza vaccines provide cost-
effective protection against seasonal influenza, however, circulating IAVs readily evolve,
which requires that the vaccine composition be reviewed each year to account for antigenic-
ity changes, and the vaccine effectiveness varies from year to year with average protection
rates of 50–60% [5]. Moreover, the protection conferred by seasonal influenza vaccines
poorly covers emerging pandemic influenza virus strains [5].

Antiviral drugs are another major countermeasure to combat influenza virus infection.
At present, there are three classes of antiviral drugs available against influenza virus
infection, including the viral ion channel M2 blockers (amantadine and rimantadine),
neuraminidase (NA) inhibitors (oseltamivir, zanamivir, and peramivir) and the polymerase
inhibitors (favipiravir and baloxavir). However, M2 blockers are not recommended for
clinical use any longer since 99% of the circulating influenza strains are resistant to them [6],
while increasing evidence also showed that resistance to NA inhibitors impedes their
efficacy [7]. Although baloxavirwas recently approved in the US and Japan [8,9], mutations
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responsible for reduced susceptibility of IAVs to baloxavir have been detected [10,11]. In
addition, a universal mechanism for favipiravir resistance has been well illustrated [12,13].

Taken together, the limitations of current vaccines and antivirals underscore the
importance of novel anti-influenza treatments. To date, the life cycle of influenza virus
has been well understood, allowing for the validation of multiple intervention points [14].
Hemagglutinin (HA), which mediates the initial entry step of virus infection, is one of the
most appealing drug targets [15]. In this review, we summarize the current development
of small molecule HA inhibitors that block influenza virus entry.

2. The Structure and Function of HA

IAV and IBV encode two major surface glycoproteins, HA and NA. HA mediates
receptor binding and membrane fusion during influenza virus entry, while NA mainly
facilitates release of the newly budded virions from host cells [16]. However, ICV and IDV
encode only one surface glycoprotein, the haemagglutinin-esterase-fusion (HEF) protein,
which combines both the function of HA and NA [17,18]. Considering ICV usually causes
mild infections while IDV does not infect humans, we will not discuss ICV and IDV in this
review, and “influenza virus” thereafter refers to IAV and IBV to avoid misunderstanding.

HA is primarily translated as an HA0 precursor, and assembled as a homotrimer in
the endoplasmic reticulum. During the virus maturation process, HA0 is further cleaved
into an HA1–HA2 complex by host proteases. The mature HA1–HA2 complex consists of
two domains: the membrane-distal globular head domain comprised of HA1, containing
a receptor binding site, and the membrane-proximal helix-rich stem domain, primarily
composed of HA2 with some HA1 residues, containing a fusion machinery (Figure 1a) [19].
Entry of the influenza virus is initiated when HA binds the receptor sialic acid (SA) on
the host cell surface followed by endocytosis. The low pH condition of the maturing
endosome then triggers a series of conformational changes of HA, including exposure of
the hydrophobic fusion peptide and “loop-to-helix” transition of HA2, which ultimately
result in the fusion between viral and host endosomal membranes (Figure 1a) [20].
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when induced by lower pH. (b) Phylogenetic tree of influenza HAs. The two groups of IAV are colored brown (group 1) 
and blue (group 2), while IBV HAs are indicated in black. 

3. Small Molecule Inhibitors Targeting HA Mediated Receptor Binding 
Discovery or design of small-molecule therapeutics that specifically target the recep-

tor binding pocket has been challenging, for the SA-binding pocket of HA is small and 
shallow, and the monovalent binding affinity of HA for SA is low [25]. The strong virus-
cell adhesion of influenza viruses depends on multivalent interactions of HA with densely 
distributed SAs at cell surface [26]. Therefore, the straightforward strategy of mimicking 
receptor SA by carbohydrate-based analogs to block virus-receptor binding is difficult to 
achieve, since monovalent SA derivatives could hardly compete with native glycans [27]. 
As an alternative, great effort has been focused on designing 3D scaffolds carrying multi-
valent SA analogs to inhibit influenza virus infection [28–31]. 

Non-carbohydrate small molecule inhibitors targeting the RBS of influenza HAs have 
also been discovered. Previously, pentacyclic triterpenoids (PTs) have been demonstrated 
to possess broad-spectrum antiviral activities. The anti-influenza activity of PTs was 
therefore tested and it showed that PTs such as oleanolic acid (OA, Figure 2a) and ursolic 
acid can effectively inhibit IAV replication [32]. Mechanism of action (MOA) studies indi-
cated that OA can inhibit HA-mediated hemagglutination, and docking studies suggest 
that the SA binding pocket within HA potentially acts as a target domain [32]. Moreover, 
OA showed a broad anti-influenza spectrum and a diminished tendency to induce drug 
resistance [32]. Subsequently, structure-activity relationship (SAR) studies were con-
ducted using OA as lead compound, and a series of PT-derivatives exhibiting higher anti-
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A major hurdle that impedes the development of HA inhibitors is the high pleomor-
phicity of HA. To date, 18 antigenic subtypes (H1–H18) of IAV HA have been discovered.
Based on phylogenetic analysis, these subtypes fall into two groups. Group 1 encompasses
H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18, while group 2 encompasses
H3, H4, H7, H10, H14 and H15 (Figure 1b) [21]. In addition, there are two distinct classes
of IBV HAs, Yamagata-like and Victoria-like lineages (Figure 1b) [11]. The HAs of current
seasonal IAVs, H1 and H3, are members of groups 1 and 2, respectively, as are the highly
pathogenic viruses of the H5 (group 1) and H7 (group 2) subtypes [1,4,22].

The head region of HA is highly plastic, however, the receptor binding site (RBS) is
relatively conserved and has been recognized as an attractive drug target [23]. In contrast,
the stem domain is the least variable region of HA, and numerous small molecules have
been identified to target this region and block virus infectivity by inhibiting HA-mediated
membrane fusion [21,24].

3. Small Molecule Inhibitors Targeting HA Mediated Receptor Binding

Discovery or design of small-molecule therapeutics that specifically target the receptor
binding pocket has been challenging, for the SA-binding pocket of HA is small and shallow,
and the monovalent binding affinity of HA for SA is low [25]. The strong virus-cell adhesion
of influenza viruses depends on multivalent interactions of HA with densely distributed
SAs at cell surface [26]. Therefore, the straightforward strategy of mimicking receptor
SA by carbohydrate-based analogs to block virus-receptor binding is difficult to achieve,
since monovalent SA derivatives could hardly compete with native glycans [27]. As an
alternative, great effort has been focused on designing 3D scaffolds carrying multivalent
SA analogs to inhibit influenza virus infection [28–31].

Non-carbohydrate small molecule inhibitors targeting the RBS of influenza HAs have
also been discovered. Previously, pentacyclic triterpenoids (PTs) have been demonstrated to
possess broad-spectrum antiviral activities. The anti-influenza activity of PTs was therefore
tested and it showed that PTs such as oleanolic acid (OA, Figure 2a) and ursolic acid can
effectively inhibit IAV replication [32]. Mechanism of action (MOA) studies indicated that
OA can inhibit HA-mediated hemagglutination, and docking studies suggest that the SA
binding pocket within HA potentially acts as a target domain [32]. Moreover, OA showed
a broad anti-influenza spectrum and a diminished tendency to induce drug resistance [32].
Subsequently, structure-activity relationship (SAR) studies were conducted using OA as
lead compound, and a series of PT-derivatives exhibiting higher anti-influenza potency
were developed [32–37], for example, Meng et al.developed an OA-arginine conjugate
that exhibited robust potency and broad antiviral spectrum with EC50 values at the low-
micromolar level [35].
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In addition, a natural product derived from the fungus Chaetomium Kuntze ex Fries
(Chaetomiaceae), aureonitol (Figure 2b), also shows effective inhibition against both IAV and
IBV [38]. MOA studies demonstrated that aureonitol inhibits influenza hemagglutination
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and consequently impairs virus adsorption significantly [38]. Molecular modeling studies
suggested that aureonitol can fit well to the SA binding site of HA and interact with several
highly conserved residues via hydrogen bonds [38]. Moreover, Chen et al. identified
neoechinulin B (Figure 2c), which is a prenylated indole diketopiperazine alkaloid de-
rived from marine-derived fungus Eurotium rubrum, to exert potent inhibition against a
panel of influenza virus strains, including amantadine- and oseltamivir-resistant clinical
isolates [39]. MOA studies indicated that neoechinulin B can bind to influenza HA, and
disrupt HA-receptor interaction and virus attachment to host cells [39]. Both aureonitol
and neoechinulin B provide new leads for the development of potential influenza virus
inhibitors targeting HA-mediated receptor binding.

Interestingly, Kadama and Wilson noted that a small molecule fragment, N-cyclohexyl-
taurine (Figure 2c), commonly known as the buffering agent CHES, can bind to HA emulat-
ing with SA and RBS-targeting broadly neutralizing antibodies [40]. The crystal structure
of N-cyclohexyltaurine in complex with group 1 HA of H5N1 A/Vietnam/1203/2004
(H5/Viet) indicated that N-cyclohexyltaurine interacts with RBS by mimicking the bind-
ing mode of SA [40]. Moreover, for HA of H3N2A/Hong Kong/1/1968 (H3/HK68), N-
cyclohexyltaurine also binds to a conserved pocket in the stem region in addition to the RBS,
thereby exhibiting a dual-binding mode in group 2 HAs [40]. Note that the binding of N-
cyclohexyltaurine to HA is non-specific and it has been reported that N-cyclohexyltaurine
also binds to the catalytic domain of Clostridium perfringens neuraminidase [41]. Moreover,
the anti-influenza potency of N-cyclohexyltaurine has not been validated by any bioassay.
Nonetheless, the structural insights into RBS recognition by a small molecule can serve
as a template to guide further development of novel small-molecule therapeutics against
influenza virus.

4. Small Molecule Inhibitors Targeting HA Mediated Fusion

Numerous small molecule HA inhibitors targeting the fusion machinery have been
developed, although most of these fusion inhibitors appear to operate in a group specific
or even subtype specific manner. So far to our knowledge, none of the small molecule
HA fusion inhibitors have entered into clinical trials, except Arbidol, which was approved
and launched in Russia in 1992, although its activity is not limited to HA inhibition (the
details will be discussed later). In the following subsections, we review the discovery and
chemical optimizations of these influenza fusion inhibitors, and information about the
specificity, in vitro and in vivo activities are summarized in Appendix A.

4.1. Group 1 Specific Influenza Fusion Inhibitors
4.1.1. Benzenesulfonamides—The First Generation Orally Active HA Inhibitors

As early as 1996, Luo et al. identified an influenza inhibitor BMY27709 (Figure 3), that
specifically targets group 1 HA fusion [42,43]. SAR studies associated with BMY27709 were
subsequently examined using a parallel synthesis approach, and a new compound BMS-
199945 (Figure 3) was synthesized and showed an increased inhibitory effect displaying
EC50 values of 0.06–0.42 µmagainst group 1 IAVs [44,45]. Further, using BMS-199945 as
starting point, Tang et al. further designed and synthesized a class of benzenesulfonamide
derivatives as novel HA inhibitors, among which RO5464466 and its analogue RO5487624
showed comparable antiviral potency with compound BMS-199945 (Figure 3). However,
pharmacokinetics study revealed that compared to compound BMS-199945, RO5487624
shows good oral availabilities, significantly improved in vivo stability and longer terminal
half-life [46,47]. Further, RO5487624 displayed a significant protective efficacy on mice in
terms of survival rate [47]. These benzenesulfonamides represent the first generation of
orally bioavailable HA inhibitors that have potential for further development.
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4.1.2. JNJ4796—One of the Most Potent Drug Candidates

The development of JNJ4796 was inspired by the advances of universal influenza vac-
cines and broadly neutralizing antibodies (bnAbs) [48]. Previously, an HA stem-targeting
bnAb CR6261, which broadly neutralizes most group 1 IAVs has been identified and the
co-crystal structure of CR6261 in complex with H1 HA has been resolved [49,50]. These
findings stimulated the design of small proteins that mimic the antibody interaction with
HA and inhibit influenza virus fusion [46,51,52]. In addition, based on the co-crystal struc-
tures of bnAbs FI6v3 and CR9114 with HAs, smaller peptidic influenza fusion inhibitors
also have been designed [53].

Small-molecule mimics of the bnAb CR6216 were next pursued, as small molecules
possess advantages of oral bioavailability, high shelf stability, and relatively low production
costs. However, it is much more challenging to develop small molecule inhibitors directed
at antibody binding sites, since the antibody epitopes are protein-protein interfaces and
are generally flat, large, and undulating, in contrast to small concave pockets of common
targets for small molecule drugs [48]. Moreover, small molecule inhibitors mimicking the
function of an HA-stem bnAb should reproduce the key interactions that lead to fusion
inhibition [48].

In order to identify potent small molecules that mimic CR6216, Dongenet al. set
out to utilize the structural basis of the CR6261-HA complex and established an ampli-
fied luminescent proximity homogeneous assay (AlphaLISA) in competition mode as
a high-throughput screening (HTS) method. Encouragingly, the researchers identified
benzylpiperazines from ~500,000 small molecule compounds as a major hit class, with
JNJ7918 being the most promising lead compound to prevent the CR6261-HA interaction
(Figure 4). Chemical modifications were subsequently introduced sequentially to improve
the activity and properties dictating metabolic stability and oral bioavailability. Finally, an
orally active small molecule fusion inhibitor of influenza virus, JNJ4796, was generated
(Figure 4). Consistent with the breath of CR6261 binding, JNJ4796 binds and neutralizes a
broad spectrum of group 1 IAVs.

Recently, increasing numbers of antibody epitopes that are conserved in both groups
1 and 2 HAs have been identified [54–58]. These novel epitopes may serve as attractive
targets for the development of more valuable pan-subtype small molecule HA inhibitors,
inspired by the discovery of JNJ4796.

4.1.3. CBS1116—Variable Directions to Chemical Optimization

During the past two decades, our group has engaged in the discovery of novel entry
inhibitors of influenza viruses, including the high-pathogenic IAVs H5N1 and H7N3,
mainly by using an optimized comparative HTS approach on the basis of pseudotyped
viruses [59]. CBS1116 (2,4-dichloro-N-(1-isopropyl-4-piperidinyl) benzamide), from the
commercially available Chembridge small molecule library (19,200 compounds), is one of
the most promising hit compounds that show group 1 specific inhibitory effect against IAV
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entry [21]. MOA studies indicated that CBS1116 does not interfere with HA binding but
acts against the HA-mediated fusion process. Interestingly, we noticed that CBS1116 share
similar scaffold with BMY27709 (Figure 5). Both of the two compounds contain a critical
benzene ring, an amido bond as linker, and a second variable ring, i.e., a piperidine for
CBS1116 and a quinolizidine for BMY27709.
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We subsequently focused on the unique 4-aminopiperidine moiety of CBS1116 and
developed a comprehensive SAR, by modifying appropriate substituents in the amide
portion of the molecule, the tertiary amine region as well as the aromatic region [60].
Encouragingly, we finally generated compound 16, which exhibits an in vitro EC50 of
72 ± 24 nm in a reporter IAV-based luciferase assay (Figure 5) [60]. In addition, we
demonstrated that the combination of compound 16 with the NA inhibitor oseltamivir leads
to significant synergistic antiviral effect [60]. Moreover, pharmacokinetic studies suggested
that compound 16 exhibited excellent metabolic stability and high oral availability [60].
Interestingly, our unpublished data have further revealed that compound 16 is orally
active to protect mice from influenza H1N1 infection, and its synergy with oseltamivir was
also observed.
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4.1.4. Others—Diverse Scaffolds toward Potent Inhibition against Group 1 HA Fusion

In addition to the aforementioned lead structures, a large number of fusion inhibitors
targeting group 1 HAs have been reported. Some of them share similar scaffolds. For
example, CL-385319 [61,62], MBX2546 [63], FA617 [64], and GRP-103594 [65] share sim-
ilar scaffold with BMY27709 and CBS1116 (A-ring/linker/B-ring), except for the linker,
which might be elongated and the A-ring, which is variable (Figure 6). In addition, two
JNJ4796-like inhibitors, GRP-71271 [65] and IY7640 [66], have also been reported (Figure 7).
Moreover, there are several structurally distinct inhibitor classes, including MBX2329 [63],
LY180299 and other diterpenoid derivatives [67–69], triperiden derivatives [68,70], GRP-
115249 [65], FA583 [64], S20 [71], nylidrin [72], F0045(S) [73], and so on (Figure 8).

Overall, these structures provide either novel lead core skeletons as starting points
for further optimization, or enrich our knowledge of SAR and direct novel strategies of
chemical modification towards a more valuable drug candidate. For example, considering
that the benzamide group of BMS-199945 could be replaced by an aniline group as in
RO5464466 and RO5487624, Leiva et al. therefore reasoned that starting from the compound
CL-385319, a series of aniline derivatives and related compounds of general structure 1
may also display anti-influenza activity (Figure 9) [74]. Inspired by this idea, the authors
performed a comprehensive SAR study and generated a novel HA inhibitor compound 9d
(Figure 9) [74].
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4.2. Group 2 Specific Influenza Fusion Inhibitors

Compared to group 1 specific HA inhibitors, fewer group 2 specific ones have been
identified. First, the models for group 2 IAV in vivo studies are less prevalent. For example,
a robust mouse-adapted group 2 IAV strain is missing, in contrast to the useful H1N1/PR8
strain used for in vivo studies of group 1. Second, the intrinsic variations might have
conferred less potent druggable pockets within group 2 than group 1 HAs. Nonetheless, it
is clear that more attention should be paid to the discovery of novel group 2 specific HA
inhibitors in the future.

4.2.1. TBHQ—One of the Well-known Lead Molecules

The small molecule tert-butylhydroquinone (TBHQ) has been well studied and shown
to specifically inhibit group 2 IAVs by preventing HA-mediated fusion with low micromo-
lar potency [75–77]. Although the relatively high anti-influenza activity in combination
with the low toxicity makes TBHQ an attractive lead compound [78], its antioxidant prop-
erty diminishes the enthusiasm due to the potential oxidation-reduction reactions or the
covalent modification of host proteins. Interestingly, we and collaborators have clearly
demonstrated that the anti-influenza activity of TBHQ was not due to its antioxidant
property [79]. Moreover, by replacing the 1-hydroxyl group with a methoxy substituent to
form an anisole, we obtained a TBHQ analogue, compound 11, yielding reduced chemical
reactivity and about 10 times improvement of antiviral activity (Figure 10a) [79]. Our
studies should have renewed interest in TBHQ analogues as influenza antivirals and can
guide future efforts for chemical optimization.
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4.2.2. CBS1194—A Novel Scaffold That Deserves Further Optimization

As mentioned above, our group has been engaged in screening efforts for the discovery
of influenza entry inhibitors of group 2 specificity in addition to group 1 specific ones.
CBS1194 is one of the most potent hit compounds discovered to date (Figure 10b) [24].
Our data clearly demonstrated that CBS1194 broadly inhibits group 2 IAVs, and acts by
preventing the HA rearrangement that is required for HA-mediated membrane fusion [24].
Using CBS1194 as the starting point, we have synthesized a series of derivative compounds
that are ready for bioassays, in anticipation of more effective and valuable drug candidates.

4.2.3. C22—A Facilitator of HA Conformational Change

All the group 1 and group 2 specific influenza fusion inhibitors described above act
by preventing the low-pH induced conformational rearrangement of HA. Interestingly,
Hoffman et al. previously identified a panel of compounds that facilitate rather than inhibit
the HA conformational change, by destabilizing the HA at neutral pH [80]. Moreover,
among these compounds, C22 (Figure 10c) can block HA-mediated membrane fusion and
irreversibly decrease virus infectivity [80]. The discovery of C22 thus defines a new class of
agents leading to anti-influenza drugs.

Beside C22, two other molecules that facilitate the conformational change have been
identified as well, including C29 and S23 (Figure 10c) [80]. Unfortunately, C29 showed high
cytotoxicity, while S23 exhibited no measurable effect on viral infectivity. However, further
chemical optimizations can be used to fill these gaps between “in tube” activities and
“in cellular” activities, e.g., by lowering the cytotoxicity of C29 without altering the HA-
rearrangement facilitating activity. Both C29 and C23 may provide informative structures
for development of potential antivirals in future [80].

4.2.4. Others—A Long Way to Go

Along with C22, Hoffman et al. also identified compound S19 (Figure 10d), which
prevents the conformational rearrangement of group 2 HAs and subsequently inhibit entry
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of group 2 IAVs [80]. Interestingly, in a quantitative assay for the HA conformational
change, S19 showed to be less effective than TBHQ, however, in the infectivity assay, S19
exhibited much higher potency [80]. This discrepancy suggests a different mechanism of
action of S19 than TBHQ, and it is interesting to further study the binding and action mode
of S19 to HA, which may lead to a new class of group 2 HA inhibitors and guide drug
design in the future.

In addition, a class of N-(1-thia-4-azaspiro [4.5]decan-4-yl)carboxamide inhibitors
(e.g., 4c, Figure 10e) of influenza virus HA-mediated membrane fusion has been re-
ported [81]. Subsequent SAR developed a most active analogue 5f, exhibiting an EC50
value of 1 nm against influenza A/H3N2 virus, and selectivity index of almost 2000 [82].
Although the spectrum of these inhibitors is narrow and defined within the H3 subtype,
the structure basis alone or in complex with target HA should be instructive to achieve
superior inhibitors of HA-mediated fusion.

4.3. Broad-Spectrum Influenza Fusion Inhibitors

An ideal HA-mediated fusion inhibitor should block the entry process of all subtypes
of influenza viruses. This is hard to achieve since the structural features among subtypes
of IAV and IBV vary a lot. Interestingly, Arbidol has been demonstrated to match the
requirements as a pan-subtype influenza fusion inhibitor. Moreover, Arbidol has been
administered for decades in Russia and China against influenza, with no major adverse
effects reported [83]. It is noteworthy that the antiviral activity of Arbidol is not limited
to influenza viruses, but Arbidol possesses vast potential as a broad-spectrum antiviral
agent against diverse enveloped and non-enveloped viruses including hepatitis B virus,
hepatitis C virus, chikungunya virus, reovirus, hantaan virus, ebola virus, coxsackie virus
B5 and the emerging severe acute respiratory syndrome coronavirus 2 [84–86]. Multiple
studies have suggested that Arbidol is a cell-targeting antiviral which can incorporate into
cellular membranes, modify their physico-chemical properties, and subsequently block
virus entry [84]. However, crystal structures of Arbidol in complex with group 2 HAs
indicated that Arbidol can bind in a hydrophobic cavity in the HA trimer stem at the
interface between two protomers, suggesting a different mechanism of action [87].

Previously, Brancato et al. designed and developed two series of indole derivatives
structurally related to Arbidol and the antiviral activities were probed. As a result, com-
pound 15 (Figure 11a) was identified to be more potent than Arbidol against certain
subtypes of influenza A viruses [88]. Particularly, compound 15 exhibited a much greater
affinity and preference for binding group 2 than group 1 HAs, in contrast to Arbidol [88].
More recently, Wright et al. noticed that there is underutilized space in the binding pocket
for Arbidol within H3 and H7 HAs based on HA-arbidol co-crystal structures resolved by
Kadam et al. [87]. Using rational design, the authors then generated a series of Arbidol
analogues, resulting in analogue 11 with impressive increases in affinity for both group 1
and group 2 HAs (Figure 11a) [89].

Of particular note, during the course of developing inhibitors targeting the IAV
M2 proton channel carrying the amantadine-resistant S31N mutation (AM2-S31N), Zhao
et al. identified M090 (Figure 11b), an analogue of pinanamine-based M2 inhibitors, to
inhibit viral replication through AM2-S31N independent mechanisms instead of AM2-
S31N blockage [90]. Subsequent drug resistance selection identified several mutations in
HA, in combination with molecular dynamics simulations and hemolytic fusion inhibition
studies, these data strongly suggested that M090 acts by targeting HA mediated fusion [90].
Moreover, M090 exhibited inhibition against a broad spectrum of IAVs, including both
group 1 and group 2 subtypes, with EC50 values ranging from 0.1 to 10 µm [90]. In addition,
Zarubaev et al. identified an imino-derivative of camphor, termed camphecene (Figure 11c),
as a novel fusion inhibitor targeting HAs of broad range [91]. Similar to M090, the camphor-
based cage compounds were initially designed and synthesized to block amantadine-
and rimantadine-resistant M2 channels [92]. These results are encouraging for further
development of potential pan-subtype influenza inhibitors targeting the fusion machinery.
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5. Structure-Based Perspectives

A major contribution to the advances in the development of HA inhibitor comes
from structural biology, in particular from the many studies on influenza HA alone or in
complex with potent inhibitors [93]. Although it is interesting to explore conserved drug-
gable pockets besides RBD site in the plastic head domain in future, at present the fusion
machinery of HA is a more preferred target for the discovery and design of novel small
molecule inhibitors. Previously, the crystal structures of influenza HAs have demonstrated
the group-specific basis in regions that are prominent in the rearrangements required for
membrane fusion [94,95]. The fact that most of the influenza fusion inhibitors work in
a group-specific manner suggests that they may bind in one of these regions, and our
understanding on the binding mode of fusion inhibitors can guide future efforts to further
optimize this class of compounds. Moreover, the structural basis for fusion inhibition may
lead to rational design of more ideal broad-spectrum fusion inhibitors against all subtypes
of IAV and IBV.

So far to our knowledge, the binding properties of five small molecule fusion in-
hibitors have been unraveled, based on the co-crystal structure of HA in complex with
the individual molecules. Among the five molecules, JNJ4796, CBS1117 (an analogue
of CBS1116) and F0045(S) represent group 1 specific fusion inhibitors, while TBHQ and
Arbidol represent group 2 specific ones. Note that although Arbidol can also inhibit the
fusion mediated by group 1 HAs, the structure of group 1 HA in complex with Arbidol has
not been resolved.

Interestingly, the binding sites of JNJ4796, CBS1117 and F0045(S) overlap significantly,
localized in a pocket near the fusion peptide (Figure 12a) [48,73,96]. JNJ4796 is the biggest
compound, containing five rings occupying a large region of the target pocket, nonetheless,
the binding mode of CBS1117 and F0045(S) are strikingly similar to the binding modes of
the B, C, and D rings of JNJ4796 (Figure 12b) [48,73,96]. Notably, the B-ring of CBS1117
reacts with HA similarly to both the C- and D-ring of JNJ4796 [96]. It will be of great interest
to elaborate the CBS1117 and F0045(S) molecules into nearby unoccupied regions at the
binding site to improve the binding and neutralization activity against influenza viruses.

It is speculated that binding of these molecules can stabilize the pre-fusion conforma-
tion of HA by blocking the release of fusion peptide. Furthermore, the group 1 specificities
of the three inhibitors were rationalized and primarily directed to HA1 position 38, where
a group 1 conserved key residue HA1–H38 is substituted to a conserved glycosylated N38
within group 2 HAs (Figure 13a) [48,73,96]. The glycosyl group induced steric hindrance,
which is argued to be the most important factor that renders group specificity (Figure 13b,c).
Besides, the orientations of pan-conserved residues HA1–H18 and HA2–W21, and vari-
able residues such as HA2 positions 49 and 52 in the binding site may also lead to group
specificity (Figure 13b,c) [48,73,96]. It is important to take these distinct structural features
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into consideration for the future design of group 2 specific or broad-spectrum inhibitors
targeting the corresponding druggable pocket.
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binding site could account for the group-specific activity of the compound. As shown in 
Figure 14b, the substitution of group 2 conserved residue HA2 R54 to group 1 conserved 
S54 leads to the diminish of an intermonomer salt bridge between R54 and E97. Alterna-
tively, the E97 forms a less optimal salt bridge with the residue HA2 K58, which is con-
served in all HAs. As a result, an extra turn is present at the C terminus of the short α-
helix (residues 56–58), and the access of TBHQ to group 1 HAs is apparently blocked (Fig-
ure 14b). When it comes to Arbidol, it is unlikely that the compound binds to group 1 HAs 
at the same site identified in group 2 HAs, but Arbidol might occupy a distinct group 
1specific binding site [87]. Further resolution of the crystal structure of a group 1 HA in 
complex with Arbidol may not only improve our understanding of the compound’s pan-
subtype mode of action, but also guide the future optimization of Arbidol and the design 
of novel broad-spectrum HA fusion inhibitors. 

Figure 13. Group 1specific binding of compoundCBS1117. (a) Sequence alignment between group 1
(H1 and H5) and group 2 (H3 and H7) HAs. (b) Structure of H5 HA in complex with CBS1117 (blue).
(c) Structure of H3 HA (PDB code: 5t6b). The essential residues involved in CBS1117 binding site are
shown in orange. The HA2 position 38 is indicated in red, while other critical variable residues are
indicated in brown.

In contrast, both TBHQ and Arbidol bind in a hydrophobic cavity in the HA trimer
stem loop at the interface between two protomers (Figure 14a) [76,87]. It is noteworthy that
previously TBHQ and Arbidol were predicted by in silico studies to bind at distinct pockets
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close to the fusion peptide, which differ from their actual binding sites (Figure 14a) [76,87,97].
Moreover, the resistance mutations to TBHQ or Arbidol usually do not map around the
compound binding site, which contradicts the common notion that escaped mutations map
directly to the site of action [76,87]. Instead, these resistance mutations mainly involve
residues that interact with the fusion peptide, suggesting a mode of action by destabilizing
the neutral form of HA and increasing the pH of membrane fusion [76,87,97].
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(b) The structural basis for HA group-specific inhibition by TBHQ. Comparison of the TBHQ binding
site of H3 and corresponding position of H5 clearly shows that the extra turn of the short α-helix in
the group 1 HAs precludes TBHQ binding. Potential hydrogen bonds are shown as dotted lines.

The structural differences of group 1 and group 2 HAs in the vicinity of the TBHQ
binding site could account for the group-specific activity of the compound. As shown in
Figure 14b, the substitution of group 2 conserved residue HA2 R54 to group 1 conserved S54
leads to the diminish of an intermonomer salt bridge between R54 and E97. Alternatively,
the E97 forms a less optimal salt bridge with the residue HA2 K58, which is conserved in
all HAs. As a result, an extra turn is present at the C terminus of the short α-helix (residues
56–58), and the access of TBHQ to group 1 HAs is apparently blocked (Figure 14b). When
it comes to Arbidol, it is unlikely that the compound binds to group 1 HAs at the same site
identified in group 2 HAs, but Arbidol might occupy a distinct group 1specific binding
site [87]. Further resolution of the crystal structure of a group 1 HA in complex with Arbidol
may not only improve our understanding of the compound’s pan-subtype mode of action,
but also guide the future optimization of Arbidol and the design of novel broad-spectrum
HA fusion inhibitors.

For other HA fusion inhibitors, the co-crystallization structures in complex with target
HAs have not been resolved, and their actual binding modes and mechanisms of action
remain obscure. Nonetheless, in silico studies with these compounds have predicted
several valuable potent binding pockets, including group 1 and group 2 specific ones, as
well as cavities that are conserved among all subtypes. For example, compound MBX2546
was predicted to bind at the center within the stem of HA trimer [98]. In contrast to the
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fact that there are three binding sites per HA trimer for JNJ4796, CBS1117, F0045(S), TBHQ
and Arbidol, only one molecule MBX2546 is modeled to bind to HA trimer [98]. Moreover,
using WaterLOGSY (Water Ligand Observed via Gradient Spectroscopy) NMR we and our
collaborators have demonstrated that MBX2546 can bind to both H5 (group 1 HA) and H3
(group 2 HA), which contradicts with the group 1 specific antiviral activity. Therefore, it
was supposed that specific binding of MBX2546 to HA could not guarantee efficient fusion
inhibition, while specific interactions between HA and MBX2546 to stabilize the non-fusing
conformation of HA trimer is also required [98]. This phenomenon is not unique, since
BMY27709 analogues BMS-198254 and BMS-195161 also bind to HA specifically, while they
are inactive to block conformational changes of HA but act as antagonists of the inhibitory
effects of BMY27709 [43]. It is of great interest to further study the individual structure of
H5 and H3 in complex with MBX2546 to identify stabilizing interactions between MBX2546
and H3 or both H5 and H3, which may serve as a guide for the generation of novel group 2
specific or pan-subtype fusion inhibitors.

The potent binding site of broad-spectrum HA inhibitor M090 has also been predicted.
M090 occupies a pocket located at the interface of the long α-helical segment and a loop
of the HA2 monomer, thus inhibiting virus-mediated membrane fusion by “locking” the
bending state of HA2 during the conformational rearrangement process [90]. Consistent
with the observed pan-subtype inhibition against influenza virus infection, sequence
alignment suggests this binding region is conserved and could be used to design advanced
inhibitors that target both group 1 and group 2 of HAs [90]. If this novel pocket can
be validated, it will become one of the most interesting targets to explore potentially
broad-spectrum anti-influenza drugs in the future.

6. Conclusions

It is of great concern that resistant strains against currently available anti-influenza
drugs are frequently identified in human or avian influenza virus [99]. Driven by struc-
tural and functional characterization of influenza HA, the development of potent HA
inhibitors has raised hopes for new antiviral therapies. As the most potent HA-targeted
drug candidates are directed to the fusion machinery and are group specific, it is of great
interest to develop group 1 and group 2 specific anti-influenza drugs separately and to
use the appropriate inhibitor for each influenza outbreak. Further, the discovery, chemical
modification, and MOA studies of pan-subtype HA fusion inhibitors may lead to more
valuable broad-spectrum anti-influenza drugs targeting both group 1 and group 2 HAs.
Moreover, since the combination of virus specific compounds can increase efficacy and
decrease the incidence of viral resistance, similar to HAART for treatment of HIV infections,
it is possible that two subtype specific fusion inhibitors or a broad-spectrum one could be
paired with a drug targeting a different stage of the viral life cycle, such as oseltamivir or
baloxivir, to produce a more effective cocktail therapy.
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Abbreviations

IAV, influenza A virus; NA, neuraminidase; HA, Hemagglutinin; HEF, haemagglutinin-esterase-
fusion; SA, sialic acid; RBS, receptor binding site; PT, pentacyclic triterpenoid; OA, oleanolic acid;
MOA, Mechanism of action; SAR, structure-activity relationship; bnAb, broadly neutralizing anti-
body; FP, fusion peptide; AlphaLISA, amplified luminescentproximity homogeneous assay; HTS,
high-throughput screening; TBHQ, tert-butylhydroquinone; WaterLOGSY, Water Ligand Observed
via Gradient Spectroscopy.

Appendix A

Table A1. The small molecule HA fusion inhibitors and their group specificities, in vitro antiviral activities and in vivo efficacies.

Compound Group Specificity In Vitro Activity
EC50 (µM) a/CC50 (µM) b In Vivo Effective Ref.

RO5487624 1 0.09–0.45/71 Yes [46,47]
JNJ4796 1 0.012–3.24/- c Yes [48]
CBS1116 1 0.4/160 - [21]

compound 16 1 0.072/>100 Yes d [60]
GRP-103594 1 0.45/>100 - [65]
CL-385319 1 0.38–2.66/47.5 - [61,62]

9d 1 1.7–4.6/>100 - [75]
FA-617 1 0.007–0.087/- - [64]

MBX2546 1 0.3–5.8/>100 - [63]
GRP-71271 1 0.28/>100 - [65]

IY-7640 1 (H1N1) 0.07–7.1/- Yes [66]
MBX2329 1 0.29–0.53/>100 - [63]
LY180299 1 0.03–0.1/>66 - [67]
Triperiden 1 -/>100 - [70,71]

GRP-115249 1 0.33/>100 - [65]
FA-583 1 0.044–0.080/- - [64]

S20 1 0.08–0.15/40 - [72]
Nylidirin 1 1.7–3.5/549.2 Yes [73]
F0045(S) 1 0.5–16.2/>157 - [74]
TBHQ 2 6/>50 - [76–78]

TBHQ derived
compound 11 2 0.6/>50 - [80]

CBS1194 2 0.36–3.7/>100 - [24]
C22 2 8.0/1000 - [81]
S19 2 0.8/>500 - [81]
4c 2 (H3N2) 3.3–23/>100 - [82]
5f 2 (H3N2) 0.001/1.5 - [83]

Arbidol Broad spectrum 8.4–62.8/- Approved in Russia and
China [84,88]

M090 Broad spectrum 0.10–6.85/25 - [91]
camphecene Broad spectrum 3.6–83.8/701 Yes [92]

a EC50, concentration required to produce 50% of a maximal effect. Of note, the EC50 values were obtained from different antiviral assays
against diverse influenza strains. These data are for reference only and it makes no sense to compare with each other; b CC50, 50% cytotoxic
concentration; c data not available; d Unpublished data.

References
1. WHO. 2018 Influenza (Seasonal) Fact Sheet; WHO: Geneva, Switzerland, 2018; Available online: http://www.who.int/mediacentre/

factsheets/fs211/en/ (accessed on 10 May 2021).
2. Sutton, T.C. The Pandemic Threat of Emerging H5 and H7 Avian Influenza Viruses. Viruses 2018, 10, 461. [CrossRef]
3. Krammer, F.; Smith, G.J.D.; Fouchier, R.A.M.; Peiris, M.; Kedzierska, K.; Doherty, P.C.; Palese, P.; Shaw, M.L.; Treanor, J.;

Webster, R.G.; et al. Influenza. Nat. Rev. Dis. Primers 2018, 4, 3. [CrossRef]
4. Gao, H.N.; Lu, H.Z.; Cao, B.; Du, B.; Shang, H.; Gan, J.H.; Lu, S.H.; Yang, Y.D.; Fang, Q.; Shen, Y.Z.; et al. Clinical findings in 111

cases of influenza A (H7N9) virus infection. N. Engl. J. Med. 2013, 368, 2277–2285. [CrossRef]
5. Du, R.; Cui, Q.; Rong, L. Flu Universal Vaccines: New Tricks on an Old Virus. Virol. Sin. 2021, 36, 13–24. [CrossRef]
6. Li, T.C.M.; Chan, M.C.W.; Lee, N. Clinical Implications of Antiviral Resistance in Influenza. Viruses 2015, 7, 4929–4944. [CrossRef]

http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs211/en/
http://doi.org/10.3390/v10090461
http://doi.org/10.1038/s41572-018-0002-y
http://doi.org/10.1056/NEJMoa1305584
http://doi.org/10.1007/s12250-020-00283-6
http://doi.org/10.3390/v7092850


Pharmaceuticals 2021, 14, 587 16 of 19

7. Lackenby, A.; Besselaar, T.G.; Daniels, R.S.; Fry, A.; Gregory, V.; Gubareva, L.V.; Huang, W.; Hurt, A.C.; Leang, S.-K.;
Lee, R.T.; et al. Global update on the susceptibility of human influenza viruses to neuraminidase inhibitors and status of
novel antivirals, 2016–2017. Antivir. Res. 2018, 157, 38–46. [CrossRef]

8. Noshi, T.; Kitano, M.; Taniguchi, K.; Yamamoto, A.; Omoto, S.; Baba, K.; Hashimoto, T.; Ishida, K.; Kushima, Y.; Hattori, K.; et al.
In vitro characterization of baloxavir acid, a first-in-class cap-dependent endonuclease inhibitor of the influenza virus polymerase
PA subunit. Antivir. Res. 2018, 160, 109–117. [CrossRef]

9. Han, J.; Perez, J.; Schafer, A.; Cheng, H.; Peet, N.; Rong, L.; Manicassamy, B. Influenza Virus: Small Molecule Therapeutics and
Mechanisms of Antiviral Resistance. Curr. Med. Chem. 2019, 25, 5115–5127. [CrossRef] [PubMed]

10. Takashita, E.; Kawakami, C.; Ogawa, R.; Morita, H.; Fujisaki, S.; Shirakura, M.; Miura, H.; Nakamura, K.; Kishida, N.;
Kuwahara, T.; et al. Influenza A(H3N2) virus exhibiting reduced susceptibility to baloxavir due to a polymerase acidic subunit
I38T substitution detected from a hospitalised child without prior baloxavir treatment, Japan, January 2019. Eurosurveillance 2019,
24, 1900170. [CrossRef] [PubMed]

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

12. Goldhill, D.H.; Velthuis, A.J.W.T.; Fletcher, R.A.; Langat, P.; Zambon, M.; Lackenby, A.; Barclay, W.S. The mechanism of resistance
to favipiravir in influenza. Proc. Natl. Acad. Sci. USA 2018, 115, 11613–11618. [CrossRef] [PubMed]

13. Takashita, E. Influenza Polymerase Inhibitors: Mechanisms of Action and Resistance. Cold Spring Harb. Perspect. Med. 2021, 11,
a038687. [CrossRef]

14. Davidson, S. Treating Influenza Infection, From Now and Into the Future. Front. Immunol. 2018, 9, 1946. [CrossRef] [PubMed]
15. Zeng, L.-Y.; Yang, J.; Liu, S. Investigational hemagglutinin-targeted influenza virus inhibitors. Expert Opin. Investig. Drugs 2016,

26, 63–73. [CrossRef]
16. Du, R.; Cui, Q.; Rong, L. Competitive Cooperation of Hemagglutinin and Neuraminidase during Influenza A Virus Entry. Viruses

2019, 11, 458. [CrossRef]
17. Rosenthal, P.B.; Zhang, X.; Formanowski, F.; Fitz, W.; Wong, C.-H.; Meier-Ewert, H.; Skehel, J.J.; Wiley, D.C. Structure of the

haemagglutinin-esterase-fusion glycoprotein of influenza C virus. Nature 1998, 396, 92–96. [CrossRef]
18. Su, S.; Fu, X.; XinLiang, F.; Kerlin, F.; Veit, M. Novel Influenza D virus: Epidemiology, pathology, evolution and biological

characteristics. Virulence 2017, 8, 1580–1591. [CrossRef]
19. Wilson, I.A.; Skehel, J.J.; Wiley, D.C. Structure of the haemagglutinin membrane glycoprotein of influenza virus at 3 Å resolution.

Nature 1981, 289, 366–373. [CrossRef]
20. Luo, M. Influenza Virus Entry. Adv. Exp. Med. Biol. 2012, 726, 201–221. [CrossRef]
21. Hussein, A.F.; Cheng, H.; Tundup, S.; Antanasijevic, A.; Varhegyi, E.; Perez, J.; Abdulrahman, E.M.; Elenany, M.G.; Helal, S.;

Caffrey, M.; et al. Identification of entry inhibitors with 4-aminopiperidine scaffold targeting group 1 influenza A virus. Antivir.
Res. 2020, 177, 104782. [CrossRef] [PubMed]

22. To, K.K.; Ng, K.H.; Tsang, K.-Y.; Tsang, A.K.; Chen, H.; Yuen, K.-Y. Avian influenza A H5N1 virus: A continuous threat to humans.
Emerg. Microbes Infect. 2012, 1, e25. [CrossRef] [PubMed]

23. Lazniewski, M.; Dawson, W.K.; Szczepinska, T.; Plewczynski, D. The structural variability of the influenza A hemagglutinin
receptor-binding site. Brief Funct. Genom. 2018, 17, 415–427.

24. Du, R.; Cheng, H.; Cui, Q.; Peet, N.P.; Gaisina, I.N.; Rong, L. Identification of a novel inhibitor targeting influenza A virus group 2
hemagglutinins. Antivir. Res. 2021, 186, 105013. [CrossRef] [PubMed]

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

26. Takemoto, D.K.; Skehel, J.J.; Wiley, D.C. A surface plasmon resonance assay for the binding of influenza virus hemagglutinin to
its sialic acid receptor. Virology 1996, 217, 452–458. [CrossRef]

27. Stencel-Baerenwald, J.E.; Reiss, K.; Reiter, D.M.; Stehle, T.; Dermody, T.S. The sweet spot: Defining virus-sialic acid interactions.
Nat. Rev. Microbiol. 2014, 12, 739–749. [CrossRef]

28. Wang, H.; Huang, W.; Orwenyo, J.; Banerjee, A.; Vasta, G.R.; Wang, L.-X. Design and synthesis of glycoprotein-based multivalent
glyco-ligands for influenza hemagglutinin and human galectin-3. Bioorg. Med. Chem. 2013, 21, 2037–2044. [CrossRef] [PubMed]

29. Bhatia, S.; Hilsch, M.; Cuellar-Camacho, J.L.; Ludwig, K.; Nie, C.; Parshad, B.; Wallert, M.; Block, S.; Lauster, D.;
Böttcher, C.; et al. Adaptive Flexible Sialylated Nanogels as Highly Potent Influenza A Virus Inhibitors. Angew. Chem.
Int. Ed. Engl. 2020, 59, 12417–12422. [CrossRef]

30. Lu, W.; Du, W.; Somovilla, V.J.; Yu, G.; Haksar, D.; De Vries, E.; Boons, G.-J.; de Vries, R.; De Haan, C.A.M.; Pieters, R.J. Enhanced
Inhibition of Influenza A Virus Adhesion by Di- and Trivalent Hemagglutinin Inhibitors. J. Med. Chem. 2019, 62, 6398–6404. [CrossRef]

31. Nie, C.; Stadtmüller, M.; Parshad, B.; Wallert, M.; Ahmadi, V.; Kerkhoff, Y.; Bhatia, S.; Block, S.; Cheng, C.; Wolff, T.; et al.
Heteromultivalent topology-matched nanostructures as potent and broad-spectrum influenza A virus inhibitors. Sci. Adv. 2021,
7, eabd3803. [CrossRef] [PubMed]

32. Yu, M.; Si, L.; Wang, Y.; Wu, Y.; Yu, F.; Jiao, P.; Shi, Y.; Wang, H.; Xiao, S.; Fu, G.; et al. Discovery of Pentacyclic Triterpenoids as
Potential Entry Inhibitors of Influenza Viruses. J. Med. Chem. 2014, 57, 10058–10071. [CrossRef]

http://doi.org/10.1016/j.antiviral.2018.07.001
http://doi.org/10.1016/j.antiviral.2018.10.008
http://doi.org/10.2174/0929867324666170920165926
http://www.ncbi.nlm.nih.gov/pubmed/28933281
http://doi.org/10.2807/1560-7917.ES.2019.24.12.1900170
http://www.ncbi.nlm.nih.gov/pubmed/30914078
http://doi.org/10.1056/NEJMoa1716197
http://www.ncbi.nlm.nih.gov/pubmed/30184455
http://doi.org/10.1073/pnas.1811345115
http://www.ncbi.nlm.nih.gov/pubmed/30352857
http://doi.org/10.1101/cshperspect.a038687
http://doi.org/10.3389/fimmu.2018.01946
http://www.ncbi.nlm.nih.gov/pubmed/30250466
http://doi.org/10.1080/13543784.2017.1269170
http://doi.org/10.3390/v11050458
http://doi.org/10.1038/23974
http://doi.org/10.1080/21505594.2017.1365216
http://doi.org/10.1038/289366a0
http://doi.org/10.1007/978-1-4614-0980-9_9
http://doi.org/10.1016/j.antiviral.2020.104782
http://www.ncbi.nlm.nih.gov/pubmed/32222293
http://doi.org/10.1038/emi.2012.24
http://www.ncbi.nlm.nih.gov/pubmed/26038430
http://doi.org/10.1016/j.antiviral.2021.105013
http://www.ncbi.nlm.nih.gov/pubmed/33428962
http://doi.org/10.1038/333426a0
http://www.ncbi.nlm.nih.gov/pubmed/3374584
http://doi.org/10.1006/viro.1996.0139
http://doi.org/10.1038/nrmicro3346
http://doi.org/10.1016/j.bmc.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23411399
http://doi.org/10.1002/anie.202006145
http://doi.org/10.1021/acs.jmedchem.9b00303
http://doi.org/10.1126/sciadv.abd3803
http://www.ncbi.nlm.nih.gov/pubmed/33523846
http://doi.org/10.1021/jm5014067


Pharmaceuticals 2021, 14, 587 17 of 19

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

34. Su, Y.; Meng, L.; Sun, J.; Li, W.; Shao, L.; Chen, K.; Zhou, D.; Yang, F.; Yu, F. Design, synthesis of oleanolic acid-saccharide
conjugates using click chemistry methodology and study of their anti-influenza activity. Eur. J. Med. Chem. 2019, 182, 111622.
[CrossRef] [PubMed]

35. Meng, L.; Su, Y.; Yang, F.; Xiao, S.; Yin, Z.; Liu, J.; Zhong, J.; Zhou, D.; Yu, F. Design, synthesis and biological evaluation of amino
acids-oleanolic acid conjugates as influenza virus inhibitors. Bioorg. Med. Chem. 2019, 27, 115147. [CrossRef] [PubMed]

36. Wang, H.; Xu, R.; Shi, Y.; Si, L.; Jiao, P.; Fan, Z.; Han, X.; Wu, X.; Zhou, X.; Yu, F.; et al. Design, synthesis and biological evaluation
of novel l-ascorbic acid-conjugated pentacyclic triterpene derivatives as potential influenza virus entry inhibitors. Eur. J. Med.
Chem. 2016, 110, 376–388. [CrossRef]

37. Song, G.; Shen, X.; Li, S.; Li, Y.; Si, H.; Fan, J.; Li, J.; Gao, E.; Liu, S. Structure-activity relationships of 3-O-β-chacotriosyl
oleanane-type triterpenoids as potential H5N1 entry inhibitors. Eur. J. Med. Chem. 2016, 119, 109–121. [CrossRef]

38. Sacramento, C.Q.; Marttorelli, A.; Fintelman-Rodrigues, N.; de Freitas, C.S.; de Melo, G.R.; Rocha, M.E.; Kaiser, C.R.; Rodrigues,
K.F.; da Costa, G.L.; Alves, C.M.; et al. Aureonitol, a Fungi-Derived Tetrahydrofuran, Inhibits Influenza Replication by Targeting
Its Surface Glycoprotein Hemagglutinin. PLoS ONE 2015, 10, e0139236.

39. Chen, X.; Si, L.; Liu, D.; Proksch, P.; Zhang, L.; Zhou, D.; Lin, W. Neoechinulin B and its analogues as potential entry inhibitors of
influenza viruses, targeting viral hemagglutinin. Eur. J. Med. Chem. 2015, 93, 182–195. [CrossRef]

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

41. Lee, Y.; Youn, H.-S.; Lee, J.-G.; An, J.Y.; Park, K.R.; Kang, J.Y.; Ryu, Y.B.; Jin, M.S.; Park, K.H.; Eom, S.H. Crystal struc-
ture of the catalytic domain of Clostridium perfringens neuraminidase in complex with a non-carbohydrate-based inhibitor,
2-(cyclohexylamino)ethanesulfonic acid. Biochem. Biophys. Res. Commun. 2017, 486, 470–475. [CrossRef]

42. Luo, G.; Colonno, R.; Krystal, M. Characterization of a Hemagglutinin-Specific Inhibitor of Influenza A Virus. Virology 1996, 226,
66–76. [CrossRef]

43. Luo, G.; Torri, A.; Harte, W.E.; Danetz, S.; Cianci, C.; Tiley, L.; Day, S.; Mullaney, D.; Yu, K.L.; Ouellet, C.; et al. Molecular
mechanism underlying the action of a novel fusion inhibitor of influenza A virus. J. Virol. 1997, 71, 4062–4070. [CrossRef]

44. Deshpande, M.S.; Wei, J.; Luo, G.; Cianci, C.; Danetz, S.; Torri, A.; Tiley, L.; Krystal, M.; Yu, K.-L.; Huang, S.; et al. An approach to
the identification of potent inhibitors of influenza virus fusion using parallel synthesis methodology. Bioorg. Med. Chem. Lett.
2001, 11, 2393–2396. [CrossRef]

45. Cianci, C.; Yu, K.L.; Dischino, D.D.; Harte, W.; Deshpande, M.; Luo, G.; Colonno, R.J.; Meanwell, N.A.; Krystal, M. pH-dependent
changes in photoaffinity labeling patterns of the H1 influenza virus hemagglutinin by using an inhibitor of viral fusion. J. Virol.
1999, 73, 1785–1794. [CrossRef]

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

47. Zhu, L.; Li, Y.; Li, S.; Li, H.; Qiu, Z.; Lee, C.; Lu, H.; Lin, X.; Zhao, R.; Chen, L.; et al. Inhibition of Influenza A Virus (H1N1) Fusion
by Benzenesulfonamide Derivatives Targeting Viral Hemagglutinin. PLoS ONE 2011, 6, e29120. [CrossRef]

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

49. Throsby, M.; Brink, E.V.D.; Jongeneelen, M.; Poon, L.L.M.; Alard, P.; Cornelissen, L.; Bakker, A.; Cox, F.; Van Deventer, E.;
Guan, Y.; et al. Heterosubtypic Neutralizing Monoclonal Antibodies Cross-Protective against H5N1 and H1N1 Recovered from
Human IgM+ Memory B Cells. PLoS ONE 2008, 3, e3942. [CrossRef] [PubMed]

50. Ekiert, D.; Bhabha, G.; Elsliger, M.-A.; Friesen, R.H.E.; Jongeneelen, M.; Throsby, M.; Goudsmit, J.; Wilson, I.A. Antibody
Recognition of a Highly Conserved Influenza Virus Epitope. Science 2009, 324, 246–251. [CrossRef] [PubMed]

51. Whitehead, T.A.; Chevalier, A.; Song, Y.; Dreyfus, C.; Fleishman, S.J.; De Mattos, C.; Myers, C.A.; Kamisetty, H.; Blair, P.;
Wilson, I.A.; et al. Optimization of affinity, specificity and function of designed influenza inhibitors using deep sequencing. Nat.
Biotechnol. 2012, 30, 543–548. [CrossRef] [PubMed]

52. Koday, M.T.; Nelson, J.; Chevalier, A.; Koday, M.; Kalinoski, H.; Stewart, L.; Carter, L.; Nieusma, T.; Lee, P.S.; Ward, A.B.; et al. A
Computationally Designed Hemagglutinin Stem-Binding Protein Provides In Vivo Protection from Influenza Independent of a
Host Immune Response. PLOS Pathog. 2016, 12, e1005409. [CrossRef]

53. Kadam, R.U.; Juraszek, J.; Brandenburg, B.; Buyck, C.; Schepens, W.B.G.; Kesteleyn, B.; Stoops, B.; Vreeken, R.J.; Vermond, J.;
Goutier, W.; et al. Potent peptidic fusion inhibitors of influenza virus. Science 2017, 358, 496–502. [CrossRef]

54. Bajic, G.; Maron, M.; Adachi, Y.; Onodera, T.; McCarthy, K.R.; McGee, C.E.; Sempowski, G.D.; Takahashi, Y.; Kelsoe, G.;
Kuraoka, M.; et al. Influenza Antigen Engineering Focuses Immune Responses to a Subdominant but Broadly Protective Viral
Epitope. Cell Host Microbe 2019, 25, 827–835.e6. [CrossRef] [PubMed]

55. Bangaru, S.; Lang, S.; Schotsaert, M.; VanderVen, H.A.; Zhu, X.; Kose, N.; Bombardi, R.; Finn, J.A.; Kent, S.J.; Gilchuk, P.; et al.
A Site of Vulnerability on the Influenza Virus Hemagglutinin Head Domain Trimer Interface. Cell 2019, 177, 1136–1152.e18.
[CrossRef] [PubMed]

http://doi.org/10.1248/cpb.c19-00485
http://www.ncbi.nlm.nih.gov/pubmed/31434835
http://doi.org/10.1016/j.ejmech.2019.111622
http://www.ncbi.nlm.nih.gov/pubmed/31425909
http://doi.org/10.1016/j.bmc.2019.115147
http://www.ncbi.nlm.nih.gov/pubmed/31635892
http://doi.org/10.1016/j.ejmech.2016.01.005
http://doi.org/10.1016/j.ejmech.2016.04.061
http://doi.org/10.1016/j.ejmech.2015.02.006
http://doi.org/10.1073/pnas.1801999115
http://doi.org/10.1016/j.bbrc.2017.03.064
http://doi.org/10.1006/viro.1996.0628
http://doi.org/10.1128/jvi.71.5.4062-4070.1997
http://doi.org/10.1016/S0960-894X(01)00459-0
http://doi.org/10.1128/JVI.73.3.1785-1794.1999
http://doi.org/10.1021/ml2000627
http://www.ncbi.nlm.nih.gov/pubmed/24900355
http://doi.org/10.1371/journal.pone.0029120
http://doi.org/10.1126/science.aar6221
http://www.ncbi.nlm.nih.gov/pubmed/30846569
http://doi.org/10.1371/journal.pone.0003942
http://www.ncbi.nlm.nih.gov/pubmed/19079604
http://doi.org/10.1126/science.1171491
http://www.ncbi.nlm.nih.gov/pubmed/19251591
http://doi.org/10.1038/nbt.2214
http://www.ncbi.nlm.nih.gov/pubmed/22634563
http://doi.org/10.1371/journal.ppat.1005409
http://doi.org/10.1126/science.aan0516
http://doi.org/10.1016/j.chom.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/31104946
http://doi.org/10.1016/j.cell.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31100268


Pharmaceuticals 2021, 14, 587 18 of 19

56. Watanabe, A.; McCarthy, K.R.; Kuraoka, M.; Schmidt, A.G.; Adachi, Y.; Onodera, T.; Tonouchi, K.; Caradonna, T.; Bajic, G.;
Song, S.; et al. Antibodies to a Conserved Influenza Head Interface Epitope Protect by an IgG Subtype-Dependent Mechanism.
Cell 2019, 177, 1124–1135.e16. [CrossRef] [PubMed]

57. Corti, D.; Voss, J.; Gamblin, S.J.; Codoni, G.; Macagno, A.; Jarrossay, D.; Vachieri, S.G.; Pinna, D.; Minola, A.; Vanzetta, F.; et al. A
Neutralizing Antibody Selected from Plasma Cells That Binds to Group 1 and Group 2 Influenza A Hemagglutinins. Science 2011,
333, 850–856. [CrossRef]

58. Wu, N.C.; Wilson, I.A. Influenza Hemagglutinin Structures and Antibody Recognition. Cold Spring Harb. Perspect. Med. 2019, 10,
a038778. [CrossRef]

59. Wang, J.; Cheng, H.; Ratia, K.; Varhegyi, E.; Hendrickson, W.G.; Li, J.; Rong, L. A Comparative High-Throughput Screening
Protocol to Identify Entry Inhibitors of Enveloped Viruses. J. Biomol. Screen. 2014, 19, 100–107. [CrossRef]

60. Gaisina, I.N.; Peet, N.P.; Cheng, H.; Li, P.; Du, R.; Cui, Q.; Furlong, K.; Manicassamy, B.; Caffrey, M.; Thatcher, G.R.J.; et al.
Optimization of 4-Aminopiperidines as Inhibitors of Influenza a Viral Entry That Are Synergistic with Oseltamivir. J. Med. Chem.
2020, 63, 3120–3130. [CrossRef]

61. Liu, S.; Li, R.; Zhang, R.; Chan, C.C.; Xi, B.; Zhu, Z.; Yang, J.; Poon, V.K.; Zhou, J.; Chen, M.; et al. CL-385319 inhibits H5N1 avian
influenza A virus infection by blocking viral entry. Eur. J. Pharmacol. 2011, 660, 460–467. [CrossRef]

62. Zhu, Z.; Li, R.; Xiao, G.; Chen, Z.; Yang, J.; Zhu, Q.; Liu, S. Design, synthesis and structure–activity relationship of novel inhibitors
against H5N1 hemagglutinin-mediated membrane fusion. Eur. J. Med. Chem. 2012, 57, 211–216. [CrossRef] [PubMed]

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

64. Lai, K.K.; Cheung, N.N.; Yang, F.; Dai, J.; Liu, L.; Chen, Z.; Sze, K.H.; Chen, H.L.; Yuen, K.-Y.; Kao, R.Y.T. Identification of Novel
Fusion Inhibitors of Influenza A Virus by Chemical Genetics. J. Virol. 2016, 90, 2690–2701. [CrossRef]

65. Weisshaar, M.; Cox, R.; Morehouse, Z.; Kyasa, S.K.; Yan, D.; Oberacker, P.; Mao, S.; Golden, J.E.; Lowen, A.C.; Natchus, M.G.; et al.
Identification and Characterization of Influenza Virus Entry Inhibitors through Dual Myxovirus High-Throughput Screening. J.
Virol. 2016, 90, 7368–7387. [CrossRef] [PubMed]

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

67. Staschke, K.; Hatch, S.; Tang, J.; Hornback, W.; Munroe, J.; Colacino, J.; Muesing, M. Inhibition of Influenza Virus Hemagglutinin-
Mediated Membrane Fusion by a Compound Related to Podocarpic Acid. Virology 1998, 248, 264–274. [CrossRef] [PubMed]

68. Oka, M.; Ishiwata, Y.; Iwata, N.; Honda, N.; Kakigami, T. Synthesis and anti-influenza virus activity of tricyclic compounds with
a unique amine moiety. Chem. Pharm. Bull. 2001, 49, 379–383. [CrossRef] [PubMed]

69. Dang, Z.; Jung, K.; Zhu, L.; Xie, H.; Lee, K.-H.; Chen, C.-H.; Huang, L. Phenolic Diterpenoid Derivatives as Anti-Influenza A
Virus Agents. ACS Med. Chem. Lett. 2015, 6, 355–358. [CrossRef] [PubMed]

70. Tang, G.; Qiu, Z.; Lin, X.; Li, W.; Zhu, L.; Li, S.; Li, H.; Wang, L.; Chen, L.; Wu, J.Z.; et al. Discovery of novel 1-phenyl-cycloalkane
carbamides as potent and selective influenza fusion inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 3507–3510. [CrossRef]

71. White, K.M.; De Jesus, P.; Chen, Z.; Abreu, P.; Barile, E.; Mak, P.A.; Anderson, P.; Nguyen, Q.T.; Inoue, A.; Stertz, S.; et al. A Potent
Anti-influenza Compound Blocks Fusion through Stabilization of the Prefusion Conformation of the Hemagglutinin Protein.
ACS Infect. Dis. 2015, 1, 98–109. [CrossRef]

72. Jang, Y.; Shin, J.S.; Lee, J.-Y.; Shin, H.; Kim, S.J.; Kim, M. In Vitro and In Vivo Antiviral Activity of Nylidrin by Targeting the
Hemagglutinin 2-Mediated Membrane Fusion of Influenza A Virus. Viruses 2020, 12, 581. [CrossRef]

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

74. Leiva, R.; Barniol-Xicota, M.; Codony, S.; Ginex, T.; Vanderlinden, E.; Montes, M.; Caffrey, M.; Luque, F.J.; Naesens, L.; Vázquez, S.
Aniline-Based Inhibitors of Influenza H1N1 Virus Acting on Hemagglutinin-Mediated Fusion. J. Med. Chem. 2018, 61, 98–118.
[CrossRef] [PubMed]

75. Bodian, D.L.; Yamasaki, R.B.; Buswell, R.L.; Stearns, J.F.; White, J.M.; Kuntz, I.D. Inhibition of the fusion-inducing conformational
change of influenza hemagglutinin by benzoquinones and hydroquinones. Biochemistry 1993, 32, 2967–2978. [CrossRef] [PubMed]

76. Russell, R.J.; Kerry, P.S.; Stevens, D.J.; Steinhauer, D.A.; Martin, S.R.; Gamblin, S.J.; Skehel, J.J. Structure of influenza hemagglutinin
in complex with an inhibitor of membrane fusion. Proc. Natl. Acad. Sci. USA 2008, 105, 17736–17741. [CrossRef] [PubMed]

77. Antanasijevic, A.; Cheng, H.; Wardrop, D.J.; Rong, L.; Caffrey, M. Inhibition of Influenza H7 Hemagglutinin-Mediated Entry.
PLoS ONE 2013, 8, e76363. [CrossRef]

78. Van Esch, G. Toxicology of tert-butylhydroquinone (TBHQ). Food Chem. Toxicol. 1986, 24, 1063–1065. [CrossRef]
79. Antanasijevic, A.; Hafeman, N.J.; Tundup, S.; Kingsley, C.; Mishra, R.K.; Rong, L.; Manicassamy, B.; Wardrop, D.; Caffrey, M.

Stabilization and Improvement of a Promising Influenza Antiviral: Making a PAIN PAINless. ACS Infect. Dis. 2016, 2, 608–615.
[CrossRef] [PubMed]

80. Hoffman, L.R.; Kuntz, I.D.; White, J.M. Structure-based identification of an inducer of the low-pH conformational change in the
influenza virus hemagglutinin: Irreversible inhibition of infectivity. J. Virol. 1997, 71, 8808–8820. [CrossRef]

http://doi.org/10.1016/j.cell.2019.03.048
http://www.ncbi.nlm.nih.gov/pubmed/31100267
http://doi.org/10.1126/science.1205669
http://doi.org/10.1101/cshperspect.a038778
http://doi.org/10.1177/1087057113494405
http://doi.org/10.1021/acs.jmedchem.9b01900
http://doi.org/10.1016/j.ejphar.2011.04.013
http://doi.org/10.1016/j.ejmech.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23059548
http://doi.org/10.1128/JVI.01225-13
http://doi.org/10.1128/JVI.02326-15
http://doi.org/10.1128/JVI.00898-16
http://www.ncbi.nlm.nih.gov/pubmed/27252534
http://doi.org/10.1128/JVI.00878-19
http://www.ncbi.nlm.nih.gov/pubmed/31167918
http://doi.org/10.1006/viro.1998.9273
http://www.ncbi.nlm.nih.gov/pubmed/9721235
http://doi.org/10.1248/cpb.49.379
http://www.ncbi.nlm.nih.gov/pubmed/11310661
http://doi.org/10.1021/ml500533x
http://www.ncbi.nlm.nih.gov/pubmed/25815159
http://doi.org/10.1016/j.bmcl.2010.04.141
http://doi.org/10.1021/id500022h
http://doi.org/10.3390/v12050581
http://doi.org/10.1073/pnas.2006893117
http://doi.org/10.1021/acs.jmedchem.7b00908
http://www.ncbi.nlm.nih.gov/pubmed/29220568
http://doi.org/10.1021/bi00063a007
http://www.ncbi.nlm.nih.gov/pubmed/8457561
http://doi.org/10.1073/pnas.0807142105
http://www.ncbi.nlm.nih.gov/pubmed/19004788
http://doi.org/10.1371/journal.pone.0076363
http://doi.org/10.1016/0278-6915(86)90289-9
http://doi.org/10.1021/acsinfecdis.6b00046
http://www.ncbi.nlm.nih.gov/pubmed/27759373
http://doi.org/10.1128/jvi.71.11.8808-8820.1997


Pharmaceuticals 2021, 14, 587 19 of 19
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