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Abstract: Influenza viruses are major human pathogens that cause widespread respiratory infec-
tions, affecting millions of people globally and contributing to significant morbidity and mortality.
Several currently available anti-influenza drugs are facing increasing levels of viral resistance.
Therefore, the discovery of therapeutics targeting novel mechanisms of action is becoming increas-
ingly important. A key viral protein involved in the infection process is the envelope glycoprotein

ARTICLE HISTORY Hemagglutinin (HA), which facilitates both host cell receptor binding and membrane fusion, two

essential steps required for viral entry and replication. Due to its central role in the early stages of
Received: April 30, 2025 infection, HA has emerged as a highly promising target for antiviral drug development. Many small-
Revised: August 03, 2023 molecule HA inhibitors have been identified with potential anti-influenza activity by stabilizing the
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HA structure and preventing its conformational change during the membrane fusion process. This
DOI:

102174/0113895575401074250923075239 review presents a detailed chemical evaluation of these HA-targeting compounds based on studies
reported in the literature, highlighting their core chemical scaffolds and structural features. The
@CrossMark antiviral efficacy of these compounds is discussed based on in vitro and in vivo data, along with
insights into their mechanisms of action. A comprehensive literature search was conducted, and
studies meeting the predefined inclusion criteria were thoroughly reviewed. By focusing on the
chemical structure of these inhibitors, this review provides information for the rational design of

new therapeutic agents aimed at preventing or limiting influenza virus infections.
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1. INTRODUCTION outbreaks and is the primary strategy to prevent the virus's
spread, while antivirals provide a complementary approach
to combat infections, especially for individuals who are una-
ble to be vaccinated. However, currently available seasonal
influenza vaccines fail to provide long-lasting and broadly
protective immunity and lack efficacy against drifted or pan-
demic influenza strains [5]. Therefore, discovering new anti-
viral strategies has become increasingly important. In this
regard, plants could be a supportive therapeutic option in the
fight against influenza pandemics, offering complementary
benefits through natural compounds such as polyphenols,
flavonoids, and essential oils, which have demonstrated sig-
nificant antiviral activity by targeting both the structure of
viruses and the processes of viral biosynthesis, in addition to
the host response [6, 7]. Additionally, plant-derived immune
adjuvants, recognized for their low toxicity, high stability,
and cost-effectiveness, also demonstrate significant potential
to enhance vaccine efficacy and provide new avenues for
future vaccine development [8].

Influenza viruses are single-stranded RNA viruses, en-
closed in an envelope, and belong to the Orthomyxoviridae
family, which is classified into four genera: Influenza A, B,
C, and D. Seasonal influenza is a major health problem
caused by influenza viruses that circulate widely around the
world, leading to 3 to 5 million cases of severe illness and
between 290,000 and 650,000 respiratory deaths annually
[1]. Influenza viruses cause seasonal epidemics every year
and occasional global pandemics with significant levels of
morbidity and mortality. While influenza A and B viruses
are responsible for seasonal epidemics, only the Influenza A
Virus (IAV) is known to cause pandemics. In the 20™ and
21 centuries, IAVs have led to four pandemics (1918, 1957,
1968, 2009) [2]. These pandemics emerge as a result of new
viruses forming after antigenic shift [3, 4]. Vaccination re-
mains the best defense against seasonal influenza virus
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and Influenza B viruses, both of which play crucial roles in
the processes of viral entry and release. HA is responsible
for viral entry by attaching to receptors on the host cell and
triggering fusion between the viral and cellular membranes,
while NA plays a role in the release of newly formed virions.
In addition to these glycoproteins, the viral envelope con-
tains the matrix 2 (M2) protein, which plays a crucial role in
regulating pH across the viral membrane during entry into
the host cell and across the trans-Golgi network during viral
maturation [9].

Currently, three classes of anti-influenza drugs have been
approved by the Food and Drug Administration (FDA), tar-
geting the viral proteins NA (oseltamivir, zanamivir, peram-
ivir, and laninamivir), the M2 ion channel (amantadine and
rimantadine), and the viral polymerase complex (baloxavir
marbil and favipiravir) [10]. Oseltamivir, zanamivir, perami-
vir, laninamivir, and baloxavir marboxil are effective against
influenza A and B viruses; amantadine and rimantadine tar-
get only influenza A, while favipiravir is active against in-
fluenza A, B, C, and other RNA viruses [11, 12]. Due to the
high prevalence of resistance among present Influenza A
strains, the use of M2 ion channel blockers is no longer con-
sidered effective or recommended [13]. Although NA inhibi-
tors remain the standard of care in most countries, their ef-
fectiveness is limited by a short therapeutic window and the
potential emergence of resistant viral strains [14]. Moreover,
following its approval in Japan in 2018, baloxavir rapidly led
to the emergence of resistant IAV strains during the first
influenza season [15]. These facts underscore the importance
of developing new anti-influenza treatments that target dis-
tinct viral pathways.

An attractive antiviral strategy is to prevent initial viral
entry into the host cell, a process in which HA plays a key
role. Many small-molecule HA inhibitors have been
identified as having potential anti-influenza activity by
stabilizing the HA structure and preventing its
conformational change during the membrane fusion process.
As highlighted by the recent COVID-19 pandemic, the ur-
gent need for broad-spectrum antivirals that can be rapidly
deployed against emerging respiratory viruses has become
even more apparent. In this regard, small molecule HA in-
hibitors may serve as a valuable addition to pandemic pre-
paredness strategies, offering a complementary approach
alongside vaccines and other antiviral agents. In this review
paper, we focus on the preclinical studies and Structure-
Activity Relationships (SAR) of small molecule fusion in-
hibitors targeting the influenza virus surface protein HA.

2. THE ROLE OF HEMAGGLUTININ IN VIRAL EN-
TRY: STRUCTURE AND FUNCTION

The influenza virus Hemagglutinin (HA) is a homotri-
meric membrane glycoprotein that mediates viral entry and
belongs to the class I fusion proteins. Proteolytic cleavage of
HA by host proteases generates the HA1 and HA2 subunits,
which are covalently linked by disulfide bonds [16]. The
mature HA1-HA2 complex involves two domains: the
globular head domain and the stem domain [17]. HA1 forms
the head domain, which binds to host cell receptors, whereas
HA2 makes up the stem region, playing a key role in mem-
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brane fusion during viral infection [18]. The low pH inside
the maturing endosome leads to a series of conformational
changes of HA, including the exposure and release of the
fusion peptide subdomain of HA2 from the inner pocket. As
a result, low pH causes the fusion of the viral membrane and
the endosomal membrane [19]. The fusion pore formed
allows the release of viral ribonucleoproteins into the
cytosol, leading to the completion of the viral entry step [20].
The HA head region exhibits high genetic variability driven
by immune selection, in contrast to the stem domain, which
is relatively stable and therefore considered a valuable target
in vaccine and antiviral research [21].

The HA surface antigens are classified into 18 subtypes,
each showing significant differences in both sequence and
antigenic profiles. These 18 antigenic subtypes of HA are
divided into two groups: Group 1 and Group 2. HA subtypes
are classified into two groups: Group 1 includes HA sub-
types H1, H2, H5, H8, H9, H11, H12, H13, H16, H17, and
H18, while Group 2 includes subtypes H3, H4, H7, H10,
H14, and H15 [22]. There are significant structural differ-
ences in the HA proteins of influenza virus subtypes respon-
sible for past pandemics, such as the 1918 HIN1 Spanish
influenza [23], 1957 H2N2 Asian influenza [24], 2009 HIN1
swine-origin pandemic [25], as well as in emerging subtypes
of concern to human health, including H5N1 [26], H6N1
[27], HTN9 [28] and HIONS [29]. Infection with the H5N1
and H7N9 subtypes can result in severe respiratory disease
in humans, characterized by high mortality rates; fortunately,
to date, these viruses have not caused sustained human-to-
human transmission [30, 31].

Although HA is more abundant than Neuraminidase
(NA) on the virus surface and is the primary target for the
immune response, NA remains the key target for small-
molecule anti-influenza drugs such as oseltamivir and
zanamivir. This is because the NA active site is more
accessible for drug targeting compared to the shallow
receptor-binding site of HA [32]. Additionally, the
development of HA inhibitors is complicated by the high
rate of HA evolution and its high pleomorphism [33].

3. SMALL MOLECULE INHIBITORS
MEDIATED FUSION

OF HA-

The development of orally bioavailable small molecule
fusion inhibitors, especially those targeting the conserved
stem region of HA, has great value for the treatment of drug-
resistant influenza infections. Several small-molecule
inhibitors targeting the fusion machinery of the influenza
virus have been developed. However, for many of these,
development has been hindered by their group-specific or
even subtype-specific activities. Aside from Arbidol, no small-
molecule inhibitors targeting HA fusion have progressed to
clinical trial stages [34]. In the ensuing subsections, we will
briefly review the molecular structures, classify them based on
chemical features, highlight common structural motifs, and
summarize the in vitro/in vivo antiviral activity and mecha-
nism of action studies of these influenza fusion inhibitors.

3.1. Arbidol and Its Derivatives

Arbidol (Umifenovir) is a broad-spectrum antiviral agent
that has been approved for the prevention and treatment of
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Fig. (1). Arbidol and its derivatives, compound 15 bearing 5-hydroxymethyl substitution on the indole ring and compound 11 featuring a m-

hydroxy substitution on the phenyl ring.

OH
OH
tert-butylhydroquinone (TBHQ)

Fig. (2). TBHQ and its 4-O-methylated derivative.

influenza in Russia and China, showing a favorable safety
profile with no major adverse effects (Fig. 1). Clinically
proven to be an effective antiviral drug, it features a low side
effect profile, high safety, and minimal potential for re-
sistance, making it a promising candidate for clinical use
[35]. Arbidol is the only influenza entry inhibitor currently
available on the market that inhibits HA conformational
changes triggered by acidic pH, which are essential for the
fusion activity mediated by HA [36, 37]. Arbidol interacts
with a hydrophobic pocket located at the interface of two
protomers within the stem region of the HA trimer, thereby
blocking the conformational changes required for membrane
fusion under the acidic conditions of the endosome. This
unique mode of action sheds light on the design of new
agents targeting HA [38]. A recent computational study
demonstrated that Arbidol exhibits the highest affinity to H7
among 16 HA subtypes [39]. Arbidol not only suppresses
HA-mediated fusion of influenza viruses but also exhibits
antiviral activity against a broad range of viruses, acting at
various stages, including viral attachment, internalization,
and replication [40, 41]. In vitro studies revealed that arbidol
effectively inhibited various influenza A strains (HINI,
H3N2, HIN2) with ICs, values ranging from 4.4 to 12.1 uM,
demonstrating its ability by blocking HA-mediated hemoly-
sis at concentrations of 3.91-15.63 pg/mL [42]. Arbidol was
also found to be effective in vivo against two influenza A
HINT strains, responsible for seasonal and pandemic flu, by
significantly reducing mortality, alleviating virus-induced
lung lesions, and decreasing viral titers in infected mice

treated with doses of 90 and 180 mg-kg ™ 'd "' [43].

Brancato et al. designed and synthesized two series of
indole derivatives structurally related to Arbidol, and com-
pound 15 indicated a greater therapeutic index than Arbidol
for most of the influenza viruses tested. However, unlike
arbidol, which targets both groups of HAs, compound 15
selectively targeted group 2 HAs (Fig. 1) [44]. Wright et al.
synthesized a series of Arbidol analogues in another study,

OH
OCHj;
3-tert-butyl-4-methoxyphenol

identifying compound 11, containing a mefa-hydroxy group
on its aromatic ring, as having increased affinity for both H3
and H1 HA subtypes (Fig. 1) [45].

3.2. tert-Butylhydroquinone (TBHQ)

A well-known molecule, fert-butylhydroquinone, is
commonly used as a synthetic food antioxidant because of its
anti-lipid peroxidation activity (Fig. 2) [46]. This small
molecule has also been shown to inhibit both the acid-
induced conformational change of H3 subtype HA and viral
infectivity in cell culture at low micromolar concentrations
(5-10 uM) [47-49]. Cocrystallization of H3 HA with TBHQ
demonstrated that the compound bound in a hydrophobic
interface between HA monomers, and only group 2 HAs
were sensitive to TBHQ [50]. Antanasijevic et al. showed
that TBHQ’s antioxidant properties were not responsible for
the inhibition of HA-mediated entry. In addition, structure-
activity relationship studies demonstrated that the 3-fert-
butyl-4-methoxyphenol derivative exhibited enhanced
potency against H7 HA (ICsp = 6 uM), decreased toxicity,
and increased stability (Fig. 2) [51].

3.3. BMY-27709 and Salicylamide Derivatives

BMY-27709 is a salicylamide derivative, characterized
by an amide bond linking an aromatic ring system to an ali-
phatic cyclic structure (Fig. 3). The compound was recog-
nized as an effective inhibitor of H1 and H2 subtypes of
IAVs [52], and further studies confirmed that its antiviral
effect results from targeted binding to the HA protein [53].
Yu et al. synthesized new quinolizidine salicylamides, and
among the new series, compound 16 emerged as the most
potent fusion inhibitor of the influenza A/WSN/33 strain
(HIN1 subtype) with an ECsy of 0.25 pg/mL, which was
fivefold more potent than BMY-27709 (Fig. 3) [54]. SAR
analysis of BMY-27709 and its derivatives highlighted the
importance of the quinolizidine stereochemistry and aro-
matic ring substitution patterns for antiviral efficacy.
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Fig. (3). Salicylamide derivatives exhibit structural similarity based on a salicylamide core; variations mainly occur in the side chains at-
tached to the amide nitrogen or phenyl ring, but the salicylamide scaffold is conserved across the series.
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Fig. (4). Benzensulfonamide Derivatives RO5464466 and its phenyl-chlorinated analogue RO5487624.

As a continuation of previous studies, the structurally re-
lated BMS-199945 and BMS-201160 were designed and
synthesized by replacing the cyclic quinolizidine structure
with a cyclohexane ring [55]. BMS-199945 and BMS-
201160 were found to be more potent fusion inhibitors than
BMY-27709 (Fig. 3). Compounds were able to inhibit the
low-pH-induced conformational change of isolated HA tri-
mers, as detected by resistance to digestion with trypsin. The
1Csq values for influenza A/WSN/33 virus-induced red blood
cell hemolysis were 7, 0.57, and 1.1 pM for BMY-27709,
BMS-199945, and BMS-201160, respectively [55]. Further-
more, SAR on BMY-27709 and its derivatives led to the
design and synthesis of a series of salicylamide and thioam-
ides, compounds 10a, 10b, 11a, 11b, and 14 (Fig. 3). The
most effective inhibitors exhibited ECs, values ranging from
0.02 to 0.14 pg/mL in cell culture against the H1 subtype of
influenza A viruses. Hemolysis assay data (ICsys = 0.025—
0.44 pg/mL) confirmed the fusion inhibitory activity of these
compounds [56].

3.4. Benzensulfonamide Derivatives

Structural optimization of salicylamide-based HA
inhibitors resulted in the identification of
benzenesulfonamide 28 (RO5464466) and its 2-chloro
analogue 40 (RO5487624) as potent anti-influenza agents
(Fig. 4). RO5464466 and RO5487624 prevented the
cytopathic effects caused by the infection of influenza
A/Weiss/43 strain (HIN1) with ECsy values of 210 and 86
nM, respectively. F- or Cl- substitution on the aromatic ring
showed a 3-5-fold increase in inhibitory potency, while extra
substitution groups such as methyl, methoxy, and CF; led to

reduced anti-influenza activities. Mechanism of action
studies indicated that benzensulfonamides inhibited the virus
fusion by binding to HA and stabilizing the prefusion HA
structure [57]. RO5487624, which exhibited pharmacokinet-
ics compatible with in vivo testing, conferred protection to
mice exposed to an HINT1 virus [57, 58].

3.5. JNJ4796 and Benzylpiperazine Derivatives

JNJ4796, a small molecule fusion inhibitor that mimics
the binding and functionality of a broadly neutralizing anti-
body, was discovered by researchers from Janssen Pharma
and the Scripps Institute (Fig. 5). Benzylpiperazines have
emerged as a promising class of fusion inhibitors, with
INJ7918 (Fig. 5) being the lead candidate, exhibiting ICs,
values of 139 and 13.06 pM against HINI
A/California/07/2009 and HS5N1 A/Vietnam/1203/2004
HAs, respectively. Key chemical modifications to enhance
its drug-like properties and increase molecular interactions
with the HA stem led to the development of JNJ4796, which
exhibited a favorable in vivo pharmacokinetics profile.
INJ4796 was found to effectively neutralize a wide range of
influenza A group 1 viruses in vitro, inhibit the pH-sensitive
conformational change of HA, and shield mice from both
lethal and non-lethal influenza after oral dosing. The crystal
structure of JNJ4796, in complex with HIN1 A/Solomon
Islands/3/2006 and H5N1 A/Vietnam/1203/2004 hemagglu-
tinins, revealed its interaction with a conserved hydrophobic
groove at the HA1/HA?2 interface in the HA stem [59].

Wang et al. designed new molecules by modifying the
piperazine and phenyl rings of JNJ4796, and the
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Fig. (5). Common structural feature of JNJ4796 and its derivatives, which contain a piperazine ring (except for F0045 with a morpholine
ring) as the core scaffold, with side chains connected to the aromatic ring via a carbonyl or methyl group.

4-fluorophenyl analogue 2¢ showed in vifro activity against
IAV HINI1 and oseltamivir-resistant IAV HINI1 strains
(with ICs, values of 0.03—0.06 uM), comparable to JINJ4796
(Fig. 5). Compound 2c¢ displayed lower cytotoxicity and bet-
ter oral pharmacokinetic profiles than JNJ4796 [60]. In an-
other study conducted by the same research group, the SAR
of the benzoxazole and tetrazole rings of JNJ4796 was dis-
cussed. The in vitro profiles of (R)-1e and (R)-1h were high-
ly favorable, with strong activity and low hERG inhibition,
yet their oral performance was inferior to that of the lead
molecule (Fig. 5) [61].

Two chemically related compounds with
phenylpiperazine structure, GRP-71271 and 1Y7640, were
identified as fusion inhibitors by two different research
groups (Fig. 5). GRP-71271 was active against the HIN1
and H2N?2 test strain [62]. [Y7640, at concentrations below 1
uM, effectively inhibited multiple HINT1 strains, including
pHINI1 (2009 pandemic) and oseltamivir-resistant variants,
and conferred protection to mice against lethal infection [63].
Both of the compounds were predicted to target the stalk
region of the HA protein. In an escape mutant analysis of
1Y7640 in cells, amino acid mutations were identified at the
HA stalk region of the pHIN1 virus [63].

F0045(S) was identified through a competitive fluores-
cence polarization assay, which tested the binding interaction
between a cyclic HR2-mimicking peptide (P7-TAMRA) and

the stem region of H1/PR8 HA (Fig. 5). It demonstrated
strong in vitro inhibition against various HIN1 strains and an
HS5N1 pseudovirus, with ICsy values ranging from 1.6 to 22.8
uM. Co-crystal structures and biochemical evidence demon-
strated that F0045(S) mimics the action of JINJ4796 by bind-
ing to the hydrophobic groove between HA1 and HA2 subu-
nits, stabilizing the HA prefusion state, and preventing the
conformational changes necessary for fusion with the host
cell membrane [64].

3.6. MBX2329 and MBX2546

Basu et al. performed High-Throughput Screening (HTS)
of a library containing more than 100,000 small molecules to
identify potential inhibitors of influenza virus entry. From
this screen, two potent compounds, MBX2329 and
MBX2546, were selected for further study (Fig. 6).
MBX2329 and MBX2546 inhibited different influenza A
HINTI strains, including the oseltamivir-resistant strain and
2009 pandemic strain, with ICs¢s ranging from 0.29 to 5.8
uM. Both MBX2546 and MBX2329 inhibited the A/Hong
Kong/H5N1 virus strain with ICsos of 3.6 and 5.9 uM,
respectively. The compounds exhibited high Selectivity
index (SI) values and large volumes of synergy with
oseltamivir. According to mechanism of action studies, both
compounds attach to the stem region of the HA trimer and
inhibit the fusion process mediated by HA [65].
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3.7. Piperidine Derivatives

CL-385319, bearing an N-[2-(piperidin-1-
ylethyl]benzamide core structure, inhibited the infectivity of
several H1 and H2 influenza A viruses (Fig. 7). Inhibition
appeared to result from the compound’s ability to block the
fusogenic function of the HA [66]. Liu et al. found that CL-
385319 was potent against HSN1 influenza A virus infection
in Madin-Darby Canine Kidney (MDCK) cells, with an ICs,
of 27.03+£2.54 uM and low cytotoxicity (CCsy = 1.48+0.01
mM) [67]. Subsequent studies identified the critical binding
residues for the compound, which clustered in the stem
region of the HA trimer. It was found that the recognition
and binding of the compound to HA occurred through an
‘induced fit’ pathway in which the binding pocket was
formed during their interaction [68].

Hussein et al. reported the identification of novel piperi-
dine derivatives, among which CBS1116 (2,4-dichloro-N-(1-
isopropyl-4-piperidinyl)benzamide) specifically inhibited the
infection of HIN1 and H5N1 [AVs of group 1 in A549 and
MDCK cells by disrupting the HA-mediated membrane fu-
sion mechanism (Fig. 7). Advanced Structure—Activity Re-
lationship (SAR) investigations led to the identification of
CBS1117 (2,6-dichloro-N-(1-isopropyl-4-piperidinyl) ben-
zamide) as a highly potent inhibitor (Fig. 7). This compound
demonstrated a low ICsy of 0.07 pM, a high CCs, of 274.3
UM, and an improved Selectivity Index (SI) of approximate-
ly 4000, indicating reduced cytotoxicity and strong antiviral
potential [69]. Furthermore, structural and biochemical anal-
yses, including X-ray crystallography, NMR spectroscopy,
and mutagenesis, revealed its interaction with avian H5 He-
magglutinin (HA), providing novel insights into its mecha-
nism of action and subtype-specific activity [70].

O

N
©\/ I
NH N)H\\\‘\\ COOCH;
0 HN_ O
N
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Gaisina et al. described the synthesis of similar acylated
4-aminopiperidines, and the compounds were shown to be
influenza A inhibitors in vitro with high potency (ECsy < 1
uM) and low cytotoxicity (SI > 100). Molecular modeling
indicated that these ligands are capable of establishing mul-
tiple interactions within a distinct hydrophobic pocket on
HA, a region crucial for membrane fusion during viral entry.
The combination of the most effective compound of the
series, compound 16, with the NA inhibitor oseltamivir
resulted in synergistic antiviral activity (Fig. 7) [71].

Two novel aniline series were synthesized and evaluated
as antivirals, with several showing low micromolar ECs,
against influenza A/HIN1. Lead compound 9d, a piperidine
derivative, disrupted HA-mediated fusion by binding to the
HA stem and blocking its low pH refolding (Fig. 7). Molecu-
lar dynamics and virus resistance studies indicated that the
binding site of 9d overlapped with the pocket targeted by
TBHQ, arbidol, and other H3 HA-specific inhibitors, under-
lining the relevance of this domain in drug design [72]. A
few years later, De Castro et al. synthesized and evaluated
novel N-benzyl-4,4-disubstituted piperidines, and several
showed low micromolar potency against A/HINI
(A/PR/8/34). Mechanistic studies identified compound 2 as a
novel H1 HA-specific membrane fusion inhibitor (Fig. 7)
[73].

Compound 2a, a camphene-like compound containing a
pyrrolidine ring, showed an ECsy of 45.3 uM against HIN1
in vitro, and a molecular modeling study suggested that the
compound could bind to both the TBHQ/arbidol region and a
potential alternative binding site on the HA stem (Fig. 8)
[74]. Zhao et al. explored the SAR of pinanamine-based an-
tivirals and identified M090 as a potent inhibitor of aman-
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tadine- and oseltamivir-resistant HIN1 strains together with
the H3N2 viral strain (Fig. 8). Mechanistic studies demon-
strated that M090 interacts with a highly conserved pocket in
the HA2 domain, preventing virus-induced membrane fusion
by "locking" HA2 in its bent conformation during rear-
rangement. It was also found that this domain is not fully
group-specific, which may allow for the design of broad-
spectrum anti-influenza drugs that target both phylogenetic
groups of HAs [75]. A recent computational study examin-
ing the compound's effect on HA revealed the hydrophobic
shielding effect of the 3-cyclopropylthiophene group in
M090 [76].

3.8. Penindolone and Derivatives

Penindolone (PND), representing a novel class of diclav-
atol-indole adducts, demonstrated strong anti-influenza A
virus activity across various strains, coupled with a low re-

sistance profile (Fig. 9). Unlike existing anti-IAV drugs,
PND features a unique scaffold and is the first inhibitor to
target both the HA1 and HA2 subunits of viral hemaggluti-
nin, effectively blocking both viral adsorption and membrane
fusion [77]. To enhance bioactivity and better understand
structure—activity relationships, a series of 65 PND deriva-
tives was designed and synthesized. Their anti-IAV proper-
ties and ability to target Hemagglutinin (HA) were then
evaluated. Among these, compound 5¢g (Fig. 9) demonstrated
strong HA-binding affinity and surpassed the original PND
in inhibiting HA-mediated membrane fusion [78].

3.9. Spirothiazolidinones

Spirocyclic scaffolds are frequently found in natural
products and have garnered growing attention in drug dis-
covery due to their unique three-dimensional structure and
novel composition [79, 80]. Over the last twenty years, ef-
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forts to discover new fusion inhibitors for Influenza A Virus
(TAV) have led to the identification of several compounds
featuring a spirothiazolidinone core (1-thia-4-azaspiro[4.5]
decane) with potent activity against the A/H3N2 strain in
cell-based assays. Mechanistic investigations of two lead
candidates, 4¢ and 5f, demonstrated that they block the low
pH-triggered conformational change of the H3 hemaggluti-
nin (HA) protein (Fig. 10) [81, 82]. Resistance selection
experiments, combined with in silico predictions, suggest
that the HA binding pocket of 4c and 5f overlaps with that of
arbidol and TBHQ [81, 82].

Compounds 4¢ and 5f contain imidazo[2,1-b]thiazole and
5-chloro-3-methyl-1H-indole as their aromatic groups. Stud-
ies involving the synthesis of various analogues revealed that
the anti-A/H3N2 activity persisted when the aromatic moiety
was replaced with 1-adamantyl, substituted phenyl groups
such as o-hydroxyphenyl, 5-chloro-2-hydroxyphenyl, 5-
chloro-2-methoxyphenyl, 4-fert-butylphenyl, 2-methylfuran-
3-yl, or pyridine-3-yl (Fig. 10) [81-88].

CONCLUSION

Hemagglutinin, the envelope protein of influenza viruses,
is essential for mediating viral adsorption and membrane
fusion, thereby facilitating the virus's entry into host cells.
While several anti-influenza drugs targeting the NA and M2
ion channel are available for clinical use, the frequent emer-
gence of drug-resistant strains has heightened concerns about
the potential appearance of novel multidrug-resistant influ-
enza variants. Therefore, the development of anti-influenza
drugs targeting new mechanisms has become a significant
priority. The development of small-molecule inhibitors tar-
geting the refolding of the HA membrane protein in influen-
za viruses has been a focus of research for over 20 years.
Recent breakthroughs, particularly the discovery of broadly
neutralizing anti-HA antibodies (bnAbs), have reignited in-
terest in these inhibitors, with the goal of blocking HA-
mediated fusion. The small molecules summarized in this
review have shown promising activity against specific HA
subtypes through various mechanisms of inhibiting hemag-
glutinin fusion (preventing the conformational changes of
HA at low pH and binding to different regions of the HA
stem region). These promising influenza virus inhibitors
could complement NA inhibitors and M2 ion channel block-
ers by providing additional options for the treatment and
prevention of severe respiratory infections caused by drug-
resistant viruses and potential pandemic outbreaks.
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