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ABSTRACT Combating influenza is one of the perennial global public health issues to
be managed. Antiviral drugs are useful for the treatment of influenza in the absence of
an appropriate vaccine. However, the appearance of resistant strains necessitates a con-
stant search for new drugs. In this study, we investigated novel anti-influenza drug can-
didates using in vitro and in vivo assays. We identified anti-influenza hit compounds us-
ing a high-throughput screening method with a green fluorescent protein-tagged
recombinant influenza virus. Through subsequent analyses of their cytotoxicity and phar-
macokinetic properties, one candidate (IY7640) was selected for further evaluation. In a
replication kinetics analysis, Y7640 showed greater inhibitory effects during the early
phase of viral infection than the viral neuraminidase inhibitor oseltamivir. In addition, we
observed that hemagglutinin (HA)-mediated membrane fusion was inhibited by Y7640
treatment, indicating that the HA stalk region, which is highly conserved across various
(sub)types of influenza viruses, may be the molecular target of 1Y7640. In an escape mu-
tant analysis in cells, amino acid mutations were identified at the HA stalk region of the
2009 pandemic HIN1 (pH1N1) virus. Even though the in vivo efficacy of 1Y7640 did not
reach complete protection in a lethal challenge study in mice, these results suggest that
IY7640 has potential to be developed as a new type of anti-influenza drug.

IMPORTANCE Anti-influenza drugs with broad-spectrum efficacy against antigenically
diverse influenza viruses can be highly useful when no vaccines are available. To de-
velop new anti-influenza drugs, we screened a number of small molecules and identi-
fied a strong candidate, IY7640. When added at the time of or after influenza virus infec-
tion, IY7640 was observed to successfully inhibit or reduce viral replication in cells. We
subsequently discovered that 1Y7640 targets the stalk region of the influenza HA protein,
which exhibits a relatively high degree of amino acid sequence conservation across vari-
ous (sub)types of influenza viruses. Furthermore, 1Y7640 was observed to block HA-
mediated membrane fusion of HIN1, H3N2, and influenza B viruses in cells. Although it
appears less effective against strains other than HIN1 subtype viruses in a challenge
study in mice, we suggest that the small molecule 1Y7640 has potential to be optimized
as a new anti-influenza drug.

KEYWORDS hemagglutinin stalk, membrane fusion, small molecule, antiviral agents,
influenza virus

nfluenza virus is a negative-sense, single-stranded RNA virus of the family Orthomyxo-
viridae (1). As a human respiratory pathogen, influenza virus causes recurrent sea-
sonal epidemics, with global circulation of two subtypes (HIN1 and H3N2) of influenza
A virus (IAV) and the two antigenically distinct lineages (so-called Victoria and
Yamagata) of influenza B virus (IBV), which leads to an estimated half million deaths
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each year (2). Sometimes, the virus also provokes a pandemic that affects global
communities with incalculable socioeconomic damage (3, 4). These perpetuating
events of influenza may result from antigenic drift or shift that cause strain and subtype
changes of influenza viruses, respectively (5, 6). To deal with antigenic variation issues,
universal intervention methods against various (sub)types of influenza viruses have
been investigated (7-10), with vaccine designs and platforms being the primary
considerations to develop universal vaccines inducing cross-reactive immunity in vac-
cinated individuals (11). While anti-neuraminidase (anti-NA) antibodies and other im-
mune repertoires have been also investigated for the development of broadly effective
therapeutics (12-16), several broadly neutralizing anti-hemagglutinin (anti-HA) anti-
bodies have been discovered: C05, which recognizes the receptor binding site (RBS) of
HA (17); CR6261 and CR8020, which inhibit the fusion activity of the groups 1 and 2 IAV
HAs, respectively (17); FI6, which neutralizes IAVs of both HA groups (18); and CR9114,
which has efficacy against both IAVs and IBVs (19). These antibodies can be used as
universally effective therapeutics (20), although there are still issues to be solved in
terms of their delivery routes and high manufacturing costs (21).

Antiviral drugs can be another option as universal intervention methods against
various (sub)types of influenza viruses (22, 23). Most antivirals approved by the Food
and Drug Administration are small molecules (24), and several types of antiviral drugs
have been used to treat influenza (25). However, due to the possibility of the emer-
gence and dissemination of antiviral-resistant strains (26, 27), new types of antivirals are
always needed. Nine antiviral drug candidates (baloxavir marboxil, a cap-dependent
endonuclease inhibitor [28], which has been licensed recently in the United States;
FluDase, a recombinant sialidase fusion protein [29]; JNJ-5806, a polymerase inhibitor;
laninamivir octanoate, a neuraminidase inhibitor [30]; MEDI8852, an HA stem-binding
monoclonal antibody [31]; NT-300, an HA intracellular trafficking inhibitor; pimodivir, a
PB2 cap-snatching inhibitor [32]; radavirsen, a genetic transcription inhibitor of anti-
sense oligonucleotide [33]; and VIS-410, an HA stem-binding monoclonal antibody [34])
are in clinical trials (24), five of which are small molecules that have advantages of
standardization and manufacturing processes.

Given the binding and fusion functions of the influenza virus HA protein, small mole-
cules targeting the HA may be of great importance in the prevention and treatment of
influenza in humans. Several HA-targeted candidates are currently under investigation (35),
of which umifenovir (Arbidol) is an orally active antiviral agent that inhibits HA fusion
activity (36) and has been used to treat influenza in China and Russia. However, this
inhibitor is not approved for use in other countries. In addition, the HA-targeting small-
molecule inhibitors RO-5487624 and RO-5464466 and natural molecules SQ-02-S5 and
pentacyclic triterpenoids are in preclinical studies (35). Recently, a small molecule (JNJ4796)
was reported to inhibit HA-mediated membrane fusion by binding the residues that
CR6261 interacts with in the HA stalk region (37). Despite these efforts, no licensed
HA-targeted inhibitors have been introduced against influenza.

To identify new antiviral drugs against various influenza viruses, in this study, we
used the recombinant A/Puerto Rico/8/34 virus expressing green fluorescent protein
(GFP; rPR8/GFP) for a rapid initial screen (38, 39). From several candidate compounds,
the final candidate 1Y7640 was identified, a de novo synthesizable, anti-influenza virus
small molecule. 1Y7640 targets the stalk region of the HA protein, which is highly
conserved across different (sub)types of influenza viruses. In a series of in vitro exper-
iments, 1Y7640 exhibited antiviral effects against various influenza viruses, including
pHIN1 and oseltamivir-resistant strains, by inhibiting acid-dependent membrane fu-
sion of the HA protein. We subsequently demonstrated the anti-influenza virus effects
of this small molecule against lethal viral challenge in mice.

RESULTS

Efficacy of 1Y7640 against influenza viruses. Among 9,687 chemicals tested, 8
compounds reduced GFP expression in rPR8/GFP-infected cells (Fig. 1). Of the eight hit
compounds, 1Y7640 was selected based on the preliminary in vivo pharmacokinetic (PK)
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FIG 1 Candidate chemicals selected using the rPR8-GFP virus. By a plaque reduction assay in MDCK cells (96-well plate; 4 X 104 cells/well), eight candidate
chemicals were selected based on the GFP expression of oseltamivir-treated wells. A total of 100 ug of each chemical dissolved in DMSO was serially 2-fold
diluted in PBS and added to overlaying agar. The multiplicity of infection of rPR8-GFP was 0.5, and GFP expression was observed at 24 h postinfection. PBS was

used for mock infection.

analyses in mice (Fig. 2A and B). Among the PK parameters, the area under the
concentration-time curve (AUC) of 1Y7640 was determined in a dose-dependent man-
ner, whereas the maximum plasma concentration (C,,,,,) was the highest with admin-
istration of 90 mg/kg of body weight of Y7640 (Table 1). [Y7640 was then tested against
H1N1, H3N2, H5N1, H7N9, and HIN2 subtypes of 1AV, including the 2009 pandemic
H1N1 (pH1N1) virus (A/Korea/01/2009, rK09) (40), and Victoria and Yamagata lineage
strains of IBV in viral cytopathic effect (CPE) and plaque reduction assays. As oseltamivir
carboxylate (oseltamivir) was used as a control chemical, oseltamivir-resistant pH1N1
strains were also included. Given the observed 50% effective concentration (ECs)
values (EC,, values in the CPE assay, 0.62 to 221 uM for 1Y7640 and 0.09 to 1991 uM for
oseltamivir; EC,, values in the plaque reduction assay, 0.76 to 832 uM for 1Y7640) (Table
2), Y7640 may primarily be effective against HIN1 subtype and oseltamivir-resistant
strains, with relatively higher EC;, values against H5N1, H7N9, and HIN2 subtypes and
IBVs than those of oseltamivir. IY7640 efficacy cannot be determined against H3N2
subtype strains because, compared with oseltamivir results in the CPE assay (0.09 to
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FIG 2 PK evaluation and anti-influenza effects of 1Y7640. (A) Molecular structure of 1Y7640. (B) Graphic representation of
1Y7640 pharmacokinetics in mice. Mean values are plotted. (C) The anti-influenza effect of 1Y7640 in cultured cells. In MDCK
cells, the inhibitory effect of Y7640 was determined against the rK09 virus compared with that of oseltamivir using a

plaque reduction assay. n.d., below detection limit (10 PFU/ml).

518.4 uM), the EC., values of IY7640 in the same assay were determined within a much
smaller range (83.05 to 213.9 uM), whereas the plaque reduction assay resulted in
slightly different EC., values (111.1 to 1108 uM) (Table 2).

In agreement with the EC;,, values toward H1N1 subtype strains, Y7640 successfully
inhibited rK09 replication in cells at a level comparable to that of oseltamivir (Fig. 2C).
Given the 50% cytotoxic concentration (CC,) of 1Y7649 (greater than 800 uM in
Madin-Darby canine kidney [MDCK] cells) (Fig. 3A) and body weight increases of female
rats administered once daily with 500-, 1,000-, and 2,000-mg/kg doses for 2 weeks (Fig.
3B), 1Y7640 appeared to have no significant toxicity.

Escape mutations and viral target of 1Y7640. Elucidating the molecular target and
mechanism of action of IY7640 is important for its development as an anti-influenza
drug, either as a single therapy or in combination with other drugs (41). To determine
whether 1Y7640 targets the virus and which viral proteins it targets, we induced the
generation of escape mutants by sequentially passaging the rK09 virus in 2-fold
increasing concentrations of 1Y7640. Escape mutants first appeared during the 5th
passage (10 days with the chemical) in one set of experiments and during the 6th
passage (12 days with the chemical) in the other set, which was approximately the
same time frame as that in which amantadine and oseltamivir escape mutant viruses
appeared in a previous study (42). We sequenced 3 plaque-purified viral clones from
each set of experiments. All three of the escape mutants from the first experiment
shared two HA mutations, L49l and E447K (numbered according to the HA amino acid

TABLE 1 Pharmacokinetic study of 1Y7640 in BALC/c mice

Value for indicated PK parameter

Dose (mg/kg) AUC (ng - h/ml) Cinax (ng/ml) Tonax (h) t,;> (h)
45 552.78 351.41 1.20 3.67
90 4,062.27 2,699.16 1.60 543
180 4,769.26 2,141.14 1.20 3.04
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TABLE 2 Comparison of 1Y7640 and oseltamivir efficacies against group 1 and 2 influenza A viruses as well as influenza B viruses using
the CPE assay

ECso (M)
Virus CPE assay
Oseltamivir Plaque reduction
Group Subtype Strain 1Y7640 carboxylate assay, Y7640
1 H1N1 A/Solomon Island/03/2006 0.7 206.5 0.76
A/Brisbane/59/2007 0.62 7.11 1.53
Seasonal/2008¢ 3.81 964.3 1.95
pH1N1 A/Korea/01/2009 (rK09) 1.95 217 1.58
A/Netherlands/602/2009 213 2.26 2.3
A/Korea/2785/2009¢ 7.1 1323 5.11
H5N1 A/chicken/IS/06/2006 (6:2)° 59.6 0.19 16.16
HON2 A/chicken/Korea/01310/2001 33.39 0.63 52.23
2 H3N2 A/Wisconsin/67/2005 83.05 0.09 1111
A/Brisbane/10/2007 110.7 493.7 1,108
A/Perth/16/2009 2139 5184 8324
H7N9 A/Anhui/1/2013 (6:2)° 221 0.81 277.1
B_Victoria B/Brisbane/60/2008 39.68 3.25 213.7
B_Yamagata B/Wisconsin/01/2010 17.13 0.56 47.19
rg-virus© pHIN1 rKO9/NA:Y2754 1.92 1,302 2.6
rK09/NA:Y275+V2224 4.79 1,991 3.73

aThe NA proteins of these viruses retained the Y275 signature, which promotes resistance to oseltamivir.
6:2 viruses were generated on the PR8 backbone.
crg-viruses were generated on the K09 backbone.

sequence of K09, GenBank accession number ACQ84451), and those from the second
experiment shared an M403T mutation (Table 3). In the HA protein structure, the L49I,
M403T, and E447K mutations are located in the HA stalk region (Fig. 4A), which is crucial
for HA fusion activity (43). To determine whether these HA mutations promoted viral
resistance against 1Y7640, we generated recombinant viruses (rK09/HA:L49I, rK09/HA:
M403T, rK09/HA:E447K, and rK09/HA:L491+E447K) using reverse genetics, with each
strain harboring an escape HA mutation(s) in the K09 virus backbone. In the replication
kinetics in MDCK cells, the escape mutant viruses exhibited growth patterns and rates
similar to those of rK09 (Fig. 4B). For the L491 and E447K mutations, E447K appeared to
be a major contributor to the resistant phenotype, based on the ECy, values of
rK09/HA:L49I (15.4 and 16.3 uM), rK09/HA:E447K (207.1 and 971.8 uM), and rK09/HA:
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FIG 3 Toxicity evaluation of 1Y7640. (A) Cytotoxicity test of Y7640 in MDCK cells. The number of viable cells was measured
fluorometrically using the CCK-8 reagent after incubating the cells with DMSO (mock) or the designated concentrations of Y7640
(dissolved in DMSO), oseltamivir-carboxylate, or oseltamivir phosphate. The experiments were performed in duplicate. (B)
Two-week repeated-oral-dose toxicity test of 1Y7640. Female SD rats (5 rats per group) were administered once daily with 0, 500,
1,000, or 2,000 mg of 1Y7640 by gastric intubation for 2 weeks, and their body weights were recorded at 1, 4, 8, 11, and 14 days
posttreatment.
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TABLE 3 Amino acid mutations of K09 after the 1Y7640 treatment

Escape mutation(s) identified in KO9 protein®

Expt Clone PB2 HA NP NA
1 1 - L49l, E447K N492K, E494G -
2 - L49I, E447K - -
3 - L49l, E447K - Q45L
2 1 E208A M403T - -
2 - P229S, M403T - K347R
3 - M403T - -

a—, no genetic mutations from two independent experiments.

L491+E447K (69.46 and 767 uM) determined using the CPE and plaque reduction
assays, respectively (Table 4). In the second set, the M403T mutation either was the only
mutation or was present together with a P229S mutation in the HA head region, but the
M403T mutation alone was sufficient to confer resistance to 1Y7640 (ECs, of rK0O9/HA:
M403T, 116 and 445.8 uM as determined by the CPE and plaque reduction assays,
respectively) (Table 4). These results indicate that the 1Y7640-induced escape mutations
may cause resistance to 1Y7640. In addition to the HA escape mutant analysis, the
time-to-addition experiment also suggested that the earliest functioning HA protein is
the major, if not the only, target of Y7640, effectively inhibiting rK09 replication (Fig.
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FIG 4 Molecular target of 1Y7640. (A) Escape mutations (L491, M403T, and E447K) identified in the HA protein of rK09 after Y7640 treatment are adjacently
located with the CR6261 epitopes in the HA structure. The colors represent the following: slate, HA1; light pink, HA2; red, escape mutations against [Y7640; and
orange, CR6261 epitopes. (B) Replication kinetics of escape mutant viruses were evaluated in MDCK cells. (C and D) Viral infection and replication efficiency were
measured by the number of the newly generated virus particles via plaque assays (C), and the amounts of newly expressed HA were compared by Western
blotting (D). (E) A hemagglutination assay using the K09 virus and 0.5% (vol/vol) tRBCs was performed in the presence of PBS (negative control), 2-fold serially
diluted anti-K09 guinea pig sera («-K09 #1 and #2; positive controls), or 1Y7640 (starting at 90 uM).
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TABLE 4 EC,, values of Y7640 escape mutant viruses
ECs, (M) of 1Y7640

Virus CPE assay Plaque reduction assay
rK09 1.95 1.58

rKO9/HA:L49I 15.4 16.3

rK09/HA:M403T 116 44538

rK09/HA:E447K 207.1 971.8
rK09/HA:L491+E447K 69.46 767

4C) and HA protein expression (Fig. 4D). However, 1Y7640 did not inhibit the hemag-
glutination activity of rK09 with turkey red blood cells (tRBCs) (Fig. 4E). These results
suggested that 1Y7640 may target HA in a step after the virus binds to the cell, most
likely during membrane-to-membrane fusion.

Molecular docking simulation of Y7640 with the HA crystal structure. In further
support of the molecular target of IY7640, the escape mutations were positioned
around the CR6261 epitope (Fig. 4A), which is known to play a role in HA fusion (44).
We then attempted a molecular docking simulation of Y7640 on the HA structure from
a pH1NT1 virus, A/California/04/2009 (Ca04; PDB ID 3UBQ) (45), using SYBYL-X (v2.1.1)
Surflex Dock and the AutoDock Vina (46). In the simulation, Y7640 was observed to
bind around the HA stalk region defined by the CR6261 epitope residues (Fig. 5A).

FIG 5 Structural interaction of 1Y7640 with H1, H3, and H5 HAs. The interaction simulation of 1Y7640 (green) with the CR6261
(orange) or the TBHQ (yellow) epitopes is depicted using the crystal structures of trimeric HAs (HA1 is slate-colored and HA2 is light
pink) in one monomer—pH1N1 Ca04 HA of PDB ID 3UBQ in panel A, H3N2 A/Aichi/2/1968 HA of PDB ID 3ZTJ in panel B, and H5N1
A/Vietnam/1194/2004 HA of PDB ID 2IBX in panel C—with a respective enlarged image of the HA2 stalk region. The escape
mutations against 1Y7640 are colored red. The residues are labeled according to H1, H3, or H5 numbering. The hydrogen bond
interactions between Y7640 and HAs (connected by red dots) are given in angstroms: in the enlarged H1 HA (A), 2.109 and 2.468
to T318; in the enlarged H3 HA (B), 2.923 to T404 and 1.860, 1.470, and 2.016 to Y439; and in the enlarged H5 HA (C), 3.175 to H24,
and 3.138 to W367. The non-hydrogen bond interactions (connected by black dots) are also shown: 3.334 to V40, 3.132 and 3.193
to W365, 3.368 to 1389, and 2.767 to V396 in H1 HA (A); 2.617 to K307, 3.250 to R399, 3.104 to W437, 2.547 to L444, and 3.168 to
A446 in H3 HA (B); and 3.013 to H24, 2.844 to H44, 3.003 to Q46, 2.817 to 1391, 3.212 to V394, and 2.986 to T395 in H5 HA (C).
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FIG 6 Inhibition of HA fusion activity by 1Y7640. (A and B) Inhibition of RBC hemolysis by 1Y7640. rK09 and the
escape mutant (rK09/HA:M403T and rK09/HA:E447K) mixtures were preincubated with 50 wM of 1Y7640 in dimethyl
sulfoxide (DMSO) (rK09 + 1Y7640) or DMSO alone (rK09 + DMSO). Then the mixtures were acidified to the
designated pH and measured for the release of hemoglobin from lysed erythrocytes. (C) Inhibition of HA-mediated
cell-to-cell fusion by IY7640. In Vero cells, the inhibition of HA-mediated cell-to-cell fusion was determined with
1Y7640 treatment (for pKO9 HA, 1, 10, or 100 uM, and for pK09:M403T and pK09:E447K HAs, 10 or 100 uM)
according to the pH ranges (pH 4.4 to 5.2). DMSO was used as a control.

However, it did not dock at the CR6261 epitope-equivalent region in the group 2 HA.
Instead, it docked near the binding site of the fusion inhibitor tert-butyl hydroquinone
(TBHQ) present in H3 HA (Fig. 5B), possibly due to the tryptophan at HA residue 365
(W365) (47, 48). In H5 HA of the group 1 HAs, IY7640 also docked at a similar stalk
region (Fig. 5Q).

Inhibition of HA fusion activity and in vivo efficacy of 1Y7640. 1Y7640 binding to
the CR6261 epitope residues strongly suggests that 1Y7640 may inhibit HA fusion
activity (44, 49). To test this possibility, we applied a standard hemolysis assay, in which
viral HA-mediated membrane fusion is indirectly demonstrated by the hemolysis of
RBCs. In this assay, Y7640 surely inhibited acid-induced RBC hemolysis by the rK09 virus
(Fig. 6A), which was not observed for the escape mutant viruses (rk09/HA:M403T and
rK09/HA:E447K virus) (Fig. 6B). When using a GFP and HA cotransfection method in
which the fusion activity of HA results in the spread of GFP to neighboring cells (49, 50),
the pH required for the fusion of the escape mutant HAs (fusion pH for both pH
1/K09:M403T and pH 1/K09:E447K was approximately 5.0) increased by approximately
0.2 pH unit compared with that of the K09 (fusion pH for the pH 1/K09:M403T was
approximately 4.8) (Fig. 6C). Compared with the escape mutant HAs, K09 HA fusion was
inhibited only by 1 uM Y7640 (Fig. 6C).

Influenza virus HA is synthesized as the inactive form HA,, and the active HA, and
HA, dimer generated by trypsin-like proteases can adopt a fusion conformation under
acidic conditions similar to those in endosomes (1). When the HA, and HA, dimer is in
a fusion conformation, it is susceptible to cleavage by proteases, such as trypsin (51).
However, 1Y7640 protected the HA in the fusion conformation from trypsin digestion.
The rkK09 HA maintained an intact HA, in the presence of Y7640 at concentrations as
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FIG 7 HA susceptibility to protease and its inhibition by 1Y7640. MDCK cell lysates infected with the viruses were
trypsinized followed by Y7640 treatment (5, 50, or 500 mM). After pH adjustment (pH 4.8 or 8.0), the cell

supernatants were examined by the Western blot analysis.

low as 5 uM, whereas the M403T and E447K HAs did not maintain an intact HA,, even
at Y7640 concentrations as high as 500 uM (Fig. 7), which was much higher than the
EC,, values for the viruses with escape mutant HAs (Tables 2 and 4).

The anti-influenza efficacy of 1Y7640 determined in the CPE and plaque reduction
assays appeared to be more focused against HIN1 subtypes (Table 2). Consistent with
these results, 1Y7640 did not exhibit in vivo efficacy against H3N2 and H5N1 subtype
challenges in mice (data not shown). Only for the pH1N1 rK09 viral challenge did 1Y7640
reduce body weight losses (vehicle group, 26.76% at 8 days postinfection [dpi]; osel-
tamivir, 8.77% at 8 dpi; 1Y7640 at 45 mg/kg/day, 22.56% at 8 dpi; Y7640 at 90 mg/kg/
day, 23.65% at 9 dpi; and 1Y7640 at 180 mg/kg/day, 19.88% at 9 dpi) in the infected
mice (Fig. 8A) and protect them with 60 to 80% survival rates in a dose-dependent
manner (Fig. 8B).

DISCUSSION

Through in vitro and in vivo studies, we identified an anti-influenza drug candidate,
IY7640 (Fig. 1 and 2), which targets the HA stalk of influenza viruses without exhibiting
significant toxicity in MDCK cells and rats (Fig. 3). As demonstrated for the antibodies
CR6261 (44), FI6 (18), and CR9114 (19), a molecule targeting the HA stalk region may
have broad-spectrum efficacy against IAVs and IBVs by inhibiting membrane-to-
membrane fusion. Given the results of the CPE and plaque reduction assays (Table 2),
escape mutant analysis (Fig. 4, 6, and 7 and Tables 3 and 4), docking simulation (Fig. 5),
and GFP fusion assays (Fig. 6), the mechanism of action of Y7640 may also be fusion
inhibition, highlighting the potential of Y7640 as a small-molecule counterpart of
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g 80 1
8 100 g 07
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> @ 30 A
8
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—— Oseltamivir
—*%—1Y7640-45
—*%—1Y7640-90
—o—1Y7640-180

FIG 8 Anti-influenza effects of Y7640 against pH1N1 challenge in mice. The in vivo efficacy of [Y7640 was evaluated in BALB/c mice
(n =10 per group). The mice were treated twice daily (half daily dose per treatment) with 1Y7640 (45 mg/kg/day [IY7640-45],
90 mg/kg/day [IY7640-90] or 180 mg/kg/day [IY7640-180]) for 8 days after pHIN1 rK09 infection. Body weight changes (A) and
survival rates (B) were recorded for 14 dpi. Mice treated with oseltamivir (45 mg/kg/day) were used as a therapeutic control. Mice

infected with PBS (mock) or treated only with a vehicle were also used as negative controls.
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FIG 9 Structural alignments of the CR6261 epitope (or equivalent) residues from H1, H3, and H5 HAs. (A) Alignment
of the CR6261 epitope residues from H1 HA (PDB code 3UBQ [green]) and H5 HA (PDB code 2IBX [purplel). (B) The
CR6261 epitope residues of H1 HA (PDB code 3UBQ [green]) and the equivalent H3 HA residues (PDB code 3ZTJ
[magental). The alignments were performed using PyMOL. (C) Sequence alignment of the HA region comprising
the CR6261 epitope or equivalent residues. Residues conserved compared with K09 HA are represented by dots.
The HA residue numbers are given with H1 numbering. The residues highlighted with colors are the CR6261
epitope (orange) or equivalent residues. Shaded in green are the CR6261 epitope residues from H1 and H5 HA that
interact with 1Y7640. Shaded in yellow are residues mutated in the K09 IY7640 escape mutants (tL49l and *M403T).

** the intervening sequences have been omitted. Abbreviations of the virus HAs are as follows:

H1/Ca04,

A/California/04/2009 (pH1N1); H5/I1S06, A/chicken/IS/2006 (H5N1); H5/VN, A/Viet Nam/1203/2004 (H5N1); and

H3/X-31, A/Aichi/2/1968 (H3N2).

broadly neutralizing antibodies. However, the EC5, values of 1Y7640 were determined
to be relatively higher than those of oseltamivir. Even against the same subtype strains,
a wide range of concentrations were required for 1Y7640 efficacy (Table 1). Oseltamivir
also exhibited fluctuating EC,, values against the H3N2 strains, but higher concentra-
tions of 1Y7640 were needed to inhibit H5N1, H7N9, HON2, and IBV strains (Table 2).
Against the HIN1 and oseltamivir-resistant strains, [Y7640 exhibited superb efficacy. As
shown in Table 1, even less than 1 uM 1Y7640 could successfully inhibit various H1N1
strains and protect the mice from lethal challenge (Fig. 8). Given the global circulation
of oseltamivir-resistant strains (52, 53), IY7640 may be useful under certain circum-
stances.

The observed EC,, values (Table 2) and docking simulations (Fig. 5) indicate that the
binding of 1Y7640 to the CR6261 epitope region appeared to be associated with its
efficacy. The CR6261 epitope residues in Ca04 HA that interact with Y7640 are well
aligned with those of H5 HA (Fig. 9A) (54), with only one amino acid difference
(isoleucine and valine in H1 and H5 HA residue 392, respectively) (Fig. 9C). However,
differences of the EC, values between the HIN1 and H5N1 viruses (Table 2) suggest
how a single amino acid change can render the virus less sensitive to Y7640, as
observed for the escape mutants. For H3 HA, 1Y7640 was not structurally accommo-
dated in the CR6261 epitope-equivalent region, due to HA W365 residing in a protrud-
ing conformation and differences at three of the IY7640-interacting residues (Fig. 5B
and 9B and (Q), as suggested in a recent study by Kadam et al. (48). The W365 residue
is well conserved in the fusion peptide; mutating this residue abolishes its fusion
activity (55), and it participates in the binding interaction of 1Y7640 with the Ca04
CR6261 epitope residues (Fig. 5A), which may be relevant to the anti-influenza activity
of IY7640. Given a recent report on the group 1 IAV-specified HA fusion inhibitor
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candidate JNJ4796 (37), structural optimization may be a strongly recommended step
to enhance the efficacy of 1Y7640. As demonstrated by variations in amino acids in the
potential IY7640 binding residues (Fig. 5 and 9), more defined modifications of 1Y7640
derivatives or further investigation of active metabolites of 1Y7640 may lead to suc-
cessful translation of 1Y7640 efficacy to in vivo and clinical studies. The discrepancy
between the in vitro and in vivo efficacies of 1Y7640, which may be comparable to that
of oseltamivir in vitro but is lower than that of oseltamivir in vivo (Table 2 and Fig. 8),
also suggests an issue concerning 1Y7640 bioavailability in mice.

As resistance to M2 ion channel blockers is widespread among influenza virus
strains, the sole commonly used anti-influenza compound is oseltamivir. However,
single-drug therapy runs the risk of rapidly selecting for mutations conferring resis-
tance. Combination therapy, where two or more compounds with different targets are
given at the same time, greatly decreases the chance of mutants arising (41, 42, 56, 57),
as the virus must acquire multiple mutations at once. However, such a strategy requires
the availability of multiple compounds. In this regard, Y7640 can be used in mono-
therapy as well as in a combination therapy, which enhances our ability to combat drug
resistance problems of influenza viruses. Although 1Y7640 induced the generation of
escape mutant viruses within a similar time frame as amantadine or oseltamivir (41, 42),
a combination strategy for the anti-influenza compounds could increase the useful life
span of the compound. Furthermore, because the IY7640 binding stalk region of HA is
highly conserved, structurally degenerative mutations leading to 1Y7640 insensitivity
may be self-limited, which is demonstrated by the mutation of residues of the struc-
turally stable escape mutant HAs merely resulting in conversion to the counterpart
residues in another subtype of HAs (the escape mutations L49 and M403T were merely
a conversion to an H5 and H3 HA signature at those positions, respectively, as shown
in Fig. 9C). Even though 1Y7640 appeared to be less effective against avian influenza
viruses, the use of combination of 1Y7640 with other anti-influenza agents, such as NA
inhibitors, will enhance the general preparedness against a potential influenza pan-
demic.

MATERIALS AND METHODS

Ethics statement. To minimize animal suffering, all animal procedures performed in this study were
conducted in accordance with the recommendations in the guidelines for the care and use of laboratory
animals of the Animal and Plant Quarantine Agency of Korea (59). The protocols were approved by the
Institutional Animal Care and Use Committee of the Korea University (approval no. KUIACUC-2014-225),
Il-Yang Pharmaceutical Co. (approval no.: IYA201316), and Biotoxtech Co. (approval no. 130325).

Compounds. Condensation of 2-(trifluoromethyl)benzaldehyde with hydroxylamine hydrochloride
produced oxime at a 90% yield. Oxime was reacted with N-chlorosuccinimide (NCS) in N,N-dimethyl-
formamide (DMF), followed by the addition of alkyl acetoacetate to generate isoxazole at an 80% vyield,
which was hydrolyzed to acid in a quantitative yield. Finally, the acid was reacted with 1-(2-
methoxyphenyl)piperazine and 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride under
basic conditions to produce Y7640 at an 80% yield. The purity was measured by analytical high-
performance liquid chromatography (HPLC), and the spectra were recorded at 254 nm. The purity of
1Y7640 was greater than 99%.

Pharmacokinetic study of Y7640 in mice. Five 7-week-old BALB/c mice (Orient Bio) were used for
this study. Forty-five, 90, or 180 mg/kg of 1Y7640 was administered in 10% Tween 80 and 0.5%
carboxymethyl cellulose (CMC) as a single dose via oral gavage, and blood samples were collected at 0,
1,2,3,4,6,9, 12, and 24 h postadministration. The AUC, the C_,,,, the time to peak concentration (T,,,,.),
and the half-life (t,,,) were calculated using BA Calc 2007. The parameters were determined for each
individual animal, and the sample population averages were calculated.

Cells and viruses. MDCK and Vero cells were cultured in Eagle’s minimum essential medium
(EMEM; Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (FBS; HyClone,
Thermo Fisher Scientific, Waltham, MA), 100 U/ml of penicillin, and 100 wg/ml streptomycin (Gibco,
Thermo Fisher Scientific) at 37°C in a 5% CO, incubator. A/Solomon Island/03/2006 (H1N1), A/Bris-
bane/59/2007 (HI1NT) (a seasonal H1N1 virus isolated in 2008 and retaining Y275 in the NA),
A/Korea/01/2009 (pH1N1), A/Korea/2785/2009 (a pH1N1 isolate that retained Y275 in the NA),
A/Wisconsin/67/2005 (H3N2), A/Brisbane/10/2007 (H3N2), A/Perth/16/2009 (H3N2), A/chicken/IS/06/
2006 (H5N1 6:2 vaccine virus), B/Brisbane/60/2008 (Victoria lineage), and B/Wisconsin/01/2010
(Yamagata lineage) were obtained from the Korea Centers for Disease Control and Prevention
(Osong, Republic of Korea). A/Puerto Rico/8/1934 virus expressing GFP (rPR8/GFP) (38) and A/Neth-
erlands/602/2009 (pH1N1) were provided by Adolfo Garcia-Sastre (Icahn School of Medicine at
Mount Sinai, New York, NY). X-31 (H3N2 6:2 vaccine virus) was provided by Peter Palese (Icahn
School of Medicine at Mount Sinai). A/chicken/Korea/01310/2001 (HON2) was provided by Young Ki
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Choi at Chungbuk National University (Cheongju, Republic of Korea). A/Shandong/09/1993 (H3N2)
was provided by Chang-Seon Song at Konkuk University (Seoul, Republic of Korea). All viruses were
propagated in embryonated chicken eggs.

Plasmids. Eight genes of the K09 virus were cloned into a bidirectional pDZ vector (58) and used to
generate rK09 and its mutant viruses by reverse genetics. The pDZ plasmids of PR8 gene segments were
also used to generate 7:1 and 6:2 viruses. The HA genes of the above-named viruses were cloned into
the pDZ plasmid, except for A/Anhui/01/2013 (H7N9, commercially synthesized). All plasmid sequences
were confirmed before use in the experiments.

Screening system using an influenza virus expressing GFP. The screening system using a
GFP-expressing virus was previously described (38, 39). Briefly, MDCK cells in 96-well plates were infected
with rPR8/GFP. After adsorption for 1 h, the unbound virus particles were removed and medium with
2-fold serially diluted chemicals was added to the cells. The cells were further incubated for 24 h, and the
GFP signals were observed under a fluorescence microscope.

Plaque assay. The plaque assay was performed to determine infectious viral titers. Briefly, MDCK
cells in a monolayer were inoculated with 10-fold serially diluted viral allantoic fluids or cultured cell
supernatants for 1 h. After adsorption for 1 h, the unbound virus particles were removed, and the cells
were overlaid with a medium containing 0.2% agar and 1 pg/ml of TPCK-trypsin. After incubation for
72 h, the cells were stained with 1% crystal violet, and viral titers were determined by counting the
plaques.

Plaque reduction assay. MDCK cells were cultured in a 6-well cell culture plate and infected with
approximately 102 PFU/ml of influenza virus. After 1 h, the unbound virus particles were washed and the
medium was replaced by an overlay medium (containing N-tosyl-L-phenylalanine chloromethyl ketone
[TPCK]-trypsin at 1 ug/ml, 2% agarose, and Y7640 at different concentrations). After incubation for 72 h,
the cultures were stained with 1% crystal violet solution to detect the plaques. The EC,, was calculated
using GraphPad Prism 5.0d (GraphPad software, Inc., La Jolla, CA).

Toxicity evaluation. The cytotoxicity of 1Y7640 was evaluated using the CCK-8 reagent. MDCK cells
were cultured in 96-well plates for 24 h. Subsequently, the culture medium was replaced with medium
containing 2-fold serially diluted 1Y7640, and the cells were incubated for an additional 24 h. Next, the
medium was replaced with medium containing 10 ul/ml of CCK-8 solution (Dojindo Molecular Technol-
ogies, Inc., Rockville, MD). Thereafter, the mixture was incubated at 37°C for 4 h, and the absorbance of
the supernatant at 495 nm was measured by an enzyme-linked immunosorbent assay (ELISA) reader
(Spectra Max 250; Molecular Devices, San Jose, CA). The CC,, value (concentration of the drug that leads
to 50% cytotoxicity) was calculated as the concentration that reduced the number of surviving cells to
50% of the untreated controls.

The cumulative toxicity of Y7640 was evaluated in Sprague-Dawley rats. The 5-week-old rats (five
male and five female rats per group) were administered 500, 1,000, and 2,000 mg/kg of 1Y7640. The
dosing volume was 5 ml/kg of body weight. Individual doses were calculated for each animal based on
the most recently recorded body weights. The rats were dosed once daily for two consecutive weeks via
gastric intubation with 3-ml disposable syringes fitted with intubation tubes. Control animals received a
vehicle only, corn oil, at 5 ml/kg. Body weight changes and clinical symptoms of the rats were recorded
during the observation period.

Viral CPE assay. MDCK cells were seeded into 96-well plates at 30,000 cells/well. The next day, the
cells were inoculated with 300 PFU of influenza virus. After the viral adsorption using a standard infection
procedure, 100 ul of medium with 2-fold serially diluted 1Y7640 (starting from 400 or 100 uM) and
1 ng/ml of TPCK-trypsin were added to each well. The infection culture was incubated at 37°C for 72 h.
Next, the medium was replaced with fresh medium without Y7640, followed by the addition of 10 ul of
a CCK-8 solution (Dojindo Molecular Technologies, Inc.) to the medium and incubation for 4 h at 37°C.
The status of the viable cells in the infection culture was determined by measuring the absorbance at 450
and 650 nm, which was detected using an ELISA reader. The EC,,, value was calculated using GraphPad
Prism 5.0d (GraphPad software, Inc.).

Generation of escape mutant viruses. The confluent MDCK cell monolayers in 6-well tissue
culture plates were inoculated with 103 PFU of K09 virus, followed by a routine tissue culture
infection procedure. The first 48 h of incubation with the infected culture included 0.5 uM 1Y7640
(below the EC,,, as determined using the plaque reduction assay) and was considered passage 0. The
viral titer was measured using a plaque assay after each passage, and 103 PFU of virus from the
previous passage was used to inoculate cells for the next passage in medium with a 2-fold-higher
IY7640 concentration. The virus yielded after each passage was also subjected to the plaque
reduction assay in the presence of the chemical. When plaques appeared in the wells treated with
100 uM 1Y7640, 3 plaques were isolated and amplified in the MDCK cells without 1Y7640 addition.
The amplified viruses were again tested for 1Y7640 resistance using the plaque reduction assay. The
escape mutant virus generation procedure was performed twice, and the genome of the escape
mutant virus was cloned into the pDZ vector using a standard molecular biology protocol and
sequenced. A recombinant virus composed of 7 WT K09 segments and an escape mutation-
containing segment (7:1 reassortant virus; K09 virus genome sequence gi:237651253/5/7, 22978366/
68/70/73, 229892681) was generated using the 8-plasmid reverse genetics system and the 293T and
MDCK coculture transfection method (5). The Y7640 resistance of the 7:1 reassortant virus was
confirmed using the plaque reduction assay.

Time-to-addition assay. Confluent MDCK cell monolayers in 6-well tissue culture plates were
inoculated with 103 (for plaque assays) or 10 PFU (for Western blotting) of the rK09 virus. After 1 h
of adsorption and the removal of unbound viruses, EMEM containing 0.3% bovine serum albumin
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(BSA) was added (0 h postinfection). IY7640 was added to the medium at 5 uM (for the plaque assay)
or 40 uM (for Western blotting), at 0, 2, 4, or 8 h postinfection (hpi). The cells and supernatants (for
the plaque assay) or cells only (for Western blotting) were collected 10 hpi. The plaque assay was
performed following a standard procedure after subjecting the supernatant and cells to three
freeze-thaw cycles. However, because the inoculated virus was in the 1Y7640-containing superna-
tant, washing after inoculation did not fully remove the 1Y7640; thus, the overall number of plaques
for these samples was lower than the number for the untreated samples. To complement the plaque
assay results, a Western blot analysis was performed in which newly expressed HA in the infected
cells was detected by a primary antibody, a polyclonal sheep anti-pHIN1 HA antibody (anti-A/
California/7/2009 H1IN1 HA serum, NIBSC code 11/110; NIBSC, Hertfordshire, United Kingdom) and a
secondary antibody, a horseradish peroxidase (HRP)-conjugated rabbit anti-sheep IgG (KPL, SeraCare
Life Sciences, Milford, MA).

Hemagglutination inhibition assay. In 96-well plates, 8 HA units of rK09 virus in a 25-ul volume was
incubated with the same volume of guinea pig antisera raised against rK09 (positive control) or
designated concentrations of Y7640 at 37°C. After 1 h of incubation, the mixtures were agglutinated with
50 wl of 0.5% (vol/vol) turkey red blood cells (tRBCs) for 30 min.

In silico docking studies. The IY7640 molecular structure was converted to PDB format using PyMOL
(The PyMOL Molecular Graphics System, v1.3, Schrodinger, LLC, New York, NY). A molecular docking
experiment was performed using the SYBYL-X (v2.1.1) Surflex Dock and AutoDockVina software (46) in
accordance with the author’s online tutorial (https://vina.scripps.edu/tutorial.html). To verify the validity
of the docking method, TBHQ docking was performed on the HA of A/Aichi/2/1968 (H3N2) (PDB ID 3ZTJ),
which docked at the exact position shown in the crystal structure of TBHQ and a group 2 HA (47) with
a calculated affinity of —6.7 kcal/mol. The PDB accession codes for the Y7640 docking counterparts are
given in the relevant figure legends. Interaction distances and graphics were prepared using SYBYL-X
(v2.1.1) Surflex Dock and PyMOL.

Hemolysis assay. Y7640 in dimethyl sulfoxide (DMSO) or DMSO alone was dissolved to a 5X final
concentration in 100 ul, and the viruses (27 hemagglutination units [HAU]) were prepared in 100-ul
volumes. The mixtures with 1Y7640 and the viruses were incubated for 1 h at 37°C. Thereafter, 2%
(vol/vol) of tRBCs preincubated at 37°C in a 200-ul volume were added to the 1Y7640-virus mixture.
The 1Y7640-virus-RBC mixture was incubated for 20 min at 37°C. Next, sodium acetate (0.5 M) at
various pH values in a 100-ul volume was added to the IY7640-virus-RBC mixture. The pH values for
this final mixture were predetermined, and after gentle resuspension, the mixture was incubated for
30 min at 37°C. Thereafter, the reaction was centrifuged for 6 min at approximately 1,000 X g and
4°C. Three hundred microliters of the supernatant was added to a flat-bottom 96-well plate, and the
hemoglobin concentration in the supernatant was determined by measuring the absorbance at
540 nm.

Cell fusion assay. Vero cells were grown for 24 h to approximately 70% confluency in 12-well plates.
The cells were transfected with pCAGGSII-GFP and pDZ-WT K09 HA or pDZ-mutant K09 HA using
transiT2020 (Mirus Bio, LLC, Madison, WI). After 48 h, upon confirmation of GFP expression, the cells were
washed with phosphate-buffered saline (PBS) containing Mg2* and Ca2* and treated with 5 ug/ml of
TPCK-trypsin for 10 min. The cells were then treated with a culture medium (Dulbecco modified Eagle
medium [DMEM]) containing 10% FBS to inactivate the TPCK-trypsin and either DMSO or IY7640 for 4 h.
Thereafter, the cells were treated for 3 min with acidic PBS adjusted to various pH values using citric acid.
After the acidic PBS was removed, culture medium (DMEM) supplemented with 10% FBS and DMSO or
1Y7640 was added to the cells. For consistency, the cells were incubated for 24 h before an image was
taken under a fluorescence microscope to allow GFP to diffuse through the pores generated by
membrane fusion.

Protease susceptibility assay. MDCK cell monolayers in 6-well plates were infected with 106 PFU of
rK09 or escape mutant viruses, with the cells collected at 16 hpi. After centrifugation, each cell pellet was
incubated with 100 ul of immunoprecipitation lysis buffer without protease inhibitor (Thermo Fisher
Scientific) at 4°C for 10 min. After microcentrifugation at 14,000 rpm and 4°C for 10 min, the supernatant
was transferred to a new tube and 30 ng/ml of TPCK-trypsin was added, followed by incubation for
30 min at 37°C. Next, Y7640 was added to the supernatant to yield the designated concentration,
followed by incubation for 4 h at 37°C. The supernatant was then acidified by adding 30 ul of sodium
acetate (the pH was regulated using a predetermined amount of HCI). After incubation for 30 min at 37°C,
the reaction was neutralized by adding 20 ul of 0.5 M Tris and incubation for 30 min at room temper-
ature. The reaction was stopped by adding 6X SDS loading dye (under reducing conditions). The
reactions were loaded on a 10% SDS-PAGE gel followed by a standard Western blotting procedure. HA
was detected using a primary polyclonal sheep anti-pH1N1 HA antibody (anti-A/California/7/2009 H1N1
HA serum, NIBSC code 11/110; NIBSC, Hertfordshire, United Kingdom) and an HRP-conjugated rabbit
anti-sheep 1gG secondary antibody (KPL). For the H5 HA protease susceptibility inhibition by Y7640,
MDCK cells were infected with a 7:1 reassortant virus (r'VN, H5N1). Mouse serum raised against the rVN
virus was used for H5 HA detection in the Western blot.

Animal experiment. For each experiment, 10 7- to 8-week-old female BALB/c mice (Nara Biotech,
Seoul, Republic of Korea) were infected intranasally with 4 X 50% of the mouse lethal dose (MLD,,) of
influenza virus rK09,, (an engineered recombinant K09 virus that encodes an NA containing N58S and
N59S mutations to render the virus lethal to mice; MLD,, analysis data are available upon request), and
1Y7640 was administered orally at 45, 90, or 180 mg/kg/day twice daily for 8 days using a Sonde feeding
apparatus beginning 1 h before infection. The designated amount of Y7640 or oseltamivir phosphate
(Toronto Research Chemicals, Inc., North York, ON, Canada) was formulated with Tween 80 (Daejung
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Chemicals and Metals, Siheung, Republic of Korea) and carboxymethyl cellulose sodium salt (CMC;
Sigma-Aldrich, St. Louis, MO). The control mice were orally administered the formulation without 1Y7640
or oseltamivir. The survival rates and body weight changes of the infected mice were monitored daily for
14 days. When the body weight of a test animal decreased to 75% of its initial body weight, the animal
was anesthetized and humanely euthanized.

Statistical analysis. The significance of the differences in efficacy between 1Y7640 and oseltamivir
carboxylate and for the hemolysis assay was assessed using a Student’s t test. In figures, significant
differences are indicated as follows: *, P < 0.05; **, P <0.01; and ***, P <0.001. Error bars in figures
indicate standard deviations (SDs).
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