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ABSTRACT Influenza A (IAV) and influenza B (IBV) viruses are highly contagious
pathogens that cause fatal respiratory disease every year, with high economic im-
pact. In addition, IAV can cause pandemic infections with great consequences when
new viruses are introduced into humans. In this study, we evaluated 10 previously
described compounds with antiviral activity against mammarenaviruses for their abil-
ity to inhibit IAV infection using our recently described bireporter influenza A/Puerto
Rico/8/34 (PR8) H1N1 (BIRFLU). Among the 10 tested compounds, eight (antimycin A
[AmA], brequinar [BRQ], 6-azauridine, azaribine, pyrazofurin [PF], AVN-944, mycophe-
nolate mofetil [MMF], and mycophenolic acid [MPA]), but not obatoclax or Osu-
03012, showed potent anti-influenza virus activity under posttreatment conditions
[median 50% effective concentration (EC50) � 3.80 nM to 1.73 �M; selective index SI
for 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, �28.90
to 13,157.89]. AmA, 6-azauridine, azaribine, and PF also showed potent inhibi-
tory effect in pretreatment (EC50 � 0.14 �M to 0.55 �M; SI-MTT � 70.12 to �

357.14) or cotreatment (EC50 � 34.69 nM to 7.52 �M; SI-MTT � 5.24 to � 1,441.33)
settings. All of the compounds tested inhibited viral genome replication and gene
transcription, and none of them affected host cellular RNA polymerase II activities.
The antiviral activity of the eight identified compounds against BIRFLU was further
confirmed with seasonal IAVs (A/California/04/2009 H1N1 and A/Wyoming/3/2003
H3N2) and an IBV (B/Brisbane/60/2008, Victoria lineage), demonstrating their broad-
spectrum prophylactic and therapeutic activity against currently circulating influenza
viruses in humans. Together, our results identified a new set of antiviral compounds
for the potential treatment of influenza viral infections.

IMPORTANCE Influenza viruses are highly contagious pathogens and are a major
threat to human health. Vaccination remains the most effective tool to protect hu-
mans against influenza infection. However, vaccination does not always guarantee
complete protection against drifted or, more noticeably, shifted influenza viruses. Al-
though U.S. Food and Drug Administration (FDA) drugs are approved for the treat-
ment of influenza infections, influenza viruses resistant to current FDA antivirals
have been reported and continue to emerge. Therefore, there is an urgent need to
find novel antivirals for the treatment of influenza viral infections in humans, a
search that could be expedited by repurposing currently approved drugs. In this
study, we assessed the influenza antiviral activity of 10 compounds previously
shown to inhibit mammarenavirus infection. Among them, eight drugs showed anti-
viral activities, providing a new battery of drugs that could be used for the treat-
ment of influenza infections.
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Influenza A (IAV) and B (IBV) viruses are members of the Orthomyxoviridae family and
are responsible for severe human respiratory disease (1). The World Health Organi-

zation (WHO) estimates that about 3 to 5 million severe cases of illness and approxi-
mately 250,000 to 500,000 deaths are caused every year by seasonal influenza virus
infections (1–5). IAV and IBV genomes are made of eight negative-sense, single-
stranded RNA segments (1). IAVs are classified into subtypes based on the major
antigenic surface glycoproteins hemagglutinin (HA; 18 subtypes) and neuraminidase
(NA; 11 subtypes) (1, 6–9). IBVs have no subtype classification but are divided into two
major lineages referred to as Victoria and Yamagata (1, 5, 10, 11). H1N1 and H3N2 IAVs
and the two lineages of IBVs are presently circulating in the human population, causing
recurrent epidemics (1, 2, 5, 10). Moreover, the impact of IAV is increased by the risk of
sporadic pandemics when novel viruses are introduced into the human population (12).

Currently, NA inhibitors, including oseltamivir, zanamivir, and peramivir, matrix
protein 2 (M2) inhibitors (amantadine and rimantadine), and the polymerase acid
endonuclease (PA) inhibitor baloxavir marboxil (Xofluza), are approved by the Food and
Drug Administration (FDA) for the treatment of influenza infections in humans (1, 13).
However, 90% of the currently circulating H1N1 and H3N2 IAVs and all IBVs are resistant
to M2 inhibitors (1). Moreover, NA inhibitor-resistant IAVs have also been reported (1,
14). Likewise, Xofluza-resistant viruses have also been identified (15, 16). Therefore,
there is an urgent need to find novel antiviral drugs for the treatment of influenza
infections. However, discovery and implementation of new antivirals is a long and
complicated process that requires multiple levels of approval, including safety and
effectiveness testing. Drug repurposing approaches can reduce the time and resources
required to advance a candidate antiviral drug into the clinic, as available knowledge
about the pharmacology and toxicology of the repurposed candidate drug can alleviate
the labor and resource-intensive efforts involved in preclinical testing of newly discov-
ered drug candidates (17, 18).

We have documented the screening of the Repurposing, Focused Rescue, and
Accelerated Medchem (ReFRAME) library (19) for compounds with antiviral activity
against the prototypic mammarenavirus lymphocytic choriomeningitis virus (LCMV),
and identified 10 compounds with a potent and dose-dependent anti-LCMV activity
(20). These include inhibitors of IMP dehydrogenase (IMPDH), dihydroorotate dehydro-
genase (DHODH), and UMP synthetase (UMPS) enzymes, as well as the proviral MCL1
apoptosis regulator and the mitochondrial electron transport complex (mETC) III (19).

Since mammarenaviruses and influenza viruses are both negative-stranded RNA
viruses with a segmented genome, we examined the ability of the 10 identified
anti-mammarenavirus compounds to inhibit influenza viral infection, taking advantage
of a novel recombinant replication-competent bireporter IAV (BIRFLU) expressing both
fluorescent (Venus) and luciferase (Nano luciferase [Nluc]) reporter genes (21). We
found that eight of the ten repurposing candidate compounds tested exhibited broad-
spectrum and potent prophylactic and therapeutic antiviral activities against currently
circulating H1N1 and H3N2 IAVs, and IBVs, suggesting the feasibility of their imple-
mentation for the treatment of influenza viral infections. Importantly, information from
these studies could also provide new insights into important cellular pathways required
for influenza viral infection that could be used for the identification of new targets for
the efficient treatment of these important human respiratory pathogens.

RESULTS
Compound effects on IAV multiplication. Prior to examining the effects on IAV

multiplication of the selected 10 compounds (Fig. 1) with antiviral activity against
mammarenavirus, we first determined the 50% cytotoxicity concentrations (CC50) of
each of the compounds in Madin-Darby canine kidney (MDCK) cells using a 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay for evaluation
of cell viability and a 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide salt [XTT] assay for evaluation of cellular proliferation (Fig. 2 and Table 1).
In the MTT assay, antimycin A (AmA), brequinar (BRQ), mycophenolate mofetil (MMF),
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and mycophenolic acid (MPA) were not toxic at all tested concentrations, while
6-azauridine (CC50 � 42.66 �M), azaribine (CC50 � 19.66 �M), pyrazofurin (PF) (CC50 �

33.35 �M), AVN-944 (CC50 � 29.61 �M), obatoclax (CC50 � 0.23 �M), and Osu-03012
(CC50 � 7.50 �M) had different levels of toxicity (Fig. 2 and Table 1). In the XTT assay,
none of the drugs, except AmA (CC50 � 2.54 nM), obatoclax (CC50 � 15.43 �M), and
Osu-03012 (CC50 � 46.09 �M), showed toxicity, even at the highest tested concentra-
tion (50 �M) (Fig. 2 and Table 1).

To determine the 50% effective concentration (EC50) of the compounds against IAV
infection, MDCK cells were infected with 200 fluorescence-forming units (FFU) per well
of our recently described bireporter influenza A/Puerto Rico/8/34 (PR8) H1N1 (BIRFLU)
isolate (21). After 1 h of viral absorption, virus inoculum was replaced with infection
medium containing 3-fold serial dilutions (starting concentration of 50 �M) of the 10
individual compounds (Fig. 3). Eight of the compounds tested showed a potent
inhibitory effect on BIRFLU multiplication based on their EC50 and selective index (SI;
CC50/EC50) values with either the MTT (SI-MTT) or the XTT (SI-XTT) assay:
BRQ (EC50 � 0.58 �M; SI-MTT and SI-XTT � 86.21), 6-azauridine (EC50 � 0.34 �M;
SI-MTT � 125.47 and SI-XTT � 147.06), azaribine (EC50 � 0.29 �M; SI-MTT � 67.79 and
SI-XTT � 172.41), PF (EC50 � 38.9 nM; SI-MTT � 857.33 and SI-XTT � 1,285.35), AVN-944
(EC50 � 0.21 �M; SI-MTT � 141.00 and SI-XTT � 238.10), MMF (EC50 � 0.77 �M; SI-MTT
and SI-XTT � 64.94), and MPA (EC50 � 1.73 �M; SI-MTT and SI-XTT � 28.90) (Fig. 3 and

FIG 1 Structure of the compounds. Structure, molecular weight, and compound identifier [ID] (PubChem) of each of the compounds used in this study are
indicated.
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Table 1). AmA (EC50 � 3.80 nM) showed the most potent antiviral activity with the MTT
assay (SI-MTT � 13,157.89) but the lowest SI values with the XTT assay (SI-XTT � 0.66)
because of the different CC50 in the MTT and XTTs assay (Fig. 2 and 3; and Table 1). In
contrast, obatoclax (EC50 � 0.42 �M; SI-MTT � 0.55 and SI-XTT � 36.74) and Osu-03012

FIG 2 Cytotoxicity of the compounds. Confluent monolayers (96-well plate format; 5.0 � 104 cells/well; quadruplicates) of MDCK cells were treated with the
indicated doses (3-fold serial dilutions, starting concentration of 50 �M) of each of the indicated compounds. Cell proliferation assays were performed at 48
h posttreatment, and the CC50 for each compound was calculated as indicated in Materials and Methods. Compound-treated cell viability was calculated as a
percentage relative to values obtained for dimethyl sulfoxide (DMSO) vehicle-treated cells. Dotted lines indicate 50% cell viability. Data are expressed as mean
and SD from three independent experiments conducted in quadruplicates.

TABLE 1 Summary of CC50, EC50, and SI values of the compounds against BIRFLU during
posttreatment in MDCK cellsa

Compound

Activity statistics of compound against BIRFLUb

CC50 (MTT) (�M) CC50 (XTT) EC50 SI (MTT) SI (XTT)

AmA �50.00 �2.54 nM 3.80 nM �13,157.89 �0.66
BRQ �50.00 �50.00 �M 0.58 �M �86.21 �86.21
6-Azauridine 42.66 �50.00 �M 0.34 �M 125.47 �147.06
Azaribine 19.66 �50.00 �M 0.29 �M 67.79 �172.41
PF 33.35 �50.00 �M 38.90 nM 857.33 �1,285.35
AVN-944 29.61 �50.00 �M 0.21 �M 141.00 �238.10
MMF �50.00 �50.00 �M 0.77 �M �64.94 �64.94
MPA �50.00 �50.00 �M 1.73 �M �28.90 �28.90
Obatoclax 0.23 15.43 �M 0.42 �M 0.55 36.74
Osu-03012 7.50 46.09 �M 14.42 �M 0.52 3.20
Ribavirin �50.00 �50.00 �M 9.50 �M �5.26 �5.26
aBIRFLU, A/Puerto Rico/8/34 H1N1.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).
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(EC50 � 14.42 �M; SI-MTT � 0.52 and SI-XTT � 3.20) did not show potent inhibitory
effect on IAV multiplication (Fig. 3 and Table 1) that could be distinguished from their
inhibitory effect on cell viability (Fig. 2 and Table 1). Ribavirin, included as a control in
these assays, showed a CC50 of �50 �M (Fig. 2), an EC50 of 9.5 �M (Fig. 3), and SI values
of �5.26 from MTT and XTT assays (Table 1), values consistent with previous published
data (21, 22). Next, we evaluated the effects of the eight compounds that showed a
potent inhibitory effect on BIRFLU multiplication (AmA, 6-azauridine, azaribine, BRQ,
AVN-944, MMF, MPA, and PF) on production of infectious virus progeny. The eight
tested compounds exerted dose- and time-dependent inhibition of production of
infectious IAV (Fig. 4). As expected, inhibition of IAV production by ribavirin was also
dose dependent, as previously described (21, 22).

Compound effects on IAV infection during pretreatment and cotreatment. We
next tested the prophylactic (pretreatment) or binding-inhibitory (cotreatment) effect
of the compounds against BIRFLU (Fig. 5 and 6, respectively). EC50 and SI-MTT values
of AmA and SI-MTT and SI-XTT values of 6-azauridine, azaribine, AVN-944, and PF in

FIG 3 Inhibition of BIRFLU. Confluent monolayers (96-well plate format; 5.0 � 104 cells/well; quadruplicates) of MDCK cells were infected with 200 FFU of BIRFLU.
After 1 h of viral adsorption, the indicated concentrations (3-fold serial dilutions, starting concentration of 50 �M) of the different compounds or 0.1% DMSO
vehicle control were added to the postinfection medium. At 48 hpi, tissue culture supernatants from infected cells were collected and used to measure Nluc
expression. Images of Venus expression were taken using a fluorescence microscope. Percent viral infection and the EC50 were calculated based on Nluc
expression. Dotted lines indicate 50% viral inhibition. Data are expressed as mean and SD from three independent experiments conducted in quadruplicates.
Bar, 50 �m.
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pretreatment or cotreatment experiments were similar to those observed in posttreat-
ment experiments (Fig. 5 and 6, respectively, and Tables 2 and 3, respectively). AVN-944
pretreatment (Fig. 5 and Table 2) and cotreatment (Fig. 6 and Table 3) showed either
significantly diminished or no antiviral activity against BIRFLU compared to that of the
posttreatment experiment (SI values of posttreatment, pretreatment, and cotreatments
were 141.00, 6.35, and 0.78 [SI-MTT], and �238.10, 10.72, and 1.32 [SI-XTT], respectively)
(Tables 1 to 3). BRQ, MMF, and MPA did not inhibit viral infection even at the highest
tested concentration (50 �M) in the pretreatment (Fig. 5) or cotreatment (Fig. 6)
experiments (Tables 2 and 3, respectively). Based on the results from the cotreatment
experiments (Fig. 6), we next evaluated the ability of the compounds to prevent
hemagglutination or viral HA-mediated hemagglutination of turkey red blood cells
(RBCs) using hemagglutination (HA) and hemagglutinin inhibition (HAI) assays, respec-
tively (Table S1). In our HA assays, only AmA and AVN-944 were able to inhibit
hemagglutination of RBCs at 500 �M and 1,000 �M, respectively, which is 10 to 20
times higher than the concentration used in our inhibition assays (50 �M). Notably,
none of the compounds showed HAI activity, even at the highest tested concentration
of 1,000 �M. These results suggest that the compounds are not targeting influenza viral

FIG 4 Inhibition of viral growth kinetics. MDCK cells (24-well plate format; 2.5 � 105 cells/well; triplicates) were infected (MOI � 0.1) with BIRFLU. After 1 h of
viral adsorption, infected cells were treated with the indicated 0.1, 1, and 10 EC50 of the different compounds calculated based on the results shown in Fig.
3. Tissue culture supernatants from infected cells were collected at 24, 48, and 72 hpi, and viral titers were calculated using an immunofocus assay (FFU/ml).
Data are expressed as mean and SD from three independent experiments conducted in triplicates. Statistical analysis was conducted using an unpaired
Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; n.s., not significant.
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entry and that other steps in the replication cycle of the virus might be targeted by the
compounds.

Compound effects on viral genome replication and gene transcription. To
evaluate if the compounds with antiviral activity against BIRFLU were targeting viral
replication, transcription, or both, we conducted a minigenome (MG) assay (Fig. 7). All
tested compounds reduced levels of MG-directed green fluorescent protein (GFP) and
Gaussia luciferase (Gluc) expression (Fig. 7), suggesting that they exerted their antiviral
effect via inhibition of the activity of the viral ribonucleoprotein complex (vRNP), which
is responsible for directing viral RNA replication and gene transcription. Notably, none
of the compounds inhibited Gluc expression levels mediated by the host cellular RNA
polymerase II (Fig. 8), suggesting that a rapidly replicating RNA virus is more sensitive
than the host transcriptional machinery to changes in host cell nucleotide pools.

Effect of the compounds on seasonal H1N1 and H3N2 IAVs, and IBV. We next
tested the ability of the compounds to inhibit seasonal H1N1 and H3N2 IAVs and IBV
using a fluorescence-based microneutralization assay and Venus fluorescence-

FIG 5 Prophylactic antiviral activity. Confluent monolayers (96-well plate format; 5 � 104 cells/well; quadruplicates) of MDCK cells were pretreated with the
indicated 3-fold serial dilutions of the indicated compounds (starting concentration of 50 �M) or with 0.1% DMSO vehicle control for 24 h before infection with
200 FFU of BIRFLU. At 48 hpi, tissue culture supernatants from infected cells were collected and used to measure Nluc expression. Images of Venus expression
were taken using a fluorescence microscope. Percent viral infection and the EC50 were calculated based on Nluc expression. Dotted lines indicate 50% viral
inhibition. Data are expressed as mean and SD from three independent experiments conducted in quadruplicates. Bar, 50 �m.
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expressing pH1N1 and H3N2 IAVs and IBV (Fig. 9 and Table 4). The EC50 and SI values
of the eight compounds with pH1N1-Venus, H3N2-Venus, and IBV-Venus (Fig. 9 and
Table 4) were similar to those obtained with BIRFLU (except the SI-XTT value of AmA)
(Fig. 3 and Table 1). These results indicated a broad-spectrum antiviral activity of the
tested compounds against different types (IAV and IBV) and subtypes (H1N1 and H3N2)
of influenza, including currently circulating human seasonal influenza viruses.

Effect of the compounds on IAV multiplication in human A549 cells. To further
examine the anti-influenza activity of these compounds for the treatment of influenza
viral infections in humans, we evaluated their toxicity and antiviral activity in human
alveolar A549 cells (Fig. 10). Four compounds, BRQ (Fig. 10B), 6-azauridine (Fig. 10C),
azaribine (Fig. 10D), and AVN-944 (Fig. 10F), showed an EC50 of �1 �M and similar or
higher SI-MTT and SI-XTT values in A549 than those observed in MDCK cells (Table 5).
In contrast, AmA (Fig. 10A), PF (Fig. 10E), MMF (Fig. 10G), and MPA (Fig. 10H) showed
lower SI values (except the SI-XTT of AmA) compared to those observed in MDCK cells

FIG 6 Inhibition of viral binding. The indicated 3-fold serial dilutions of the compounds (starting concentration of 50 �M) or 0.1% DMSO vehicle control were
mixed with BIRFLU (200 FFU/well). After 1 h of incubation at room temperature, the virus-compound mixture was used to infect confluent monolayers of MDCK
cells (96-well plate format; 5.0 � 104 cells/well; quadruplicates). After 1 h viral absorption, cells were washed with phosphate-buffered saline (PBS), and fresh
postinfection medium was added. At 48 hpi, tissue culture supernatants from infected cells were collected and used to measure Nluc expression. Images of
Venus expression were taken using a fluorescence microscope. Percent viral infection and the EC50 were calculated based on Nluc expression. Dotted lines
indicate 50% viral inhibition. Data are expressed as mean and SD from three independent experiments conducted in quadruplicates. Bar, 50 �m.
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(Table 1). Even though AmA showed alleviated SI values, it did not show any toxicity in
the MTT and XTT assays (Fig. 10 and Table 5). These results support the consideration
of 6-azauridine, azaribine, BRQ, and AVN-944 as repurposing candidate drugs for the
treatment of influenza viral infections.

Effect of the compounds on IAV multiplication in 16HBE cells. To examine the
anti-influenza activity of these compounds in a more relevant cell substrate, we
evaluated their toxicity and antiviral activity in primary human bronchial epithelial
immortalized HBE (16HBE) cells with wild-type A/New Caledonia/20/1999 H1N1 (NC
H1N1) (Fig. 11). Eight compounds showed potent inhibitory activity, with SI values
ranging from 30.80 to 9,107.46 (Table 6). Among them, five compounds, AmA (Fig. 11A),
BRQ (Fig. 11B), AVN-944 (Fig. 11F), MMF (Fig. 11G), and MPA (Fig. 11H), showed an EC50

of �1 �M and similar or higher SI values in 16HBE cells than those observed in MDCK
cells (Table 6). As with A549 cells, AmA did not show any toxicity in the MTT and XTT
assays and showed potent SI values in 16HBE cells (Fig. 11 and Table 6). The SI values
of six compounds (i.e., those other than 6-azauridine and azaribine), were higher than
those obtained with ribavirin, a well-characterized viral inhibitor in various influenza
studies (23–25).

DISCUSSION

In this study, we investigated the ability of ten compounds to inhibit influenza
infection (Fig. 1). The compounds were selected based on their ability to inhibit
mammarenavirus (LCMV) infection (20) and on evidence that efficient multiplication of
viruses with a negative-sense RNA segmented genome involves some common cellular
pathways that could be targeted by existing compounds, including those targeting reactive
oxygen species (ROS) production (AmA), pyrimidine synthesis (BRQ, 6-azauridine, aza-

TABLE 2 Summary of CC50, EC50, and SI values of the compounds against BIRFLU during
pretreatment in MDCK cellsa

Compound

Activity statistics of compound against BIRFLUb

CC50 (MTT) (�M) CC50 (XTT) EC50 (�M) SI (MTT) SI (XTT)

AmA �50.00 �2.54 nM 0.14 �357.14 �0.02
BRQ �50.00 �50.00 �M �50.00 1.00 1.00
6-Azauridine 42.66 � 50.00 �M 0.55 77.56 �90.91
Azaribine 19.66 �50.00 �M 0.28 70.12 �178.57
PF 33.35 �50.00 �M 0.16 208.43 �312.50
AVN-944 29.61 �50.00 �M 4.66 6.35 �10.72
MMF �50.00 �50.00 �M �50.00 1.00 1.00
MPA �50.00 �50.00 �M �50.00 1.00 1.00
Ribavirin �50.00 �50.00 �M �50.00 1.00 1.00
aBIRFLU, A/Puerto Rico/8/34 H1N1.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).

TABLE 3 Summary of CC50, EC50, and SI values of the compounds against BIRFLU during
cotreatment in MDCK cellsa

Compound

Activity statistics of compound against BIRFLUb

CC50 (MTT) (�M) CC50 (XTT) EC50 SI (MTT) SI (XTT)

AmA �50.00 �2.54 nM 34.69 nM �1,441.33 �0.07
BRQ �50.00 �50.00 �M �50.00 �M 1.00 1.00
6-Azauridine 42.66 �50.00 �M 7.52 �M 5.67 �6.65
Azaribine 19.66 �50.00 �M 3.75 �M 5.24 �13.33
PF 33.35 �50.00 �M 2.04 �M 16.35 �24.51
AVN-944 29.61 �50.00 �M 37.78 �M 0.78 �1.32
MMF �50.00 �50.00 �M �50.00 �M 1.00 1.00
MPA �50.00 �50.00 �M �50.00 �M 1.00 1.00
Ribavirin �50.00 �50.00 �M �50.00 �M 1.00 1.00
aBIRFLU, A/Puerto Rico/8/34 H1N1.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).
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ribine, and PF), GMP synthesis (AVN-944, MMF, and MPA), and apoptosis (obatoclax and
Osu-03012). All of the compounds, except obatoclax and Osu-03012, exhibited different
levels of safety and antiviral activity against IAV infection (Fig. 2 to 4 and Table 1), with
SI-MTT values ranging from 28.90 to 13,157.89 and SI-XTT values (except that of AmA)
ranging from 28.90 to 1,285.35 in posttreatment settings (Table 1). We observed
differences in antiviral activity when the compounds were used in pretreatment and
cotreatment experiments (Fig. 5 and 6 and Tables 2 and 3). Our results indicated that
compounds with antiviral activity targeted viral genome replication or gene transcrip-
tion or both (Fig. 7) without affecting RNA polymerase II mediated cellular transcription
(Fig. 8). Our findings support the feasibility of using these compounds for the treatment
of seasonal influenza viruses, including currently circulating human H1N1 and H3N2
IAVs and IBV (Fig. 9). Comparable CC50 (MTT and XTT) and EC50 values were obtained
in A549 (Fig. 10 and Table 5) and 16HBE cells (Fig. 11 and Table 6), supporting the
feasibility of repurposing these drugs for the treatment of influenza viral infections in
humans.

FIG 7 Inhibition of viral replication and transcription. Human 293T cells (96-well plate format; 5.0 � 104 cells/well; quadruplicates) were transiently transfected
with 125 ng of ambisense pDZ plasmids encoding PR8 PB2, PB1, PA, and NP, together with 250 ng of hpPol-I Gluc and hpPol-I GFP vRNA-like expression
plasmids and 50 ng of pCAGGS-Cluc. Cells transfected in the absence of pDZ-PB2 were used as a negative control. After 6 h, transfection medium was replaced
with medium containing 3-fold serial dilutions of the indicated compounds (starting concentration of 50 �M). At 24 h posttransfection, Gluc and Cluc
expression levels were determined from tissue culture supernatants from transfected cells. Transfected cells were also imaged for GFP expression using a
fluorescence microscope. Cells treated with 0.1% DMSO vehicle were used as an internal control. The EC50 was calculated as a percentage relative to values
obtained with DMSO vehicle-treated cells. Dotted lines indicate 50% inhibition viral replication and transcription. Data are expressed as mean and SD from
three independent experiments conducted in quadruplicate. Bar, 50 �m.

Park et al. Journal of Virology

April 2020 Volume 94 Issue 7 e02149-19 jvi.asm.org 10

https://jvi.asm.org


The different compounds could be grouped into five different categories based on
their potential mechanism of antiviral activity. The first group included AmA, a known
inhibitor of de novo ATP synthesis (26). AmA is known to inhibit the cellular mETC III,
resulting in generation of ROS and suppression of production of ATP (26, 27). AmA has
been described to have antiviral activity against multiple viruses, including porcine
reproductive and respiratory syndrome virus (PRRSV) (28), dengue virus (DENV) (29),
Venezuelan and Western equine encephalitis viruses (VEEV and WEEV, respectively), La
Crosse virus (LACV), vesicular stomatitis virus (VSV), encephalomyocarditis virus (EMCV),
Sendai virus (SeV), and hepatitis C virus (HCV) (26). Likewise, AmA has been described
as inhibiting influenza viral budding (30) and protein expression (31). Although these
previous findings imply that the antiviral effects of AmA take place only after the virus
enters the cells, our results also demonstrate that AmA inhibits influenza infection in
pretreated or cotreated settings (Fig. 5 and 6). Although AmA showed the most potent
EC50 values in MDCK and 16HBE cells, the SI values were different in MDCK cells
because of the different results with the cell viability assays (SI-MTT � 13,157.89 versus
SI-XTT � 0.66) (Table 1). Although both MTT and XTT assays measure cellular prolifer-
ation (32), the MTT assay is influenced not only by the mitochondrial electron chain but
also by nonmitochondrial components and processes, such as oxidoreductases, super-
oxides, and/or glycolysis (33). It is possible that these differences are responsible for the
different CC50 values for AmA in MDCK cells in the MTT (CC50 � 50.00 �M) and XTT
(CC50 � 2.54 nM) assays. Importantly, as shown in Fig. 8, AmA did not inhibit RNA

FIG 8 Inhibition of cellular host gene expression. MDCK cells (96-well plates; 5.0 � 104 cells/well; quadruplicates) were transiently transfected with 50 ng of
pCAGGS-Gluc plasmid. After 6 h, transfection medium was replaced with medium containing serial 3-fold dilutions (starting concentration 50 �M) of the
indicated compounds. At 24 h posttransfection (hpt), Gluc expression levels were determined from tissue culture supernatants. Cells treated with 0.1% DMSO
vehicle were used as an internal control. The EC50 was calculated as a percentage relative to values obtained with DMSO vehicle-treated cells. Dotted lines
indicate 50% inhibition of reporter gene expression (Gluc). Data are expressed as mean and SD from three independent experiments conducted in
quadruplicates.
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FIG 9 Inhibition of seasonal H1N1 and H3N2 IAVs and IBV. Confluent monolayers of MDCK cells (96-well plates; 5.0 � 104 cells/well; quadruplicates) were
infected with 200 FFU of the indicated Venus-expressing A/California/04/09 H1N1 (pH1N1) and A/Wyoming/3/03 H3N2 IAVs or with B/Brisbane/60/08 IBV.

(Continued on next page)
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polymerase II activity in human 293T cells or cellular proliferation (both MTT and XTT)
in human A549 or 16HBE cells (Fig. 10 and 11, respectively, and Tables 5 and 6,
respectively), suggesting the feasibility of using AmA for the treatment of influenza
infections in humans. It is also possible that the different CC50 values for AmA in canine
(MDCK) and human (A549 and 16HBE) cells with the XTT assay are cell specific.

The second group of compounds included BRQ, a known inhibitor of DHODH, a key
enzyme of the pyrimidine biosynthesis pathway (34). Previous studies have described
the antiviral effect of BRQ against yellow fever virus (YFV) (34), Kunjin virus (34), DENV
(34, 35), and IAV (36). In the case of IAV, BRQ was reported to have an EC50 of 2.6 �M
and an SI of �3.8 against an influenza A/WSN/33 H1N1 strain expressing Nluc in a
human bronchial epithelial BEAS-2B cell line (36). These values are different than those
observed in our studies with PR8 BIRFLU (EC50 � 0.58 �M and SI � 86.21 in MDCK cells;
EC50 � 0.14 �M and SI � 357.14 in A549 cells), pH1N1 (EC50 � 0.78 �M and SI � 64.10
in MDCK cells), H3N2 (EC50 � 0.62 �M and SI � 80.65 in MDCK cells), and IBV (EC50 �

0.25 �M and SI � 200.00 in MDCK cells) (Table 4), which likely reflects differences in
virus strains, cell types, and/or assay conditions.

The third group included the orotidine monophosphate decarboxylase (OMPD)
inhibitors 6-azauridine, azaribine, and PF (34, 37–39). OMPD catalyzes key steps in
pyrimidine synthesis, and, as with the DHODH inhibitors, these compounds inhibit de

FIG 9 Legend (Continued)
After 1 h of viral adsorption, the indicated concentrations (3-fold serial dilutions, starting concentration of 50 �M) of the different compounds or 0.1%
DMSO vehicle control were added to the postinfection medium. Cells treated with 0.1% DMSO vehicle were used as an internal control. At 48 hpi, infected
cells were evaluated for viral infection by Venus fluorescence expression using a fluorescence microscope or a fluorescent plate reader. Percent viral
infection and the EC50 were calculated based on Nluc expression. Dotted lines indicate 50% viral inhibition. Data are expressed as mean and SD from
three independent experiments conducted in quadruplicates. Bar, 50 �m.

TABLE 4 Summary of CC50, EC50, and SI values of the compounds against seasonal H1N1
and H3N2 IAVs and IBV during posttreatment in MDCK cells

Virusa Compound

Activity statistics of compound against virusb

CC50 (MTT) (�M) CC50 (XTT) EC50 SI (MTT) SI (XTT)

pH1N1 AmA �50.00 �2.54 nM 5.93 nM �8,431.70 �0.43
pH1N1 BRQ �50.00 �50.00 �M 0.78 �M �64.10 �64.10
pH1N1 6-Azauridine 42.66 �50.00 �M 0.52 �M 82.04 �96.15
pH1N1 Azaribine 19.66 �50.00 �M 0.60 �M 32.77 �83.33
pH1N1 PF 33.35 �50.00 �M 0.14 �M 238.21 �357.14
pH1N1 AVN-944 29.61 �50.00 �M 0.15 �M 197.4 �333.33
pH1N1 MMF �50.00 �50.00 �M 1.23 �M �40.65 �40.65
pH1N1 MPA �50.00 �50.00 �M 2.04 �M �24.51 �24.51
pH1N1 Ribavirin �50.00 �50.00 �M 8.06 �M �6.20 �6.20
H3N2 AmA �50.00 �2.54 nM 1.08 nM �46,296.30 �2.35
H3N2 BRQ �50.00 �50.00 �M 0.62 �M �80.65 �80.65
H3N2 6-Azauridine 42.66 �50.00 �M 0.41 �M 104.05 �121.95
H3N2 Azaribine 19.66 �50.00 �M 0.77 �M 25.53 �64.94
H3N2 PF 33.35 �50.00 �M 0.28 �M 119.11 �178.57
H3N2 AVN-944 29.61 �50.00 �M 0.99 �M 29.91 �50.51
H3N2 MMF �50.00 �50.00 �M 0.36 �M 138.89 138.89
H3N2 MPA �50.00 �50.00 �M 0.83 �M 60.24 60.24
H3N2 Ribavirin �50.00 �50.00 �M 4.89 �M �10.22 �10.22
IBV AmA �50.00 �2.54 nM 5.81 nM �8,605.85 �0.44
IBV BRQ �50.00 �50.00 �M 0.25 �M �200.00 �200.00
IBV 6-Azauridine 42.66 �50.00 �M 0.71 �M 60.08 �70.42
IBV Azaribine 19.66 �50.00 �M 0.80 �M 24.57 �62.50
IBV PF 33.35 �50.00 �M 63.51 nM 525.11 �787.28
IBV AVN-944 29.61 �50.00 �M 0.11 �M 269.18 �454.54
IBV MMF �50.00 �50.00 �M 0.10 �M �500.00 �500.00
IBV MPA �50.00 �50.00 �M 0.79 �M �63.29 �63.29
IBV Ribavirin �50.00 �50.00 �M 0.11 �M �454.55 �454.55
apH1N1, A/California/04/09 H1N1; H3N2, A/Wyoming/03/03 H3N2; IBV, B/Brisbane/60/08.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).
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novo pyrimidine synthesis (34). Pyrimidine biosynthesis inhibitors have shown very
limited in vivo efficacy as antiviral drugs (40, 41), likely reflecting that the pyrimidine
salvage pathway can provide infected cells with levels of pyrimidine pools able to
counteracting the effect of pyrimidine de novo biosynthesis inhibitors. Therefore,
targeting the pyrimidine salvage pathway might enhance the antiviral effect of pyrim-
idine biosynthesis inhibitors in vivo. This strategy is supported by the fact that inter-
fering with the activity of uridine-cytidine kinase 2 (UCK2), a key enzyme of the
pyrimidine salvage pathway, sensitized cells to treatment with a DHODH inhibitor (42).
6-Azauridine is metabolized from azaribine and is known to inhibit a wide range of RNA

FIG 10 Toxicity and inhibition of BIRFLU in human A549 cells. Confluent monolayers (96-well plates; 5.0 � 104 cells/well; quadruplicates) of human A549 cells
were infected with 200 FFU of BIRFLU. After 1 h of viral adsorption, the indicated concentrations (3-fold serial dilutions, starting concentration of 50 �M) of the
indicated compounds or 0.1% DMSO vehicle control were added to the postinfection media. At 48 hpi, tissue culture supernatants from infected A549 cells
were collected and used to measure Nluc expression. Images of Venus expression were taken using a fluorescence microscope. Percent viral infection and the
EC50 were calculated based on Nluc expression. Dotted lines indicate 50% viral inhibition. Data are expressed as mean and SD from three independent
experiments conducted in quadruplicates. Bar, 50 �m.
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viruses, including WNV (43, 44), YFV (44), Langat virus (LGTV) (44), Wesselsbron virus
(WESSV) (44), Zika virus (ZIKV) (44), Usutu virus (USUV) (44), Rift Valley fever virus (RVFV)
(45), and IAV (46, 47). PF was isolated from Streptomyces candidus (48) and is reported
to have broad-spectrum antimicrobial activities (37, 49, 50).

The fourth group included the IMPDH inhibitors AVN-944, MMF, and MPA, which,
similarly to ribavirin, inhibit the replication of DNA and RNA viruses via reduction of GTP
pools in infected cells (51–54). IMPDH is a key enzyme in the de novo synthesis of GMP,
and its inhibition by AVN-944, MMF, and MPA results in depleted pools of intracellular
GMP (54). AVN-944 has been developed mainly for the treatment of cancer (55). It was
tested in a human phase I clinical trial in doses of up to 250 mg without showing
serious side effects (56). MMF, a prodrug of MPA, is an immunosuppressive agent that
is commonly used as a prophylactic for allograft rejections in kidney, cardiac, or liver
transplants (54, 57, 58). MMF and MPA have been described to have antiviral activity
against IAV (MMF and MPA) and IBV (MPA) (51–53). MMF and MPA exhibited similar
inhibitory activities, with EC50 values of 0.208 �M against B/Hong Kong/411989/2011
(53), 0.24 �M against A/WSN/1933 H1N1 (52), and 1.51 �M against A/Hong Kong/
415742/2009 H1N1 (53) in the case of MPA; and 0.94 �M against A/Vietnam/1194/2004
H5N1 in the case of MMF (51).

The fifth group included the inducers of apoptosis obatoclax and Osu-03012 (59, 60).
Obatoclax has been described to have antitumor activity in several hematologic
malignant tumors, including leukemia and myelodysplasia (60, 61). Osu-03012 is a
derivative of celecoxib (59, 62) and has been previously shown to inhibit mumps, IAV
and IBV, measles, Junı́n virus, rubella virus, and HIV infections by stimulating autopha-
gosome formation (62). However, we did not observe any antiviral activity against IAV
in our study.

MDCK cells are the gold standard cell line to study influenza virus infection in
multiple laboratories, but we also investigated the toxicity and antiviral activity of the
compounds in more relevant human A549 and 16HBE cells (Fig. 10 and 11, respec-
tively). While all of the compounds had antiviral activity against BIRFLU in human A549
and 16HBE cells, their antiviral effects in human cells were different from those
observed in MDCK cells. Previous studies have already reported that influenza virus
replicates to a lesser extent in A549 or 16HBE than in MDCK cells, with viral titers being
lower in A549 and 16HBE than in MDCK cells (63, 64). Differences in virus replication
may account for the observed differences in antiviral activity of the compounds in these
three cell lines (Tables 1, 5, and 6).

In conclusion, our study has identified AmA, BRQ, 6-azauridin, azaribine, PF, AVN-
944, MMF, and MPA as drugs that should be further investigated for their potential
repurposing for the treatment of IAV and IBV infections. Moreover, and due to the
different mechanisms of antiviral activity, it is feasible that a mixture of these com-
pounds, alone or in combination with currently in-use influenza antivirals, could be

TABLE 5 Summary of CC50, EC50, and SI values of the compounds against BIRFLU during
posttreatment in A549 cellsa

Compound

Activity statistics of compound against BIRFLUb

CC50 (MTT) (�M) CC50 (XTT) (�M) EC50 (�M) SI (MTT) SI (XTT)

AmA �50.00 �50.00 20.24 �2.47 �2.47
BRQ �50.00 �50.00 0.14 �357.14 �357.14
6-Azauridine �50.00 �50.00 0.35 �142.86 �142.86
Azaribine �50.00 �50.00 0.55 �90.91 �90.91
PF �50.00 �50.00 2.06 �24.27 �24.27
AVN-944 48.48 �50.00 0.77 62.96 64.93
MMF �50.00 �50.00 11.57 �4.32 �4.32
MPA �50.00 �50.00 22.71 �2.20 �2.20
Ribavirin �50.00 �50.00 37.37 �1.33 �1.33
aBIRFLU, A/Puerto Rico/8/34 H1N1.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).
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implemented for the treatment of influenza infections. Future pharmacologic and in
vivo studies will need to be undertaken to demonstrate the antiviral activity of the
compounds in validated animal models for the feasibility of treating influenza viral
infections. Likewise, studies aimed at identifying potential drug-resistant mutants will
further support the feasibility of treating influenza viral infections with these new
antiviral compounds, but since these antivirals target cellular host proteins that are
important for influenza viral replication rather than the virus itself, it is unlikely that IAV
and/or IBV could escape the antiviral effect of these compounds. Importantly, identi-
fication of new host factors required by these and other antivirals against influenza

FIG 11 Toxicity and inhibition of A/New Caledonia/20/1999 H1N1 in 16HBE cells. Confluent monolayers (96-well plate format; 5.0 � 104 cells/well; quadrupli-
cates) of primary human bronchial epithelial (HBE) immortalized (16HBE) cells were infected with 50 PFU of A/New Caledonia/20/1999 H1N1 (NC H1N1). After
1 h of viral adsorption, the indicated concentrations (3-fold serial dilutions, starting concentration of 50 �M) of the different compounds or 0.1% DMSO vehicle
control with 1% Avicel were added to the postinfection medium. At 72 hpi, cells were fixed and immunostained with anti-NP monoclonal antibody (MAb)
(HB-65) and followed by fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Ab). Images of FITC Ab were taken using a fluorescence microscope.
Percent viral infection and the EC50 were calculated based on Nluc expression. Dotted lines indicate 50% viral inhibition. Data are expressed as mean and SD
from three independent experiments conducted in quadruplicates. Bar, 50 �m.
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infection could also reveal new cellular pathways that could be targeted for the rational
design of new antivirals for the treatment of influenza infections.

MATERIALS AND METHODS
Cell lines. Madin-Darby canine kidney (MDCK) (ATCC CCL-34), primary human bronchial epithelial

(HBE) immortalized (16HBE), human adenocarcinoma alveolar basal epithelial A549 (ATCC CCL-185), and
human embryonic kidney 293T (ATCC CRL-11268) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Mediatech, Inc.) supplemented with 5% fetal bovine serum (FBS) and 1% PSG (100 U/ml
penicillin, 100 �g/ml streptomycin, and 2 mM L-glutamine) at 37°C in a 5% CO2 atmosphere (65).

Influenza viruses. Influenza A/Puerto Rico/8/34 (PR8) H1N1 bireporter influenza A virus (BIRFLU)
expressing two reporter genes (Venus and Nano luciferase [Nluc]) (21), pandemic influenza A/California/
04/2009 expressing Venus (pH1N1-Venus) (66), and influenza B/Brisbane/60/2008 expressing Venus
(IBV-Venus) (67) were prepared as previously described (21, 66, 67). Influenza A/Wyoming/3/2003
expressing Venus (H3N2-Venus) was generated and prepared as previously described (68). Influenza
A/New Caledonia/20/1999 H1N1 (NC H1N1) was propagated in MDCK cells as previously described (23).

Compounds. Antimycin A (AmA, catalog no. A8674; Sigma-Aldrich), 6-azauridine (catalog no. A1882;
Sigma-Aldrich), azaribine (catalog no. T340057; Sigma-Aldrich), brequinar (BRQ, catalog no. SML0113;
Sigma-Aldrich), AVN-944 (catalog no. A13652; AdooQ Bio), mycophenolate mofetil, (MMF, catalog no.
J90063; AkSci), mycophenolic acid (MPA, catalog no. E480; AkSci), pyrazofurin (PF, catalog no. SLM1502;
Sigma-Aldrich,), obatoclax (catalog no. V2454; AkSci), Osu-03012 (catalog no. Y0267; AkSci), and ribavirin
(catalog no. AK-49185; Ark Pharmer) were prepared as a 10 mM stock solution in dimethyl sulfoxide
(DMSO) and kept at �20°C until experimental use. Each drug was diluted in infectious DMEM supple-
mented with 2% FBS and 1% PSG medium at the maximum DMSO concentration of 0.1%.

Cell viability assay. MDCK, 16HBE, and A549 cell viabilities were determined using the MTT assay
(CellTiter 96 nonradioactive cell proliferation assay; Promega) and/or the XTT assay (cell viability and
proliferation assay, Sigma-Aldrich) following the manufacturer’s instructions and as described previously
(32). Briefly, confluent monolayers (96-well plate format; 5.0 � 104 cells/well; quadruplicates) of MDCK or
A549 cells were treated with 100 �l of DMEM containing serially diluted (3-fold dilutions, starting
concentration of 50 �M) compounds or with 0.1% DMSO (vehicle control). Plates were incubated at 37°C
in a 5% CO2 atmosphere for 48 h. Cells and supernatants were treated with either 15 �l of dye solution
for the MTT assay or 100 �l of XTT labeling reagent for the XTT assay and incubated at 37°C in a 5% CO2

atmosphere for 4 h. Next, absorbance at 570 nm of cells was measured using a VMax kinetic microplate
reader (Molecular Devices, Waltham, MA). Viability of compound-treated cells was calculated as a percentage
relative to values obtained with DMSO vehicle-treated cells. Nonlinear regression curves and the median
cytotoxic concentration (CC50) were calculated using GraphPad Prism software version 8.0 (32).

Virus inhibition assay. Confluent monolayers (96-plate format; 5.0 � 104 cells/well; quadruplicates) of
MDCK or A549 cells were infected with 200 fluorescence-forming units (FFU)/well of BIRFLU, H3N2-Venus,
pH1N1-Venus, or IBV-Venus at room temperature for 1 h. 16HBE cells were similarly infected with 50 PFU/well
of NC H1N1 at room temperature for 1 h. After viral absorption, cells were washed three times with
phosphate-buffered saline (PBS) and incubated with virus infection medium containing 1 �g/ml of N-tosyl-
L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma). The different compounds or 0.1% DMSO
vehicle control were used to treat cells either 1 h before virus infection (pretreatment), simultaneously with
virus inoculum (cotreatment), or after virus absorption (posttreatment). Infected cells were incubated at 33°C
for 48 h. In the case of BIRFLU, tissue culture supernatants were collected and used to measure Nluc
expression using the Nano-Glo luciferase substrate (Promega) and a Lumicount luminometer. For the
inhibition assay in 16HBE cells with NC H1N1, a microplaque reduction assay was used. Briefly, infected cells
were incubated at 37°C for 72 h with infection medium containing the indicated concentrations and 1%
Avicel. Then, cells were fixed for immunostaining with an anti-nucleoprotein (anti-NP) monoclonal antibody
(MAb) (HB-65) as the primary antibody (Ab), and incubated with fluorescein isothiocyanate (FITC)-conjugated
rabbit anti-mouse IgG secondary antibody (Dako) as the secondary Ab. Stained plaques were counted and the

TABLE 6 Summary of CC50, EC50, and SI values of the compounds against NC H1N1
during posttreatment in 16HBE cellsa

Compound

Activity statistics of compound against NC H1N1b

CC50 (MTT) (�M) CC50 (XTT) (�M) EC50 SI (MTT) SI (XTT)

AmA �50.00 �50.00 5.49 nM �9,107.46 �9,107.46
BRQ �13.66 �50.00 0.14 �M �97.57 �357.14
6-Azauridine 40.66 �50.00 1.32 �M 30.80 �37.88
Azaribine �50.00 �50.00 1.58 �M �31.65 �31.65
PF 13.77 �50.00 0.19 �M 81.00 �263.16
AVN-944 �50.00 �50.00 0.18 �M �277.78 �277.78
MMF �50.00 �50.00 0.18 �M �277.78 �277.78
MPA �50.00 �50.00 0.21 �M �238.10 �238.10
Ribavirin �50.00 �50.00 0.93 �M �53.76 �53.76
aNC H1N1, A/New Caledonia/20/1999 H1N1.
bCC50, median 50% cytotoxicity concentration; EC50, median 50% effective concentration; SI, selective index
(CC50/EC50).
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percentage of viral infection was calculated. In the cases of Venus-expressing pH1N1, H3N2, and IBV, cells
were washed with PBS, and Venus expression levels were measured using a fluorescence plate reader
(DTX-880; Becton, Dickinson). Percent of viral infection was calculated based on Nluc or Venus measurements.
Images of immunostaining or Venus expression were obtained using a fluorescence microscope (Nikon
Eclipse TE2000). Individual wells in the quadruplicates were used to calculate the average and standard
deviation (SD) of viral inhibition using Microsoft Excel software. The median inhibitory concentration (EC50)
was determined by a sigmoidal dose response curve (GraphPad Prism, version 8.0).

Virus growth kinetics inhibition. Multicycle virus growth kinetic inhibitions were evaluated in
confluent monolayers of MDCK cells (24-well plate format; 2.5 � 105 cells/well; triplicates) infected with
BIRFLU at a multiplicity of infection (MOI) of 0.01. After 1 h of viral absorption at room temperature, cells
were washed with PBS and incubated with infection medium containing the indicated concentrations
(0.1, 1, and 10 EC50) of each compound. At 24, 48, and 72 h postinfection (hpi), viruses in culture
supernatants were determined using an immunofocus assay (fluorescence-forming units [FFU]/ml) (24).

Hemagglutination and hemagglutinin inhibition assays. HA (hemagglutination) and HAI (hem-
agglutinin inhibition) assays were used to determine the HA-neutralizing ability of the compounds (69).
For both assays, the compounds were serially diluted (2-fold, starting concentration of 1,000 �M) in
96-well V-bottom plates. HA titers were determined by adding 0.5% turkey red blood cells (RBCs) to the
serially diluted compounds for 30 min on ice. For the HAI assay, four hemagglutinating units (HAU) of BIRFLU
were added to the serially diluted compounds and incubated for 60 min at room temperature. HAI titers were
evaluated after adding 0.5% turkey RBCs to the virus-compound mixtures for 30 min on ice. The HAI titer was
defined as the minimum concentration of the compound that inhibited hemagglutination.

Minigenome assay. To analyze the ability of the compounds to inhibit influenza polymerase
replication and transcription activity, we used a previously described minigenome (MG) assay (65). Briefly,
human 293T cells (5.0 � 105 cells/well; 12-well plate format; quadruplicates) were transiently cotrans-
fected in suspension, using Lipofectamine 2000 (LPF2000; Invitrogen) with 125 ng of each of the
ambisense pDZ-PB2, pDZ-PB1, pDZ-PA, and pDZ-NP plasmids; 250 ng of an IAV MG viral RNA (vRNA)-like
expression plasmids encoding Gaussia luciferase (Gluc) or GFP driven by a human RNA polymerase I
promoter (hpPol-I Gluc and hpPol-I GFP, respectively); and 50 ng of a plasmid constitutively expressing
Cypridina luciferase (Cluc) (pCAGGS-Cluc). Cells transfected in the absence of pDZ-PB2 were used as a
negative control. At 6 h posttransfection (hpt), transfection medium was replaced with medium containing
serially diluted compounds (3-fold dilutions, starting concentration of 50 �M) and incubated at 33°C. At 24
hpt, Gluc and Cluc expression levels were determined using the BioLux Gaussia luciferase assay kit (New
England BioLabs) and the BioLux Cypridina luciferase assay kit (New England BioLabs), using a Lumicount
luminometer (Packard). The mean value and SD value were calculated using Microsoft Excel software.

Inhibition of host gene expression. To evaluate the effect of the compounds on host protein
synthesis, MDCK cells (5.0 � 104 cells/well; 96-well plates; quadruplicates) were transiently transfected,
using LPF2000, with 50 ng of a plasmid expressing Gluc under a polymerase II-dependent promoter
(pCAGGS-Gluc). After 6 h, transfection medium was replaced with medium containing serial dilutions
(3-fold dilutions, starting concentration of 50 �M) of the indicated compounds. At 24 hpt, Gluc expres-
sion levels were determined from tissue culture supernatants using the BioLux Gaussia luciferase assay
kit (New England BioLabs) and a Lumicount luminometer (Packard) (65). The mean value and SD value
were calculated using Microsoft Excel software.

Statistical analysis. The unpaired Student’s t test was used to evaluate significant differences. Data
of at least three independent experiments in quadruplicates are expressed as the mean � standard
deviation (SD), which were calculated using Microsoft Excel software. Values were considered statistically
significant when P � 0.05 (*), P � 0.01 (***), or P � 0.001 (***), or were not significant (n.s.). All data were
analyzed using Prism software version 8.0 (GraphPad Software, CA, USA). CC50 and EC50 were drawn
using sigmoidal dose response curves (GraphPad Software), and the selective index (SI) of each
compound was evaluated by dividing the CC50 by the EC50.
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