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Summary

Seasonal flu as well as potential pandemic flu outbreaks continuously underscores the importance 

of the preventive and therapeutic measures against influenza viruses. During screening of natural 

and synthetic small molecules against influenza A and B virus, we identified juniferdin as a highly 

effective inhibitor against both viruses in cells. Since juniferdin is known to inhibit protein 

disulfide isomerases (PDIs), multiple PDI inhibitors were tested against these viruses. Among PDI 

inhibitors, 16F16, PACMA31, isoquercetin, epigallocatechin-3-gallate or nitazoxanide 

significantly reduced the replication of influenza A and B viruses in MDCK and A549 cells. 

Furthermore, siRNAs specific to three PDI family members (PDI1, PDIA3 or PDIA4) also 

significantly reduced the replication of influenza A and B viruses in cells. These results suggest 

that PDIs may serve as excellent targets for the development of new anti-influenza drugs.

1. Introduction

Influenza viruses belong to the family Orthomyxoviridae, which contains seven genera, 

influenza virus A, B, C, D, Isavirus, Quaranjavirus and Thogotovirus (Adams et al., 2017). 

Influenza A viruses are further divided into subtypes on the basis of two viral envelope 

proteins, hemagglutinin (HA) and neuraminidase (NA). Influenza A viruses infect humans 

and animals including pigs, horses and birds but influenza B virus is found only in humans. 

Two subtypes of Influenza A viruses, H1N1 and H3N2, and influenza B viruses cause 

seasonal flu in humans. In any given year seasonal flu causes 3-5 million cases of severe 

illness and up to 500,000 deaths worldwide (WHO, 2015). In the U.S alone, up to 48,000 

deaths (1.4 to 16.7 deaths per 100,000 people during 1976–2007) occur due to influenza-

related complications each year (CDC, 2010). Furthermore, recent emergence of new highly 

pathogenic influenza viruses in humans such as influenza A H7N9 virus in China in early 

2013 and highly pathogenic avian influenza H5 strains (including H5N2, H5N8 and H5N1) 
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in the domestic and wild birds in the US indicate that influenza viruses continue to be a 

public health threat (USDA-APHIS, 2015).

Currently, four FDA-approved drugs, amantadine, rimantadine, oseltamivir, and zanamivir, 

are available for influenza infection (Palese and Shaw, 2007; Yen, 2016). However, the M2 

channel blockers, amantadine and rimantadine, are no longer recommended for use due to 

widespread resistance among seasonal influenza viruses. The majority of seasonal flu 

viruses, including 2009 H1N1 as well as H3N2, are still susceptible to neuraminidase (NA) 

inhibitors, oseltamivir and zanamivir. However, there is a growing concern that resistance to 

NA inhibitors may rise in the future, rendering the current influenza drugs unusable (Poland 

et al., 2009). Therefore, identification of new drug target for the development of new 

influenza drug broadly effective against influenza A and B viruses and less likely be 

associated with drug resistance is urgently needed.

PDIs are oxidoreductases of the thioredoxin superfamily and more than 20 members of PDIs 

are found in eukaryotic cells (Appenzeller-Herzog and Ellgaard, 2008). PDIs participate in 

diverse physiological and pathophysiolocal roles by functioning as redox-dependent 

chaperones and catalyzing the formation and rearrangement of disulfide bonds (Ali Khan 

and Mutus, 2014; Appenzeller-Herzog and Ellgaard, 2008). PDIs have also been implicated 

in the entry of HIV (Barbouche et al., 2003; Fenouillet et al., 2001; Gallina et al., 2002; 

Khan et al., 2011; Markovic et al., 2004; Ryser et al., 1994), Sindbis virus (Abell and 

Brown, 1993), mouse polyomavirus virus (Gilbert et al., 2006) and Newcastle disease virus 

(Jain et al., 2007). In the case of influenza virus infection, knockdown of the expression of 

PDIA3 (also known as ERp57) by siRNA in cells was reported to inhibit maturation of HA 

protein (Solda et al., 2006) and influenza virus replication (Roberson et al., 2012b), which 

necessitates further investigation on the effects of PDIs in influenza virus infection.

In this study we found that juniferdin, a natural compound with a potent PDI inhibitory 

activity, significantly inhibited the replication of influenza A and B virus in cells. We also 

identified synthetic PDI inhibitors that suppress influenza A and B viruses in cells. In 

addition, siRNAs specific to PDI1, PDIA3 or PDIA4 significantly suppressed the replication 

of influenza A and B viruses in cell culture. These results suggest that PDIs play important 

roles in influenza virus replication and may serve as the potential therapeutic targets for the 

antiviral drug development against influenza viruses.

2. Materials and methods

2.1. Cells and viruses

Madin-Darby canine kidney (MDCK), A549 (human lung cell line), or MA104 cells 

(monkey kidney cell line) were maintained in Minimum Essential Medium (MEM) 

containing 10% fetal bovine serum and antibiotics (penicillin and streptomycin). Human 

influenza A virus (A/WS/33 [H1N1]) and B virus (B/Lee/40) were obtained from ATCC 

(Manassas, VA). Swine influenza A virus (A/swine/OH/511445/2007 [H1N1], Oh7), a triple 

human/avian/swine reassortant strain, was isolated from pigs at Ohio county fair that 

infected both pigs and humans in 2007 (Vincent et al., 2009). Those influenza viruses were 
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propagated in MDCK cells. Group A rotavirus SA11 was also obtained from ATCC and 

propagated in MA104 cells (Dutta et al., 2011).

2.2. Influenza virus titration. Tissue Culture Infectious Dose 50 (TCID50) method

A standard TCID50 method with the 10-fold dilutions of each sample was used for virus 

titration (Reed and Muench, 1938). Real-Time qRT-PCR. Viral RNAs were extracted from 

cells using the RNeasy kit according to the manufacturer’s directions (Qiagen, Valencia, 

CA). Virus specific primers and probe were synthesized based on literature (Schweiger et 

al., 2000). The primer sequences for influenza A virus M gene were: Forward 5′-

CATGGAATGGCTAAAGACAAGACC-3′ and reverse 5′-

AAGTGCACCAGCAGAATAACTGAG-3′. The probe sequence used was: FAM-5′-

CTGCAGCGTAGACGCTTTGTCCAAAATG-3′-Iowa Black. Using the One-step Platinum 

qRT-PCR kit (Invitrogen, Carlsbad, CA), the qRT-PCR amplification was performed in a 

SmartCycler (Cepheid, Sunnyvale, CA) with the following parameters: 45°C for 30 min, and 

95°C 10 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 1 

min and elongation at 72°C for 30 s. Western blot analysis. Western blot analysis was 

performed with cell lysates at 24 hr post infection (PI) before extensive cytopathic effects 

(CPE) appeared. Cell lysates from virus infected MDCK cells with or without various 

treatments were prepared by adding sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) sample buffer containing 2% β-mercaptoethanol and 

sonication for 20 s. Then the proteins were resolved in a 10% Novex Bis-Glycin gel 

(Invitrogen, Carlsbad, CA) and transferred to a nitrocellulose membrane. The transferred 

nitrocellulose membranes were incubated with primary goat antibodies to influenza viruses 

(whole virions) (Santa Cruz Biotech, Santa Cruz, CA) overnight, and then with the 

secondary antibodies conjugated with peroxidase for 2 hr. Following incubation with a 

chemiluminescent substrate (SuperSignal West Pico Chemiluminescent Substrate, Pierce 

biotechnology, Rockford, IL), the signals were visualized by FOTO/Analyst Luminary/FX 

Systems (Fotodyne Inc, Harland, WI).

2.3. Small molecule inhibitors

Because juniferdine is known a PDI inhibitor (Khan et al., 2011), other known inhibitors of 

PDI including bacitracin A (Jain et al., 2007), Di-tert-butyl nitroxide (DTBN) (Jain et al., 

2007), 16F16 (Hoffstrom et al., 2010), PACMA31(Xu et al., 2012), isoquercetin (IQ) (Furie 

and Flaumenhaft, 2014) and NTZ (Muller et al., 2008) were obtained to test against 

influenza viruses. EGCG was also included because it was reported to have anti-influenza 

virus activity (Nakayama et al., 1993; Song et al., 2005; Steinmann et al., 2013; Thapa et al., 

2012). The structures of some of these compounds are shown in Figure 1. As controls, 

amantadine and oseltamivir phosphate (oseltamivir) were included as controls for anti-

influenza virus activity. Hsp90 inhibitors, geldanamycin (GDA) and 17-N-Allylamino-17-

demethoxygeldanamycin (17-AAG), are reported to inhibit the replication of rotavirus and 

are used as controls for rotavirus inhibition. All compounds were purchased from Sigma-

Aldrich (St. Louis, MO), except for juniferdine which was obtained from Namiki Shonki 

Co, Tokyo, Japan. Each compound was dissolved in dimethyl sulfoxide (DMSO), and 0.1% 

DMSO was used as a negative control. Confluent monolayers of MDCK or A549 cells were 

prepared in 12 well plates. Influenza virus (A/WS/33, Oh7 or B/Lee/40) was inoculated to 
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the cells at a multiplicity of infection (MOI) of 0.1 (for TCID50) or 5 (for Western blot and 

qRT-PCR) in the presence of each compound at various concentrations (0.1 μM – 1 mM) for 

1 hr. Then, the cells were washed with phosphate buffered saline (PBS) and fresh media 

containing the compound and trypsin (2 μg/ml) was added to the cells for further incubation 

at 37°C for up to 2 days. Amantadine or oseltamivir served as positive controls. Virus 

replication was assessed with various methods including Western blot analysis, virus 

titration with TCID50 method, and/or real time qRT-PCR. The effective concentration that 

reduces virus replication by 50% (EC50) was determined for each compound by conducting 

nonlinear regression analyses of dose-response curves of virus titers against log inhibitor 

concentrations (variable slope) using GraphPad Prism software (GraphPad Software, San 

Diego, CA). Each compound was also tested against the replication of rotavirus (SA11) in 

MA104 cells following the same procedure, including the use of trypsin (2 μg/ml) in the 

media.

2.4. Nonspecific cytotoxic effects of the compounds

We determined the cytotoxic concentration for 50% cell death (CC50) for each compound in 

MDCK and A549 cells. About 60% confluent MDCK or A549 cells grown in 96-well plates 

were treated with various concentrations (1 µM – 1 mM) of each compound for 24 hr. Cell 

cytotoxicity was measured by a CytoTox 96® non-radioactive cytotoxicity assay kit 

(Promega, Madison, WI) and CC50 values were calculated using GraphPad Prism software.

2.5. PDI1 assay

The inhibitory activity of each compound against PDI1 enzyme was determined by using the 

ProteoStat™ PDI assay kit (Enzo Life Sciences, NY) (Huang et al., 2005; Lundstrom and 

Holmgren, 1990). This assay is based on the detection of insulin aggregates that are formed 

by the PDI1-catalyzed reduction of insulin in the presence of dithiothreitol (DTT). Each 

compound including 16F6, PACMA31, juniferdin, IQ, NTZ, bacitracin A, DTNB, EGCG, 

GDA, amantadine and oseltamivir was tested for anti-PDI1 activity at 10 or 50 µM following 

the manufacture’s procedures. The percent reduction to control (mock-treatment) was 

calculated for each compound.

2.6. siRNA study

To study the role of PDIs (PDI1, PDIA3 and PDIA4), siRNA knockdown assay and mRNA 

quantitation with real time qRT-PCR were established. These three PDI members are chosen 

because they are known to be expressed at high levels in the ER, and involved in the 

replication of various viruses. Grp78 was reported to be essential for influenza virus 

replication and siRNAs for Grp78 were included as a control (Booth et al., 2015; Hogue and 

Nayak, 1992). The sources for the design of siRNA, and primers and probes of canine 

specific genes for qRT-PCR in MDCK cells are; PDI1 or P4HB: XM_540488; PDIA3: 

XM_535453; PDIA4: XM_843145; and Grp78: XM_858292.4. The siRNAs, primers and 

probes for each gene were synthesized by Integrated DNA Technology (Coralville, IA). At 

least three siRNAs for each gene were synthesized and the siRNAs that are effective in 

reducing target gene in MDCK and A549 cells were identified and used in this study. The 

sequences for effective siRNA, primers and probes used in this study are listed in Table 1. 

One-day old MDCK cells in 12-well plates were transfected with mock-medium (Mock), 
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irrelevant siRNA (irre, 100 nM), or target siRNA at 100 or 10 nM. At 48 hr post-

transfection. Cell lysates were collected and total RNA was extracted for real time qRT-PCR 

for each target gene or β-actin. Real time qRT-PCR was stopped after 25 cycles for PDI1, 

PDIA3 or PDIA4, or after 15 cycles for Grp78 due to its abundant presence in the cells. The 

RT-PCR products were visualized on the agarose gel.

For siRNA study, one-day old semi-confluent MDCK or A546 cells were transfected with 

siRNAs of PDI1, PDIA3, PDIA4 or Grp78 at 100 nM and cells were further grown for 48 hr. 

The confluent monolayers were infected with influenza virus (A/WS/33, Oh7 or B/Lee/40) 

at an MOI of 0.1 (for TCID50) or 5 (for Western blot and qRT-PCR) and incubated in the 

presence of trypsin (2 µg/ml) for up to 48 hr. Virus replication was monitored at various time 

points including 2, 12 and 48 hr post inoculation (PI) with real time qRT-PCR (2 or 12 hr 

PI), TCID50 (48 hr PI) assay or Western blot analysis (24 hr PI). For the detection of viral 

gene at 2 or 12 hr PI, total RNA was extracted from cell lysates before apparent CPE 

appeared and real time qRT-PCR was performed. Each RNA sample was also monitored for 

target gene (PDI1, PDIA3, PDIA4 or Grp78) by real time qRT-PCR. Irrelevant siRNA 

(OriGen Tech) was also included in the study as a control. β-actin levels were also assessed 

to determine cytotoxicity resulting from siRNA transfection and for normalization of the 

mRNA levels of genes of interest.

2.7. Statistics

The student t-test was used to compare the significance of the unpaired sample means. P 
values <0.05 were considered significant. All experiments were repeated two or three times 

independently.

3. Results

3.1. PDI inhibitors suppress the replication of influenza A and B viruses

All tested PDI inhibitors and EGCG (its anti-PDI activity was not previously reported) 

markedly reduced the replication of A/WS/33 and B/Lee/40, except for bacitracin A and 

DTBN (Table 2, Figure 2A). The EC50 values of 16F16, PACMA31 and juniferdine were 

determined to be 5.1, 6.1 and 1.5 µM against A/WS/33 and 7.6, 8.8 or 3.1 µM against 

B/Lee/40, respectively (Table 2). The EC50 values of IQ, EGCG or NTZ were determined to 

be 0.5, 4.5 or 0.8 µM against A/WS/33 and 1.2, 5.6 or 1.5 µM against B/Lee/40, respectively 

(Table 2). Interestingly, DTBN showed weak antiviral activity with the EC50 values at 210 

and 351 µM against A/WS/33 or B/Lee/40, respectively, and bacitracin A did not show anti-

influenza activity at up to 500 µM (Table 2). The replication of A/WS/33 and B/Lee/40 were 

potently inhibited by oseltamivir, and A/WS/33 by amantadine, as expected (Table 2). Hsp90 

inhibitors, GDA and its derivative, 14-AAG, inhibited the replication of group A rotavirus 

SA11 strain in MA104 cells (EC50 < 1 µM), but they did not show any inhibitory activity 

against influenza virus A/WS/33 and B/Lee/40. For rotavirus, other than Hsp90 inhibitors, 

none of tested compound inhibited virus replication at up to 10 µM. The CC50 for each 

compound in MDCK cells are summarized in Table 2. Selectivity index (CC50/EC50) for 

A/WS/33 was also listed in Table Western blot analysis with various concentrations of 

PACMA31 or juniferdine confirmed their inhibitory activities against A/WS/33 (Figure 2B). 
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The reduction of viral proteins (NP or M1) was dose-dependent for PACMA31 or 

juniferdine, but the β-actin levels remained unchanged from mock-treated cells (Figure 2B). 

Antiviral effects of the compounds in A549 cells were comparable to those in MDCK cells.

3.2. EGCG inhibits PDI1 activity

EGCG was previously reported to inhibit influenza virus replication by our group and others 

(Kesic et al., 2011; Kim et al., 2013; Nakayama et al., 1993; Song et al., 2005), but its effect 

on PDI has not been reported. In our study, EGCG reduced PDI1 activity by 32% at 10 µM 

and 72% at 50 µM (Table 3), indicating that EGCG is a PDI1 inhibitor. Other known PDI 

inhibitors, bacitracin A, DTNB, 16F6, PACMA31, juniferdine, NTZ or IQ also reduced 

PDI1 activity, compared to the control (Table 3). However, amantadine, oseltamivir or GDA 

had little effect on PDI1 activity at 10 or 50 µM.

3.3. PDI1, PDIA3, PDIA4 or Grp78 siRNAs significantly reduced influenza viruses in MDCK 
or A549 cells

The siRNAs yielded over 80% silencing of mRNA of PDI1, PDIA3, PDIA4 or Grp78 at 48 

hr post transfection without showing significant changes in β-actin levels (Table 4, Figure 

3A) and those siRNAs were used for virus infection study. The siRNA for PDIA1, PDIA3, 

PDIA4 or Grp78 significantly reduced the replication of A/WS/33, Oh7 and B/Lee/40 in 

MDCK or A549 cells, determined by the TCID50 assay at 48 hr PI (Table 4). Reduction in 

viral titers (TCID50) by PDIA4 siRNA was consistently greater than those by PDI1, PDIA3 

or Grp78 siRNAs in both MDCK and A549 cells (Table 4). Of note, virus reduction by each 

siRNA was higher in MDCK cells than that in A549 cells (Table 4), which may be due to 

lower levels of virus replication in A549 cells, compared to MDCK cells (Table 4). The 

irrelevant siRNA did not lead to significant changes in viral titers, compared to mock 

(distilled water)-transfected control, in MDCK or A549 cells. Similar results were observed 

with swine influenza A virus (A/swine/OH/2007) in both cell lines (Table 4). Reduction of 

replication of A/WS/33 after transfection with each siRNA of PDI1 or PDIA4 was also 

demonstrated by Western blot analysis (Figure 3B). The real time qRT-PCR assay showed 

that the RNA levels of A/WS/33 at 12 hr PI were significantly reduced in the cells 

transfected with siRNAs of PDI1, PDIA3, PDIA4 or Grp78 (Table 5). However, the viral 

RNA levels at 2 h PI were not significantly different among mock and the siRNA treatment 

groups (Table 5).

4. Discussion

Discovery of host factors as potential drug targets requires understanding of the interplay 

between the host cells and virus. Recent research on host-virus interaction has led to the 

findings that several host proteins in chaperone system such as PDIs and heat shock proteins 

play an important role in viral infection (Stertz and Shaw, 2011; Watanabe et al., 2010). In 

this study, we found that juniferdine, a PDI inhibitor, is highly effective against the 

replication of influenza A and B viruses with EC50 values in low micromolar range. 

Subsequent evaluation of other small molecule PDI inhibitors showed that 16F16 and 

PACMA31, IQ and NTZ also have anti-influenza activities with varying potency in cells. 

Their anti-influenza activity has not been previously reported, except for IQ (Kim et al., 
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2010) and NTZ (Rossignol et al., 2009; Tilmanis et al., 2017). Among the tested PDI 

inhibitors, IQ and NTZ have most potent anti-influenza activity in cells and varying degree 

of inhibitory activity against PDI1. In our study, the anti-PDI1 activities of these compounds 

were similar to those reported previously (Furie and Flaumenhaft, 2014; Hoffstrom et al., 

2010; Jain et al., 2007; Khan et al., 2011; Muller et al., 2008; Xu et al., 2012).

Previously, our group reported that IQ, a plant flavonoid, has a potent anti-influenza 

activities in cell culture and in a mouse model of influenza virus infection (Kim et al., 2010). 

The mechanism of action of IQ was undetermined but later it was reported that IQ possess 

anti-PDI activity (Furie and Flaumenhaft, 2014). EGCG is another plant flavonoid with anti-

influenza activity (Nakayama et al., 1993; Song et al., 2005; Steinmann et al., 2013; Thapa 

et al., 2012). The anti-influenza activity of EGCG was suggested to be associated with its 

antioxidant effect with the induction of the transcription factor NF-E2-related factor 2 (Nrf2) 

(Kesic et al., 2011) or disruption during entry process (Kim et al., 2013). In this study, we 

found that EGCG markedly inhibits PDI1. These findings suggest that their anti-PDI activity 

may contribute to anti-influenza effects of these flavonoids.

The mode of actin of NTZ against the replication of influenza A virus was mediated by 

selectively blocking the maturation of HA protein (Rossignol et al., 2009). Glycosylation of 

HA0 in the ER leads to the assembly of HA homotrimers, which are rapidly transported to 

the Golgi complex where the sugar component is further processed to the final mature 

glycoprotein. Rossignol et al (Rossignol et al., 2009) showed that NTZ inhibited the 

transport of HA0 to the trans-Golgi compartment and significantly reduced plasma 

membrane levels of HA0. However, the anti-influenza virus activity of NTZ has not been 

clearly linked to PDI inhibition (Di Santo and Ehrisman, 2013). In our study, antiviral 

activity of the tested compounds, including NTZ, did not correlate well with their anti-PDI1 

activity. One of the possible explanations for this discrepancy is that the compounds may 

also have activity against other PDI enzymes. One of the PDI enzymes abundantly present in 

the ER is PDIA3 (ERp57). PDIA3 was shown to be important for proper cysteine paring of 

HA and subsequent formation and forward transport of HA homotrimer (Solda et al., 2006) 

and the replication of influenza virus in cells (Roberson et al., 2012a). Therefore NTZ may 

target PDI enzymes other than PDI1, although it is also possible that they have additional 

target for suppression of influenza virus. Interestingly, the PDI inhibitors with limited or no 

cell permeability, bacitracin A and DTNB, (Di Santo and Ehrisman, 2013; Ryser et al., 

1994) did not reduce the replication of influenza virus in cell culture. Bacitracin A and 

DTNB block the entry of HIV-1 (Ryser et al., 1994) and Newcastle disease virus (Jain et al., 

2007) by preventing the reduction of virus surface protein by PDIs that are required for 

fusion between virus and cell membrane. The PDIs involved in this process is located on cell 

membrane and accessible to non-permeable inhibitors or antibodies. Since PDIs are 

presumed to be involved in the maturation of influenza HA proteins in the ER, 

impermeability of those compounds may explain the lack of their anti-influenza virus 

activity.

Since only PDIA3 has been shown to be directly involved in the replication of influenza 

virus (Roberson et al., 2012a; Solda et al., 2006), we conducted knockdown studies using 

siRNAs for PDI1, PDIA3 or PDIA4, which are ER-residing PDIs, to further elucidate the 
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effects of these individual PDI enzyme on the replication of influenza viruses. We also 

investigated the effect of knockdown of Grp78, a chaperone protein found in the ER. The 

downregulation of PDI1, PDIA3 or PDIA4 expression led to significant reduction of 

influenza A and B virus replication in cells with PDIA4 suppression being most effective. 

This finding indicates that each of these PDI enzymes are playing important roles in 

influenza virus replication. Of note, virus RNA levels at 2 hr after virus infection in cells 

transfected with siRNA for PDI1, PDIA3, PDIA4 were comparable to those transfected with 

irrelevant siRNA. This finding suggests that the PDI-mediated antiviral effect is directed at 

post-virus entry event, which is consistent with the previous findings by others that PDI 

function is associated with the maturation of HA (Roberson et al., 2012a; Solda et al., 2006). 

We also observed suppression of Grp78 expression led to reduction of virus replication, 

although milder than those with suppression of PDIs. Grp78 is the most abundant chaperone 

protein in the ER and facilitates folding and assembly of nascent proteins (Hendershot, 

2004), and it was reported that Grp78 is transiently associated with newly synthesized 

influenza NA protein (Hogue and Nayak, 1992), implying a role of Grp78 in influenza virus 

replication. While we examined only influenza A H1 subtype in our study, PDI inhibitors or 

siRNA against PDIs are likely to be effective against other subtypes such as H3, H5, and H7 

because the disulfide bond formation during influenza HA trimerization is essential for 

influenza virus replication.

In summary, our findings provide evidence that multiple PDI enzymes are involved in the 

replication of influenza A and B viruses. The small molecule PDI inhibitors such as IQ, 

EGCG, juniferdine, 16F16 and PACMA31 may provide the starting platform for the 

development of new therapeutics for both influenza A and B infections.
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Highlights

• Small molecule inhibitors for PDI showed antiviral effects on influenza A and 

B viruses

• EGCG has anti-PDI1 activity

• siRNA for PDI1, PDIA3 or PDIA4 significantly reduces the replication of 

influenza A and B virus

• The results suggest PDI as potential targets for influenza virus infection
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Figure 1. 
Structures of small molecule compounds with anti-PDI activity that is previously reported 

(juniferdin, PACMA31, 16F16, IQ and NTZ), or identified in this study (EGCG). These 

compounds showed antiviral effects against influenza A and B viruses in cell culture.
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Figure 2. 
Effects of PDI inhibitors or knockdown of PDI1, PDIA3 or PDIA4 expression by siRNAs on 

the replication of influenza virus in MDCK cells. A) Dose-response curves of the antiviral 

activities of Juniferdin, 16F16 or PACMA31. Confluent MDCK cells were infected with 

influenza A virus, A/WS/33, at an MOI of 0.1 in the presence of Juniferdin, 16F16 or 

PACMA31 at various concentrations or mock-medium for 1hr. Then, the cells were washed 

with phosphate buffered saline (PBS), and fresh media containing trypsin (2 μg/ml) and the 

compound or mock-medium was added to the cells. Virus titers were determined at 2 days 

post infection using the TCID50 method. B) Expression of influenza virus proteins in the 

presence of various concentrations of PACMA31 or Juniferdine. Cells were infected with 

A/WS/33 at an MOI of 5 MOI and incubated in the presence of mock-medium or various 

concentrations of PACMA31 or juniferdine for 24 hrs. C) Effects of knockdown of PDI1, 

PDIA3 or PDIA4 expression by siRNAs on the replication of influenza virus in MDCK 

cells. Cells were mock-transfected or transfected with irreverent RNA or siRNAs targeting 

each gene. At 24 hr of transfection, cells were infected with A/WS/33 at an MOI of 5. 

Western blot analysis of cell lysates in B and C was performed with antibodies against 

whole influenza virus or β-actin. Viral NP and M1 proteins and β-actin are shown.
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Figure 3. 
The effects of siRNA treatment targeting PDI1, PDIA3, PDIA4 or Grp78 on the replication 

influenza A and B viruses. A) Relative mRNA levels of target or β-actin gene following 

siRNA treatment was calculated using the relative standard curve quantitation method by 

plotting ct values with standard curves generated using serial dilutions of each mRNA in 

MDCK cells. The numbers indicate the means and the standard deviations of the means of 

the relative target mRNA levels. B) Effects of siRNA treatment targeting irrelevant, PDI1, 

PDIA3, PDIA4 or Grp78 on the replication influenza A and B viruses. One-day old MDCK 

cells in 12-well plates were transfected with mock-medium (Mock), irrelevant siRNA (irre, 

100 nM), or target siRNA at 100 or 10 nM. At 48 hr post-transfection. Cell lysates were 

collected and total RNA was extracted for real time qRT-PCR for each target gene or β-actin 

and then the RT-PCR products were visualized on the agarose gel.
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Table 1

Sequences of siRNA and real time qRT-PCR primers and probe for PDI1, PDIA3, PDIA4 and Grp78 used in 

this study.

siRNA Target Sequences (duplex of synthetic RNA)

PDI1 rGrArU rCrUrC rArGrA rArCrC rUrUrC rUrGrC rCrUrU rCrArG rCrUrU*

rArGrC rUrUrC rUrCrU rGrCrC rArGrC rUrGrU rGrUrA rCrUrC rCrCrU

rCrCrA rUrCrC rUrUrG rCrUrC rArGrC rUrGrG rUrArU rUrUrG rGrArG

PDIA3 rArUrC rCrUrC rArArU rGrGrC rArUrC rUrUrC rUrUrU rArUrU rGrGrA *

rUrGrA rGrArG rGrArA rCrUrG rArGrG rCrUrG rGrUrC rCrUrG rCrCrU

rUrGrU rGrArA rGrGrA rCrGrA rArArC rArArG rGrUrG rArUrA rCrCrC

PDIA4 rCrUrC rCrUrC rUrUrC rCrUrC rGrUrC rGrUrC rGrUrC rCrUrC rCrUrC *

rCrArA rUrArA rArGrA rArGrA rUrGrC rCrArU rUrGrA rGrGrArU

rGrGrA rGrGrA rCrGrA rCrGrA rCrGrA rGrGrA rArGrA rGrGrArG

Grp78 rUrArG rUrGrA rGrArA rCrCrA rUrGrG rCrArG rArArA rUrUrU rCrUrU *

rArCrU rCrArA rUrUrU rCrArA rUrUrC rUrUrG rCrUrU rGrArU rGrCrU

rCrArA rGrUrG rUrUrC rCrArG rArUrC rUrCrG rGrUrU rUrCrC rGrUrC

Real time qRT-PCR Target Sequences (5′ to 3′ DNA)

PDI1 FWD-TCA AGG GCA AGA TCC TGT TTA T

REV-CGG GCA CTC CTC TTT CTT TAG

Probe-/56-FAM/TT CAT CGA C/Zen/A GCG ACC ACA CTG AC/3IABkFQ/

PDIA3 FWD-GCC AGC AAC TTG AGG GAT AA

REV-GGA AGG ACG AAA CAA GGT GAT A

Probe-/56-FAM/CC GGT TTG C/Zen/A CAC ACC AAT GTT GA/3IABkFQ

PDIA4 FWD-CTA ACA GCC TGA GAG AGG ATT AC

REV-CGT AGC TCT TGG GCT CAT ATT

Probe-/56-FAM/TG CAG CCT G/Zen/A GAA ATT CCA GTC CA/3IABkFQ/

Grp78 FWD-GTT CTT GTT GGT GGC TCT ACT

REV-ACA GCC TCA TCT GGG TTT ATG

Probe-/56-FAM/TT TAA TGG C/Zen/A AGG AGC CAT CCC GT/3IABkFQ

β-actin FWD-GGCATCCACGAAACTACCTT

REV-AGCACTGTGTTGGCGTACAG

Probe-/HEX-ATCATGAAGTGTGACGTGGACATCCG-TAMRA

*
The listed siRNAs were confirmed to reduce both virus replication and target mRNA.
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Table 5

Effects of the siRNA treatment for PDI1, PDIA3, PDIA4 or Grp78 on the replication of A/WS/33 in MDCK 

cells determined by real time qRT-PCR at 2 and 12 hr after virus inoculation.

siRNA

Relative viral RNA levels compared to mock transfection*

A/WS/33

2 hr 12 hr

Mock (water) 100 100

PDI1 (P4HB, PDIA1) 92 (3.3) 9 (1.4)#

PDIA3 (Erp57) 96 (1.9) 12 (3.1) #

PDIA4 (Erp72) 103 (2.7) 7 (2.9)#

Grp78 (BiP) 94 (3.8) 18 (4.3)#

Irrelevant siRNA 102 (2.7) 93 (2.7)

*
The relative RNA levels of the virus M gene following the siRNA treatment were determined as percentage relative to the mock transfection 

following normalization with β actin.

#
Statistically significant differences from the mock (p < 0.05). The numbers in parentheses are standard deviations of the means.
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