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Abstract

As the number of drug-resistant influenza viruses continues to increase, antivirals with novel 

mechanisms of action are urgently needed. Among the two classes of FDA-approved antiviral 

drugs, neuraminidase (NA) inhibitors, oseltamivir, zanamivir, and peramivir, are currently the only 

choice for the prevention and treatment of influenza virus infection. Due to the antigenic drift and 

antigenic shift, it will only be a matter of time before influenza viruses become completely 

resistant to these NA inhibitors. In pursuing the next generation of antiviral drugs with 

complementary mechanisms of action to those of the NA inhibitors, we have identified a natural 

product, cyclosporine A (CsA) (1), as a desired drug candidate. In this study, we discovered that 

CsA (1) and its analogs have broad-spectrum antiviral activity against multiple influenza A and B 

strains, including strains that are resistant to either NA or M2 inhibitors or both. Moreover, CsA 

(1) displays a high in vitro genetic barrier of drug resistance than oseltamivir carboxylate 

Mechanistic studies revealed that CsA (1) acts at the intermediate step of viral replication post 

viral fusion. Its antiviral mechanism is independent of inhibiting the isomerase activity of 

cyclophilin A (CypA), and CsA (1) has no effect on the viral polymerase activity The potent 

antiviral efficacy of CsA (1), coupled with the high in vitro genetic barrier of drug resistance and 

novel mechanism of action, renders CsA (1) a promising anti-influenza drug candidate for further 

development.
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1. Introduction

Influenza viruses pose a persistent threat to global public health. Despite the existence of 

influenza vaccines and antiviral drugs, each seasonal influenza epidemic claims an estimated 

250,000–500,000 lives worldwide. In addition, influenza pandemics caused by emerging or 

re-emerging influenza strains have more catastrophic impact, as witnessed by the 1918 

Spanish flu (H1N1), the 1957 Asian flu (H2N2), the 1968 Hong Kong flu (H3N2), and the 

2009 swine flu (H1N1) (Monto and Webster, 2013). The cornerstone in preventing influenza 

virus infection is vaccination (Krammer and Palese, 2015). However, influenza vaccines 

have to be reformulated every year in order to match with the antigens in the circulating 

viruses in that particular year (Lambert and Fauci, 2010; Wong and Webby, 2013). Influenza 

vaccines also have limited efficacy in immunocompromised patients and seniors over the age 

of 65 (Osterholm et al., 2012). Aside from flu vaccines, direct-acting antivirals are available 

for both prophylaxis and treatment of influenza infection. There are currently two classes of 

FDA-approved anti-influenza drugs: the M2 channel blockers amantadine and rimantadine 

and the neuraminidase (NA) inhibitors oseltamivir, zanamivir, and peramivir (Loregian et 

al., 2014). Since M2 channel blockers are no longer recommended for use in the United 

States as a result of widespread drug resistance (Fiore et al., 2008), NA inhibitors are 

currently the only line of defense against influenza virus infection. Although the majority of 

currently circulating influenza viruses remain sensitive to oseltamivir, it will be only a 

matter of time before NA-resistant viruses become predominant. In fact, NA-resistant 

influenza strains have been continuously isolated from human patients and animals (Hurt et 

al., 2009). The 2008–2009 seasonal H1N1 influenza strain in North America was completely 

resistant to oseltamivir (Hurt, 2014; Renaud et al., 2011), suggesting NA resistance does not 

compromise the fitness and transmissibility of the virus (Govorkova, 2013). Therefore, the 

next generation of antivirals is apparently needed (Lee and Yen, 2012; Li et al., 2015; 

Loregian et al., 2014; Wang, 2015; Wang et al., 2015).

Influenza viruses are negative-stranded, segmented RNA viruses that belong to the 

Orthomyxoviridae family. Influenza viruses are a quasispecies as a result of antigenic drift 

and antigenic shift (Nelson and Holmes, 2007). The heterogeneous genetic background of 

influenza viruses poses a great challenge in devising antiviral drugs. To complement the 

currently available NA inhibitors, the next generation of antiviral drugs should ideally meet 
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the following criteria: (1) no cross resistance with NA inhibitors, (2) broad-spectrum 

antiviral activity, and (3) a high genetic barrier of drug resistance. It is essential for the next 

generation of antivirals to have different mechanisms of action than those of the NA 

inhibitors, such that they can be used either alone or in combination with NA inhibitors to 

achieve synergistic effects (Hayden, 2009). Broad-spectrum antiviral activity is also desired 

because current circulating influenza viruses among humans consist of at least two influenza 

A strains, A/California/7/2009 (H1N1) and A/Switzerland/9715293/2013 (H3N2), and two 

influenza B strains, B/Phuket/3073/2013 (Yamagata lineage) and B/Brisbane/60/2008 

(Victoria lineage). Thus it would be ideal if a single antiviral agent could inhibit all four of 

these strains. In addition, the next generation of antiviral drugs should also have a high 

genetic barrier of drug resistance; otherwise, years of efforts in producing the antiviral drug 

will become futile once resistance emerges.

In pursuing such antiviral drugs, we have identified a lead compound, cyclosporine A (CsA) 

(1) (Fig. 1), which fulfills all three criteria. CsA (1) is a natural product produced by the 

fungus Tolypocladium inflatum. It is a known medicine used as an immunosuppressant in 

organ transplantation. As a cyclic peptide of 11 amino acids, CsA (1) contains three non-

proteinogenic amino acids, a Bmt ((4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine), an Abu 

(L-2-aminobutyric acid), and a D-alanine at positions 1, 2, and 8, respectively (Fig. 1). 

Seven out of the eleven amide bonds were methylated (residues 1, 3, 4, 6, 9, 10, and 11), 

which confers the oral bioavailability of CsA (1) (Chatterjee et al., 2013; Giordanetto and 

Kihlberg, 2014). The immunosuppressant activity of CsA is mediated through its 

intracellular receptors, cyclophilin A (CypA) and calcineurin. CsA binds to CypA and forms 

the binary complex CsA–CypA, which in turn binds to calcineurin and inhibits its 

phosphatase activity. As a result, T-cell activation is suppressed (Liu et al., 1991). As a 

protein chaperone with peptidyl-prolyl cis-trans isomerase activity, CypA has been involved 

in the replication of multiple viruses and represents a host factor for therapeutic intervention 

(Lin and Gallay, 2013; Peel and Scribner, 2013b; Sweeney et al., 2014). Re-design of CsA 

(1) has produced a number of non-immunosuppressive antiviral candidates in clinical trials, 

such as Alisporivir (Debio-025) and SCY-635 for HCV infection and NIM818 for HIV 

infection (Peel and Scribner, 2013b). Due to its promising antiviral efficacy, CsA (1) was 

also investigated in inhibiting influenza A virus replication and was found to inhibit two 

influenza A strains, A/WSN/33 (H1N1) and A/Puerto Rico/8/34 (H1N1), with low 

micromolar EC50 values (Hamamoto et al., 2013a; Liu et al., 2012). However, it is unknown 

whether CsA (1) has broad-spectrum antiviral activity against other influenza A or influenza 

B viruses, particularly the ones that are currently in circulation. Moreover, the genetic barrier 

of drug resistance of CsA (1) has not been addressed, and it is unknown whether viruses will 

rapidly evolve to become resistant to it. In this study we investigated the potential of CsA (1) 

and its analogs as the next generation of antiviral drugs by profiling their therapeutic scope, 

in vitro genetic barrier of resistance, and mechanism of action. CsA (1) was found to have 

broad-spectrum antiviral activity with a high in vitro genetic barrier of drug resistance. 

Mechanistic studies indicate CsA (1) inhibits influenza virus replication at the post fusion 

stage and its antiviral activity is independent of the inhibition of CypA’s isomerase activity. 

Collectively, these results suggest it is promising to further develop CsA (1) and its analogs 

as non-immunosuppressant anti-influenza drugs.
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2. Materials and methods

2.1. Chemical synthesis

All chemicals were purchased from commercial sources and used without further 

purification. CsA (1) was purchased from Biotang Inc. (cat # BC020). TMN355 (2) (cat # 

sc-361384), Cyclosporine C (CsC) (3) (cat # sc-203012), Cyclosporine D (CsD) (4) (cat # 

sc-204702), and Cyclosporine H (CsH) (5) (cat # sc-203013) were purchased from Santa 

Cruz Biotechnology. Details regarding the syntheses and characterizations of CsA analogs 

can be found in the Supplementary Data.

2.2. Biological experiments

2.2.1. Cell lines, viruses, and viral infection—Madin-Darby Canine Kidney (MDCK) 

cells were grown at 37°C in 5% CO2 atmosphere in DMEM media (high glucose, with L-

glutamine) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 

μg/ml streptomycin. MDCK cells overexpressing ST6Gal I (Hatakeyama et al., 2005) were 

obtained from Dr. Yoshihiro Kawaoka at the University of Wisconsin at Madison through a 

material transfer agreement and were maintained in the presence of 7.5 μg/ml of puromycin, 

except when they were used for viral infection.

Influenza A virus strains, A/California/07/2009 (H1N1) and A/Texas/04/2009 (H1N1), and 

influenza B virus strains, B/Brisbane/60/2008 (Victoria lineage) and B/Wisconsin/1/2010 

(Yamagata lineage), were obtained from Dr. James Noah at the Southern Research Institute. 

Influenza A virus strains A/Denmark/524/2009 (H1N1) and A/Denmark/528/2009 (H1N1) 

were obtained from Dr. Elena Govorkova at St. Jude Children’s Research Hospital. 

Influenza A virus, A/Switzerland/9715293/2013 (H3N2), FR-1368, and influenza B virus, 

B/Phuket/3073/2013 (Yamagata Lineage), FR-1364, were obtained through the Influenza 

Reagent Resource, Influenza Division, WHO Collaborating Center for Surveillance, 

Epidemiology and Control of Influenza, Centers for Disease Control and Prevention, 

Atlanta, GA, USA. Virus stocks were amplified in MDCK cells in the presence of 2 μg/ml 

N-acetyl trypsin. Two days post infection, the culture media were harvested and cell debris 

was removed by centrifugation at 3000 rpm for 30 minutes. Virus titers were determined by 

plaque reduction assay using MDCK cells expressing ST6Gal I.

2.2.2. Plaque reduction assay—Plaque reduction assay was carried out as previously 

described (Li et al., 2016; Wang et al., 2013) except MDCK cells expressing ST6Gal I were 

used instead of regular MDCK cells.

2.2.3. Cytotoxicity assay—Evaluation of the cytotoxicity of compounds was carried out 

using the neutral red uptake assay (Repetto et al., 2008). Briefly, 80,000 cells/mL MDCK 

cells in DMEM medium which was supplemented with 10% FBS and 100 U/mL of 

Penicillin-Streptomycin P/S were dispensed into clear 96-well cell culture plates (Cat #: 

CLS3362) at 100 μL/well. Twenty-four hours later, the growth medium was removed and 

washed with 100 μL PBS buffer; then 200 μL fresh DMEM (No FBS) medium contains 

serial diluted compounds was added to each well. After incubating for 48 hours at 37 °C 

with 5% CO2 in a CO2 incubator, the medium was removed and replaced with 100 μL 
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DMEM medium contains 40 μg/mL neutral red for 4 hours at 37 °C. The amount of retained 

neutral red was determined by absorbance at 540 nm using a Multiskan FC Microplate 

Photometer (Fisher Scientific). The CC50 values were calculated from best-fit dose response 

curves with variable slope in Prism 5.

2.2.4. Serial passage experiment—Two sets of serial passage experiments were 

performed. The first set was done with A/WSN/33 (H1N1) virus. MDCK cells were infected 

with A/WSN/33 (H1N1) virus at MOI 0.001 for 1 h. Then the inoculum was removed and 

MDCK cells were incubated with 3 μM CsA (1). In each passage, the viruses were harvested 

when a significant cytopathic effect was observed, which usually takes 2–3 days after virus 

infection. The titers of harvested viruses were determined by plaque reduction assay. The 

CsA (1) sensitivity after passages 3, 6, and 10 were determined via plaque reduction assay as 

described previously (Li et al., 2016; Wu et al., 2014). The second set of serial passage 

experiment was performed with A/Switzerland/9715293/2013 (H3N2). Experiment 

conditions were the same as the first set except the drug concentration of CsA (1) was 

gradually increased from 0.5 μM to 4 μM from passages 1 to 4 and was kept constant at 4 

μM at passages 5 and 6. Oseltamivir carboxylate was included as a control. The drug 

sensitivity of CsA (1) and oseltamivir at passages 3 and 6 were determined via plaque 

reduction assay.

2.2.5. Time-of-addition experiment—MDCK cells were seeded at 2X 105 cells/6 cm 

dish. 1 μM oseltamivir carboxylate or 6 μM CsA (1) was added at different time points as 

illustrated in Fig. 8. MDCK cells were infected 48 hours after seeding with A/WSN/33 

(H1N1) virus at MOI 0.01. Viruses were harvested at 12 hours after infection. The virus titer 

was determined with plaque assay. Oseltamivir carboxylate was included as a control.

2.2.6. Influenza virus minigenome assay—HEK293 cells were seeded at 3 × 105 cells 

per well in 12-well plates and incubated overnight at 37 °C, with 5% CO2 in a CO2 cell 

culture incubator. The cells were transfected with pCDNA constructs for influenza 

A/WSN/33 virus PB1, PB2, and PA (100 ng each) and NP (200 ng), the RNA polymerase II 

driven Renilla luciferase reporter pRL-SV40 (Promega) (250 ng), and the influenza virus-

specific RNA polymerase I driven firefly luciferase reporter (vRNA Luc) (250 ng). The 

transfection was performed with TransIT-293 (Mirus) in OptiMEM (Invitrogen). Two hours 

after transfection the media was supplemented with 1 μl compounds to their final 

concentrations. Twenty-four hours after incubation, cells were harvested, and firefly 

luciferase and Renilla luciferase expression was determined using the Dual Luciferase Assay 

Kit (Promega).

3. Results

3.1 CsA has broad-spectrum antiviral activity against clinical isolates of influenza A and B 
viruses

Previous studies have shown that CsA (1) inhibits the influenza A/Puerto Rico/8/34 (H1N1) 

and the A/WSN/33 (H1N1) with low micromolar EC50 values (Hamamoto et al., 2013a; Liu 

et al., 2012). To confirm the antiviral activity of CsA (1), the MDCK cells were infected 
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with A/WSN/33 (H1N1) at about 100 pfu in the presence of increasing concentrations of 

CsA (1). Plaque numbers were counted after two days of incubation. CsA (1) inhibited 

A/WSN/33 (H1N1) replication in a dose-dependent manner with an EC50 of 2.08 μM (Table 

1), which is consistent with previous results. Next, to investigate whether CsA (1) has broad-

spectrum antiviral activity, we chose six influenza A strains and three influenza B strains. 

Table 1 summarizes the drug sensitivity of these influenza strains toward the approved 

antiviral drugs amantadine and oseltamivir, as well as the testing drug CsA (1). 

Representative plaque assay results were shown in Fig. 2. The viruses chosen cover both 

types of influenza viruses (A and B) as well as their subtypes including influenza A viruses 

from group 1 and group 2 hemagglutinin groups, and influenza B viruses from Yamagata 

and Victoria lineages. Viruses that are resistant to one or both classes of FDA-approved 

antiviral drugs, amantadine and oseltamivir, were also included. For example, A/Texas/

04/2009 (H1N1) and A/Denmark/528/2009 (H1N1) are resistant to both amantadine and 

oseltamivir, which is conferred by the S31N and H275Y mutations, respectively. The 

appearance of such strains from clinics is of particular concern because they pose a great 

threat to public health (Hurt, 2014). Despite the variable drug sensitivity of these six 

influenza A strains, CsA (1) was found to inhibit the replication of all six strains at 10 μM in 

plaque reduction assays (Table 1 and Fig. 2). Of note, CsA (1) significantly decreased the 

plaque size but to a lesser extent the plaque number of A/California/07/2009 (H1N1) and A/

Denmark/524/2009 (H1N1) when tested at 10 μM (Fig. 2A). This might due to intrinsic 

reduced drug sensitivity of these two viruses. This is possible as not all the viral genes are 

highly conserved across different influenza strains, thus it is expected that the interactions 

between various viral proteins and host factors might vary among different strains. As a 

result, they may have different drug sensitivity towards host-targeting antivirals. For the two 

influenza B strains, CsA (1) similarly had potent inhibition at 10 μM (Table 1 and Fig. 2). 

The efficacies of CsA (1) against A/Udorn/72 (H3N2), A/Switzerland/9715293/2013 

(H3N2), A/California/07/2009 (H1N1), A/Texas/04/2009 (H1N1), B/Brisbane/60/2008 

(Victoria lineage), and B/Phuket/3073/2013 (Yamagata lineage) were further evaluated by 

serial drug titrations. The EC50 values range from 0.37 to 11.68 μM (Table 1). Collectively, 

these results clearly demonstrated that CsA (1) has broad-spectrum antiviral activity against 

both influenza A and B viruses and has no cross resistance with the currently approved anti-

influenza drugs, amantadine and oseltamivir.

3.2 CsA (1) has a high in vitro genetic barrier of drug resistance

To access the in vitro genetic barrier of drug resistance of CsA (1), CsA (1) was subjected to 

the serial viral passage experiments. Two sets of serial passage experiments were performed, 

one was with A/WSN/33 (H1N1), another was with A/Switzerland/9715293/2013 (H3N2). 

For the first set, the A/WSN/33 (H1N1) virus was replicated in the presence of 3 μM of CsA 

(1) (1.5 times the EC50 value). The amplified virus was then titrated and applied to the next 

cycle of viral replication with 3 μM of CsA (1) (Table 2). The drug sensitivities of resulting 

viruses at passages 3, 6, and 10 were tested. The EC50 values of CsA (1) against viruses 

selected at passages 3, 6, and 10 were 1.24, 2.08, and 0.84 μM, respectively, which is similar 

to the efficacy of CsA (1) in inhibiting the parent strain (EC50 = 2.08 μM). These results 

suggested that CsA (1) has a high in vitro genetic barrier of drug resistance and resistance to 

CsA (1) is difficult to evolve. To test whether the high in vitro genetic barrier of drug 
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resistance of CsA (1) can be extended to other strains, we repeated the serial viral passage 

experiments with A/Switzerland/9715293/2013 (H3N2). A/Switzerland/9715293/2013 

(H3N2) was one of the predominant circulating influenza A strains during the 2014–2015 

flu season in North America. In this set of experiment, the drug concentration of CsA (1) 

was gradually increased from 0.5 μM to 4 μM from passages 1 to 4 and was kept constant 

from passages 5 and 6. To ensure the serial passage experiments were conducted properly, 

oseltamivir carboxylate was included as a control and its concentration was increased 

proportionally as that of CsA (1). As shown in Table 2, no resistance was observed for CsA 

(1) up to passage 6, while more than ten-fold of EC50 increase was observed for oseltamivir 

carboxylate. The serial viral passage results for oseltamivir carboxylate were consistent with 

literature reports (Ehrhardt et al., 2013; Shih et al., 2010). Thus, it can be concluded that 

CsA (1) has a higher in vitro genetic barrier of drug resistance than oseltamivir carboxylate.

3.3 Structure–activity relationships of CsA (1)

To study the structure-activity relationships of CsA (1), several natural CsA analogs, CsC 

(3), CsD (4), and CsH (5) (Fig. 3A), were tested for their antiviral efficacy against 

A/WSN/33 (H1N1) in plaque reduction assays. It was found that CsD (4) and CsH (5) had 

similar activity to that of CsA (1) while CsC (3) was less active (Fig. 3B and 3C). These 

results suggest hydrophobic residue is preferred at residue 2 (CsA (1), CsD (4) versus CsC 

(3)), while the stereochemistry at residue 11 is not critical for the antiviral effect (CsA (1) 

versus CsH (5)).

Aside from the natural CsA analogs (3–5) mentioned above, several CsA derivatives (6–20) 

were synthesized by semi-synthesis following established synthesis procedures (Fig. 4) (Peel 

and Scribner, 2015; Sweeney et al., 2014). The two functional groups, a hydroxyl and an 

alkene, in the side chains of Bmt at residue 1 allow easy access to CsA analogs by direct 

derivatization. For example, epoxidation of CsA (1) with meta-Chloroperoxybenzoic acid 

(m-CPBA) gave compound 6, which underwent ring opening with 1,3-diaminopropane to 

give compound 7 (Fig. 4A). Using Grubbs’ 2nd generation catalyst, CsA (1) metathesized 

with N-(Hydroxysuccinimidyl)-4-pentenoate to give compound 8 (Fig. 4B). The 

succinimidyl ester in 8, when reacted with 1, 3-diaminopropane, gave the amide 9. The 

alkene in CsA (1) was reduced to alkane 10 using palladium on carbon. The beta-hydroxyl 

group in CsA (1) was esterified using acetic anhydride, dimethylpyridine, and pyridine to 

give compound 11. The alkene in ester 11 was converted to epoxide 12 using m-CPBA. 

Residue 3 at CsA (1) could be directly alkylated using strong bases such as lithium 

bis(trimethylsilyl)amide (LiHMDS) or lithium diisopropylamide (LDA). Treatment of CsA 

(1) with LiHMDS and methyl iodide gave compound 13. Similarly, deprotonation of CsA 

(1) with LDA, followed by quenching with carbon dioxide gave compound 14. The 

carboxylic acid in 14 was esterified using methyl iodide and potassium carbonate to give the 

ester 15. Other than epoxidation and metathesis, the alkene in ester 11 was also transformed 

to aldehyde 18 and acid 16 under different oxidation conditions (Fig. 4C). The acid in 

compound 16 was esterified using methyl iodide and potassium carbonate to give compound 

17. The aldehyde in 18 was condensed with 3,4-diaminotoluene to give compound 19 
(Malesevic et al., 2013). Reduction of 18 using sodium borohydride gave the alcohol 20.
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When assayed at 10 μM drug concentration, compounds 10, 11, 12, 13, 15, and 18 had 

similar antiviral activity as that of CsA (1) (Fig. 5A), compounds 17 and 20 had reduced 

antiviral activity compared to CsA (1), compounds 7, 8, 9, and 16 were not active, and 

compounds 14 and 19 were cytotoxic. The cytotoxicity of potent compounds was profiled 

using the neutral red assay (Repetto et al., 2008). CsC (3) and CsD (4) were not cytotoxic up 

to 50 μM, while the CC50 values for other active compounds range from 6.3 μM to 38.6 μM 

(Fig. 5B). Combined with the SAR results from natural CsA analogs, the following 

conclusions can be drawn: hydrophobic substitutions are preferred at residues 1, 2, and 3, 

while polar and charged residues are not tolerated these residues; the stereochemistry at 

residue 11 is not critical for the anti-influenza activity (Fig. 6).

3.4 The antiviral activity of CsA (1) is predominantly independent of CypA inhibition

To investigate whether the antiviral activity of CsA (1) is correlated with its inhibition of 

CypA isomerase activity, TMN355 (2) was chosen as a control compound. TMN355 (2) is a 

rationally designed CypA inhibitor that is 27 times more potent than CsA (1) in inhibiting 

the isomerase activity of CypA (Ni et al., 2009). If the enzymatic activity of CypA is 

essential for influenza viral replication, then TMN355 (2) is predicted to have potent anti-

influenza activity. However, treatment with 10 μM TMN355 (2) had no effect on the 

replication of several influenza A and B strains (Fig. 7). Thus the antiviral activity of CsA 

(1) appears to be independent of CypA’s isomerase activity. This conclusion was further 

strengthened by the antiviral activity of a non-CypA binding CsA analog, CsH (5) (Jeffery, 

1991; Peel and Scribner, 2013a), as shown in Fig. 3. CsH (5) is a natural analog of CsA (1) 

and differs from CsA (1) in residue 11. The residues at residue 11 are L-valine and D-valine 

for CsA (1) and CsH (5), respectively. CsH (5) does not bind to CypA and has no 

immunosuppressant activity as it does not inhibit the phosphatase activity of calcineurin 

(Jeffery, 1991). As shown in Fig. 3B, CsH (5) had similar antiviral activity to that of CsA (1) 

when tested at 10 μM, suggesting CypA is not essential for CsA’s anti-influenza activity. 

The antiviral results of TMN355 (2) and CsH (5) suggest that CsA (1) exerts its anti-

influenza activity through a novel mechanism. This novel mechanism is distinct from that of 

HIV and HCV inhibition by CsA (1). In both cases of HIV and HCV inhibition by CsA (1), 

the affinity of CsA (1) binding to CypA is positively correlated with its antiviral potency 

(Liu et al., 2012).

3.5 CsA inhibits influenza virus replication at the intermediate stage of viral replication 
after viral fusion

To identify at which stage of the viral replication cycle CsA (1) exerts its inhibitory effect, a 

time-of-addition experiment was performed. In this experiment, CsA (1) was added at 

different time points throughout the viral replication cycle. If CsA (1) acts at the early stage 

of viral replication, adding CsA (1) at the late stage of viral replication will have less 

inhibitory effect. Likewise, if CsA (1) acts at the late stage of viral replication, adding CsA 

(1) at both early and late stages will result in a potent inhibitory effect. Oseltamivir 

carboxylate was included as a positive control. Oseltamivir carboxylate inhibits the last step 

of viral replication by preventing the release of progeny virion; thus it is expected to have 

potent antiviral activity even when added in the late stage of viral replication. Consistent 
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with its mechanism of inhibition, oseltamivir carboxylate had a potent antiviral effect even 

when added 8 hours post initial viral infection in a single-cycle viral replication experiment 

(virus was harvested at 12 hours post infection) (Fig. 8A). In contrast, the antiviral efficacy 

of CsA (1) gradually decreased when added at the later stage of viral replication (Fig. 8B). 

When MDCK cells were pretreated with 6 μM CsA (1) for 12 h or 22 h, virus production 

was slightly increased (Fig. 8B). This result is consistent with the previous report 

(Hamamoto et al., 2013b), suggesting CypA might play an antiviral role during viral 

replication. Thus efforts on exploring CsA analogs as anti-influenza drugs should focus on 

those non-cyclophilin-binding analogs. Collectively, the time-of-addition experiments 

suggest CsA (1) inhibits influenza virus replication at the intermediate stage of viral 

replication post viral fusion.

3.6 CsA has no effect on the viral polymerase activity

To test whether CsA (1) inhibits the influenza viral polymerase activity, minigenome assay 

was performed (Hoffmann et al., 2011). In the minigenome assay, 293 T cells were 

transfected with six plasmids, four of which encode the viral polymerase complex NP, PA, 

PB1, and PB2, one plasmid encodes the influenza virus-specific RNA polymerase I driven 

firefly luciferase reporter (vRNA Luc), and one plasmid encodes the RNA polymerase II 

driven Renilla luciferase reporter pRL-SV40, which was used to normalize the transfection 

efficacy. Nucleozin (21) was included as a positive control. Nucleozin (21) is a known NP 

inhibitor and has been shown to inhibit the viral polymerase activity in the minigenome 

assay (Kao et al., 2010). As shown in Fig. 9, nucleozin (21) completely inhibited the viral 

polymerase activity, while both CsA (1) and CsH (5) had no effect on the normalized 

luciferase ratio, suggesting both compounds do not inhibit viral polymerase activity 

(Hamamoto et al., 2013b; Liu et al., 2012). This result, together with the time-of-addition 

experiments, suggests that CsA (1) inhibits the intermediate step at the viral replication 

cycle, probably through inhibiting viral protein trafficking, post-translational modifications, 

or budding. Further studies are ongoing to delineate its exact antiviral mechanism.

4. Conclusion

In this study we have investigated the potential of CsA (1) and its analogs (3–20) as the next 

generation of anti-influenza drugs. We have found that CsA (1) has broad-spectrum antiviral 

activity against both influenza A and B viruses. More importantly, CsA (1) displays a higher 

in vitro genetic barrier of drug resistance than oseltamivir carboxylate and no resistance was 

selected for two influenza A strains, A/WSN/33 (H1N1) and A/Switzerland/9715293/2013 

(H3N2). Furthermore, we provide convincing evidence that CsA (1) inhibits influenza 

replication via a different mechanism to that of HIV and HCV viruses.

The antiviral mechanisms of CsA (1) and its analogs in inhibiting HIV and HCV have been 

well studied. CypA is involved in multiple steps of the HIV replication cycle. The 

interaction between CypA and capsid protein in infected cells promotes viral infectivity 

(Braaten et al., 1996; Towers et al., 2003). CypA also interacts with other HIV-1 proteins, 

such as Vpr and p6, to regulate HIV infection (Solbak et al., 2012; Zander et al., 2003). In 

the replication of HCV, CypA also plays a positive role. The PPIase activity of CypA assists 
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the replication of HCV (Fischer et al., 2010), and CypA binding to NS5B increases the 

affinity of the polymerase to viral RNA, therefore enhancing HCV replication (Liu et al., 

2009). Moreover, the interaction between CypA and NS5A protein also aids HCV viral 

replication (Tellinghuisen et al., 2008). In summary, CsA inhibits HIV and HCV replication 

via binding to CypA. However, our results showed that TMN355 (2), a high affinity inhibitor 

of CypA, has no effect on influenza virus replication; CsH (5), a CsA (1) analog, which does 

not bind to CypA, displayed similar efficacy as CsA (1) in inhibiting influenza virus 

replication. Taken together, our study showed that CsA (1) inhibits influenza virus 

replication via a CypA-independent mechanism.

Previous studies regarding the mechanism of action of CsA (1) yielded controversial results 

(Hamamoto et al., 2013a; Liu et al., 2012). Liu et al. showed that CsA (1) inhibits influenza 

virus replication via CypA-dependent and -independent pathways (Liu et al., 2012). In the 

CypA-dependent pathway, CsA (1) enhanced the CypA-mediated influenza M1 protein 

degradation. However, Hamamoto et al. showed that CsA (1) treatment did not alter the M1 

protein level (Hamamoto et al., 2013a). Nevertheless, both studies showed that in CypA 

knockout or knockdown conditions, CsA (1) treatment greatly reduced influenza replication, 

which is consistent with our observation that CsA (1) inhibition of influenza replication does 

not require its binding to CypA. Our time-of-addition experiment and minigenome assay 

indicate that CsA (1) acts at intermediate step(s) during influenza replication, probably 

through a novel mechanism that warrants further investigation. Overall, the broad-spectrum 

antiviral activity, coupled with the high in vitro genetic barrier of drug resistance and novel 

mechanism of action, highlights the great potential of natural products in drug discovery. As 

suggested by current results, the next step SAR studies should focus on designing non-

cyclophilin-binding and non-calcinurin-inhibiting CsA analogs as anti-influenza drugs. 

These studies are ongoing and will be reported when they are available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cyclosporine A (CsA) (1) has broad-spectrum antiviral activity against 

current circulating influenza A and B viruses

• CsA (1) displays a high in vitro genetic barrier of drug resistance than 

oseltamivir carboxylate

• CsA (1) inhibits an intermediate stage of viral replication post viral 

fusion

• CsH (5), an non-immunosuppressant analog of CsA (1), also has potent 

antiviral activity
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Figure 1. 
Structures of CsA (1) and TMN355 (2).
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Figure 2. 
Plaque reduction assays of CsA (1) in inhibiting A/WSN/33 (H1N1) and clinically isolated 

influenza A and B viruses. The assay was carried out with MDCK cells expressing ST6Gal I 

gene. Plaque numbers were counted at each concentration, and the data was fit into dose-

response curve with Prism 5, and the best fit EC50 values were shown in Table 1. (A) Plaque 

assays of CsA (1) against six influenza A and two influenza B strains at 10 μM. 

Quantification of the plaque size by ImageJ revealed that the plaque sizes of all eight viruses 

were significantly reduced in the presence of 10 μM CsA (1). The plaque area ratios with 

and without CsA (1) are 29.5 % for A/California/07/2009 (H1N1), 15.6 % for A/Texas/

Ma et al. Page 16

Antiviral Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



04/2009 (H1N1), 24.0 % for A/Denmark/524/2009 (H1N1), 9.4 % for A/Denmark/528/2009 

(H1N1), 4.1 % for A/Udorn/72 (H3N2), 0.6 % for A/Switzerland/9715293/2013 (H3N2), 

7.2 % for B/Wisconsin/1/2010, and 15.3 % for B/Brisbane/60/2008. (B) CsA (1) in 

inhibiting A/WSN/33 (H1N1) at different concentrations; (C) CsA (1) in inhibiting A/

Switzerland/9715293/2013 (H3N2) at different concentrations; (D) CsA (1) in inhibiting A/

Texas/04/2009 (H1N1) at different concentrations; (E) CsA (1) in inhibiting B/Brisbane/

60/2008 (Victoria) at different concentrations; (F) CsA (1) in inhibiting B/Phuket/3073/2013 

(Yamagata) at different concentrations.
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Figure 3. 
Natural CsA analogs and their antiviral efficacy against A/WSN/33 (H1N1). (A) Molecular 

structures of CsA (1), CsC (3), CsD (4), and CsH (5). (B) Anti-viral efficacy of CsA analogs 

against A/WSN/33 (H1N1). WJ332 is a known M2-S31N channel inhibitor and was used as 

a positive control (A/WSN/33 contains M2-S31N mutant and it is sensitive to WJ332). CsD 

(4) and CsH (5) displayed similar efficacy against A/WSN/33 (H1N1) as CsA (1); CsC (3) is 

slightly less effective than CsA (1). *, p<0.05; **, p<0.01; ***, p<0.001 in two-tail t-test 

when compared with No Drug condition.
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Figure 4. 
Synthesis scheme of CsA analogs. Detailed synthesis procedures and compound 

characterization can be found in the Supporting Information.
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Figure 5. 
Anti-viral efficacy of semi-synthesized CsA analogs against A/WSN/33 (H1N1) virus, and 

their cytotoxicity. (A) Anti-viral efficacy was evaluated with plaque reduction assay. All 

compounds were tested at 10 μM, and compounds (14) and (19) displayed severe cytopathic 

effect after 48 hours at 10 μM and no cells remained on the dishes. *, p<0.05; **, p<0.01; 

***, p<0.001 in two-tail t-test when compared with No Drug condition. (B) Cytotoxicity of 

CsA (1) and its analogs. The cytotoxicity of compounds was evaluated using the neutral red 

uptake assay.
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Figure 6. 
Summary of structure–activity relationships of CsA.
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Figure 7. 
Anti-viral efficacy of CypA inhibitor TMN355 (2) against clinically isolated influenza A 

and B viruses in plaque assays. 10 μM TMN355 (2) were applied to overlay media after 

infection with virus. TMN355 (2) is a known CypA inhibitor.
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Figure 8. 
Time-of-addition experiments. Cells were infected with A/WSN/33 (H1N1) virus at −2 hour 

time point; viruses were first incubate at 4°C for 1 hour for attachment, then at 37°C for 1 

hour for virus entry. At time point 0 hour, cells were washed with PBS buffer and progeny 

viruses were harvested at 12 hours post infection. The titer of harvested virus was 

determined with plaque assay. (A) Oseltamivir carboxylate time-of addition experiment. 

Blue arrows show the period in which 1 μM oseltamivir carboxylate is present. (B) CsA (1) 

time-of-addition experiment. Red arrows show the period in which 6 μM CsA (1) is present.
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Figure 9. 
Influenza minigenome assay. CsA (1) and CsH (5) did not inhibit A/WSN/33 (H1N1) viral 

polymerase activity. HEK293 cells were transfected with protein expression plasmids for 

influenza A/WSN/33 virus polymerase subunits PB1, PB2, PA, and nucleoprotein NP. An 

influenza virus-specific firefly luciferase reporter and a Renilla luciferase expression 

plasmid were co-transfected. Two hours after transfection, 10 μM nucleozin (21), 6 μM CsA 

(1), or CsH (5) were added to media. Nucleozin (21) is a known NP inhibitor and was used 

as a positive control. The firefly luciferase activity was normalized against Renilla luciferase 

activity. ns, NOT significant; *, p<0.05; **, p<0.01; ***, p<0.001 in two-tail t-test when 

compared with DMSO condition.
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Table 1

Drug sensitivity of influenza strains toward CsA (1), amantadine, and oseltamivir carboxylate.

Influenza Strains Sensitivity to Amantadine
Sensitivity to 
Oseltamivir 
carboxylate

Sensitivity to CsA 
(1)

EC50 (μM) (mean ± 
S.E.)

A/WSN/33 (H1N1) R (S31N) S S 2.08 ± 0.48

A/Udorn/72 (H3N2) S S S 2.60 ± 0.98

A/Switzerland/9715293/2013 (H3N2) R (S31N) S S 0.37 ± 0.06

A/California/07/2009 (H1N1) R (S31N) S S 11.68 ± 0.97

A/Texas/04/2009 (H1N1) R (S31N) R (H275Y) S 2.25 ± 0.45

A/Denmark/524/2009 (H1N1) R(S31N) S S N.D.

A/Denmark/528/2009 (H1N1) R (S31N) R (H275Y) S N.D.

B/Wisconsin/1/2010 (Yamagata) R S S N.D.

B/Brisbane/60/2008 (Victoria) R S S 3.16 ± 0.81

B/Phuket/3073/2013 (Yamagata) R S S 0.97 ± 0.16

S: sensitive; R: resistant; N.D.: not determined.

Antiviral Res. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ma et al. Page 26

Ta
b

le
 2

Se
ri

al
 v

ir
al

 p
as

sa
ge

s 
ex

pe
ri

m
en

ts
 w

ith
 C

sA
 (

1)
 d

ru
g 

se
le

ct
io

n 
pr

es
su

re
.

Se
t 

1:
 A

/W
SN

/3
3 

(H
1N

1)
Se

t 
2:

 A
/S

w
it

ze
rl

an
d/

97
15

29
3/

20
13

 (
H

3N
2)

P
as

sa
ge

s
C

sA
 d

ru
g 

co
nc

en
tr

at
io

n 
ap

pl
ie

d 
(μ

M
)

(μ
M

) 
E

C
50

C
sA

 d
ru

g 
co

nc
en

tr
at

io
n 

ap
pl

ie
d 

(μ
M

)
E

C
50

 (
μM

) 
(m

ea
n 

± 
S.

E
.)

O
se

lt
am

iv
ir

 d
ru

g 
co

nc
en

tr
at

io
n 

ap
pl

ie
d 

(n
M

)
E

C
50

 (
nM

) 
(m

ea
n 

± 
S.

E
.)

0
0

2.
08

 ±
 0

.4
6

0
0.

37
 ±

 0
.0

6
0

12
 ±

 5

1
3

N
.D

.
0.

5
N

.D
.

15
N

.D
.

2
3

N
.D

.
1.

0
N

.D
.

30
N

.D
.

3
3

1.
24

 ±
 0

.4
5

2.
0

0.
36

 ±
 0

.0
3

60
17

5 
±

 5
3

4
3

N
.D

.
4.

0
N

.D
.

12
0

N
.D

.

5
3

N
.D

.
4.

0
N

.D
.

12
0

N
.D

.

6
3

2.
08

 ±
 1

.0
8

4.
0

0.
49

 ±
 0

.0
9

12
0

26
0 

±
 7

7

7
3

N
.D

.

8
3

N
.D

.

9
3

N
.D

.

10
3

0.
84

 ±
 0

.8
1

N
.D

.: 
no

t d
et

er
m

in
ed

Antiviral Res. Author manuscript; available in PMC 2017 September 01.


	Abstract
	Graphical Abstract
	1. Introduction
	2. Materials and methods
	2.1. Chemical synthesis
	2.2. Biological experiments
	2.2.1. Cell lines, viruses, and viral infection
	2.2.2. Plaque reduction assay
	2.2.3. Cytotoxicity assay
	2.2.4. Serial passage experiment
	2.2.5. Time-of-addition experiment
	2.2.6. Influenza virus minigenome assay


	3. Results
	3.1 CsA has broad-spectrum antiviral activity against clinical isolates of influenza A and B viruses
	3.2 CsA (1) has a high in vitro genetic barrier of drug resistance
	3.3 Structure–activity relationships of CsA (1)
	3.4 The antiviral activity of CsA (1) is predominantly independent of CypA inhibition
	3.5 CsA inhibits influenza virus replication at the intermediate stage of viral replication after viral fusion
	3.6 CsA has no effect on the viral polymerase activity

	4. Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1
	Table 2

