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Abstract

The henipaviruses Nipah virus and Hendra virus are highly pathogenic zoonotic paramyxoviruses 

which have caused fatal outbreaks of encephalitis and respiratory disease in humans. Despite the 

availability of a licensed equine Hendra virus vaccine and a neutralizing monoclonal antibody 

shown to be efficacious against henipavirus infections in non-human primates, there remains no 

approved therapeutics or vaccines for human use. To explore the possibility of developing small-

molecule nucleoside inhibitors against henipaviruses, we evaluated the antiviral activity of 4′-
azidocytidine (R1479), a drug previously identified to inhibit flaviviruses, against henipaviruses 

along with other representative members of the family Paramyxoviridae. We observed similar 

levels of R1479 antiviral activity across the family, regardless of virus genus. Our brief study 

expands the documented range of viruses susceptible to R1479, and provides the basis for future 

investigation and development of 4′-modified nucleoside analogs as potential broad-spectrum 

antiviral therapeutics across both positive and negative-sense RNA virus families.
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Nipah virus (NiV) and Hendra virus (HeV) are the highly pathogenic, prototype members of 

the Henipavirus genus in the Paramyxoviridae family (Rota and Lo, 2012). While there is an 

approved animal vaccine against equine Hendra virus infections and a monoclonal antibody 

that is efficacious against henipavirus infection in non-human primates (Geisbert et al., 

2014; Peel et al., 2016), there are no small-molecule antiviral therapeutics which have 

proven effective at inhibiting NiV and HeV both in vitro and in vivo (Mathieu and Horvat, 

2015). Recently, several small-molecules, including a nucleotide analog, have shown 

promise in vitro, but remain to be tested in vivo (Lo et al., 2017; Mohr et al., 2015). Given 

the paucity of small-molecule therapeutics targeting these highly pathogenic viruses, we 

began exploring the susceptibility of henipaviruses and other related paramyxoviruses to 

relatively well-characterized and commercially available nucleoside analogs, one of which 
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was 4′-azidocytidine (R1479). R1479 is the major circulating form of the tri-isobutyl ester 

prodrug balapiravir in plasma, and was initially identified as a potent in vitro inhibitor of a 

hepatitis C virus (HCV) replicon in the mid-2000s (50% effective inhibitory concentration 

(EC50): 1.28 μM) (Klumpp et al., 2006). Since then, R1479 was shown to inhibit the RNA-

dependent RNA polymerase (RdRP) activities of Dengue virus (DenV) (EC50: 1.9–11 μM) 

and respiratory syncytial virus (RSV) (EC50: 0.24 μM) (Nguyen et al., 2013; Wang et al., 

2015). The pro-drug balapiravir advanced to clinical trials for HCV and DenV, but these 

trials were discontinued due to adverse toxicity reactions and lack of efficacy (Nelson et al., 

2012; Nguyen et al., 2013; Roberts et al., 2008). The depotentiation of balapiravir due to 

DenV activation of immune cells may explain the discordance of the in vitro data with the in 
vivo results (Chen et al., 2014).

Despite the results from clinical trials utilizing balapiravir, further characterization of 

compounds structurally similar to R1479 yielded other potential inhibitors of both HCV and 

RSV (Deval et al., 2015; Jordan et al., 2017; Smith et al., 2009; Wang et al., 2015). Results 

from these studies highlighted the importance of investigating structure-activity relationships 

regarding the modifications that afforded nucleoside analogs optimal antiviral activity. Since 

R1479 was shown to inhibit RdRP activity of RSV, we elected to investigate whether R1479 

would show activity against henipaviruses. Due to the conservation of RdRP binding domain 

structure across multiple virus families (Lo et al., 2017), we expected R1479 to effectively 

inhibit NiV and HeV, and to serve as a frame of reference for exploring the antiviral activity 

of other 4′-modified nucleoside analogs. The wild type NiV and HeV used in this study 

were from the Centers for Disease Control and Prevention (CDC) Viral Special Pathogens 

reference collection, and all experiments with wild type or recombinant NiV and HeV were 

performed in the CDC Biosafety Level 4 High Containment Laboratory.

We first assayed the ability of R1479 to inhibit reporter activity from recombinant GFP- or 

luciferase-expressing NiVs (Lo et al., 2014). For these assays, 2 × 104 NCI-H358 

bronchioalveolar carcinoma epithelial cells (CRL-5807, ATCC, Manassas, VA, USA) seeded 

in opaque 96-well plates were treated with 2-fold serial dilutions of R1479 (starting 

concentration 100 μM; Carbosynth US LLC, San Diego, CA, USA) for 1 h prior to infection 

with NiV-Luc2AM or NiV-GFP2AM at multiplicity of infection (MOI) 0.2. Infected cells 

were incubated continually in the presence of R1479 for the duration of each assay. Twenty-

four (NiV-Luc2AM) or 72 (NiV-GFP2AM) hours post infection (hpi), reporter activity was 

quantified and 50% effective inhibitory concentrations (EC50) were calculated from dose-

response data fitted to a 4-parameter logistic curve (Graph-Pad Prism, La Jolla, CA, USA). 

Fig. 1A and B are dose-response curves representative of at least 4 biological replicates 

across at least 2 replicate experiments using NiV-Luc2AM and NiV-GFP2AM, respectively. 

Mean R1479 EC50 values are denoted in Table 1, and were less than 2 μM against both 

reporter NiVs. NiV and HeV infections result in striking cytopathic effect (CPE) in cells 

which is quantifiable by a reduction in cell viability, as measured using CellTiter-Glo 2.0 

reagent (Promega, Madison, WI, USA). Utilizing an assay described previously (Flint et al., 

2014; Tigabu et al., 2014), we measured the ability of R1479 to inhibit wild type NiV 

(Malaysia genotype) and HeV-induced CPE at 72 hpi in NCI-H358 cells (Fig. 1C and D). In 

this CPE inhibition assay, the mean R1479 EC50 was 2.63 μM against NiV and 1.75 μM 

against HeV (Table 1). We performed the NiV-Luc2AM and CPE assays in HeLa cells, and 
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determined mean EC50 values against NiV and HeV to be approximately 5-fold higher in 

each assay (Table 1). The difference in EC50 values between the two cell lines may be due to 

a differential ability to metabolize R1479 into the fully active, triphosphate form.

While outbreaks of henipavirus infection in humans have the highest mortality rate 

compared to outbreaks of other paramyxoviruses, they are less common and affect fewer 

people overall (Mathieu and Horvat, 2015). To define the potential of R1479 to inhibit 

viruses across the Paraymxoviridae family, we also measured its activity against a 

representative morbillivirus (measles virus, MV, rMVEZGFP(3)), respirovirus (human 

parainfluenza virus 3, hPIV3, hPIV3-GFP), and rubulavirus (mumps virus, MuV, rMuV-

EGFP). Since each virus employed expresses GFP (Rennick et al., 2015; Xu et al., 2011; 

Zhang et al., 2005), we measured the ability of R1479 to inhibit infection-induced GFP 

expression. For rMVEZGFP(3) and hPIV3-GFP, we infected NCI-H358 cells at MOI 1.0 and 

2.0 respectively, after treating cells with serial dilutions of R1479 for approximately 1 h. We 

quantified total GFP fluorescence 72 hpi and determined EC50 values as described above for 

NiV-GFP2AM. Mean R1479 EC50 values against both viruses were only marginally higher 

than those quantified for the henipaviruses (Fig. 1E and F, Table 1). We infected R1479-

treated NCI-H358 cells with rMuV-EGFP at MOI 0.5 for 7 days, at which point GFP 

positive cells were counted using a Biotek Cytation 5 plate reader (Biotek, Winooski, VT, 

USA). The average number of background cell counts were subtracted from each well to 

give normalized cells counts, and any negative values were adjusted to “0”. For analysis of 

each replicate, the highest number of positive counts was regarded as 100%, while 0 counts 

was used for 0% positivity. Following this normalization, data were fitted to a 4-parameter 

logistic curve. A representative curve is shown in Fig. 1G, and the mean EC50 value from 

multiple replicates was determined to be 5.48 μM (Table 1). Taken together, our data 

demonstrate the potent antiviral activity of R1479 across the Paramyxoviridae family.

Previous publications report a sub-micromolar EC50 value of R1479 against the 

Pneumovirus RSV (Deval et al., 2015; Wang et al., 2015). We used a GFP-expressing 

recombinant RSV (rgRSV224) (Hallak et al., 2000) to confirm these findings. In NCI-H358 

cells, we measured a mean EC50 against RSV to be 4.35 μM (Fig. 1E, Table 1). This 

difference relative to published data is likely due to differences in the assays used. In the 

previous reports, either a subgenomic replicon or purified polymerase complex extract was 

tested for inhibition by R1479, while we measured activity against live virus in infected 

cells. Our data with RSV is similar to our data for the paramyxoviruses, which is expected 

given the genetic relatedness and similar replication mechanisms shared by paramyxo- and 

pneumoviruses. Given the observed broad spectrum activity of R1479, we evaluated its 

activity against a recombinant reporter Rift Valley Fever virus (RVFV) (Bird et al., 2008), 

and found no antiviral activity (Fig. 1I).

To further characterize the inhibition of henipaviruses by R1479, we performed 

immunofluorescence assays on NCI-H358 cells treated with R1479 and infected with wild 

type NiV. Seventy-two hours post-infection, cells were fixed and stained with a monoclonal 

antibody against the NiV nucleoprotein (Chiang et al., 2010). Fluorescence was detected 

using a DyLight 488-conjugated secondary antibody (Bethyl Laboratories, Montgomery, 

TX, USA), and cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 

Hotard et al. Page 3

Antiviral Res. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Invitrogen, Carlsbad, CA, USA). We captured fluorescence images at 10× magnification 

using a Nikon Eclipse Ti inverted fluorescence microscope (Nikon, Melville, NY, USA). The 

observed numbers of fluorescent syncytia indicative of Henipavirus replication and CPE 

inversely correlated with concentrations of R1479 in a dose-dependent manner (Fig. 2), 

correlating with the results from our NiV luciferase, GFP, and CPE assays in Fig. 1.

As a final measure of R1479 activity against NiV and HeV, we performed virus titer 

reduction (VTR) assays with each wild type virus in NCI-H358 cells. Here, NiV or HeV was 

adsorbed to cells at MOI = 0.2 for 1 h at 37 °C. Following this incubation, inoculum was 

removed from cells, cells were washed with PBS, and media containing 2-fold serial 

dilutions of R1479 was added to cells. Each infection/R1479 dilution was performed in 

quadruplicate. Supernatants were removed 48 hpi and frozen at −80 °C until 50% tissue 

culture infectious dose (TCID50) was quantified in Vero cells (8 wells per dilution). Four 

days post-infection, Vero cells were visually assayed for CPE and endpoint virus titers were 

calculated using the Reed and Muench method (Reed and Muench, 1938). Fig. 3 shows the 

titer reduction curves and R1479 EC50 values for NiV (Fig. 3, panel A) and HeV (Fig. 3, 

panel B). As with the assays displayed in Fig. 1, R1479 EC50 values in the VTR assays 

against NiV and HeV were low micromolar concentrations (1.53 μM and 2.41 μM, 

respectively). We also performed VTR assays in HeLa cells for both NiV and HeV, and 

while the EC50 values were similar to those obtained from NCI-H358 cells, R1479 was only 

able to reduce infectious virus titer by more than 2 orders of magnitude only at the highest 

concentrations used (50, 100 μM) (Table 1, data not shown). These data confirm our earlier 

findings that R1479 is potent against henipaviruses in NCI-H358 cells.

Our results from multiple assay types show that R1479 shows efficacy against henipaviruses 

with low micromolar EC50 values, and has minimal cellular cytotoxicity (CC50 > 100 μM) 

(Fig. 1J, Table 1). Slight differences in EC50 values between assays are expected due to the 

differing sensitivities inherent to the assays. We found similar EC50 values for R1479 against 

other paramyxoviruses as well, indicating that R1479 not only has potent antiviral activity 

across the Paramyxoviridae, but that the levels of potency documented closely parallel those 

observed for R1479 against Flaviviruses and a Pneumovirus (Chen et al., 2014; Eyer et al., 

2016; Klumpp et al., 2006; Smith et al., 2007; Wang et al., 2015). Also of note, we found 

that R1479 exhibited an approximate five-fold increase in EC50 values when tested against 

viruses in HeLa cells as compared to NCI-H358 cells. The likely difference in ability of the 

two cell types to convert R1479 to the fully active, triphosphorylated form underscores the 

need for testing multiple cell lines when evaluating any small molecule for antiviral activity. 

In this study, we presumed that the antiviral activity of R1479 observed against the panel of 

paramyxoviruses in this study was due to R1479 acting as an RNA chain terminator, as was 

shown for RSV (Wang et al., 2015). Future development of in vitro polymerase assays for 

paramyxoviruses will serve as useful tools not only to evaluate and confirm the activity of 

nucleoside analogs, but to better elucidate the enzymatic and structural characteristics of 

paramyxovirus polymerase complexes. Although neither R1479 nor its prodrug balapiravir 

are likely to advance as antiviral therapeutics due to poor bioavailability and previous 

clinical trial results, our data indicate that 4′-modified nucleosides can serve as a basis for 

developing a broad-spectrum antiviral therapeutic with near-equivalent potencies across 

positive and negative-sense RNA virus families. The breadth of R1479 activity observed in 
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this study against paramyxoviruses and a pneumovirus indicates that other families within 

the order Mononegavirales may also be susceptible to inhibition by R1479. These results, 

along with recent advances in broad-spectrum antiviral screening techniques (Yan et al., 

2013), and new tools for high-throughput screening against highly pathogenic viruses 

(Albarino et al., 2013, 2015; Lo et al., 2014; Welch et al., 2016) highlight the potential and 

the utility for both discovering new antiviral drugs and repurposing existing ones to combat 

viral diseases with global public health implications.
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Fig. 1. 
Antiviral activity of R1479 against multiple paramyxoviruses. Representative dose-response 

curves for various antiviral assays using R1479 in NCI-H358 cells. (A) Luciferase activity 

24 hpi with NiV-Luc2AM. (B) Total GFP positivity as a percentage of DMSO treatment 

control, quantified 72 hpi with NiV-GFP2AM. (C and D) Cell viability measured by 

CellTiter-Glo 2.0 72 hpi with wild type NiV (C) or HeV (D). (E, F, G, H, and I) Total GFP 

positivity as a percentage of no R1479 of rMVEZGFP(3) (E), hPIV3-GFP (F), rMuV-EGFP 

(G), rgRSV224 (H), or RVFV-EGFP (I) quantified at 72 hpi. For (G), the number of GFP 

positive cells was counted and reported as percentage of number of GFP positive cells in no 
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R1479 control. (J) Cell viability as percentage of DMSO treatment control in uninfected 

NCI-H358 cells incubated for 72 h post-R1479 treatment. All curves are representative of at 

least 4 biological replicates across at least 2 experiments.
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Fig. 2. 
Immunofluorescence microscopy of wild type NiV-infected, R1479 treated cells. NCI-H358 

cells pretreated with 2-fold serial dilutions of R1479 were infected with wild type NiV at 

MOI 0.2 for 72 h. Cells were then fixed, permeabilized, and stained with a mouse 

monoclonal antibody against NiV nucleoprotein and a DyLight 488-conjugated donkey anti-

mouse secondary antibody (green). Cells were counterstained with DAPI (blue), and 

representative images were captured at 10× magnification. White bar indicates length of 100 

μm.
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Fig. 3. 
Virus titer reduction assay. NCI-H358 cells were infected with MOI 0.2 of wild type NiV 

(A) or HeV (B) for 1 h at 37 °C. After 1 h incubation, virus inocula were removed, cells 

were washed in PBS, and media containing 2-fold serial dilutions of R1479 was added to 

cells. Cells were allowed to incubate for 48 h, at which time supernatant was removed and 

used to determine TCID50 on Vero cells. Each experiment was performed in quadruplicate, 

and the calculated EC50 values are displayed. The dotted line at 37.7 TCID50/mL is the 

lower limit of detection, and the dotted line at 3.16 × 107 TCID50/mL is the upper limit of 

detection.
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