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A B S T R A C T

Despite recent progress in vaccination options, Newcastle disease virus (NDV) stands a severe global epidemic
and economic burden. It is difficult to control NDV with vaccination alone due to its evolving genetic variability;
therefore, an effective therapeutic must target to resist its replication and further evolution. Drug repurposing is
a practical and economical method to develop therapeutics against pathogenic organisms. Applying the
knowledge of the broadly used antimicrobial activity of imidazole and its derivatives, we performed re-
purposing-based design of therapeutics to induce protection against NDV. We checked the ability of the com-
pound at sub-lethal doses to reduce NDV replication in vitro, in ovo and in vivo. Chickens treated with the
repurposed drug produced antiviral type I interferon and showed no shedding of the virus. Successful designing
of novel NDV drug, in this study empirically demonstrates the principle that repurposing can be used for de-
veloping antiviral therapeutics.

1. Introduction

Newcastle disease virus (NDV) is a widely present avian virus. The
virus infects a wide range of birds (around 300 different species), both
domestic and wild population (Kaleta and Baldauf, 1988). NDV has
three pathotypes: lentogenic, mesogenic and velogenic. Virulent strains
of NDV causes Newcastle disease (ND). There are no antiviral or ther-
apeutics approved for treating NDV infection in birds. Since its first
outbreak in 1926, at least four defined NDV pandemics were reported
throughout the continents (Miller et al., 2014). Vaccination and bio-
security measures stay the only available preventive choices (Ganar
et al., 2014). The greatest impact of ND is due to the high mortality
rates in poultry followed by dwindling egg and meat production. With
significant structural improvements in modern intensive production
methods, genetic enhancements, improved preventive disease control,
biosecurity measures and increasing urbanization, the poultry industry
has made major contributions to the livestock production industry
worldwide (Steinfeld et al., 2006). Big or small poultry production is a
primary source of food and income in many developing countries, and
outbreaks of NDV contribute to food insecurity. Significant trade re-
strictions and increase in the cost of production due to quarantines in
outbreak areas drastically affect the economy of those countries.

NDV is single-stranded, nonsegmented, negative-sense RNA virus
encoding for six structural proteins. It belongs to the family

Paramyxovirus, genus Avulavirus and species Avian avulavirus 1
(Amarasinghe et al., 2007). NDV affects the neurological, gastro-
intestinal and respiratory systems of birds (Alexander, 2000). Un-
vaccinated or poorly vaccinated birds often display clinical signs. The
severity of NDV varies depending on the species of bird, the strain of the
virus and the immunity of the host (Lamb and Kolakofsky, 1996).
Constantly evolving NDV strains are genetically divided into two
classes, with one genotype of class I and 18 genotypes of class II (Diel
et al., 2012; Snoeck et al., 2013). Employment of vaccination, rapid
diagnostic assay and culling of the infected flock are the active man-
agement used against NDV outbreaks in developed countries.

It is obligatory to report to the OIE in case of a virulent or mesogenic
NDV outbreak, resulting in restrictions and trade embargoes being
placed on poultry or poultry products from that country. According to
the OIE, ND is regarded as the fourth most devastating disease in
poultry after highly pathogenic avian influenza, avian infectious
bronchitis and low pathogenic influenza (OIE, 2012). ND was ranked
2nd after rabies, among the reported disease outbreaks from 2006 to
2009. Furthermore, several countries reported the NDV outbreaks in
domestic poultry during the years 2008–2014 (Das and Kumar, 2017;
Dimitrov et al., 2017; Miller et al., 2015). Such widespread distribution
and recurrent outbreaks suggest that vaccination and bio-safety mea-
sures alone cannot effectively control the disease. In such paradigm,
development of an anti-NDV drug could help animal scientist and field
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workers to control the situation.
In the modern age, with the ever-increasing database about the

molecular basis of disease, several opportunities lie to translate re-
search findings into new medicines. However, barriers to the ther-
apeutic development processes produce holds and obstacles in the
adaptation of a potential molecule into approved drugs. It is important
to reduce this time frame, reduce costs and enhance success rates. In
such scenario, drug repurposing, use of existing therapeutic to treat a
new disease, bears the promise (Nosengo, 2016). Repurposing is a
tempting and pragmatic procedure, given pre-approved knowledge re-
garding the toxicity, pharmacology and formulation. Although the de-
velopment of a potential drug requires much cost and is tedious, fewer
than 15% of these compounds receive approval, despite the majority of
them being deemed safe. Since re-purposing embellish upon established
research and development efforts, it could speed review by the Food
and Drug Administration and, if approved, thereby integrating new
targets into healthcare (Corsello et al., 2017). Drug repurposing screens
have evolved as an alternative approach to speed up drug development
(Pham et al., 2016). Following recent repurposing screen, potential
drug candidate for Ebola virus (Kouznetsova et al., 2011), Giardiasis
(Chen et al., 2011), amoebiasis (Debnath et al., 2012), hepatitis C virus
(HCV) infection (Sun et al., 2013) and, very recently, ZIKV infection
(Barrows et al., 2016) have been discovered.

Imidazole is the nitrogen-containing heterocyclic ring that occupies
unique importance in biology and pharmacology. Derivatives of imi-
dazole and their versatile properties have attracted considerable in-
terests for more than a century in chemistry and pharmacology. This
heterocyclic aromatic compound is polar and ionizable, serving the
pharmacokinetic characteristics of lead molecules (Rastogi and Sharma,
1983). Imidazole derivatives offer enormous scope in the field of
medicinal chemistry due to their available methods of synthesis and
various structures (Boiani and Gonzalez, 2005). To increase egg pro-
duction and control diseases, poultry producers extensively use imida-
zole derivatives in feed additives and drugs (Balloun et al., 1969;
Mottier et al., 2006). These compounds have large antimicrobial
spectra effective against most pathogens of veterinary interest such as
Candida spp, Paracoccidioides brasiliensis, Aspergillus and Penicillium spp
etc (Sheehan et al., 1999). Imidazoles drugs are known to have re-
spectful pharmacokinetic features and are well distributed throughout
the body on administration (Hennessy et al., 1983). Among the widely
used imidazole drugs used for poultry include Levamisole, Clotrimox-
azole, Fluconazole, Tetramisole, Febendazole etc.

In our present study, we have evaluated the effect of imidazole on
NDV replication. Imidazole could successfully reduce NDV replication
in chicken fibroblasts cells when treated with sublethal doses. The
finding was further validated by in-ovo and chicken experiments
wherein an imidazole derivative was shown to reduce NDV infection.
Thus, our results suggest repurposing an anti-helminthic drug into po-
tential antivirals in chickens. Besides, the importance of this study
could be extended to analyze repurposing of imidazole against other
infectious paramyxoviruses to achieve cost-effective and efficient
treatment.

2. Materials and methods

2.1. Viruses, cells and compound

We obtained a mesogenic NDV (mNDV) strain R2B from the veter-
inary clinic, College of veterinary sciences, Guwahati, Assam.
Recombinant NDV expressing GFP was used to analyze the fluorescent-
based study. The recombinant virus was made using reverse genetics
approach (available in the lab). The nine-day-old specific pathogen free
(SPF) embryonated chicken eggs and the primary chicken embryo fi-
broblast (CEF) cells were used to propagate NDV. Hemagglutination
(HA) titer of NDV stocks was determined using 1% chicken RBC at room
temperature. Tissue culture infective dose (TCID50) and plaque assay

were performed using established protocols (Alexander et al., 1998).
CEF cells were prepared using nine-day-old chicken embryo under

aseptic conditions following the standard protocol (Cunningham.
Charles H, 1973). The chicken embryo fibroblast (DF1) and baby
hamster kidney (BHK21) cells were obtained from ATCC, Manassas,
USA. The CEF, DF1, and BHK21 cells were grown in Dulbecco's mod-
ified Eagle’s medium (DMEM) containing 10% fetal calf serum (In-
vitrogen, USA) with antibiotics and antimycotics (antibiotics/anti-
mycotics; 60 μg of penicillin, 105 μg of streptomycin, and 0.25 μg of
amphotericin B per ml) (Sigma, USA). The cells were maintained in a
37 °C incubator with 5% CO2.

A molecular grade imidazole stock solution of 1M was prepared and
filtered for further use (SRL, India). The CEF cells were treated with a
serial two-fold dilution of imidazole (starting from 400mM) and the
toxicity was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) cell proliferation assay, 48 h (h) post-
treatment. The MTT assay is a colourimetric assay for assessing cell
metabolic activity. NAD(P)H-dependent cellular oxidoreductase en-
zymes in live cells are capable of reducing the tetrazolium dye MTT to
its insoluble formazan, which has a purple colour (Freimoser et al.,
1999). Formazan is soluble in DMSO and can be quantified by taking
absorbance at 490 nm. Furthermore, a molecular grade albendazole
(Sigma, USA) stock solution of 100mM was prepared and filtered for
further use. MTT assay of albendazole was done in DF1 cells. DF1 cells
were treated with a sub-lethal dose of imidazole and its effect was
observed under the inverted microscope. The albendazole (benzyl de-
rivative of the imidazole) was used for chicken experimentation as per
the recommended dose of 5mg/ kg body weight.

2.2. Infectivity assays and virus titration

CEF cells were infected with mNDV and its recombinant expressing
GFP. The mNDV infection was done in three sets of CEF cells: first
treated with a sublethal concentration of imidazole before mNDV ad-
sorption, second cells treated during adsorption of the virus, and third
treated after mNDV adsorption. In all the sets, CEF monolayer was in-
fected with 5× 105 PFU of mNDV for 1 h of adsorption and then wa-
shed with PBS thrice to remove the residual virus. The monolayer was
then overlaid with 2% DMEM containing 10% fresh sterile allantoic
fluid. Treatment of CEF was done with 10mM, 20mM, 30mM and
40mM of imidazole in all the sets.

To check the effects of imidazole on NDV replication, the infected
cells were observed daily for the cytopathic effects (CPE), GFP fluor-
escence and HA titer was recorded every 24 h until the fifth day post-
infection. The mNDV titer was quantified by plaque assay in BHK21
cells as described previously (Krishnamurthy et al., 2000). The cells
were overlaid with DMEM containing 2% FCS and 0.8% methylcellu-
lose (Sigma, USA). The plaques were visualized by staining with 1%
crystal violet fourth day post-infection. Besides, the TCID50 titer was
calculated using Reed and Muench algorithm (Hierholzer and RA,
1996). The titer of recombinant NDV expressing GFP was monitored
under the inverted fluorescent microscope in infected CEF cells. Fur-
thermore, the GFP expression in the different treatment groups was
measured by flow cytometry (FACS Calibur BD Biosciences USA).

Total RNA from mNDV -infected CEF cells was isolated using
TRIZOL reagent, following the manufacturer's instructions (Invitrogen,
USA), for its quantification at the transcriptome level. The cDNA was
prepared using random hexamers and reverse transcription-PCR (RT-
PCR) amplification was performed using NDV gene-specific primers
(Kumar and Kumar, 2015). GAPDH was amplified for each of the ex-
perimental samples as an internal control.

Western blot experiment was performed for the expression analysis
of the viral protein in the different experimental sets (Nayak et al.,
2010). Briefly, the infected cells were harvested by trypsinization and
lysed in Radio-Immunoprecipitation Assay (RIPA) buffer (Invitrogen,
USA). Antibodies used were anti–NDV polyclonal (1:5000;
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hyperimmune sera raised in chickens) or anti-beta actin (Life Tech-
nologies, USA). HRP conjugated secondary antibody was used for all
the preparations and signals were detected using ECL chemilumines-
cence (Novex, USA).

Similar time of addition experiments was conducted to check the
effect of sub-lethal dose of albendazole on replication of NDV in DF1
cells.

2.3. In ovo study

Two different experiments with imidazole and albendazole were
conducted in embryonated chicken eggs to check antiviral effect. Nine-
day-old embryonated chicken eggs were grouped into six groups: un-
infected control, drug control, mNDV control, treated with drug 12 h
before mNDV infection, co-treated with drug and infected with mNDV,
and treated with drug 12 h post-infection. All the sets were infected
with a 10−5 dilution of 29 HA units (∼ to 3×105 PFU/ml) of egg-
grown mNDV and 30mM of imidazole and albendazole. The eggs were
incubated at 37 °C incubators with regular shaking for 36 h. The growth
of mNDV in all the sets was determined using HA titer and the presence
of pathological lesions in the embryos. The viral titer was also de-
termined using plaque assay in BHK21 cells as described earlier.

2.4. Chicken experiment

The treatment and infectivity studies were further performed in bird
model. The SPF birds were housed in isolators in the animal facility at
the Khanapara veterinary college, Guwahati, Assam. All the animal
experiments were performed following proper protocol of animal
ethics, four groups (n=12 per group) of two week SPF chicks were
taken. Albendazole (5 mg/kg body weight) was administered orally
12 h pre-infection, 12 h post-infection and during infection of mNDV in
three representative groups. The fourth group was taken as mNDV in-
fection control. In addition, ten birds were kept as uninfected and un-
treated control and another eight birds as albendazole control. The first
three groups and the infection control group were infected with 103

TCID50 titer/ml of mNDV. Oral and cloacal swabs were obtained on day
third and fourth post-infection to measure the mNDV shedding. The
presence of mNDV in the swab samples were determined by its in-
oculation in embryonated chicken eggs and performing HA assay. From
each group, three birds were sacrificed on day 1, 2, 3 and 4 post-in-
fection to quantify the mNDV replication. In all the collection a 12 h
difference was maintained as per the treatment schedule. The trachea,
lungs and spleen in the post-mortem birds were checked for mNDV
specific pathology. The tissue was fixed in formalin and stained using
haematoxylin and eosin following the standard protocol (Culling,
1974a, b). The mNDV replications in these tissues were further quan-
tified using qPCR against NDV genes. Total RNA from the tissue samples
were isolated and cDNA prepared using random hexamers (as described
below).

2.5. Analysis of innate immune response to imidazole treatment

We quantified immune modulator activity of imidazole and its
benzyl derivative, albendazole in primary CEF cells and two-week-old
chickens, respectively. In the first experiment, the expression of type I
interferon (IFN) was checked on mNDV infected CEF cells treated with
30mM imidazole and compared against mock-infected and virus-in-
fected cells. CEF monolayer was overlaid with DMEM containing
30mM of imidazole and incubated at 37 °C CO2 incubators for 48 h
post-infection with mNDV (as mentioned earlier). For chicken experi-
ments, blood samples were collected from the brachial veins from all
the groups. PBMCs were isolated from the collected blood samples
using histopaque 1077 (Sigma, USA) (Kaiser et al., 2006).

Total RNA from PBMCs was isolated using TRIZOL, following the
manufacturer's instructions (Invitrogen, USA). The cDNA was prepared

using random hexamers and quantification of type I IFN gene expres-
sion was done using real-time PCR. cDNA was prepared using Mu-MLV
Reverse Transcriptase (Applied Biosystem, USA). Gene-specific primers
were designed against IFN alpha (IFNα), IFN beta (IFNβ) genes to
quantify its expression (Applied Biosystems). All real-time PCR reac-
tions were performed using the SYBR Green PCR master mix (Applied
Biosystems, USA) in ABI 7500 Fast Real-Time PCR (Applied Biosystems,
USA). The thermal cycling conditions were 50 °C for 2min followed by
an initial denaturation step at 95 °C for 10min, 40 cycles at 95 °C for
30 s, 60 °C for 30 s and 72 °C for 30 s. For each data point, experiments
were carried out in triplicate, and the relative gene expression was
determined using the 2-ΔΔCt method (Livak and Schmittgen, 2001).
Moreover, the fold change in the gene expression was normalized with
an internal control gene (GAPDH). An independent sample t-test was
done to statistically signify the differences in fold change in IFN gene
expression in the different experimental groups. The experimental data
were analysed using Microsoft Excel, p-value less than 0.05 was con-
sidered significant.

3. Results

3.1. Cytotoxicity assay of imidazole and albendazole

Imidazole, a potent pharmacokinetic compound, was found to have
50% survival concentration values of 50mM in CEF cells (Fig. 1a). No
toxicity was observed in CEF cells at concentrations below 1mM. The
compound showed increasing cytotoxicity in CEF, in the form of va-
cuolation when treated in a dose-dependent and temporal manner
(Fig. 1b). The cell toxicity was linearly related to drug concentration
when treated from 10mM to 40mM concentration. Furthermore, 50%
survival concentration value for albendazole was found to be 40 μM in
DF1 cells (Fig. 1c) and its toxicity was temporal and dose-dependent
(5 μM to 9 μM) (Fig. 1d).

3.2. Antiviral activity of imidazole and albendazole

Imidazole treatment along with mNDV infection was done in CEF
monolayer as represented schematically (Fig. 2a). Imidazole treatment
at a post-entry step reduced replication of mNDV in CEF monolayer by
two-fold. The reduction in virus replication was evaluated by plaque
assay and GFP expression which showed a reduction of two- and five-
fold titers, respectively (Fig. 2b). While in the mNDV control group the
viral plaques were quantified to be 23×105 PFU, in the imidazole
treated groups it was approximately 12× 105 PFU. We observed a
dose-dependent reduction in NDV titre in imidazole treated groups
using GFP marker as a read-out. A gradual two-fold decrease in virus
titer was observed (Fig. 2c). The graphical representation of the re-
duction in viral titres in the plaque assay and TCID50 experiments are
shown in Fig. 2d. We conducted experiments to check dose-dependent
antiviral activity of imidazole, using independent approaches at tran-
scriptional and translational levels. The expression of intracellular
mNDV genome showed the reduction in the presence of imidazole. The
presence of imidazole suppressed production of infectious mNDV by
two-fold (Fig. 2e). Western blot analysis showed a two-fold reduction in
mNDV protein as compared to beta-actin (Fig. 2f). In both cases, CEF
cells were treated with an increasing concentration of imidazole from
10 to 40mM. Besides this, FACS analysis for imidazole treated cells
showed almost complete fold reduction in NDV-GFP infected cells,
when compared to virus control (Fig. 2g). Moreover, in DF1 cells re-
duction in GFP expressing NDV infection was clearly visible on treat-
ment with 9 μM albendazole (Fig. 2h). This result was further supported
in the plaque assay and TCID50 assay (Fig. 2i). About two fold reduction
was seen in DF1 cells treated with albendazole post mNDV infection.
This finding was further supported by western blot (Fig. 2j).
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Fig. 1. Toxicity assay for imidazole in CEF cells. Graph representing the determination of 50% survivality using MTT assay (a). The CEF cell monolayer treated in
ascending order of sub-lethal concentrations of imidazole (5, 10, 20, 30 and 40mM) (b). Toxicity assay of albendazole in DF1 cells. Graph representing the
determination of 50% survival using MTT assay (c). The DF1 cell monolayer treated in ascending order of concentrations of albendazole (5, 6, 7, 8 and 9 μM) (d).

Fig. 2. Identification of imidazole and albendazole as anti-viral agent against NDV in vitro. Schematic representation of the time of addition experiment in vitro (a).
Inhibition of NDV infection by imidazole (30mM) at pre-entry, co-entry and post-entry step. Assessment was done by GFP measurement under inverted microscope
and plaque assay (b). Dose-dependent inhibition of mNDV by imidazole treatment at a post-entry step. The assessment of reduction in mNDV replication was done
using GFP fluorescence under an inverted microscope and plaque assay (c). Reduction in mNDV titration in fibroblast cells on imidazole treatment as calculated using
plaque and TCID50 titer (d). RT-PCR of mNDV infected CEF cells treated with increasing concentration of imidazole at post-entry step (e). Western blot of mNDV
infected CEF cells treated with increasing concentration of imidazole at a post-entry step (f). The assessment of inhibition of recombinant NDV replication was done
by GFP measurement using flow cytometer. M1 and M2 represent the percentage of total and fluorescent cells in the gated population in the four representative
groups (g). Inhibition of recombinant NDV infection by albendazole (9 μM) at pre-entry, co-entry and post-entry step (h). Reduction in mNDV titration in fibroblast
cells on albendazole treatment as calculated using plaque and TCID50 titer (i). Western blot of mNDV infected DF1 cells treated with 9 μM albendazole (j).
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3.3. In ovo antiviral activity

The antiviral efficacy of imidazole and albendazole was evaluated in
nine-day-old embryonated chicken eggs (Fig. 3a). Allantoic fluid was
collected 36 h post-infection from different groups. A two-fold reduc-
tion in mNDV titer was observed in the egg treated at the post-entry, co-
entry and pre-entry steps as compared to the mNDV infected control.
Clinical lesions observed in the embryo were suggestive of reduced
virus replication in the imidazole treated eggs as compared to mNDV
infected control eggs (Fig. 3b). The fold reduction in the mNDV parti-
cles was supported with HA titre and plaque titre using infected al-
lantoic fluid (Fig. 3c). The albendazole treated embryos also showed
similar pattern of reduction in mNDV replication. Reduced plaque of
the harvested allantoic fluid and less pathogenicity in the embryos were
suggestive of the antiviral effect of albendazole on mNDV (Fig. 3d). This
was further supported by HA titre and PFU showing about 2 fold re-
duction (Fig. 3e).

3.4. Antiviral activity of imidazole derivative in chickens

To further validate antiviral potency of imidazole compounds we
performed experiments with two-week old chicks. Seronegative birds
were inoculated by the oculonasal route with mNDV or were left un-
infected as a control group. All the birds treated with albendazole
showed reduced mNDV specific pathological symptoms and gross

lesions as compared to untreated birds at fourth-day post-infection
(Fig. 4a). Internal organs such as trachea, lung and spleen in the in-
fected control group showed distinct inflammation as compared to the
treated groups. Tissues such as lungs, trachea and spleen collected from
the treated-infected group showed reduced hemorrhages and infiltra-
tion of neutrophils as compared to the untreated-infected group
(Fig. 4b). A better resolution picture of the same is given as Supple-
mentary figure S1. Moreover, qPCR against mNDV specific gene from
total RNA from tracheal, lung and spleen tissues collected on the fourth-
day post-infection showed a reduction in the expression of viral RNA in
the albendazole treated group (Fig. 4c). Furthermore, there was no
cloacal or oral shedding observed for any of the treated-infected group
till fourth day post-infection (Fig. 4d). All the mNDV infected birds
showed both oral and cloacal shedding.

3.5. Upregulation of innate immune response on imidazole treatment

IFN production is the most prominent host innate immune response
during infection with viral infections (Samuel, 2001). In the present
study, we analyzed the induction of type I IFN (IFNα and IFNβ) re-
sponses in CEF and two-week-old chickens at the early stages of mNDV
infection. TypeI IFN showed upregulation in CEF monolayer throughout
the experimental duration with its peak at 48 h post-infection. The IFNα
and IFNβ expression on imidazole treatment showed 413-fold and
29.65 fold increase respectively as compared to mock-infection CEF

Fig. 3. Identification of imidazole and albendazole as anti-viral agent against mNDV in ovo. Schematic representation of the time of addition experiment in ovo (a).
Gross lesions and virus titration in nine-day-old chicken eggs, treated with imidazole and infected with mNDV (b). Graph representing HA titer and plaque forming
units per ml of mNDV in different embryo groups treated and infected with imidazole and mNDV 36 h post-infection (c). Gross lesions and virus titration in nine-day-
old chicken eggs, treated with albendazole and infected with mNDV (d). Graph representing HA titer and plaque forming units per ml of mNDV in different embryo
groups treated and infected with albendazole and mNDV 36 h post-infection (e).
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cells. On the contrary, IFNα and IFNβ expression in CEF cells infected
with plain mNDV showed an increase of 0.4 fold and 1.62 fold re-
spectively. Furthermore, in group infected with mNDV and post-treated
with imidazole increase of 1.3 fold and 2.05 fold was observed for IFNα
and IFNβ gene expression (Fig. 5a). In case of two-week-old chickens,
upregulation of type I IFN genes was observed 96 h post-experiment. In
the event of chickens treated with plain albendazole, significant IFNα
expression of 609 fold was found, whereas IFNβ gene showed a 9 fold
increase. In chickens infected with mNDV increase of 767 fold and 417
fold was observed in IFNα and IFNβ expression respectively.

Furthermore, in birds infected with mNDV and post-treated with al-
bendazole IFNα and IFNβ expression showed a significant increase of
535 fold and 87 fold respectively (Fig. 5b).

4. Discussion

The poultry industry is the second largest livestock industries after
pork. Chicken meat represents approximately 88% of global poultry
meat output. The major impediment to the growth of poultry industries
arises from infectious diseases. Among the primary infectious agents

Fig. 4. Identification of albendazole as anti-viral agent against mNDV in vivo. Reduction in the replication ofmNDV in presence of albendazole in 2 week old chickens.
Gross lesions observed in birds’ 96 h post-infection in different groups treated with albendazole. Presence of pathological lesions like inflammation of spleen and lung,
haemmorhagic ridges in trachea were represented as “+” and their absence as “-” (a). Gross lesions and histopathology slides on tissues of two-week-old chickens
infected with mNDV and treated with albendazole at different conditions. mNDV specific pathologic signs were seen; B: congestion and hemorrhage in the lung (white
arrow); H: dropout and necrosis of mucous epithelial cells in the trachea (white arrow); N: amalgamation of collapsed cell and inflammatory exudates created the
homogeneous and pink-staining appearance in the white pulps of spleens (white arrow; A, C, G, I, M and O: Corresponding control tissues. D, J and P: treated with
albendazole during NDV infection; E, K and Q: treated with albendazole 12 h pre-NDV infection; F, L and R: treated with albendazole 12 h post-infection. Scale
bar = 100 μm (b). Graphical representation of qPCR of mNDV gene in trachea, lung and spleen samples collected from the different experimental groups 96 h post
experiment (NDV: only mNDV infected, ALB: only Albendazole treated, ALB/NDV: pre treated and infected, ALB+NDV: co treated and infected, NDV/ALB: post
treated and infected). Values represent the mean of three independent experiments ± S.D with standard error bar representation (p < 0.05 represented as *, p<
0.005 represented as **) (c). Haemagglutination assay of virus shed in the oral and cloacal droplets of two-week-old chickens 96 h post-infection in the different
experimental groups, amplified in 9 day old embryonated chicken eggs. The “+” and “-” sign represents presence and absence of virus shed post inoculation of swabs
in chicken eggs (d).

Fig. 5. Expression of innate immune response
on imidazole and its derivatives. Up regulation
of type I interferon genes on imidazole treat-
ment (30mM) post-infection in CEF cells was
assessed using real time PCR. The graph shows
relative fold increase in CEF treated with
30mM imidazole, plain mNDV infected CEF
and CEF treated with 30mM imidazole 12 h
post-infection. Increase in expression was
compared with negative control CEF (a). Up
regulation of type I interferon genes on alben-
dazole treatment (5 mg/kg body weight) post-
infection in two-week-old chickens was as-
sessed using real time PCR. The graph shows
relative fold increase in birds treated with al-
bendazole, plain mNDV infected birds and
birds inoculated with albendazole 12 h post-
infection. Increase in expression was compared
with mock control birds (b). Values represent
the mean of three independent
experiments ± S.D with standard error bar
representation (p < 0.05 represented as *,
p< 0.005 represented as **).
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affecting poultry industry, NDV stands to be a major one. Live atte-
nuated NDV vaccines adopted for over centuries do not absolutely block
virulent NDV infection or shedding (Read et al., 2015). Besides, there
are continuous records of NDV outbreaks in vaccinated flocks being
reported from different countries (Khorajiya et al., 2015; Kumar and
Koul, 2016; Putri et al., 2017). In our present study, we identified the
potential of a commonly used anti-helminthic drug in poultry, for its
application as an active antiviral against NDV infection in chicken. The
mNDV strain R2B used in our study cause a mild respiratory symptom
in birds. The mNDV shows distinct cytopathic effects and is well char-
acterised in cell culture as compared to lentogenic stains. In addition,
mNDV mimics the disease condition in young and used as a vaccine in
older birds.

In our study, 50mM concentration of imidazole was found to be the
50% survival dose in primary chicken fibroblast cells. However, the
lethal dose of a compound depends on its level of purity (Parasuraman,
2011). We found imidazole specific vacuolation in CEF cells from
concentration 10mM and it increased linearly to 40mM. In our study,
the therapeutic window of imidazole was found to be around 30mM
however, its dose varies in different host cells (Haegler et al., 2017;
Raab, 1980).

Our efforts so far have led to the identification of imidazole and its
derivatives that suppress mNDV replication in vitro, in ovo and in vivo.
Imidazole is a potent activator of cellular immune response (Wysocka
et al., 2007). Our present work manifests the antiviral property of
imidazole and its derivatives in chickens. The drugs when applied in
sub-lethal dosages showed a reduction in active virus progenies. Our
result suggests the efficacy of the compound as anti-NDV, which is
exhibited in a dose-dependent manner. These results implied the in-
hibitory effect of imidazole and albendazole on mNDV replication.
Substantial reduction in viral mRNA production and protein synthesis
was visible on drug treatment as compared to virus infected cells. Re-
duced tissue tropism of the virus in the drug treated birds confirmed the
efficacy of the drug as an antiviral compound. Previous reports showed
the inhibitory effect of drugs on virus transcription and translation (van
de Wakker et al., 2017). Our findings suggest the upregulation of IFN
genes both in vitro and in vivo upon imidazole treatment. Our result
corroborates with the earlier report where imidazole compounds are
shown to induce IFN genes (Sachan et al., 2015). The expression level of
IFN is critical in protecting the host against virus infection (Baum and
Garcia-Sastre, 2011; Liniger et al., 2012; Pei et al., 2001). In our study,
upregulation of IFN and its downstream pathways could be the reason
behind the antiviral action. Our results of in ovo experiments suggested
the ability of compounds to reduce mNDV infection in embryonic stages
of development. The absence of clinicopathological signs in two-week-
old birds supported the effectiveness of oral dose of the compound to
reduce mNDV pathogenesis. The lack of sterile immunity to block
virulent NDV infections and consequent virus shedding is the major
hurdle in the development of its vaccine. The amount of mNDV shed in
the environment by vaccinated birds is considered as an important
parameter for vaccine efficacy (Dortmans et al., 2012). Such shedding is
considered as a potential reason for evolution and transmission of
virulent NDV strains (Kapczynski and King, 2005; Miller et al., 2009).
Our result suggests the use of imidazole and its derivative albendazole
could diminish replication and thus the transmission of NDV by redu-
cing its shedding. Furthermore, our results showed the reduction of
mNDV replication in various visceral organs at the transcriptome level.
Such inhibition could be attributed to the induction of an antiviral state
in the birds on imidazole treatment. Thus, our finding that repurposing
of imidazole as a drug reduces NDV replication offers an attractive anti-
NDV approach. However, use of these drugs must be regulated so that it
could be used in conjunction with conventional NDV vaccination. It will
be interesting to see if immunization and imidazole treatment together
could improve the efficacy of current vaccines. Such approach might be
a real improvement to NDV vaccination strategy.

Imidazole derivatives have broadened the scope in remedying

various dispositions in clinical medicines due to their extensive spec-
trum of biological activities. Such unique properties include anti-cancer
(Franchetti et al., 2001), β-lactamase inhibitors (Venkatesan et al.,
2008), 20-HETE synthase inhibitors (T. Nakamura et al., 2004), car-
boxypeptidase inhibitors (Han and Kim, 2001), heme oxygenase in-
hibitors (Roman et al., 2007), anti-ageing agents (Babizhayev and
Yegorov, 2015), anticoagulants (Nantermet et al., 2004), anti-in-
flammatory (Adams et al., 2001), antibacterial (Bacillus cereus)
(Varshney et al., 2010), antifungal (Emami et al., 2008), antiviral
(Hepatitis C virus) (Ujjinamatada et al., 2007), antitubercular (D.
Zampieri et al., 2008) and antidiabetic (Crane et al., 2006). It is an FDA-
licensed drug component that is well accepted for use in animals and
humans to deal with worm infections for 50 years (Boiani and
Gonzalez, 2005; Campbell, 1990). It is recognized to suppress several
viruses in culture processes, including the West Nile virus and hepatitis
virus (Ujjinamatada et al., 2007). Its broad antiviral action is connected
to its desirable electron-rich characteristic, advantageous for imidazole
derivatives to promptly bind with a family of enzymes and receptors in
biological systems through several weak interactions, thereby pre-
senting broad bioactivities (Zhang et al., 2014). Our time-course stu-
dies, showed that inhibition by imidazole takes place at a post-entry
step, in vitro. On removal of imidazole the antiviral effect was reversed
in pre and co infection studies. However, due to limitation in experi-
mental procedures it was impossible to remove it in in ovo and in vivo
studies. The difference in the antiviral effect in cellular and live models
can also be attributed to variation of viral kinetics in those systems
(Jogler et al., 2006). However, such reversal was not seen in case of
imidazole derivative albendazole. Modification in the chemical struc-
ture of lead drug molecules has been known to improve their chemical
and biological properties (Boiani and Gonzalez, 2005). Thus, sub-
sequent molecular investigations of its molecular mechanism will give
us insight into the more active drug development. Imidazole belongs to
the category B drug, which means no risk in animal applications. It has
little toxicity in avian with an oral median lethal dose (LD50) value of 5
mg/kg body weight (Campbell, 1990). In the present study, the efficacy
of imidazole on the impedance of NDV replication was shown to be
dose- dependent. Further research on imidazole and its derivatives as
anti-NDV therapeutics could help lessen the viral load in infected
poultry, thereby reducing transmission during outbreaks.

Despite rapid progress to develop anti-NDV vaccines and presence
of established vaccines since time, cases of vaccine failure cannot be
overlooked in field conditions (Miller et al., 2013). Therefore, alter-
native treatments against NDV, comprising small-molecule ther-
apeutics, are also required. The results and conclusions presented in our
study should improve current NDV research and have a prompt im-
plement on the development of an anti-NDV drug. Our findings could
have implications for fighting epidemics by other paramyxoviruses,
such as Nipah virus, Measles virus etc. many of which causes ravaging
outbreaks worldwide.
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