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Characterization of small-molecule inhibitors of Zika virus infection 
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Abstract 

Zika virus (ZIKV) is a mosquito-transmitted positive RNA sense virus that has spread 

rapidly in the past year, prompting the World Health Organization (WHO), on 1 February 

2016, to announce that the association of Zika infection with clusters of microcephaly 

and other neurological disorders constituted a Public Health Emergency of International 

Concern1. The state of emergency eventually ended in November of 2016; however, 

given the global health concern posed by this virus, a large-scale effort to identify drugs 

for treating ZIKV and combatting its continued spread is of utmost importance. There 

are currently no drugs or vaccines for the treatment or prevention of ZIKV infection, 

although at least one vaccine study is scheduled for stage II/IIb clinical trials. This 

vaccine is currently being developed by the National Institute of Allergy and Infectious 

Diseases (NIAID), a branch of the National Institutes of Health (NIH). Although this 

vaccine study is underway, it is still highly advantageous to have small molecule 

inhibitors because whether or not this vaccination will produce susceptibilities to 

secondary flavivirus infections is still unknown42. The urgency that this situation provides 

led us and others to look to test preexisting drugs for efficacy against ZIKV infection.  In 

attempt to close this gap in treatment and prevention we, in collaboration with Dr. Wei 

Zheng and others at the National Center for Advanced Translational Sciences (NCATS), 

previously reported a screen of 6,000 compounds for anti-ZIKV activity. In this study, we 

identified several compounds with sub-micromolar anti-ZIKV activity in a cell-culture 

based model, including the FDA approved anthelmintic drug Niclosamide. Niclosamide 

proved to be capable of inhibiting ZIKV replication at ~0.2たM concentrations, in vitro, 

when added either before or after ZIKV exposure2. In order to pursue additional 

potential drugs, our collaborative efforts have, in total, screened over 80,000 

compounds for anti-ZIKV activity. Of these, we have selected several compounds for 

characterization, based on multiple factors: initial antiviral activity in a ZIKV viral protein 

(non-structural protein 1) detection assay, cytotoxicity profiles, and US Food and Drug 



Administration (FDA) approval status or previous in vivo safety profiles via human 

clinical trials. Attempts to further characterize the anthelmintic drug Niclosamide as well 

as efforts to identify several more compounds for antiviral activity were explored in a cell 

culture based ZIKV model for efficacy against ZIKV infection and drug anti-ZIKV 

mechanism of action. My results demonstrate the efficacy of these screening 

techniques, identify potential compounds for anti-ZIKV drug development, and provide 

preliminary insights on the selected drug mechanisms of action. 

  

Introduction 

Zika virus: A worldwide pathogen 

ZIKV was first isolated in 1947 in the Ziika Forest of Uganda from a feverish sentinel 

rhesus macaque3. The first isolations of ZIKV from humans occurred in Uganda and 

Nigeria in 1952, in just a few dozen individuals4. The virus remained relatively obscure 

for several decades, with human infections and small-scale epidemics remaining very 

limited. However, in 2007, a large epidemic was documented on Yap Island, a territory 

of the Federal States of Micronesia – with nearly 75% of the population estimated to 

have been infected with ZIKV during a three month period5. An even larger outbreak of 

ZIKV occurred in 2009, in French Polynesia, and then again in 2013 with the number of 

Zika Virus cases estimated at more than 30,000. This being the point at which infection-

related neurological disorders, specifically microcephaly and Guillian Barre Syndrome, 

were first linked to ZIKV, resulting in a confirmation of the casual relationship from the 

WHO upon reanalysis several years later6. 

The year before the 2016 Olympic Games in Brazil, ZIKV had been reported to be in 

circulation in at least 26 countries and territories in Latin America and the Caribbean, 

but had not geographically expanded to North America7. The WHO confirmed that no 

ZIKV infections were reported in Brazil during the Olympic Games, either among 

athletes or visitors, but current reports still show that ZIKV has now geographically 

expanded to all 50 states in the United States via travel associated cases. However, the 

state of Florida and the state of Texas are currently the only US states confirmed to 



have local transmission cases as well as travel associated cases, but it is possible that 

the ZIKV may in the future spread via local transmission to neighboring states8. 

 

Zika virus: Virology 

ZIKV is of genus Flavivirus, family Flaviviridae9. Notable members of the Flaviviridae 

family include Yellow Fever, Dengue Fever (DENV), Japanese encephalitis, and West 

Nile Virus (WNV)10. Flaviviruses are comprised of enveloped and spherical particles 

encompassing a ssRNA+ genome of about 11kb. The flavivirus genome consists of a 

single open reading frame that codes for three structural proteins, the envelope 

protein (E), the precursor membrane (prM), the capsid (C), and at least seven 

nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5).  When 

infection occurs, the viral genome is initially translated in the cell cytoplasm as a single 

polypeptide, it is then co- and post-translationally processed into at least ten viral 

proteins (Figure 1)9.   

Figure 1. The organization of the flavivirus genome (Figure from Cécile Beck, et al.)11. 

 

ZIKV’s primary mode of transmission to humans is through the bite of infected Aedes 

aegypti mosquitoes. The virus can also be transmitted from an infected pregnant 

woman to her fetus (vertical transmission) during pregnancy and can result in serious 

birth defects, including microcephaly. In addition, the virus can be spread through 

sexual intercourse or blood transfusion and has been linked to Guillain Barre Syndrome 

in adults12. 

There are two major strains of ZIKV, African and Asian. Molecular differences between 

the major strains have been catalogued and compared against DENV in human neural 



progenitor cells (hNPCs). In comparison with African strains, infection by the Asian 

strain of ZIKV more potently affected the p53 gene and genes connected with cells’ 

response to viral infection. Interestingly, the recent ZIKV infections linked to 

microcephaly have all been Asian strain13. This indication was further established via 

confirmation that the 2007 outbreak on Yap Island was due a ZIKV strain that was a 

genetic derivative of the major Asian lineage14, and even further corroborated by 

verification that the 2009 outbreak in French Polynesia also belonged to the Asian 

lineage15. It is currently unknown whether the current neurological pathologies observed 

in some ZIKV-infection cases are due to differences in strains (Asian vs African), for 

example if those that are circulating the Western Hemisphere have shown to impact 

hNPCs differently and conversely, or whether either ZIKV pathologies vary in various  

human populations is currently unknown.  

Treatment & Prevention Options 

There is currently no available anti-viral treatment or vaccine for ZIKV infection16,17. 

Existing preventions for uninfected individuals, especially pregnant women, include 

personal protection equipment, e.g., mosquito repellents, avoidance of mosquito 

bites, proper attire such as long pants and/or shirts with long sleeves, screens, bed 

nets, and mosquito surveillance and control methods17. Several vaccine studies are 

currently underway where vaccine research, platforms, and technologies utilized for 

other flaviviruses are being applied to ZIKV. Approaches currently being tested include 

live attenuated vaccines (LAVs), inactivated flavivirus vaccines, non-replicating, subunit 

flavivirus vaccines, and other investigational candidate flavivirus vaccines18. Some anti-

viral treatments and vaccine studies have shown efficacy in non-human primates and 

mice, resulting in a small number of them moving on to phase II/IIB clinical 

trials2,17,18,19,20,21. Gaps in knowledge such as ZIKV interplay with other flaviviruses, like 

DENV, and ZIKV mechanism of protective immunity provide significant challenges for 

development and testing of ZIKV vaccines18.  

While the development of a prophalyxic vaccine for ZIKV infection is important in 

preventing future outbreaks, the urgency and quick spread of ZIKV calls for additional 

effective countermeasures such as small molecule therapeutics. Discoveries about the 



molecular basis of disease offer unprecedented chances to translate research findings 

into new treatments. However, developing an entirely-new drug requires a colossal 

amount of time, money and effort, a direct result of bottlenecks in the therapeutic 

development process. Delays and hurdles mean that translation of a promising 

molecule into an FDA approved drug often takes more than 14 years. It is vital to reduce 

this time frame, decrease costs and improve drug success rates. One such strategy for 

overcoming these hurdles is drug repurposing. Because preexisting drugs approved for 

other uses already have detailed and attainable information on their pharmacology, 

formulation, and potential toxicity, repurposing a drug builds upon previously conducted 

research and developmental efforts and in turn has the potential to immensely speed up 

a drug’s review process and subsequent integration into healthcare22.  

 

Towards validation of key compounds identified in a large-scale compound 

repurposing screening 

Via collaboration with Dr. Wei Zheng and others at NCATS, we performed a primary 

high-throughput screen of 6,000 compounds using the SNB-19 cell line and NS1 

fluorescence resonance energy transfer (NS1-FRET) assay. Both during and prior to 

this primary screen, in total, over 80,000 compounds have been screened for anti-ZIKV 

activity. All hit confirmation results from this primary screen were deposited into the 

open-access PubChem database. See Miao Xu, Emily M Lee, Zhexing Wen, et al. for 

primary hit confirmation, methodology, analysis, step-by-step assay protocols and 

PubChem accession codes2. After assessment of the confirmed hits, 256 of those 

compounds were identified as having potential based on antiviral activity in a ZIKV viral 

NS1 protein detection assay, cytotoxicity profiles, and US FDA approval status or 

previous in vivo safety profiles in human clinical trials. The 256 identified compounds 

were further scrutinized based on FDA approval status, primary mechanism of action, 

half-maximal inhibitory concentration (IC50), and selectivity. Only 68 of the 256 identified 

compounds were US FDA approved. Of those 256 identified, the top 12 candidates 

were selected for further screening on behalf of their US FDA approval, primary 

mechanism of action, documented IC50 level under 1µM, and selectivity.  



We have displayed the value of this technique with the FDA approved anthelmintic drug 

Niclosamide and have continued the assessment of the 12 preexisting drug candidates 

via these methods. Having already been proven as the top candidate, further 

characterization of Niclosamide was in order, with the purpose of determining the drug’s 

mechanism of action and interaction with immature and mature virions.  

 

Results 

Profiling initial anti-ZIKV activity 

 

Aside from the previously established efficacy of Niclosamide, the experimental design 

for initial antiviral activity incorporated the 12 respective, preexisting compounds: SN-

38, BI-2536, Topotecan hydrochloride, Vincristine sulfate, Idarubicin hydrochloride, 

Mitoxantrone, Vinorelbine tartrate, Actinomycin D, Epirubicin hydrochloride, 

Daunorubicin, Floxuridine, and Mebendazole. BI-2536 is the only compound of the 12 

candidates that is not US FDA approved, but it is known to be a potent, ATP-

competitive, well tolerated and highly specific human polo-like kinase 1 (PLK1) 

inhibitor23. SN-38 and Topotecan hydrochloride are DNA topoisomerase type 1 

inhibiting, anticancer drugs24,25. Vincristine Sulfate and Vinorelbine tartrate are 

anticancer drugs that act by binding to microtubules and spindle proteins during S 

phase of the cell cycle and interfere with the formation of the mitotic spindle, thereby 

arresting tumor cells in metaphase26,27. Idarubicin hydrochloride, Mitoxantrone, 

Epirubicin hydrochloride, and Daunorubicin are antineoplastic antibiotics that intercalate 

into DNA and inhibit topoisomerase II, subsequently inhibiting DNA replication and 

ultimately interfering with RNA and protein synthesis28,29,30,31. Actinomycin D is a 

compound composed of a two cyclic peptides that bind to DNA and inhibit RNA 

synthesis (transcription) 32. Floxuridine is used in cancer therapeutics and functions as 

an antimetabolite that inhibits thymidylate synthase, resulting in disruption of DNA 

synthesis and cell cytotoxicity that leads to cell death33. Lastly, Mebendazole is a 

usually well tolerated, broad-spectrum anthelminthic agent of the benzimidazole type 



used to treat gastrointestinal parasites and disease34. Respective compound structures 

can be found in Figure 2. 

Figure 2. The molecular structures of the compounds in testing.

 
 

Aim 1: Confirmation of compounds with sub-micromolar anti-ZIKV activity  

 

In order to confirm the anti-ZIKV activity and inhibitory concentration 50 (IC50) of each 

compound, we examined virion production in human glioblastoma cells after treatment 

with a micromolar range of the drug. We quantified viral production via a focus-forming 

unit (FFU) assay. The relationship between the drug dosage and virion production 

shows the working concentration at which a compound sustains anti-ZIKV activity. 

Because the assay is dependent on infectious virion production, a FFU assay 

performed in the described manner should identify any compound that has antiviral 

activity at any of the viral lifecycle steps35.  

 

While candidates were prospected on behalf of their adequate pharmacology, it is 

important to determine whether the 12 compounds in testing are acting beneficially in 

regards to the cell or if a result showing initial anti-ZIKV activity is a false positive as a 



result of the drug’s cytotoxic effect on the cell. By combining the described form of 

evaluation, along with cytotoxicity profiling, we were able to determine whether the drug 

was antiviral or simply cytotoxic. Thus, focus-forming unit assay were performed first to 

determine initial anti-ZIKV activity, followed by an ATP content assay for cell viability 

and compound cytotoxicity in order to differentiate between true efficacy and false 

positives. Respective schematics and results depicted in Figure 3.  

Figure 3: 



 

For the compounds Vinorelbine tartrate, Mebendazole, Topotecan hydrochloride, and 

Idarubicin hydrochloride, representative IC50 levels could not be calculated because not 

enough data points from FFU analysis were obtained. Epirubicin hydrochloride and 

Vincristine sulfate both resulted with IC50 levels higher than 1uM but less than 10uM. 

The four best candidates Actinomycin D, Daunorubicin, Floxuridine, and Mitoxantrone 

all resulted in IC50 levels calculated in the sub-micromolar range, in addition to exhibiting 

relatively low toxicity to cells at 0.01-3.0uM concentration.  

Complications may have occurred in the ATPase cell viability assay, as the phenotype 

shows the tail end of the response curve for each drug trending above the baseline. 

Regardless, removing focus from the final concentration value (Log (Molar) [-5]), 

general trends for cell viability can be observed for the following compounds: 

Daunorubicin, Actinomycin D, and Mitoxantrone. Compounds not demonstrating 

acceptable IC50 values from the FFU assays were not further evaluated. 

 

Following initial confirmation screening, the top 4 candidates were selected based on 

performance in both viral production and ATPase cell viability analyses. The selected 

compounds were, respectively: Mitoxantrone, Actinomycin D, Daunorubicin, and 

Floxuridine. Floxuridine did not portray a safe phenotype in the ATPase cell viability 

assay, but was selected regardless on behalf of its performance in FFU assay. In 

attempt to determine a compound’s anti-ZIKV mechanism of action, we first examined 

at which stage of the viral life cycle the drug was affecting. We designed a timecourse 

experiment so that we could identify inhibition or defects at the entry stage, replication 

stage, or assembly stage of the viral life cycle. Specifically, we added drug to SNB-19 

cells either 1 hour prior or 4 hours post viral inoculation, and collected cell lysates for 

Western blot analysis (represented in schematic Fig. 4A). Time-resolved western blot 

analyses were performed in this manner to provide sufficient information regarding 

intracellular content as well as insight concerning drugs’ mechanisms of action. In 

additional, we also followed the viral kinetics by examining viral RNA levels at different 



time points following infection (Fig. 4C). Respective schematics and results depicted in 

Figure 4.  

Figure 4: 

 

Western blot analysis was performed in the described manner to indicate any clear 

differences in inhibition of entry or replication of the viral life cycle. A clear phenotype 

displayed by Western Blot analysis showed Mitoxantrone’s definitive anti-ZIKV inhibitory 



effects when added both 1hr prior to infection and 4hr post infection (Fig. 4B). 

Actinomycin D also exhibited efficacy against the virus when added 1hr prior to 

infection. Both Daunorubicin and Floxuridine failed to display effective inhibition when 

added either 1hr pre-infection or 4hr-post infection (Fig. 4B). A time-resolved single time 

of treatment addition provides a simple foundation for which the viral kinetics can be 

followed. Collection timepoints were optimized in order to mimic the possible stages in 

the viral life cycle where the drug may be more or less effective, comparatively. RNA 

was purified from all collection timpoints and subject to quick Nanodrop analysis to 

confirm sufficient levels of viral RNA. Next, a cDNA synthesis was performed and 

cDNAs were submitted to the Florida State University biology department cloning facility 

for a full analysis of viral kinetics. To obtain clearer results, this experiment would most 

likely need to be repeated. However, there is some things that can be taken away from 

from the real-time quantitative PCR analysis results. Looking at the graph (Fig. 4C), all 

conditions start around the same level of relative ZIKV RNA. This indicates that no 

effective inhibition was occurring at the binding stage of the viral lifecycle. Continuing 

down the timepoints on the x-axis of the graph to the 2hr mark, all levels of relative ZIKV 

RNA stay the same compared to DMSO (control). Again indicating that no inhibitory 

effects were occurring for any of the conditions. The first sign of ZIKV inhibition starts to 

occur for the Mitoxatrone treatment exactly at the crossover (pink & red), somewhere 

between the entry stage and early replication stage of the viral lifecycle. The other 

conditions continue to show no efficacy at any stages of the viral lifecycle, however, 

Mitoxantrone shows some level of inhibition at the remainder of the stages in the viral 

life cycle. Full inhibition is not occurring here, as would be indicated by a drop of relative 

ZIKV RNA to zero; but, it is clearly that Mitoxantrone is showing some efficacy against 

the virus at these stages (Fig. 4C) After receiving the viral kinetics data for the 4 

selected compounds, it was clear that Mitoxantrone was the top candidate and should 

be further pursued to determine the drug’s potential mechanism of action. While 

Mitoxantrone would most likely not be advantageous therapeutically for anti-ZIKV 

treatment (due to suspected increased cancer risks), we have previously identified a 

role in cell cycle in ZIKV infection. Since Mitoxantrone is a known DNA topoisomerase II 

inhibitor, we were interested as to whether a Mitoxantrone-resistant ZIKV mutant may 



provide additional insight into ZIKV relationship with cell cycle. In collaboration with 

Yichen Cheng, a graduate student in Dr. Hengli Tang’s lab, we began to select a drug-

resistant mutant (see Fig. 5). While initial results suggested we may have cultured a 

Mitoxantrone-resistant ZIKV strain (Fig. 5B and Fig. 5C), further experiments were 

inconclusive (data not shown) and we did not follow up further on this mutant. 

Description for selecting drug-resistant ZIKV against Mitoxantrone is reported in the 

methods. Respective schematics and results depicted in Figure 5. 

 

Figure 5: 

 

 

 

 

 

 



Aim 2: Continuation of characterizing the antiviral activity of Niclosamide 

 

Niclosamide proved to be capable of inhibiting ZIKV replication at sub-micromolar 

concentrations, in vitro, when added either before or after ZIKV exposure2. As 

performed by Miao Xu, Emily M Lee, Zhexing Wen, et al., Niclosamide repeatedly 

showed a lower IC-50 concentration in viral production assays as opposed to replication 

assays, ~0.13-0.2uM in infectious virion production assays compared to 0.2-0.9uM NS1 

production assays versus. Combining this with results from a pilot immunofluorescence 

assay (data not shown) led us to believe that Niclosamide was potentially interacting 

with the ZIKV virion pre-transmission, or, perhaps, was somehow permeable to the viral 

envelope and disrupting the virion’s stability while at an immature stage. 

Figure 6: The molecular structure of Niclosamide.  

 

  

In order to test this hypothesis, we set up two experiments in order to test for any 

variances in the drug’s efficacy while being pre-incubated with virus versus direct 

treatment of virally infected cells. The first experiment was an immunofluorescence 

assay expanded from the previously described pilot experiment. At time of inoculation, 

samples denoted with “PRE” condition were inoculated with high-titer PRVABC59-ZIKV 

that had been previously incubated with 100uM Niclosamide for 24hr. Samples denoted 

with “FRESH” were inoculated with high-titer PRVABC59-ZIKV that received no pre-

treatment but were simultaneously dosed with 100uM of fresh Niclosamide at the time 

of inoculation. “ZIKV-PR” samples were inoculated with high-titer PRVABC59-ZIKV 

alone, and “MOCK” samples received no treatment whatsoever. The high-titer viral 

stock used was calculated at 2E9 FFU/mL, and necessary dilutions were performed to 

obtain two lower-titer groups calculated at 2E8 and 2E7 FFU/mL, respectively, in order 

to retain any and all results in biological triplicate. After inoculation, all samples were left 

to incubate at 37 degrees C for a 24hr period. From there, a standard 



immunofluorescence assay was carried out, and cells were mounted using 

VECTASHIELD (see Fig. 7A and corresponding methods section for details), and 

imaging was performed on an Olympus BX61 Microscope (representative imaging 

results depicted in Fig 7B). Clear visual difference in infection percentages can be 

observed in Fig 7B. All images were quantified using ImageJ and results were entered 

into the Prism software (GraphPad) for statistical analysis. In all groups, +ZIKV+Pre-

incubated Niclosamide showed statistically significant lesser amounts of infection 

compared to all other conditions. Similarly, across all groups, +ZIKV+Fresh Niclosamide 

also maintained statistically significant lesser amounts of infection in comparison with 

+ZIKV only (Fig. 7C).  

Figure 7: 

  

 



For the second experiment, we first pre-treated high-titer PRVABC59-ZIKV with or 

without 100uM Niclosamide for 1 hour at 37C, and then concentrated virions (to 

separate from any unbound niclosamide) using PEG8000-purification44. Concentrates 

were then analyzed by focus-forming unit assay in order to render any differences 

between pre-incubated drug and freshly added drug conditions. In order to control for 

residual, non-virion bound niclosamide, we also used a virion-free niclosamide 

supernatant concentrated with PEG8000 in the same manner, and added equal 

amounts of this concentrate to virus only (denoted “ZIKV + PEG8000-Niclosamide” in 

Fig 8B). No noticeable inhibition was seen when the niclosamide only PEG8000 

concentrate was added to virus infected cells (Fig. 8A & 8B). 

 

Figure 8: 

 



Statistical analysis was performed using the Prism software (GraphPad) by standard T-

test analysis, for which a statistically significant difference between the pre-treated 

100uM Niclosamide conditions and all other conditions was portrayed. As exhibited in 

Fig. 8B, no noticeable, nor statistically significant, difference was calculated between 

conditions treated with only virus or those treated with virus plus PEG8000-Niclosamide 

(Fig. 8C). 

 

Discussion  

Here we showed the efficacy of compound screening techniques, using SNB-19 and 

Vero cells, to measure compound cytotoxicity and working antiviral concentrations. 

Utilizing these techniques, we have screened over 6,000 approved drugs and candidate 

compounds, in total. Subsequently, this effort has led to the identification and 

characterization of a few small-molecule inhibitors that either enhance the cell to protect 

against apoptotic cell death or suppress ZIKV infection, replication, or assembly.  

The top candidate of the compounds in testing, Mitoxantrone, also called Novantrone or 

DHAD, is an anti-cancer chemotherapy drug29. Mitoxantrone is classified as an 

antineoplastic antibiotic, in which its mechanism of action performs as a type II 

topoisomerase inhibitor. The inhibitory effect caused by Mitoxantrone occurs when it 

intercalates into and forms crosslinks between DNA bases, thereby disrupting DNA 

synthesis and DNA repair. This inhibitory effect occurs in both healthy cells and cancer 

cells. This drug, like a few of the other candidates in testing, is also known to cause 

inhibition by binding directly to the topoisomerase complex – which sparked our interest 

when multiple alike candidates showed initial efficacy against ZIKV infection40. As 

depicted by our results, Mitoxantrone showed effectiveness against ZIKV when added 

either before or after infection was established – unlike Actinomycin D, which only 

showed efficacy when added before established infection. This indicates that 

Mitoxantrone plays an inhibitory role after viral entry. While this drug was effective 

against ZIKV in vitro, it is important to note that its functions as an anticancer drug, 

affecting bother cancer cells and healthy cells, may lead to obvious detrimental effects 

including increased risk of certain types of cancers. Due to this, it is unlikely that 



Mitoxantrone will be provide any clinical usefulness for treating ZIKV-infected patients. 

At the same time, due Mitoxantrone’s link the cell cycle as a topoisomerase inhibitor 

and ZIKV’s link to the cell, it may provide usefulness in phenotyping portions of the cell 

cycle targeted by ZIKV. Future mechanistic analyses and animal studies of this drug will 

of course be necessary to confirm its safe use as a small-molecule inhibitor against 

ZIKV infection in vivo, specifically in pregnant women, because it falls under the 

USFDA’s drug category D risk. Meaning, there is positive evidence of human fetal risk 

because of antagonistic reaction data from investigational and human clinical studies – 

regardless, Mitoxantrone’s potential benefits may warrant its prescription in spite of 

potential risks for specific situations where other drugs have not worked or total options 

are very limited40,41.  

Here we also provide insight to a potential mechanism of action of the anthelmintic drug 

Niclosamide. Niclosamide, also referred to by its trade name Niclocide, is an FDA-

approved drug that has been proven safe for use by humans2. It has primarily been 

used to treat worm infections for a little over 50 years36,37. Niclosamide is recognized as 

a category B drug. The commonality in category B drugs is that they induce no risk to 

fetuses as well as having shown consistent low toxicity in mammals, of which both have 

been repeatedly backed in animal studies38. Although some of our previous studies 

have indicated that Niclosamide was inducing inhibition at a post-entry stage in the viral 

life cycle, Niclosamide also consistently produced lower IC50 concentrations in viral 

production assays in comparison with replication assays (data not shown). It was also 

important to not overlook the fact that Niclosamide is recognized for its broad antiviral 

application and that it has been recognized for its ability to neutralize endolysosomal pH 

as well as interfere with pH-dependent membrane fusion2,39. Also, the genome of ZIKV, 

carried by the viral particle, encodes a single polyprotein that is co- and post-

translationally cleaved to generate three structural proteins and seven non-structural 

proteins. Several of the non-structural proteins function as enzymes for the virus. 

Among these is the protease NS2B-NS3, whose function is to cleave the virus at the 

proper sites, and is subsequently required for ZIKV replication. Similar to most viruses, 

the non-structural proteins with enzymatic-like functions are suitable drug targets, and it 

is therefore highly desirable to understand crystal structures of these non-structural 



proteins and any interactions that they may exhibit43; thus, tangible reasoning for 

attempting to characterize Niclosamide’s relationship with the viral particle.  

Independent of assessment of potential risks and potential benefits of Mitoxantrone and 

Niclosamide in pregnant women, both drugs could be utilized to reduce viral loads in 

infected men and nonpregnant women alike, thereby potentially reducing overall virus 

transmission and subsequently deterring further harm by other ZIKV-related effects, 

such as Guillain-Barré syndrome. Also, while there has been swift advancement in the 

preclinical development of anti-ZIKV vaccines, completing safety and effectiveness 

studies in humans can take a considerable amount of time – sometimes more than 14 

years2,22. Because of this, active countermeasures against the virus, like small-molecule 

therapeutics, are also critical. The findings and methods provided here should provide 

some insight towards potential drug repurposing candidates and the development of 

other anti-ZIKV therapeutics. Additionally, these findings have the potential to be 

applicable to other arboviruses and members of the Flavivirus genus, such as DENV 

and West Nile Virus.  

Methods 

 

Viral titer by focus-forming unit (FFU) assay2 

ZIKV titers were performed as published by Miao Xu, Emily M Lee, Zhexing Wen, et al. 

Briefly, Vero cells were inoculated with virus for 48h and a methylcellulose overlay. 

Plates were analyzed for focus-forming units per mL (FFU/mL). Cell supernatants were 

titrated in biological triplicate onto a confluent monolayer of Vero cells in 96-well plates 

and incubated for 2h at 37°C. Virus inoculum was removed and replaced with the 

methylcellulose overlay. Cells treated with the overlay were incubated for an additional 

48-72hrs before fixation. Post fixation with 4% paraformaldehyde (Sigma), cells were 

treated with anti-flavivirus group antigen overnight at 4°C. The following day, fixed cells 

were washed three times with PBS and incubated with horseradish peroxidase (HRP)-

conjugated anti-mouse secondary antibody for 1hr at room temperature. After treatment 

with secondary antibody, plates were washed three times again with PBS and incubated 

with DAB peroxidase substrate for 10 min (Vector Labs) while rocking to complete the 



stain. Any subsequent images were taken using a Zeiss dissection microscope with 2x 

semi-adjustable magnification.  

 

ATP content assay for cell viability and compound cytotoxicity2 

 

ATP content assays for cell viability and compound cytotoxicity were performed as 

published by Miao Xu, Emily M Lee, Zhexing Wen, et al. Briefly, the ATP luminescence 

assay system kit (catalog number 6016731; PerkinElmer) was used to determine cell 

viability. Protocol was followed and reagents reconstituted per manufacturer description. 

To measure the amount of cell death caused by ZIKV infection, cells were for 16 hrs at 

37°C in 5% CO2 using assay plates provided by the manufacturer. Cell culture plates 

were then inoculated with ZIKV solution and incubated at 37°C with 5% CO2 for 72hrs. 

ATPlite, the ATP-content monitoring reagent, was added to the plates and incubated for 

15 min. The subsequent luminescence will be measured using the ViewLux plate 

reader. In order to normalize the data, wells without any cells were used as a control for 

100% cell killing and cell-containing wells without any ZIKV infection as 0% cell killing 

(full cell viability). For testing of potential toxicity of the selected compounds, cells were 

seeded in 96-well plates and left to incubate overnight to achieve proper confluency. 

The following day, cells were treated with the depicted concentrations for 24-48 hrs 

before continuing substrate addition and measurement per the manufacturer’s 

guidelines.  

Antiviral time course analysis2 

Collection time points were formulated specifically so that inhibition or defects at the 

entry stage, replication stage, or assembly stage of the viral life cycle could be 

identified. Cell culture steps were followed as published by Miao Xu, Emily M Lee, 

Zhexing Wen, et al. Breifly, SNB-19 or Vero cells will be seeded in 48 or 96-well plates, 

respectively, at approximately 3 × 105cells/well. The next day, cells were treated with 

compound at 1- to 10-fold of the IC50 value, or the indicated experimental concentration, 

for 1 hr before, 4 hr after, and 24 hr after inoculation with ZIKV (multiplicity of infection 



(MOI) = 0.5–1). Cell pellets and supernatants were harvested 24–48 hr post infection 

and analyzed by western blot or focus-forming unit assay. Western blot bands and 

focus-forming units were quantified. 

 

Western blot analysis2 

 

Western blot analyses were performed as published by Miao Xu, Emily M Lee, Zhexing 

Wen, et al. Briefly, cells were harvested by trypsinization, pelleting and subsequent lysis 

in 1× Laemlli buffer, and the lysates were then be boiled, or the cells were directly lysed 

in 1× Laemlli buffer and boiled. Antibodies used were anti–ZIKV NS1 (1:2,000; BF-

1225-36, BioFront Technologies, Tallahassee, FL) and Ku80 (1:1000, Abcam). 

Viral purification analysis  

Virus isolation analysis of the described conditions was performed via centrifugation 

utilizing a polyethylene glycol (PEG-8000) solution. To create a 1/5 total volume PEG-

NaCl solution: 200g of polyethylene glycol 6000 and 146.1g of NaCl into 1L of distilled 

water, heat to dissolve, and autoclave. As opposed to 4°C overnight incubation, we 

chose to incubate at 37°C for 2 hours in order to mimic an optimal “growth environment” 

of the immature virion to a mature virion. After incubation, the conditions plus PEG-8000 

solution were centrifuged at 11,000g for 20 min at room temperature. All resultant 

precipitates (p.f.u/mL) were resuspended and subject to focus-forming unit analysis in 

order to determine any differences in drug-virion interactions.  

 

Immunocytochemistry2 

Immunofluorescence assays were performed as published by Miao Xu, Emily M Lee, 

Zhexing Wen, et al. Breifly, SNB-19 were seeded the day prior in order to achieve a 

confluent monolayer. Cells were treated with the described conditions for 24hr, samples 

were then fixed with 4% paraformaldehyde (Sigma) for 15 min at room temperature. 

After fixing, cells were permeabilized and blocked using PBT (phosphate-buffered 



0.25% Trition X-100 (Sigma)) and 10% donkey or goat serum in phosphate-buffered 

saline (PBS) for 20 min. All samples were treated overnight with primary antibodies at 

4°C, followed by multiple PBST (PBS + Tween-20) washes. Secondary antibodies were 

then applied at room temperature for 1 hr. Final washes were performed and slides 

were mounted using VECTASHIELD with 4ガ,6-diamidino-2-phenylindole (DAPI; 

Vectorlabs, Burlingame, CA) (resultant “blue” stain). Antibodies used were as previously 

described. Images were taken by Zeiss LSM 700 and 880 confocal microscopes, an 

Olympus BX61 microscope or a Zeiss Axiovert 200M microscope. All images were 

quantified using ImageJ (NIH). 

Selecting drug-resistant virus 

The designated top candidate from the combinative analysis by focus-forming unit, ATP 

content for cell viability and compound toxicity, and time-resolved viral kinetics assays 

was further analyzed by means of conditioning virus with the depicted drug 

concentrations via passaging, in attempt to select for a drug-resistant virus. Briefly, 

SNB-19 cells were inoculated with ZIKV and treated with the illustrated concentrations 2 

hr post-infection. 3x PBS washes were performed prior to drug addition and samples 

were left to incubate for 48-72hrs. Cells were harvested and saved for potential titering 

and 5mL of sample was used to re-inoculate the parent strain. These steps were 

performed for a total of 10 passages, until a passage began to show resistance after 48 

hrs. The original wildtype strain and any and all drug-resistant passages were projected 

to be analyzed by genomic sequencing and IC50 comparison in order to distinguish any 

mutational differences, thereby identifying potential drug targets and possible 

mechanisms of action.  



Data analysis and statistics 

 

The IC50 values of compound confirmation data were calculated using the Prism 

software (GraphPad Software, Inc. San Diego, CA). All values are expressed as the 

mean ± s.d. unless specified otherwise. Experiments were not blinded, unless otherwise 

specified. The sample sizes were estimated according to previous studies and the 

known variability of the assays. Statistical analyses were carried out with standard one-

way ANOVA or T-Test for statistical significance using the Prism software, specified per 

for each experiment. 
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