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Abstract: Influenza viral infection causes several hospitalizations and claims the lives of many 

people each year. The threat of epidemic and pandemic are more pressing than ever with newly 

mutated strains developing every year. Understanding the mechanism of infection of influenza 

can help identify new potential drug targets and help progress the development of antivirals. 

Currently there are two classes of FDA approved drugs, neuraminidase inhibitors and M2 ion 

channel inhibitors, to combat influenza infection. Unfortunately, viral resistance to M2 ion 

channel blockers has caused them to stop being used for treatment. This paper focuses on 

understanding influenzas ability to mutate and it mechanism of infection to develop new M2 ion 

channel blockers.  
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Introduction and Overview  

Background  

Influenza virus is one of the most common causes of respiratory tract infections in 

humans.  An estimates of 36,000 deaths and millions of hospitalizations has been attributed to 

influenza virus infection-related illness in the United States 1. Globally 250,000-500,000 deaths 

occur annually due to influenza virus infection 2. Although influenza was not isolated until the 

1930’s, it has been a leading cause of epidemics and pandemics across the world for centuries. In 

1918 approximately 50 million people were killed worldwide as a result of the “Spanish 

influenza” pandemic 3-5. More recently the 2009 H1N1 “swine flu” pandemic, and the H5N1 

avian influenza, are a timely reminder of the persistent threat of influenza viruses3, 4. Influenza 

virus belongs to the negative-sense RNA virus family and its RNA polymerase lacks 

proofreading activity. As a result, drug-resistance mutants can emerge either through drug-

selection pressure or random mutations6. Point mutations that take place in the antigenic portions 

of the surface glycoproteins (hemagglutinins and neuraminidases), which are referred to 

antigenic drift, provide a selective advantage for the virus to evade detection by the immune 

system of infected hosts. In addition to antigenic drift, different subtypes of influenza A viruses 

are also capable of swapping their segmented genome, a process termed antigenic shift, to 

produce re-assortment viruses. 5-7  

Influenza A virus is a single-stranded negative-sense RNA virus that belongs to the 

Orthomyxoviridae virus family which also includes Influenza B and C virus strains8. Influenza 

virus can be transmitted directly through aerosol droplets, or indirectly through contaminated 

surfaces, making it a highly contagious pathogen. Influenza virus has a wide range of hosts 

including birds, pigs, horses and humans 5, 10. It is an enveloped virus that is covered with two 

different surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), which are 

projected from the virion. A third viral membrane protein is the M2 proton channel.  Influenza A 

strains are subtyped by the genetic makeup of the HA and NA. Currently there are at least 18 

known HA subtypes and 11 known NA subtypes8, 11. They can undergo all possible 

combinations. In reality majority of the influenza A subtypes have been identified. Under the 
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viral membrane is the virion core which contains matrix protein M1, viral ribonucleoproteins 

(vRNPs), and the nuclear export protein (NEP). The virus genome is distributed to eight 

negative-sense viral RNAs, which encode at least twelve viral proteins11. Each strand of vRNA is 

wrapped around the nucleoproteins and is associated with the viral ribonucleoproteins (vRNPs), 

a viral polymerase complex consisting of the PA, PB1, and PB2 subunits.8, 9 

 

 

 

Figure 19: Structure of Influenza A virus. This illustration shows the outer envelope of the 

influenza virus covered with the NA and HA surface glycoproteins. The integral membrane 

protein M2 ion channel is represented as well. The different individual vRNPs located inside the 

virion are pictured along with the PB1, PB2, NP subunits and the negative sense single stranded 

viral RNA that make up the individual vRNPs. 

 

Mechanism of infection  

Influenza A begins its infection when it enters the respiratory tract of the host. In the 

respiratory tract the virus recognizes the host cells’ sialic-acid-containing receptors through the 

viral HA proteins13. Once attachment has taken place the virus is internalized into the host cell 
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by endocytosis. Within the acidic environment of the endosome the HA protein undergoes a 

conformational change to expose the hydrophobic fusion peptide, promoting fusion of the viral 

envelope with the endosomal membrane14. Simultaneously the M2 ion channel is activated, 

promoting acidification of viral interior, thereby leading to the dissociation of the M1 protein and 

viral ribonucleoprotein complexes, a process known as uncoating13, 15, 16. Consequently the viral 

vRNPs are released into the cytoplasm. 

Once uncoating takes place the individual vRNP is transported to the nucleus through the 

nuclear pores in order to begin the replication and transcription processes14.  Due to the fact that 

influenza virus is a negative-sense RNA virus, replication first begins with the synthesis of 

complementary RNA (cRNA). These newly copied cRNA strands are then used as templates to 

produce new copies of negative-sense RNA strands (vRNAs). The newly synthesized vRNAs are 

then transported back to the cytosol and packaged into the new virions as part of the vRNPs8, 14.  

In addition to the replication of new negative-sense RNA strands the vRNA strands are 

also used to synthesize positive-sense mRNA by a process called “cap snatching”. The viral 

polymerase that is made of the PB2, PB1, and PA subunits catalyzes this process. During this 

process PB2 binds to the 5’ methylated caps of host pre- mRNAs, which are then cleaved by the 

PB1 endonuclease domain about 10-20 nucleotides downstream 8, 16. This nucleotide segment 

then acts as a template and is used by the viral RNA-dependent RNA polymerase to begin the 

process of viral transcription. The viral transcription process begins at the 3’ end of the “capped” 

RNA segment15. Once transcription has taken place, the viral mRNAs are sent to the cytoplasm 

of the cell for translation of new viral proteins16. Once in the cytoplasm the translation of the 

HA, NA, and M2 proteins occurs at the endoplasmic reticulum where they are folded and 

glycosylated. After this the proteins are transported through the Golgi apparatus where other 
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modifications are made and eventually they are transported to the apical surface of the host cell. 

Lastly the process of “budding” begins and progeny virus particles are fully assembled and 

released from the host cell plasma membrane after NA cleaves the sialic acid residues from the 

host cell surface16, 17(Figure 2).  

The viral replication cycle provides a foundation for antiviral drug discovery. 

Compounds which perturb any of the steps during the viral replication cycle can potentially be 

developed as antiviral drugs.  

 

 

Figure 217: Illustration representing the mechanism of infection of influenza A. A represents 

the structure influenza A and it binding to the host sialic acid receptor via the HA protein. B 

shows the virus being endocytosed and a low pH environment that triggers the release of the 

vRNPs that will be transported to the nucleus through the nuclear pore. C-F represent the process 
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of transcription and translation taking place in the nucleus and cytoplasm. G shows assembly of 

the virion and budding of the new virion from the host cell. Figure adapted from reference 17.  

 

Current treatments 

Currently there are two classes of FDA-approved antiviral drugs available for the 

prophylaxis and treatment of influenza virus infection18. The drug class known as the M2 ion 

channel blockers include the two drugs amantadine and rimantadine. The newest drug class is the 

neuraminidase inhibitors which include three drugs oseltamivir (TamiFlu), zanamivir (Relenza), 

and peramivir (Rapivab).19, 20.   

 

Figure 3. FDA-approved influenza antivirals.  

 Neuraminidase inhibitors inhibit NA protein of the virus, thus preventing the cleavage of 

the host cell sialic acid receptors. This halts any newly formed from budding from the infected 

cells, thus the spreading of the progeny viruses is inhibited.  Studies have shown that this class of 

drugs greatly reduces the duration of the symptoms associated with influenza infection and they 

can be used for prophylaxis to prevent infection as well21. Although resistance to neuraminidase 

inhibitors remains at a low frequency among current circulating influenza viruses , the 2008 

H1N1 seasonal strain in the northern hemisphere that contains the H275Y mutation in the viral 

neuraminidase (NA), was found to be completely resistant to oseltamivir,13 suggesting 

neuraminidase inhibitor-resistant influenza viruses might bounce back at any time. Furthermore, 
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oseltamivir has a narrow therapeutic window and is only effective for patients who are infected 

within the 24–48-hour window. For critically ill patients, oseltamivir showed disappointing 

efficacy.14 Zanamivir is administered intra-nasally, rather than orally as is oseltamivir, so its use 

is limited, especially in infants and critically ill patients.  The recently approved peramivir is an 

i.v. agent and is typically restricted to hospitalized patients.  

The other class of antivirals used to combat influenza virus infection is known as the M2 

ion channel blockers. The M2 channel blockers interrupts viral uncoating process and prevents 

the dissociation of the vRNPs from the M1 protein during the early step of viral replication24. As 

majority of current circulating influenza A viruses are resistant to adamantanes, the CDC no 

longer recommends the use of the M2 channel blockers, amantadine and rimantadine, for the 

prevention and treatment of influenza virus infection 4, 25.  

            Clearly, the treatment gaps associated with the current influenza therapies, coupled with 

existing and emerging drug resistance to the approved drugs, emphasize the urgent need to 

develop new therapeutic agents. 

           This study aims to develop the next-generation of AM2 channel blockers by targeting 

amantadine-resistant AM2 mutants.  
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Figure 331: Illustration demonstrating where the M2 ion channel blockers and 

neuraminidase inhibitors act in the process of influenza infection. 

M2 ion channel 

M2 ion channel is the drug target of adamantanes such as amantadine and rimantadine. 

Understanding the structure and function of the channel is a first key step towards developing 

more potent channel blockers. The M2 ion channel of influenza is a proton-selective ion channel 

that is integrated in the viral envelope of the influenza A virus30, 32. The selectivity filter of the 

channel consists of two conserved residues H37 and W41. It is a homotetramer consisting of four 

identical M2 subunits that are stabilized by two disulfide bonds.33 (Figure 3). 
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                 Figure 427: Structure of the M2 ion channel in the lipid bilayer. 

As mentioned previously, the low pH of the endosome activates the M2 ion channel 

when the virus is trapped in the endosome. Extensive biophysical studies of the AM2 proton 

channel conductance have led to the proposal of the gating mechanism. When the four 

transmembrane helices of the protein are tightly packed, the indole rings are contained in the 

channel, forming the “gate” of the channel via van der Waal interactions 33. When the pH is 

lowered the H37 residues are protonated. The charge repulsion between the H37 residues from 

different monomers triggers a conformational change, leading to the opening of the “gate” The 

protons are then released to the viral interior from the protonated H37. Finally the channel 

relaxes back to the closed form to initiate another round of proton relay. Compelling results from 

solution- and solid-state NMR, EPR, and X-ray crystallography suggest that adamantanes act as 

channel blockers of the AM2 proton channel and prevents protons from entering and thus 

inhibiting any further steps in the infection process,35 (Figure 4).  
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Figure 434: Illustration of M2 ion channel activation. The left picture shows channel closed at 

a high pH where the transmembrane helices are packed tightly together. The right image shows 

the channel opened at a low pH of the electrostatic interactions of the helices have been 

disrupted.  

Amantadine-resistant AM2 mutants have been well characterized. Currently the most 

frequent mutations in the AM2 channel are S31N, V27A, and L26F25, 26, all of which maintain 

nearly native proton conductance rate as the wild-type AM2. Compared with other viral proteins, 

the resistance frequency of AM2 remain low, indicating AM2 is a relatively conserved viral 

protein. Among the amantadine-resistant AM2 mutants, the S31N mutant is the predominant 

mutant which has been found in more than 95% of current circulating influenza A viruses. It is 

worth to highlight that AM2-S31N mutant is not a result of amantadine drug selection pressure, 

rather it is a sporadic mutation which happens to maintain the native function of the wild-type 

AM2 while confers amantadine resistance. Given the fact that S31N is highly conserved among 

multidrug-resistant influenza viruses, including viruses that are resistant to amantadine, 

oseltamivir, or both, we hypothesize that S31N inhibitors will have broad-spectrum antiviral 

activity against influenza A viruses. Towards this goal, this study aims to develop a S31N target-
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specific screening assay which can either be used to characterize rationally designed AM2-S31N 

inhibitors or used for high-throughput screening of novel S31N inhibitors. To confirm the 

antiviral activity of the screening hits, a virus-induced cytopathic effect (CPE) assay was also 

developed as a secondary assay. Collectively this study has yielded significant preliminary 

results and paved the way for following studies.  

 

Materials and Methods: 

Cell Culture 

Madin- Darby Canine Kidney Epithelial (MDCK) cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin 

and streptomycin (pen/strep) antibiotics. The cells were plated in a T75 flask and grown to 90% 

confluency. After reaching proper confluency the cells were washed twice with PBS and then 

trypsinized with 3mL of trypsin. After trypsinization was complete it the trypsin was neutralized 

by adding 7mL of DMEM. The cells were then transferred to a 15mL conical tube and 

centrifuged at 1000rpm. Once the cell were centrifuged the supernatant was removed and the 

cells were resuspended in 10mL DMEM to be used for the CPE assay.  

Cytopathic effect assay (CPE assay) 

MDCK cells were plated in a tissue culture treated 96 well plate with a seeding density of 

about 6,000 cells per well and incubated in DMEM with 10% FBS and 1% strep/pen until each 

well was about 60% confluent. Once the cells reached the ideal confluency the DMEM was 

removed and the cells were rinsed once with PBS. A 3 x 10 -5 serial dilution using DMEM and 

.5% BSA was performed to dilute stock solution of the influenza strain A/WSN/33. For this 
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experiment each 96 well plate required 10mL of media total so the amount of media for the serial 

dilution of the virus was calculated from the number of 96 well plates being used. Next 100ul of 

the serial diluted virus in the media was added to each well of the 96 well plate containing the 

MDCK cells. Each 96 well plate was incubated for 30 minutes at 37 degrees Celsius. After this 

1ul of the compounds to be tested was added to a well and then 100ul of an overlay media was 

added to each well. For each plate the overlay medium contained 12mL of DMEM, 24uL of 

NAT, and 240uL of pen/strep. The plates were incubated at 37 degrees Celsius for about 46 

hours or until the majority of the cells in the control wells had appeared to ball up, due to the 

virus infection fully completing and killing the cells. The day before the wells were to be stained 

the neutral red stain was incubated overnight at 37 degrees Celsius.  Upon completion of 

incubation the media was suctioned off and 100uL of the neutral red stain was added to each 

well and incubated for four hours at 37 degrees Celsius. Once staining was complete the cells 

were washed one time with PBS and allowed to dry for ten minutes at room temperature. 100uL 

of acetic acid was then placed in each well and each plate was shaken for ten minutes.  

Yeast plasmid preparation  

S. cerevisiae strains containing the plasmid for the expression of the AM2 channel were 

previously generated from the Udorn strain of influenza A and expression was controlled by the 

GAL1 promoter 28, 35. In order to ensure the previously prepared yeast strains contained the 

plasmids with the correct gene sequence of the M2 ion channel yeast were grown out in YPD 

media at 30 degrees Celsius. Then using the Yeast DNA Extraction Kit and provided protocol 

from Thermo Scientific the yeast DNA was extracted. Once the yeast DNA was extracted a 

bacterial transformation was performed using competent bacteria. First LB plates containing 

ampicillin were placed into a 37 degree incubator and warmed.  100uL of competent bacteria in a 
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microfuge tube were thawed in an ice bath. Once the bacteria was completely thawed 5uL of the 

extracted yeast DNA was added to the microfuge tube containing the competent bacteria  and 

incubated at room temperature for 5 minutes. After the transformation was complete 20uL of the 

bacteria was added to the warmed LB plates and spread evenly. Then the plates were incubated 

overnight at 37 degrees. The next day 3 colonies from each LB plate containing the different 

plasmids were chosen and inoculated in 5mL of LB containing ampicillin and grown overnight at 

37 degrees Celsius. Once the bacteria was grown out the DNA was extracted using the Qiagen 

DNeasy DNA extraction kit. After bacterial DNA extraction was complete each DNA sample 

was sent with the appropriate primer to be sequenced.  

Yeast Screening Assay  

Cryo preserved S. cerevisiae yeast strains were added to 10mL conical tubes containing 

3mL of SC selection medium without leucine with 2% galactose. The growth of the each yeast 

culture was monitored every 8 hours for about 48 hours by measuring the OD600. After an 

adequate growth curve for each strain was obtained, using a sterile non tissue culture treated 96 

well plate, each strain was plated for a screen assay. Based off of the OD600 100ul of each yeast 

strain was plated beginning with an OD600 of .01 in each well containing SC selection medium 

with 2% galactose. Once plated the chemical compounds being screened were added to each well 

so the final concentrations of the compound were .1mM, .3mM, 1mM, and 10mM. The growth 

of the yeast was measured every 8 hours for a period of 48 hours by measuring the OD600. A 

growth curve comparing the control to the yeast strains incubated with the compounds was 

created to determine if growth was substantially restored by the compound.  

Results  
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Yeast assay 

A plasmid encoding the M2 proton pump under transcriptional control by a GAL1 

promoter were introduced into the S. cerevisiae yeast strain. Three different strains of the 

S. cerevisiae were made, one containing the wild type M2 protein (M2-WT), one containing 

the S31N mutated protein, and one containing the empty vector 25B and used as a control. 

The expression of the M2 proton pump in the yeast leads to inhibition of the yeast growth 

as a result of perturbation the electrochemical gradient across the cell membrane. When 

the yeast is grown in a media containing galactose the expression of the M2 protein is 

induced. In yeast there is a normal electrochemical gradient maintained by the H+ ATPase. 

Disruption of this gradient causes large imbalances of ions in and out of the cell, leading to 

cell death. When the M2 proton pump is expressed in the yeast it leads to the disruption of 

this electrochemical gradient. It can be determined that if a compound is capable of 

inhibiting the M2 channel, it should be able to rescue the yeast growth by counteracting the 

toxic effect elicited by the M2 channel.  

25B Testing 

Figure 7 shows a growth curve representative of the yeast containing the empty vector 

25B. It can be seen from the graph that 30 uM of the compound WJ332 appeared to be toxic to 

the yeast cells because the slope of the curve is much lower than that of no drug treatment 

control (25B). For this reason, the concentration of WJ332 was maintained at 10 uM or below to 

minimize cytotoxicity. Amantadine was not cytotoxic at 1 uM.   
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Figure 7: Shown is a growth curve for the 25B plasmid contained in the yeast with different 

concentration of the compound WJ332.  

 

M2-WT testing 

Figure 8 shows the results from screening the M2-WT-containg yeast screen.  

Amantadine was used as a positive control, and WJ332 was used a negative control as it is not 

active against the M2-WT channel as determined by the electrophysiological assays. As 

expected, amantadine at 1 uM drug concentration was able to significantly rescue yeast growth 

while WJ332 was not effective up to 3uM. These results suggest the yeast growth restoration 

assay is able to differentiate active and inactive compounds and appears to be suitable for high-

throughput screening.  
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Figure 8: This figure shows the growth curve of yeast containing AM2 based on OD600 

measurements taken over 48 hours. The black line represents the negative control, which 

contains only the yeast with the plasmid containing AM2. The green curve indicates the positive 

amantadine positive control. The blue, purple, orange and red lines all represent the experimental 

controls of the WJ332 compound at various concentrations. The figure shows that 10uM of 

WJ332 appears to restore yeast growth while 30uM of WJ332 appears to be toxic to the yeast.  

 

S31N Testing  

Figure 9 shows the results from screening the M2-S31N-containg yeast screen.  In this 

case, WJ332 is a positive control as it was shown to inhibit the M2-S31N channel by the 

electrophysiological assay. As expected, WJ332 was able to rescue the yeast growth at all drug 

concentrations tested (1 uM, 3 uM, and 10 uM). However, the growth rescue was found to be 

dose-independent, which might be related to the solubility of the compound. In addition, the 

therapeutic window appears to be fairly narrow, thus further optimization is necessary before this 
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assay can be applied for drug screening purpose. Possible solutions include increasing the 

conductance of the S31N channel by introducing point mutations, such studies are currently 

ongoing and will be reported when available.   

 

 

Figure 9: This figure represents the growth curve of yeast containing the S31N mutated M2 

ion channel based on OD600 measurements taken over 48 hours. The black line represents 

the negative control, which contains only the yeast with the plasmid containing S31N mutation. 

The green curve indicates the positive amantadine positive control that appears to have restored 

growth the most. The blue, purple, orange and red growth curves all represent culture treated 

with different concentrations of the experimental WJ332 compound. The blue curve representing 

the culture treated with 1uM of WJ332 appears to have restored yeast growth best after the 

positive control. The growth curve in red representing the culture treated with 30uM of WJ332 

indicates the compound is toxic to the yeast at that concentration.  
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The method of high throughput screening is routinely utilized for drug development 

because it allows for a large number of compounds to be screened in a short period of time. 

The purpose of the CPE assay is to be used a secondary assay to confirm the hits identified 

from the primary yeast growth restoration assay. For this experiment “library 5” was 

specifically screened in the CPE assay. This library consists of in-house synthesized M2 

channel blockers (ref: Biopolymers. 2015 Jul;104(4):291-309.).  

CPE assay Optimization  

 The method for the CPE assay in these experiments is known as the neutral red uptake 

assay. This assay provides a quantitative estimation of the number of viable cells in a culture. It 

measures the ability of the viable cells to incorporate the neutral red dye into their lysosomes. To 

quantify the uptake of the dye the absorbance is measured using a spectrophotometer after cell 

the cells are incubated with the neutral red. 

In order to obtain accurate and reproducible screening results the CPE assay was 

optimized. Specifically, the virus inoculation titer and the incubation time need to be optimized 

in order to achieve maximum therapeutic window.  Figure 5 shows the results from the 

optimization experiments. It can be seen from figure 5 that columns 2-5 are the “cells only 

wells.” The neutral red stain present in the wells indicates that the cells were able to grow to full 

confluency under the experiment conditions. Columns 6-8 in figure 5 are representative of the 

cells infected with A/WSN/33 (H1N1) strain of influenza virus. The presence of no neutral red 

stain indicates the virus was able to infect the MDCK cells, leading to the lysis of the cell. This 

result also indicated that the influenza virus was capable of growing under the experiment 

conditions. Lastly columns 9-12 in figure 5 represent the A/WSN/33 (H1N1)-infected MDCK 

cells in the presence of 10 uM WJ332. The presence of the neutral red stain in these wells shows 

https://www.ncbi.nlm.nih.gov/pubmed/25663018
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that WJ332 was capable of inhibiting viral infection, preventing the lysis of the MDCK cells. 

Collectively, the optimized CPE condition is a MOI of .8 and 43h incubation.   

 

 

Figure 5: Representative control plate of CPE assay. Optimization of the CPE assay was first 

performed to establish proper conditions and then a control plate of these same variables was 

used along with each chemical library screening to ensure proper conditions were still being met. 

Well columns 2-5 are representative of control cells with no virus. Well columns 6-8 are 

representative of cells that were infected with A/WSN/33 and 9-12 are representative of cells that 

were infected with A/WSN/33 and then treat with 3mM of amantadine.  

 

Library compound screening 

With the optimized assay condition, CPE assay was applied to screen an in-house library 

of M2 channel blockers. Figure 6 shows the results from the library screening using the CPE 

assay. For this experiment “library 5” was screened. As mentioned previously library 5 was 

synthesized by the Wang laboratory in the past years. All of the wells containing the neutral red 

stain in figure 6 are indicative of “hits.” These hits are representative of compounds having the 

potential to inhibit the replication of amantadine-resistant A/WSN/33 (H1N1) virus.  
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Figure 6: CPE assay showing library number 5 results. The wells that show a darker pink 

indicate a higher density of viable cells indicating a possibly more effective compound.  

 

Conclusion 

Development of a new drug is a time consuming and expensive process that can take up 

to 15 years of concerted effort and usually costs more than a billion dollars37,38. The experimental 

results that I have described are only a tiny fraction of the research that is required to identify a 

new lead compound and to bring such a compound to the stage where it can be used to treat 

patients.  In this conclusion section I will outline the additional steps in the drug development 

pipeline, using the compounds that I have investigated as starting points in this complicated and 

highly regulated process.  

 To summarize, my studies have shown that the low molecular weight chemical, WJ332, 

targeted against the M2 ion channel, has possible antiviral effects against influenza A.  WJ332 
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inhibited M2 ion channel activity at fairly low concentrations (1-10 M) in a yeast assay, but 

was not toxic to either yeast cells or mammalian MDCK cells in this concentration range.  While 

WJ332 has shown initial promise in my assays, it still has many steps in the development process 

to go through before it could become available for patient care. The next sections will discuss the 

steps necessary for WJ332, or any other drug, to become available as a commercial drug. 

Drug Development Process 

The drug development process consists of the preclinical research and development phase 

and the clinical research phase. The preclinical research and development phase includes the 

processes of target identification, high through put screening (HTS) and lead optimization that 

includes both in vitro and in vivo experiments37,38,39. Once the experimental data is collected and 

shows promising results the new chemical entity could be an effective therapeutic, an 

investigational new drug (IND) application is submitted to the FDA for review37. The FDA 

reviews the experimental data and then determines whether the compound is safe enough to 

become an IND and move to the clinical trial phase of the drug development process37.  

 Next, I will discuss the steps that compound WJ332 has gone through so far and would 

have to go through to become a fully FDA approved drug. 

Target identification  

The first step of the preclinical research and development process, known as target 

identification, aims to identify biological targets of a disease for the preceding small molecule 

screen40,41. Ideally this process starts with developing a detailed understanding of the life cycle 

and pathogenesis of the virus or infectious disease through scientific research.  Though M2 ion 

channel inhibitors currently exist, prior to their existence, research was conducted on the M2 ion 
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channel that lead to its initial discovery and determination of its potential as a drug target. One of 

the primary advantages of choosing a viral protein, rather than a host protein, as a target is that it 

decreases the side effects of the drug because it is only targeting infected cells and is not 

interrupting any normal cellular processes39,40. In our studies, the disadvantage of targeting the 

M2 ion channel is that the protein sequence of the M2 ion channel is already known to be 

different in mutated strains of the influenza A virus. These mutations have resulted in a decrease 

in the activity and efficacy of existing anti-influenza drugs33,34,35. Nevertheless, there is reason to 

believe that a second generation of M2 ion channel inhibitors may show promise for a future 

generation of anti-influenza drugs.  Recent research has shown promising results in developing 

inhibitors against mutated M2 ion channels in the M2-V27 strain29,35. This suggests that the M2 

ion channel remains a vulnerable target for future drug development.  

  More recently NMR has been used to investigate the structure of the M2 ion channel in 

complex with the anti-viral drug, rimantadine34. This research showed how drug resistance 

mutations could potentially reduce the tightness of drug binding to the target, allowing the M2 

ion channel to still function and therefore permitting infection to occur. Knowledge of the 

precise location of residues involved in drug resistance could aid in creating a second generation 

M2 ion channel inhibitors which would be more resistant to viral protein mutations.  

 Based on the results from the experiments and results potential new M2 ion channel 

inhibitors were able to be designed. The design of the actual compounds themselves and their 

structures is a detailed process that is not relevant for the purposes of this paper, but it should be 

noted that researchers typically utilize several computer aided software and pharmacologically 

related experiments to engineer the structure of a new drug.  

High Throughput Screening. 
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Before the rather focused experiments described in this paper, WJ332 was identified, 

together with many other compounds, in a high throughput screening assay (HTS) involving a 

library of tens of thousands of low molecular weight compounds that were developed by Jun 

Wang. High throughput screening is a process that allows a researcher to rapidly identify 

compounds that target a specific molecular pathway or protein, in this case the M2 ion channel 

(Figure 7)42,43,44.  There are many different factors that must be considered when developing a 

screening assay. For example, the screen must consider the pharmacological relevance of the 

assay.  In other words, the assay should utilize a target where the effects of inhibition are known 

and the assay should be capable of identifying compounds with the desired inhibitory 

properties43,44. As discussed in previous sections, the HTS assays for M2 ion channel inhibitors 

utilized a CPE assay and MDCK cells infected with influenza. Based on previous research, we 

know that inhibiting the functionality of the M2 ion channel prevents influenza from infecting 

cells. Therefore, researchers can deem the assay pharmacologically relevant if a compound that 

is known to inhibit the M2 ion channel, in this case amantadine, is added to infected MDCK cells 

and reestablishes their growth40,43,44. Next developers must consider the reproducibility of the 

assay meaning the compound screening results must be reproducible across a number of different 

plates and over a long period of time. This ensures reliability and accuracy, ruling out false 

positives44. Lastly, one other factor that could be easily over looked is the effects that the 

compounds being tested have on the actual assay itself. For example, chemical compounds must 

normally be stored in some sort of organic solvent, most commonly DMSO. Assays must be 

developed so that they are not affected by the organic solvents the chemical must be stored in42.  

For example, high concentrations of DMSO can kill the MDCK cells used in the assay, causing 

the results to be inaccurate.  The molecules that are being tested in the assay, the potential drugs, 
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also must be considered for properties that make them suitable as potential drugs.  The 

compounds must be low in molecular weight, typically less than 400 and a have a lipophilicity 

less than 438,39,41. A low molecular weight is desirable as well because small molecules can 

rapidly diffuse across membranes, allowing them to quickly reach the intracellular sites of 

action, in this case the M2 ion channel4. Lipophilicity refers to the ability of a compound to 

dissolve in fats, oils and non-polar solvents and contributes to the solubility and permeability 

through membranes41,44.  The lipophilicity of the drug can also impact the metabolism and 

pharmacokinetics. In general, a low lipophilicity is desirable because if too high the compounds 

typically display a fast rate of metabolic turnover, low solubility and higher toxicity 44. Lastly 

having a high permeability and high solubility are also both important factors in creating a drug 

with a desirable property of absorption. Solubility refers to the drugs to dissolve on the solvent, 

most likely the gastric juices in the GI tract. The solubility of a drug plays a large role in 

determining the drug dose41,44. For example, if the drug is less soluble a high dose will be 

required. Therefore, creating a drug with a high solubility will allow for the lowest dose to be 

taken and thus possibly decreasing the amount of drug side effects.  
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Figure 7: High through put screening flow chart. The screening assay because with 

the cells being infected with influenza. The smalls molecules are then added to each well and 

incubated. The plate is then read using a spectrophotometer to determine if any hits are present. 

 

After identifying compounds that produce hits in the HTS, decisions must be made on 

which compounds to follow up for further testing. This is done in several ways using algorithms 

that analyze factors such as potency and binding kinetics of the compound. Once a group of 

compounds has been decided on, “dose response curves” are created narrowing the focus even 

more. In practice, creating a dose response curve provides an idea of the range of concentrations 

within which a compound displays inhibitory effects40,44. Compounds that exhibit an inhibitory 

response at low concentrations are preferred because there is less potential for non-specific side 

effects or for cell toxicity42,44. In general, compounds that display reversible binding are also 

preferred because their effects are easier to eliminate when dosing is discontinued44. Through 

numerous chemical assays investigating toxicity, binding, and inhibition of viral infection the 

compound with the largest number of positive properties is chosen as the lead compound.  

Lead Optimization phase/preclinical phase 



30 
 

 

After identifying a lead compound, optimization of the compound is conducted, along 

with numerous in vitro and in vivo assays to characterize its properties, and eventually the results 

of these pre-clinical studies are reviewed by the FDA37,46. Through our experiments, we have 

identified WJ 332 as a lead compound. The lead optimization phase considers the properties of 

the lead compound that are favorable for drug development and then works to refine its structure 

to alter the properties in such a way as to improve the effectiveness and safety of the potential 

drug.  Optimization includes consideration of the following properties: 1) potency 2) oral 

bioavailability 3) half-life 4) safety37,41,44. The new drug must prove to have acceptable ranges 

for each of these properties to move further into development. These drug properties contribute 

to the pharmacokinetic and pharmacodynamic properties of the potential drug compound 

(usually abbreviated to PKPD), which are largely investigated in this phase of development.  The 

pharmacokinetic properties (PK) of a drug refer to how fast the drug is absorbed, how it is 

distributed throughout various parts of the body, to what extent it is metabolized and how rapidly 

it is eliminated39,40,51. The pharmacodynamics properties (PD) of a drug refer to the relationship 

between the concentration of the drug in the body and the biological and physiological effects on 

the drug on the body51.   

The first property listed, potency, is a measure of a drugs activity quantitatively 

represented as the amount necessary to produce a biological response52. Potency is comprised of 

the affinity of the compound, how well the drug binds to its target, and the efficacy - how great a 

response is observed when the drug is bound52.  From our experiments the optimal potency of 

WJ332 is achieved at approximately 10M.  

 The oral bioavailability of a drug refers to the ability of the drug to pass through multiple 

barriers such as the GI tract and liver to reach its target53,54. To optimize a drug being given 
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orally, which is generally the preferred route of delivery, improving its bioavailability is the first 

focus. The absorption of the drug in the GI tract and the amount that is not degraded or modified 

into a non-active form determines the bioavailability54. The in vitro approach to determine drug 

oral bioavailability is done using either isolated intestinal membranes or intestinal epithelial cells 

in culture. The most common approach is to use Caco-2 cells, which were originally derived 

from an intestinal carcinoma55. When cultured under the proper conditions, Caco-2 cells form 

sheets of tissue that morphologically and functionally mimic enterocytes that line the small 

intestine55. The Caco-2 experiments tests allow for what the permeability of the drug would be in 

the human intestine. By studying the permeability of the drug the absorption of the drug can be 

characterized.  

The next important drug characteristic to optimize is the half-life. The active half-life of a 

compound is determined by the rate of clearance and volume of distribution52. Generally, the 

goal of optimization is to increase the half-life of a compound by reducing the clearance.  One 

way to increase the half-life of a compound is to investigate what the hepatic clearance of a drug 

would be. This can be done using microsomal preparations from human livers to assay 

metabolism44,56. The rate at which the compound disappears when incubated with microsomal 

liver preparations gives an estimate of the first pass effect. After these experiments allometric 

studies can be done, which are ones that use at least three different animal species to determine 

the drugs hepatic clearance 44,57. These results from these animal studies can then be scaled and 

estimated to what the clearance would potentially be in healthy humans.  It should be noted that 

there is a drawback of in vivo testing methods is that they rely on the characterization of 

pharmacokinetics in animals, usually rodents for the initial stages, that may or may not 

accurately reflect the drug metabolism properties in humans57.  However, if the absorption of a 
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lead compound falls within an acceptable range in rodents and sometimes larger animals (such as 

dogs) there is a higher probability that the absorption will fall with in an acceptable range in 

humans57.  

Safety is a property that encompasses many considerations and requires numerous 

experiments to be addressed. Understanding the metabolism of the drug plays a large role in 

assessing its safety. Metabolism is generally carried out by the liver and has several steps 

involved that will be discussed later. When a drug is initially ingested it must pass through two 

barriers, first the intestinal wall and second, the liver, before it enters the systemic 

circulation44,52. Once in the liver, the concentration of the active form of a drug will be affected 

by the large number of metabolic enzymes that are present. Drug metabolism typically involves 

oxidative reactions by the cytochrome p450 family of isoenzymes44,58.  If the drug is broken 

down very efficiently by the liver enzymes, the amount of active compound entering the 

circulation will be low, requiring higher doses to be administered53,58. Metabolism may also 

influence drug safety.  Even if the drug compound itself is non-toxic, the catalytic activities of 

CYP450 proteins may generate drug metabolites that are toxic and can cause liver damage. Or 

the metabolites may be damaging to other tissues in the body, causing unanticipated side effect58.  

To address some of these concerns, the Pregnane X Receptor assay (PXR) is often used during 

the early stages of drug development.  The PXR assay is a cell culture assay that measures the 

amount of CYP450 induced by a drug and therefore the potential for liver damage59.  In general, 

a high measurement in the PXR assay indicates an increased risk of liver damage.  

 Genotoxicity of the compound is another important factor to be determined. Genotoxicity 

is the damaging affect that a compound can have on a cell’s genetic material and this needs to be 

considered in addition to general cellular toxicity44. A genotoxic compound can cause the 
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accumulation of mutations that may then lead to adverse outcomes such as cancer. A compound 

such as WJ 332 would routinely be screened for damage to genetic material using the Ames Test. 

The Ames test is a method that uses bacteria to test if a chemical induces genetic mutations. In 

the Ames test, bacterial strains known as auxotrophic mutants, ones that require histidine for 

growth but cannot produce it themselves, are used 44,60. If the tested compound is capable of 

causing mutations in the bacteria that allows them to return to a prototrophic state, one where 

they can grow in a histidine free medium, then this compound would be considered carcinogenic 

and probably not suitable for use in humans 60.  If a potential drug compound is found to be 

acceptable based on the Ames test an additional assay called the Irwin test is typically used to 

determine whether the compound has off-target effects on behavior or physiological function.   

The Irwin test is a primary observation test involving mice that examines the effects of the new 

compound on behavior and physiological function 39,45. This test is utilized to assess the effects 

drugs in development on the central nervous system before human testing occurs. This test rules 

out any compounds that have negative effects on central nervous system function and if there are 

CNS effects it can lead developers to understand the mechanism of action of these effects and 

hopefully work to eliminate them45.  

Clinical Trials: 

Based the results of successful pre-clinical experiments, the FDA approves the drug as an 

Investigational New Drug (IND), and it can move to clinical trials in humans. Clinical trial 

testing of new drugs normally consists of four different phases (Figure 8)37. Each of these phases 

may be conducted slightly differently depending on the type of drug being tested. For the 

purposes of this paper the phases will be discussed using the example of how a potential 

influenza drug would go through clinical trials.  
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Figure 8: This flow chart describes the basic process outline of clinical trials. Phase I asses 

the safety and dosage of the drug in health humans. Phase II looks at the response of the drugs in 

people infected with the drug. Phase III investigates different cases of infection and the efficacy 

of the drug in various situations. Phase IV are typically done after FDA approval and follows the 

long-term effects of the drug.  

 

Phase I clinical trials 

Phase I clinical trials aim to determine an effective dose and examine the initial side 

effects of the study drug in humans46,47. These trials are the initial investigation of the 

pharmacokinetic/pharmacodynamic (PKPD) effects in humans47. The pharmacokinetic (PK) 

portion of the studies, as mentioned previously, aim to identify what the body does to the drug 

i.e. how the drug is absorbed, how it is distributed throughout the body, how it is metabolized, 

and how it is excreted. The pharmacodynamics (PD) portion of the study investigates how the 

drug effects the body physiologically i.e. what side effects does it have. The properties: 

absorption, distribution, metabolism, and excretion, factors commonly describe by the acronym 

ADME, comprise the PKPD profile of the drug and all must be studied to fully evaluate drug 

efficacy and safety in humans37,46,47. It should be noted that ADME characteristics are also 

investigated in the pre-clinical phase of drug development but for the purposes of this paper they 

will be discussed in regards to the phase of clinical trials.  

Phase I

Safety and 
Dosage

Phase II

Preliminary 
response

Phase III

Therapetuic 
Conformation

Phase IV

Poste approval 
safety
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A.   As defined previously, the absorption of a drug is defined as its ability to penetrate through 

barriers such as the intestinal wall, nasal lining, lungs and skin, and move into the bloodstream. 

An ideal property of absorption is determined by a few different factors. The first factor is high 

bioavailability, and low variability in response, across a spectrum of patients52,53. Bioavailability 

refers to the measurement of the rate and extent to which a drug reaches its intended site52. For 

example, when a drug is administered IV its bioavailability is 100%.  However, if taken orally, 

its bioavailability will decrease due to incomplete absorption when molecules have to pass 

through the semipermeable membrane of cell walls53. 

D.  Distribution refers to the transfer of a drug from one part of the body to another. 

Depending on the different properties of a compound it can distribute into the muscles and or 

organs differently52. Factors that can affect a drugs distribution are blood flow rates in different 

regions of the body, size and polarity of the molecule, and the binding properties to different 

proteins 54. A desirable distribution property is one that enables the drug to reach the target at a 

rapid rate and at a low concentration that has minimal cytotoxic effects. Another factor that 

contributes to a successful drug distribution is >80-95% of unbound drug to plasma. Since 

unbound drug is the active form a drug, the less bound to plasma protein, the more that will be 

distributed 51,54. The overall effect is lower drug dose, which should decrease the incidence of 

cytotoxicity.  

M.  Metabolism refers to the chemical transformations that take place in a cell and thus 

within the body when a substance, in this case a drug, is ingested52,58. The drug metabolism plays 

a role in the duration and intensity of a drug’s pharmacologic action. Drug metabolism can be 

broken up into three different phases: 1) modification 2) conjugation 3) further modification and 
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excretion53,58. In this phase, an important aspect that investigator should look for is the possibility 

of the drug being turned into a toxic compound during the modification process.  

E.  Excretion is the process by which wastes accumulated after metabolism are eliminated 

from the body and plays a large role in determining the duration of action and rate of elimination 

of the compound52. The most common route for drug excretion is via the renal system, but other 

organs can be involved such as the lungs, biliary system, intestines and, in pregnant women, 

through their milk 53. If a drug cannot be easily excreted then the drug could build up and 

eventually lead to toxicities.  

There are several different clinical studies that the FDA requires to address the different 

ADME components. In phase I trials single ascending dose (SAD) studies are the first studies 

done37,42. A group of healthy volunteers, between 15-30 people, receive a low single dose of the 

drug. If there are no adverse events, determined by the physician monitoring the patients, and the 

PKPD data is within acceptable ranges, then the dose is increased two times until the predefined 

maximum dose is achieved assuming there are no adverse side effects after each dose increase51. 

Once SAD studies are completed multiple ascending dose (MAD) studies are performed 

to further investigate the PKPD properties along with the safety and tolerability61. The healthy 

volunteers in this portion of the trial are given consecutive doses at a specified time interval. This 

allows investigators to determine the appropriate number of doses needed to achieve and 

maintain a therapeutic level of the drug for several days61. A greater insight into the possible 

toxicities or drug accumulation can be gained from these as well.  

Following the dosage determination studies food effect studies are conducted. These 

studies evaluate the effect of food on rate and extent of drug absorption 37,61. Food intake 
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increases blood flow to the liver and therefore can cause changes between the fed and fasted 

state. The fed and fasted state can affect the pharmacokinetics of a drug by several different 

mechanisms such as changes in the drug solubility, changes in the GI tract physiology that could 

impact the stability of the drug in the stomach or absorption through the intestine, or could 

possible directly interact with the drug47,52,61. Food effects on BA typically peak when a drug is 

administered shortly after a meal is ingested61. 

Further trials are done to better classify the bioavailability and bioequivalence (BA/BE) 

to better determine the rate and extent to which the drug is absorbed. The bioavailability is 

determined by creating a “systemic exposure” profile61. This profile is created by measuring the 

drug, and if applicable, its metabolite concentrations in the blood over a period. Bioequivalence 

studies asses the biological equivalence of two different preparations of a drug61. The FDA 

defines bioequivalence as “the absence of a significant difference in the rate and extent to which 

the active ingredient or active moiety in pharmaceutical equivalents becomes available at the site 

of drug action when administered at the same molar dose under similar conditions in an 

appropriately designed study.” In addition to BA/BE studies, as mentioned earlier once a drug 

has been metabolized by the body it must be excreted, which normally takes place through the 

renal system. Impaired renal function in a person can alter the pharmacokinetics of the drug, 

which may require drug dosing and regime to be altered in those with renal impairment53,61. 

Renal impairment has adverse effect on a number of metabolic pathways from absorption, 

plasma protein binding, transport and tissue distribution all of which can alter the drugs 

pharmacokinetics. Clinical studies investigating the effects of a drug on renal impairment are 

done in “parallel groups” of males and females with varying degrees of renal function46,51,61. 

Typically, different blood and urine samples are taken and analyzed. Additionally, in patients 
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with impaired renal function the plasma protein binding is often disrupted. By measuring 

concentrations of unbound drug, it is possible can determine the extent of bioavailability and 

delivery of the drug. One additional clinical test required by the FDA is to determine the effect of 

the drug on QT prolongation of the heart 61. QT prolongation can lead to serious and even fatal 

cardiac arrhythmic events61. Drugs that were not expected to affect the heart have been found to 

lead to QT prolongation thus requiring testing for this possible side effect.  

After a safe drug dose is determined in phase I trials, and providing that no serious side 

effects have been observed in the different test populations, the drug will be approved to move to 

phase II trials.  

Phase II Clinical Trials 

Phase II clinical trials take place once a safe dosage of the drug has been determined. The 

trials include 20-300 participants who have the disease being studied and the goal is to assess the 

efficacy of the drug37,48,61.  Phase II studies are frequently broken into two different components; 

Phase IIA and Phase IIB48,61. Phase IIA studies are considered “proof of concept studies” 

showing the drug demonstrates biological activity and efficacy. Phase IIB clinical trials 

investigate the dose at which the drug shows optimal biological activity with the least side 

effects48.  

For development of influenza drugs the phase IIA trials begin with “challenge trials.” 

These challenge trials are comprised of healthy volunteers. These volunteers are inoculated with 

an established “challenge” strain of influenza, one that causes a milder set of symptoms 61,62. The 

volunteers are administered the antiviral either before infection (prophylaxis trials) or after 

infection (treatment trials). These challenge trials provide data that asses the exposure response 
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of the drug and demonstrate the antiviral activity the drug has in controlled conditions. These 

phase IIA trials prove useful because the data collected can contribute to the selection of drug 

dose for phase IIB and phase III trials 62. They can also asses the effect of the different times of 

drug initiation in accordance with viral infection. Though phase IIA trials are of great importance 

it should be noted that challenge trials may not accurately predict the outcomes of treatment for 

currently circulating influenza strains because there could be a difference in viral replication and 

host response in novel influenza strains versus the well-controlled challenge strains61,62. Phase 

IIB are named “dose ranging” trials because they test different doses of the drug to establish the 

most effective dose.  

Phase III Clinical Trials  

Phase III clinical trials are randomized controlled multicenter trials that include large 

patient populations and are the most time consuming and costly37,61. These studies compare the 

effectiveness of the new drug versus, in general, the current standard of care treatment, such as 

already FDA approved influenza drugs. For an influenza drug the phase III clinical trials include 

three different components. The different components address the three different reasons a 

person would typically receive and influenza drug: acute uncomplicated influenza, serious 

influenza infection requiring hospitalization, and prophylactic treatment62. Each one of these 

different case possibilities must undergo a separate placebo controlled trial. 

 Acute uncomplicated influenza cases include patient populations where the risk of no 

treatment is small. In this clinical trial scenario, patients with cases of influenza that are deemed 

acute uncomplicated are randomized to either a study arm where they are treated with the 

investigational drug or to the study arm where they are treated with nothing other than supportive 

care62. Note that, unlike many phase III trials, the patients in placebo arm if this trial do not 
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receive a recognized alternative drug treatment.  This scenario is the one most commonly 

encountered for those who are infected with influenza and therefore is an important study arm to 

include61,62.  

In patients that have a serious case of influenza requiring hospitalization and the risk of 

not treating is extremely high, the phase III trials may be carried out in two different ways. The 

first option is to do a dosage repose trial using the investigational drug in which the response to 

different doses is determined.  The patients receive no other influenza drug treatment.  The 

second, and more commonly used option, is a trial where the investigational drug is combined 

with the standard of care drug and compared to patients receiving the standard of care drug 

alone62. 

 Prophylactic trials are done in patient populations where someone is known to have been 

in contact with a person recently diagnosed with influenza, or who lives in a community where 

influenza is known to be circulating62. People are treated prophylactically and then the incidence 

of receiving a diagnosis of influenza is compared to populations that are not treated with the 

experimental drug61,62. This allows investigators to determine if prophylactic treatment decreases 

the incidence of influenza infection.  

Phase IV clinical trials  

Phase IV clinical trials are normally done after the drug has been approved by the FDA. 

A large amount of data is collected on the drug’s efficacy and any possible long-term side-effects 

once the drug becomes widely prescribed to the general public 37,61. Based on the design of 

previous phase IV clinical trials carried out for the influenza drugs zanamivir and oseltamivir, 
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the setup for influenza late phase drug trials appear similar to other drugs62. Both adults and 

children are included in the patient populations and tested during different influenza seasons.  

Other influenza drugs in development 

  The research done on the influenza virus structure and life cycle has lead the 

identification of a number of drug targets besides the M2 ion channel.  One of the most recent to 

receive detailed scrutiny is the nucleoprotein (NP). NP is a virus encoded protein that is highly 

conserved among influenza strains and plays multiple roles in the replication of the virus, thus 

making it an ideal drug target23, 26. Nucleozin is a small molecule compound that has been 

designed to target NP.  Treatment with nucleozin causes the protein to aggregate and inhibits its 

function in the nucleus. In vitro cell culture studies carried out with influenza A and nucleozin 

show that nucleozin has inhibitory effects on the replication of influenza A36. In accordance with 

the drug development process, discussed earlier, a number of tertiary experiments to investigate 

nucleozins effects on NP have also been performed33,36. Studies done in mice infected with 

influenza A showed that that nucleozin did have inhibitory effects on viral proliferation36.  

 Other influenza drugs, directed against other molecular targets, are in late phase clinical 

trials. There are classes of drugs, nitazoxanide as a specific example, that target host cell 

components and decrease the ability of the virus to replicate49,50. There are also small molecule 

drugs that bind to different parts of the viral polymerase complex and inhibit viral replication. 

Lastly, monoclonal antibodies that target the HA protein on the viral coat are in late stage 

clinical trials for combating influenza infection50. As mentioned previously, it is important to 

have a number of different treatment strategies available for influenza, due to its high ability to 

mutate.  
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Final conclusion 

Influenza pandemics and epidemics continue to a serious threat to public health. 

Currently vaccination is our mainstream defense against influenza infection, though influenza 

still causes the deaths of more than 20,000 people each year2. Additionally, the current class of 

vaccines have drastically reduced efficacy when administered to immunocompromised 

individuals, adults older than 65 and infants1,2. Though a new vaccine is created each year, it is 

possible for the strains used for vaccine development to mutate, making the vaccine much less 

effective against those strains. At present, M2 ion channel inhibitors are not recommended for 

use, and so this leaves only the neuraminidase inhibitors as effective treatment3,4. As the use of 

these drugs increases, it can be assumed that viral resistance to these drugs will develop over 

time as well. This amply justifies the need to dedicate time and money towards the development 

of new influenza antiviral drugs.  
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