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Abstract 

 

Influenza (the flu) is an annual respiratory illness that has resulted in a lot of societal burden. Presently, 

the first-line option to provide immunity against the virus is vaccination. However, due to the constantly 

mutating proteins on the virus, new vaccines have to be developed very frequently and this may not be a 

cost-effective option.  Due to this, there has been an increasing interest in the usage of antiviral drugs for 

immediate treatment of influenza. One of the major disadvantages of using antivirals, however, is the 

emergence of strains that can become resistant to the available conventional drugs which is why extensive 

research is still being conducted in this area. This review provides an overview of the conventional drugs 

that have been in use, combination therapies, other advances in the creation of drugs that target various 

parts of the viral protein, and antibody-based therapies. Furthermore, the implications of a few 

nanoparticle-based approaches of treatment are also briefly discussed. To tackle the problem of drug 

resistance, combination therapies using the conventional drugs have been studied and have shown better 

results when compared to individual drug therapy. Antibody-based therapies with monoclonal antibodies 

that target the hemagglutinin protein of the virus have also shown encouraging results. With the advent 

of nanomedicine, new strategies for smooth drug delivery with Chitosan, Selenium and Silver 

nanoparticles are being investigated. Most of the results obtained from the studies discussed in the review 

show results of quick viral symptom resolution and indicate that the outlook in the field of upcoming 

antivirals is very promising. With additional studies, it can be determined the next steps for the 

development of influenza antivirals could be.  

 

Introduction 

 

Respiratory viruses such as influenza and the current SARS-CoV-2 infection have proven to be detrimental 

to the human population. Recent advances in vaccination and antiviral treatment strategies have helped 

to prevent the outbreak and harmful effects of these viruses. Although the influenza virus may have been 

around since ancient times, the Spanish flu pandemic that occurred in 1918-1920 was when this virus first 

proved to be a cause of global concern (Knobler et al, 2005). Approximately 500 million people were 

affected and around 50 million people died worldwide after being infected (CDC, 2019). Three major 

influenza pandemics followed the Spanish flu which included the Asian flu, the Hong Kong flu (Kilbourne, 

2006) and most recently the swine flu in 2009. Currently, it is estimated that around 500 thousand people 

die every year due to this virus (Paget et al., 2019).  

 

Influenza belongs to the class of Orthomyxoviridae and consists of four subtypes: influenza A, B, C and D. 

The recently discovered influenza D was found to affect only animals (Su et al, 2017). Influenza A is the 

most common form of the virus in humans and is primarily transmitted through inhaled droplets when 

people in close proximity cough or sneeze. Its common symptoms include high fever, cough, runny nose, 

fatigue and body aches (Taubenberger & Morens, 2008). Although it is presently a common annual and 

seasonal illness, it can lead to debilitating effects for a lot of people. 
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To curb the outbreak of influenza, standard vaccines such as inactivated virus and live attenuated virus 

vaccines were first developed to provide immunity (Ellebedy & Webby, 2009). Influenza viruses constantly 

evolve and undergo the process of antigenic drift and shift wherein mutations of the genes lead to 

different types of proteins being expressed on the virus. Vaccination strategies, therefore, have required 

intensive research and novel vaccines have to be developed very frequently due to this evolvement. 

Hence, there has been an emergence of antiviral drugs which work by targeting specific structures and 

phases in the replication cycle of the virus in order to overcome this issue. These drugs were developed 

for immediate treatment of people who were already infected with the virus and helped to combat the 

effects of the infection (Andrei, 2021). The main drugs that are currently prescribed and approved by the 

Food and Drug Administration (FDA) in the United States are neuraminidase inhibitors such as oseltamivir, 

zanamivir and peramivir and a polymerase complex targeting drug baloxavir marbaxil (FDA, 2020). The 

only two drugs approved by the European Centre for Disease Prevention and Control (ECDC) are 

oseltamivir and zanamivir (ECDC, 2022).  In recent years, more drugs that target other parts of the virus 

(such as hemagglutinin) and host cells (such as sialic acid receptors) have also been explored (Yang et al, 

2019). One of the biggest disadvantages of antiviral drugs, however, is that its prolonged use can lead to 

antiviral resistance. To combat this problem, therapies using a combination of antiviral drugs have been 

looked at.  

 

Studies regarding drug delivery with nanoparticles have been an up-and-coming field and some research 

studies with nanomedicine for antiviral drugs for influenza have also been carried out. A nanoparticle-

based approach of drug delivery ensures that the drug administered reaches the precise target in the body 

(Patra et al, 2018). Studies with antiviral drug-loaded selenium and metal nanoparticles show strong 

positive effects on the reduction of viral symptoms. Ongoing research currently being carried out in this 

area indicate that these nanoparticle-based approaches for tackling influenza are promising.  

 

This review will focus on the various antiviral drugs that have been developed over the years in detail, 

their issues, combination therapies to counter these limitations and an interesting new nanoparticle-

based approach of drug delivery and treatment. The future implications of this novel nanoparticle-based 

approach of antiviral drug delivery will also be discussed. 

 

Influenza 

 

Structure of the influenza virus  

 

Influenza A viruses (IAVs) are the most common form of viruses that circulate among humans. IAVs can 

be spherical or tubular in shape and contain eight viral ribonucleoproteins (vRNPs). Each vRNP is made up 

of a negatively charged single stranded RNA bound with nucleoprotein (NP) and a heterotrimeric RNA 

polymerase complex consisting of PB1, PB2 and PA subunits. This RNA polymerase is responsible for the 

primary transcription and replication processes of the viral RNA. The vRNPs are enclosed and surrounded 

by a viral lipoprotein envelope which is derived from the host body itself. The M1 matrix protein is present 

on the inside of this viral envelope (Jung & Lee, 2020).  
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Figure 1: Structure of an influenza A virus (IAV): 8 viral ribonucleoproteins (vRNPs) bound with nucleoprotein (NP) 

and RNA polymerase (PB1, PB2, PA). M1 matrix protein surrounds the vRNPS. Viral lipoprotein envelope (lipid 

bilayer) is embedded with neuraminidase and hemagglutinin spike glycoproteins and M2 ion channels. (Jung & Lee, 

2020)  

 

The influenza A virus expresses two spike proteins on its surface called hemagglutinin (HA) and 

neuraminidase (NA) (Figure 1). There are 18 types of HAs and 11 types of NAs that are currently known 

for IAVs (CDC, 2021). Depending on the number of different types of hemagglutinin and neuraminidase 

present, these IAVs are classified into different types such as the H1N1 virus which was the main cause of 

the Spanish flu and the swine flu pandemics. Some other commonly known IAVs include H5N1, H3N2, etc.  

 

HAs and NAs are the most abundant spike glycoproteins and HAs aid in recognition of viral receptors on 

the host cells while NAs aid in releasing the virion from the host cell to infect adjacent cells (Kosik & 

Yewdell, 2019). Hemagglutinin consists of two sub-units: (i) HA-1 which forms the main globular head of 

the protein and contains the receptor-binding sites and (ii) HA-2 which forms the main part of the stalk 

and contains a fusion peptide. The viral protein envelope is also embedded with the less abundant M2 

protein. The M2 protein functions as an ion channel and facilitates the entry of protons (Jung & Lee, 2020).  

 

Entry of virus into host cell and replication cycle  

 

The virus primarily enters the body through inhaled respiratory droplets and tries to gain entry into the 

host respiratory epithelial cells (Dou et al, 2018). The HA spikes on the viral envelope which are 

responsible for receptor recognition, initiate the process of virus attachment with sialic acid receptors 

present on the host cell membrane (Figure 2). After binding to these sialic acid receptors, the virus gains 

entry into the cell through endocytosis and this resulting virus is enclosed in an endosome.  

 

Inside the cell, changes in the structure of the HA take place due to a low environmental pH (5.0) which 

leads to the exposure of the fusion peptide. This fusion peptide is crucial for allowing the viral membrane 

to fuse with the endosomal membrane. The low pH in the cell also helps to activate the M2 ion channels. 

When these channels are open, H+ protons rapidly enter, and form an acidic environment. This in turn 
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leads to the vRNPs being released from the endosome and entering the cytoplasm of the host cell (Samji, 

2009).  

 

From the cytoplasm, the vRNPs enter the nucleus with the help of importins, and the nucleus is where the 

process of viral RNA replication and transcription takes place with the help of the RNA polymerase 

heterotrimer complex (PB1, PB2 and PA). In the nucleus, multiple vRNA copies are made by replication 

and transported to the cytoplasm after which vRNP formation takes place. The transcription of viral 

mRNAs in the nucleus starts with a process known as cap-snatching in which nucleotides from a host RNA 

are ‘snatched’ to create a primer for the transcription process. This happens when the PB2 subunit binds 

to the ‘capped’ end of the host RNA after which the PA subunit - which has an endonuclease activity - 

cleaves 10-15 nucleotides from this RNA (Mifsud et al, 2019). With the help of these primers, viral mRNAs 

are transcribed. The mRNAs are exported from the nucleus back into the cytoplasm and complex 

translation steps take place here after which the IAV viral membrane proteins are formed and assembled 

(Dou et al, 2018).  

 

The assembled proteins then bud out of the host cell and form new viral particles by using the host cell 

membrane as the viral envelope. The neuraminidase plays a crucial role in releasing the viral particles 

from the cell by breaking down the links between the virus and the cell receptors (Dou et al, 2018). The 

virus can then go on to infect other cells and spread to other parts of the body.  

 
Figure 2: Simplified overview of the influenza replication cycle: Hemagglutinin (HA) allows the virus to adhere to the 

sialic acid receptors. Receptor-mediated endocytosis takes place, and the virus is enclosed in an endosome. Viral 

and endosomal membranes fuse after which M2 channels are activated and facilitate entry of protons acidifying the 

environment. Viral ribonucleoproteins (vRNPs) are released from the endosome into the host cell cytoplasm. vRNPS 

enter the nucleus and viral mRNA transcription and vRNA replication takes place after which they are exported back 

into the cytoplasm. Protein synthesis and RNP formation take place, and the virus particle is assembled. Virus buds 

out of the host cell and NA cleaves the link between receptor and virus for release. (Herold et al, 2015) 
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Antiviral therapies 

 

1. Drugs that were/are in use for clinical treatment 

 

The following sections discuss the drugs that are currently in use or were previously in use to treat the 

illness symptoms. The first antiviral drugs that were approved to treat influenza were M2 channel 

inhibitors and neuraminidase inhibitors. Further studies regarding the polymerase complex targeting 

drugs were also carried out which led to the development of newer and more effective forms of antivirals.  

 

1.1. M2 inhibitors  

 

Adamantane drugs such as amantadine and rimantadine function as M2 channel inhibitors. As previously 

mentioned, when the M2 channels are open, protons flow into the endosome and the acidified 

environment allows the vRNPs to be released. Thus, these drugs primarily function by blocking this proton 

transport. They can do this by interacting with the side chains of particular amino acid residues on the 

channels (Intharathep et al., 2008) which leads to the blocking of the channel pore. Amantadine and 

rimantadine were beneficial when they were first in use, but they are now not used as a first-line therapy 

for influenza due to the emergence of drug-resistant strains such as the 2009 H1N1 (CDC, 2021). 

Moreover, these drugs also resulted in toxic side effects such as nausea, dizziness and headaches which 

was another reason why their use was discontinued (Jefferson et al, 2006). 

 

1.2. Neuraminidase inhibitors (NAIs) 

 

Oseltamivir, zanamivir and peramivir are currently the first-line antiviral drug options for influenza and 

they function by blocking neuraminidase activity and thus, prevent the release of the virus particle to 

infect other host cells in the body. Oseltamivir is orally administered, zanamivir is inhaled as a dry powder 

and peramivir is intravenously injected as its availability is low and cannot be afforded for oral 

administration (Bassetti et al, 2019). Oseltamivir (OS) can be broadly distributed to the majority of the 

infection sites in the body such as the lungs and mucosa, and it is the most frequently used drug for 

influenza. In an early randomised controlled trial conducted by Treanor JJ et al, it was seen that the OS-

treated group showed a 40% reduction in the extremity of the symptoms when compared to the placebo 

control group (Treanor et al., 2000). In another trial, it was found that giving OS to non-immunized people 

for 6 weeks had a 74% efficacy overall (Hayden et al., 1999) demonstrating that OS is indeed a beneficial 

antiviral drug. In 2007-2008, a large percentage of the circulating H1N1 strains which had a H275Y 

mutation in the NA protein, were resistant to OS (Garten et al, 2009). However, OS was found to be 

effective against the 2009 swine flu H1N1 strains which is why they have been in use even to this day. 

Studies have however shown that OS can also give rise to drug-resistant strains on treatment and 

prolonged use especially with people at higher risk of developing severe symptoms. It has been observed 

that in some of these immunosuppressed people, there was an emergence of OS-resistant H1N1 strains 

within 48 hours of starting treatment with OS (Inoue et al, 2010).  
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1.3. Polymerase complex targeting drugs 

 

Drugs that target the polymerase complex of the virus were studied in more detail after M2 inhibitors 

were not found to be very effective. The only drug that is currently approved in Japan and the USA which 

targets the RNA polymerase is baloxavir. This drug functions by targeting the endonuclease activity of the 

PA subunit in the polymerase and prevents the cap-snatching process. Favipiravir and pimodivir were also 

studied as drugs that target the PB1 and PB2 subunit respectively, but they have not yet been completely 

approved for clinical treatment in many countries. The former is available in only some places in Japan 

since 2014 and is not widely prescribed due to its risk concerns with pregnancy (Mifsud et al, 2019). 

 

1.4. Hemagglutinin inhibitors 

 

Umifenovir (also commonly known as Arbidol) is an antiviral that has been used in Russia and China for 

many years, but the effects of this drug have not been extensively studied in other countries. It acts by 

targeting the HA and helps to stabilise it in the low pH environment and thereby, prevents the fusion 

process of the endosomal and viral membrane. In a study conducted in a hospital setting, it was found 

that in 0.3% of the umifenovir treated patients, pneumonia was found to be a complication due to the 

IAV. This percentage was low when compared to 23.7% of the patients who did not receive any therapy 

and had pneumonia. In OS-treated patients, however, none of the patients had this complication (Leneva 

et al., 2016) indicating that OS could have stronger effects. Currently, it is not clearly known whether 

umifenovir also gives rise to drug-resistant strains, but it is also deemed to be a potentially interesting 

area for research.  

 

2. Combination therapies 

 

Using combination therapies of the currently approved drugs may be an alternative in which the antiviral 

drug administration can be more effective especially for immunocompromised people who are at a higher 

risk of getting more severe symptoms (Bassetti et al., 2019). Moreover, using combination therapies can 

also help to overcome the problem of the emergence of drug-resistant strains to the conventional drugs.  

 

2.1. Oseltamivir and baloxavir 

 

In a study conducted by Fukao et al, three groups of mice that were inoculated with an influenza A strain, 

were treated with oseltamivir, baloxavir and a combination of OS and baloxavir respectively. It was found 

that the combination therapy of OS and baloxavir showed more reduced virus titres, a lower mortality 

rate and decreased pro-inflammatory cytokine production when compared to individual administration 

of either drug (Fukao et al., 2019). It is not possible to conclude if these studies can be translated to 

humans as detailed research has still not been carried out in this area but from these in vivo studies, it 

could be seen that the combination of OS and baloxavir may prove to be more effective than individual 

therapy with NAIs or polymerase complex-targeting drugs. 
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2.2. Oseltamivir and favipiravir 

 

A few studies that have been carried out in mice indicate that the combination therapy of OS and 

favipiravir also showed a significant decline in mortality and cytokine production when compared to 

individual treatment with OS (Baz et al., 2018). One such study demonstrated that the mice had developed 

resistance to OS within 48 hours of treatment even though it was administered with favipiravir but stayed 

sensitive to the latter thus indicating that this combination should be considered for further research and 

clinical trials (Baz et al, 2018). In another study by Kiso et al, similar effects were observed and favipiravir 

was observed to be more beneficial as the mice remained sensitive to it throughout the course of the 

treatment but developed resistance to OS on prolonged treatment. Additionally, it was seen that stopping 

the treatment led to mice death. They concluded that the mice did show greater survival with the 

combination therapy for 28 days, but this strategy did not prevent the problem of OS-resistance (Kiso et 

al, 2018).   

 

3. Other advances in antiviral therapies 

 

Since the problem of drug-resistance with the currently approved drugs such as OS is a major concern, 

drugs that target other parts of the virus or host cell have been looked into in recent years. For example, 

there have been more studies done with drugs that target hemagglutinin, the M1 protein of the virus or 

the sialic acid receptors of the host cell. 

 

3.1. Hemagglutinin-targeting drugs 

 

Apart from umifenovir which is already in use in Russia and China, another potential HA-targeting drug 

that can be used to treat influenza is Nitazoxanide (NTZ). NTZ is used as a drug for a variety of other viruses 

but its potential role in influenza should be looked into in more detail to be used in clinical treatment. 

Unlike umifenovir, NTZ works by targeting the viral replication process. Its metabolite, tizoxanide, 

prevents the formation of HA protein after the translation process in the viral replication cycle and 

ultimately prevents the virus from completing the budding process and infecting other cells (Rossignol et 

al., 2009). A phase 2b trial carried out in the US with a placebo group and NTZ-treated group (two doses: 

300 mg and 600 mg) indicated that the NTZ-treated group showed a reduction in symptoms by 36 hours 

when compared to the placebo group (Haffizulla et al., 2014). More phase 2/3 trials with NTZ are also 

currently being conducted to analyse its effectiveness (Koszalka et al., 2017).  

 

3.2. Sialic acid-targeting drugs 

 

The binding of the hemagglutinin to the sialic acid (SA) receptor of the host cell facilitates the entry of the 

virus to the cell and results in subsequent infection. Therefore, creating drugs that can inhibit this virus 

entry by blocking the SA receptors may be another promising strategy. 
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Sialic acid is a 9-carbon sugar that primarily consists of N-acetylneuraminic acid (Neu5Ac) which is linked 

to a galactose by an alpha-2,6 bond in humans. DAS-181 is currently the most promising sialic acid-

targeting drug that is tested which functions to cleave the SA residues and thus inhibits the entry of the 

virus into the cell. A big advantage of using DAS-181 is that it can stop the virus from entering the airway 

epithelium itself and can thus have stronger effects on the reduction of virus symptoms (Zenilman et al, 

2015). However, as discussed in a review by Heida et al, it is important to be aware of long-term effects 

of these sialic acid-targeting drugs as it is still not known whether removing these naturally occurring SA 

residues on the respiratory host cells can lead to other side effects since SAs also play roles in other 

biological functions of the body (Heida et al., 2021).  

 

3.3. HA-targeting monoclonal antibodies 

 

Antibody-based therapies have been in use for a long time to treat a wide range of infectious diseases 

whenever there are inadequate treatment opportunities (Beigel & Hayden, 2020). Thus, this may prove 

to be another way of tackling the problem of antiviral drug resistance.  

 

As recently reviewed by Beigel and Hayden, although using polyclonal antibodies as a therapy option may 

be advantageous in a way due to its ability to target a wide diversity of antigen epitopes, they are not very 

antigen specific. Therefore, by developing monoclonal antibodies (mAbs) that target known epitopes may 

be more beneficial especially in the treatment of IAV as influenza epitopes have already been widely 

studied. Moreover, it may be easier to create mAbs in a large amount and they are also more cost-

effective. Many mAbs that target HA have been tested in clinical trials against influenza, out of which 

some mAbs that are currently in their phase 2 trials will be discussed. They work in a similar way to 

umifenovir i.e, they inhibit the membrane fusion process by preventing structural changes in the HA fusion 

peptide from taking place (Tharakaraman et al, 2015). 

 

An mAb that was developed is MHAA4549A and this targets a highly conserved epitope on the HA stalk. 

It can mainly help to neutralise H1, H2, H3, H5 and H7 strains (Nakamura et al., 2013, Beigel & Hayden, 

2020). In a phase 2 study conducted in 100 participants with three different doses of MHAA4549A (400 

mg, 1200 mg and 3600 mg), one standard dose of OS and placebo-treated groups, it was observed that 

the highest dose (3600 mg) of MHAA4549A was associated with a 97.5% decrease in the virus titre when 

compared to the placebo-treated group. This percentage was even higher than the 87% reduction 

observed in the OS-treated group. However, there were no significant differences between the placebo 

group and the MHAA4549A-treated groups who were administered with lower doses (McBride et al., 

2017).  

 

VIS410 is another mAb that targets the HA stalk that has also been used in phase 2 clinical trials and can 

neutralise H1, H5, H3 and H7 strains. In a phase 2 study by Hershberger et al in 2019, 150 patients 

randomly received one of two doses of VIS410 (2000 mg, 4000 mg) and their effects were compared to a 

placebo-treated group. The results declared that despite mild adverse effects such as gastrointestinal 

problems, VIS410 was deemed to be safe for use in patients and the lower dose of 2000 mg was more 



11 
 

successful in symptom resolution. To answer questions about whether these doses of mAbs are indeed 

safe and effective, further phase 2 and 3 trials need to be carried out (Hershberger et al, 2019).  

 

Nanoparticle-based approach of antiviral drug delivery and treatment  

 

Nanoparticles (NPs) are particles ranging from the size of 1 to 100 nm and they have been used in recent 

years in many fields of science including biomedicine. Due to their extremely small size, they are very 

versatile and can move freely in the body. One of the most common uses of nanoparticles in biomedicine 

is their ability to act as drug carriers or delivery agents as they can attach to the drug and target the precise 

site in the body (Patra et al, 2018). This is why the use of nanoparticle drug delivery to treat IAV has been 

tested in recent years. Apart from using nanoparticles for drug delivery, the bare NPs themselves can also 

be developed into drugs to treat an infection. The following sections will thus discuss the results of some 

studies that have been done with NPs for antiviral drug delivery and some bare NPs that have been 

evaluated to treat the virus.  

 

Selenium nanoparticles 

 

Selenium nanoparticles (Se NPs) are commonly known to show strong antibacterial and anticancer 

properties (Vahdati et al, 2020). To assess the antiviral efficacy of Se NPs, a study was performed by Li et 

al where H1N1 infected Madin-Darby Canine Kidney (MDCK) cells were used to assess the effects of Se 

NPs, oseltamivir and a combination of Se NPs and OS. It was observed that the combination of Se NPs and 

OS successfully prevented the infection and also resulted in lower toxicity when compared to individual 

treatment with Se NPs and OS (Li et al, 2017). In other studies also conducted by Li et al and Lin et al, Se 

NPs were used as drug carriers for other drugs like amantadine and umifenovir and all the results showed 

positive effects indicating that Se NPs may be a promising candidate for efficient drug delivery (Lin et al, 

2017).  

 

Silver nanoparticles 

  

The first in vitro study conducted with silver nanoparticles (Ag NPs) as an antiviral therapy for influenza 

was conducted in 2009 by Mehrbod et al. Ag NPs have since then been studied as antiviral agents for a 

wide variety of viruses including the H3N2 influenza virus and the results have shown that they could 

prevent viral replication in many of the cases. In another recent study by Lin et al, zanamivir (ZNV) was 

loaded with Ag NPs to test their effects on the H1N1 infection specifically. As previously mentioned, 

zanamivir is a neuraminidase inhibitor that is currently still approved by the FDA for treating the influenza 

virus. Similar to the Se NPs experiment, H1N1 infected MDCK cells were used to assess the in vitro antiviral 

activities of individual treatments with Ag NPs and ZNV, and activity with the combined Ag@ZNV. From a 

neuraminidase inhibition experiment, it was noted that when the virus was treated with Ag@ZNV, lower 

neuraminidase activity was recorded when compared to treatment with Ag NPs and ZNV alone. Moreover, 

it was observed that with the treatment of Ag@ZNV, there was reduced apoptosis of the infected MDCK 
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cells. This was concluded to have happened due to the induction of p38 and p53 signalling pathways which 

down-regulated the ROS-mediated apoptosis of the cells after infection (Lin et al, 2017).  

 

The combination therapy of Ag NPs and other antiviral compounds have demonstrated promising results. 

However, the exact mechanism of how Ag NPs act is still not known and therefore, a lot more research is 

needed in this area. Moreover, Ag NPs display high levels of cytotoxicity which when used in high 

concentrations, could lead to some issues.  

 

Chitosan nanoparticles for siRNA-based therapy 

 

Chitosan is a biopolymer derived from chitin and has many uses due to its non-toxic antiviral properties 

(Boroumand et al, 2021). Chitosan has been used as nanoparticles for delivery of a variety of drugs 

including novel siRNA-based drugs for influenza. These siRNA-based drugs work with the process of RNA 

interference (RNAi) which is an interesting strategy of preventing viral replication. RNAi works by silencing 

specific genes that are responsible for the infection in the post-transcription process. The process of RNAi 

is mediated by double-stranded RNA which are the small interfering RNA (siRNA) (Jamali et al, 2017). 

siRNAs have many advantages as they can be designed to target very specific conserved sequences of 

genes. Moreover, they are easier to design in a short amount of time and are cost-effective. A challenge 

that siRNA assessments have is the difficult of its delivery into the body which is why delivery of siRNAs 

using nanoparticles have been evaluated. Using chitosan NPs for siRNA delivery is useful as the siRNA can 

be administered nasally due to the mucoadhesive properties of chitosan (Barik, 2010).  

 

The efficacy of siRNAs against influenza was studied both in vitro and in vivo by Jamali et al, with siRNA 

loaded chitosan nanoparticles. Vero cell lines were used for the in vitro study while the chitosan/siRNA 

nanoparticles were administered nasally in mice, to ensure precise delivery into the lungs. It was reported 

that these NPs could prevent the growth of the virus in both of the cases (Jamali et al, 2017).  siRNA-based 

drugs are currently in their phase 2 trials as they have shown statistically significant results in the 

reduction of virus symptoms and the use of the chitosan NPs for the delivery has also shown to be useful.  

 

Discussion 

The outbreak of influenza has caused widespread problems which include physical burden of the patients 

and economic burden to the healthcare system. This review provided an overview of the antiviral 

therapies that are being used to tackle influenza and the several developments that have been made in 

recent years to test a wide range of drugs which target different structures of the virus and the host cell. 

From M2 and NA inhibitors which have been tested in clinical trials, to the development of HA-targeting 

and sialic acid-targeting drugs, antiviral medication is an ongoing and promising area of research. To 

overcome the limitations of drug resistance and side effects on using these medications, combination 

therapies, antibody-based therapies and the use of nanoparticle-based approaches of treatment have 

been discussed briefly. 
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One of the primary problems of using antiviral drugs for the treatment of influenza is the rise of drug 

resistance. M2 inhibitors and NA inhibitors were the first class of antiviral drugs that were prescribed to 

patients but due to the emergence of drug-resistant strains and toxic side effects, the use of M2 inhibitors 

was discontinued. NA inhibitors (specifically OS) are the most commonly prescribed drugs these days for 

influenza and have shown positive effects such as a quicker reduction of virus titers and symptoms when 

compared to untreated groups. Studies have however documented that OS could ultimately also give rise 

to antiviral resistance and therefore, studies of combination therapies with polymerase complex targeting 

drugs have been done and are predicted to slightly overcome this problem. Other than the combination 

therapy of OS and baloxavir or OS and favipiravir, studies done with other combinations of drugs have 

also shown that using the combination strategy could indeed help to tackle the problem of resistance.  It 

is also important to focus on targeting the parts of the viral protein that are conserved to combat the issue 

of resistance. One potential solution for this could be the previously discussed siRNA-based drugs that 

target and silence specific genes required for the expression of the viral protein which can further be 

studied and used as an alternative antiviral therapy.  

Antiviral drugs must be taken within 48 hours of becoming sick with the illness for them to be effective. 

Thus, if they are taken after this time period, their effects may not be as strong which is yet another 

limitation of using antivirals. Using antivirals also has common toxic side effects which include 

gastrointestinal symptoms like diarrhea, vomiting and headache. In a lot of the cases, antiviral drugs have 

shown toxicity and therefore their long-term effects are still not clearly known. From the studies discussed 

in this review, it was seen that using Se NPs was a very promising strategy to prevent this problem as they 

helped in smooth delivery of the drugs OS, zanamivir and umifenovir but at the same time, did not result 

in toxicity. Therefore, finding more solutions to develop more drugs that can prevent toxic accumulation 

in the body is an important aspect to be further investigated.  

Drugs such as nitazoxanide and DAS-181 are currently in the late phase of clinical trials as they have shown 

very encouraging results and mAbs such as MHAA4549A and VIS410 are currently in their phase 2 clinical 

trials. However, most of the clinical trials that have been conducted with mAbs and other antivirals till 

now have been on patients with acute and uncomplicated influenza. Therefore, the knowledge about the 

effects of these mAbs on more severe complications of influenza are still relatively unknown.  

The use of NPs to deliver antiviral drugs has shown to tackle some issues of toxicity and NPs have the 

advantages of being very specific and moving freely through the body due to their small size. The few 

studies discussed in this review have tested the effects of combinations of NPs and traditional antiviral 

drugs. Further studies with different combinations of NPs and drugs can be done to determine whether 

using these NPs could also help to tackle the issue of resistance. Since nanomedicine with antivirals is a 

relatively new field, further in vivo research with NPs still needs to be done to confirm their effects in 

clinical trials. NPs may have a broader level of application for drug delivery due to their small size and high 

specificity which can be explored with more in vivo research. 

To conclude, there are still a lot of studies needed to be done to confirm the long-term efficacy of antivirals 

and to overcome antiviral resistance. In order to do this, drugs can be created to target more conserved 
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parts of the virus, and the effects of various combinations of drugs can be analyzed. With the 

advancement in the new field of nanomedicine, antiviral therapies may prove to be very beneficial and 

could potentially also be used as a highly recommended and first-line option to fight viruses along with 

vaccination. 

Acknowledgements 

 

I would like to thank Prof. Dr. Anke Huckriede and Renate Akkerman of the Department of Medical 

Microbiology, University Medical Center Groningen (UMCG), Netherlands, for their valuable input and 

guidance throughout the course of writing this review.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

References  

Andrei, G. (2021). Vaccines and Antivirals: Grand Challenges and Great Opportunities. Frontiers in Virology, 1. 
https://doi.org/10.3389/fviro.2021.666548 

Barik S. (2010). siRNA for Influenza Therapy. Viruses, 2(7), 1448–1457. https://doi.org/10.3390/v2071448 

Bassetti, M., Castaldo, N., & Carnelutti, A. (2019). Neuraminidase inhibitors as a strategy for influenza 
treatment: pros, cons and future perspectives. Expert Opinion on Pharmacotherapy, 20(14), 1711–
1718. https://doi.org/10.1080/14656566.2019.1626824 

Baz, M., Carbonneau, J., Rhéaume, C., Cavanagh, M. H., & Boivin, G. (2018). Combination Therapy with 
Oseltamivir and Favipiravir Delays Mortality but Does Not Prevent Oseltamivir Resistance in 
Immunodeficient Mice Infected with Pandemic A(H1N1) Influenza Virus. Viruses, 10(11), 610. 
https://doi.org/10.3390/v10110610 

Beigel, J. H., & Hayden, F. G. (2020). Influenza Therapeutics in Clinical Practice—Challenges and Recent 
Advances. Cold Spring Harbor Perspectives in Medicine, 11(4), a038463. 
https://doi.org/10.1101/cshperspect.a038463 

Boroumand, H., Badie, F., Mazaheri, S., Seyedi, Z. S., Nahand, J. S., Nejati, M., Baghi, H. B., Abbasi-Kolli, M., 
Badehnoosh, B., Ghandali, M., Hamblin, M. R., & Mirzaei, H. (2021). Chitosan-Based Nanoparticles 
Against Viral Infections. Frontiers in cellular and infection microbiology, 11, 643953. 
https://doi.org/10.3389/fcimb.2021.643953 

CDC, Centers for Disease Control and Prevention. (2019) number of people affected by the Spanish flu 
pandemic - 1918 Pandemic (H1N1 virus) | Pandemic Influenza (Flu) | Retrieved April 6, 2022, from 
https://www.cdc.gov/flu/pandemic-resources/1918-pandemic-h1n1.html 

CDC, Centers for Disease Control and Prevention. (2021) Types of Influenza Viruses. Retrieved April 6 2022, 
from https://www.cdc.gov/flu/about/viruses/types.htm  

CDC, Centers for Disease Control and Prevention (2021) Influenza Antiviral Drug Resistance | . Retrieved 6 
April 2022, from https://www.cdc.gov/flu/treatment/antiviralresistance.htm 

Chen, L., & Liang, J. (2020). An overview of functional nanoparticles as novel emerging antiviral therapeutic 
agents. Materials Science and Engineering: C, 112, 110924. 
https://doi.org/10.1016/j.msec.2020.110924 

Dou, D., Revol, R., Östbye, H., Wang, H., & Daniels, R. (2018). Influenza A Virus Cell Entry, Replication, Virion 
Assembly and Movement. Frontiers in immunology, 9, 1581. 
https://doi.org/10.3389/fimmu.2018.01581 

ECDC, European Centre for Disease Prevention and Control. (2022). Antiviral treatment of influenza. 
Retrieved April 6 2022, from https://www.ecdc.europa.eu/en/seasonal-influenza/prevention-and-
control/antivirals 

Ellebedy, A., & Webby, R. (2009). Influenza vaccines. Vaccine, 27, D65–D68. 
https://doi.org/10.1016/j.vaccine.2009.08.038 



16 
 

FDA, Food and Drug Administration (2020). Center for Drug Evaluation and Research . (2020). Influenza (Flu) 
Antiviral Drugs and Related Information . US. Retrieved April 6, 2022, from 
https://www.fda.gov/drugs/information-drug-class/influenza-flu-antiviral-drugs-and-related-
information#ApprovedDrugs 

Fukao, K., Noshi, T., Yamamoto, A., Kitano, M., Ando, Y., Noda, T., Baba, K., Matsumoto, K., Higuchi, N., Ikeda, 
M., Shishido, T., & Naito, A. (2019). Combination treatment with the cap-dependent endonuclease 
inhibitor baloxavir marboxil and a neuraminidase inhibitor in a mouse model of influenza A virus 
infection. The Journal of antimicrobial chemotherapy, 74(3), 654–662. 
https://doi.org/10.1093/jac/dky462 

Garten, R. J., Davis, C. T., Russell, C. A., Shu, B., Lindstrom, S., Balish, A., Sessions, W. M., Xu, X., Skepner, E., 
Deyde, V., Okomo-Adhiambo, M., Gubareva, L., Barnes, J., Smith, et al. (2009). Antigenic and genetic 
characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating in humans. Science, 
325(5937), 197–201. https://doi.org/10.1126/science.1176225 

Haffizulla, J., Hartman, A., Hoppers, M., Resnick, H., Samudrala, S., Ginocchio, C., Bardin, M., Rossignol, J. F., & 
US Nitazoxanide Influenza Clinical Study Group (2014). Effect of nitazoxanide in adults and 
adolescents with acute uncomplicated influenza: a double-blind, randomised, placebo-controlled, 
phase 2b/3 trial. The Lancet. Infectious diseases, 14(7), 609–618. https://doi.org/10.1016/S1473-
3099(14)70717-0 

Hayden, F. G., Atmar, R. L., Schilling, M., Johnson, C., Poretz, D., Paar, D., Huson, L., Ward, P., & Mills, R. G. 
(1999). Use of the Selective Oral Neuraminidase Inhibitor Oseltamivir to Prevent Influenza. New 
England Journal of Medicine, 341(18), 1336–1343. https://doi.org/10.1056/nejm199910283411802 

Heida, R., Bhide, Y. C., Gasbarri, M., Kocabiyik, Z., Stellacci, F., Huckriede, A. L., Hinrichs, W. L., & Frijlink, H. W. 
(2021). Advances in the development of entry inhibitors for sialic-acid-targeting viruses. Drug 
Discovery Today, 26(1), 122–137. https://doi.org/10.1016/j.drudis.2020.10.009 

Herold, S., Becker, C., Ridge, K. M., & Budinger, G. S. (2015). Influenza virus-induced lung injury: pathogenesis 
and implications for treatment. European Respiratory Journal, 45(5), 1463–1478. 
https://doi.org/10.1183/09031936.00186214 

Inoue, M., Barkham, T., Leo, Y. S., Chan, K. P., Chow, A., Wong, C. W., Tze Chuen Lee, R., Maurer-Stroh, S., Lin, 
R., & Lin, C. (2010). Emergence of oseltamivir-resistant pandemic (H1N1) 2009 virus within 48 
hours. Emerging infectious diseases, 16(10), 1633–1636. https://doi.org/10.3201/eid1610.100688 

Intharathep, P., Laohpongspaisan, C., Rungrotmongkol, T., Loisruangsin, A., Malaisree, M., Decha, P., 
Aruksakunwong, O., Chuenpennit, K., Kaiyawet, N., Sompornpisut, P., Pianwanit, S., & Hannongbua, S. 
(2008). How amantadine and rimantadine inhibit proton transport in the M2 protein channel. Journal 
of Molecular Graphics and Modelling, 27(3), 342–348. https://doi.org/10.1016/j.jmgm.2008.06.002 

 
Jamali, A., Mottaghitalab, F., Abdoli, A., Dinarvand, M., Esmailie, A., Kheiri, M. T., & Atyabi, F. (2017). Inhibiting 

influenza virus replication and inducing protection against lethal influenza virus challenge through 
chitosan nanoparticles loaded by siRNA. Drug Delivery and Translational Research, 8(1), 12–20. 
https://doi.org/10.1007/s13346-017-0426-z 

 



17 
 

Jefferson, T., Demicheli, V., Di Pietrantonj, C., & Rivetti, D. (2006). Amantadine and rimantadine for influenza 
A in adults. The Cochrane database of systematic reviews, 2006(2), CD001169. 
https://doi.org/10.1002/14651858.CD001169.pub3 

Jung, H. E., & Lee, H. K. (2020b). Host Protective Immune Responses against Influenza A Virus Infection. 
Viruses, 12(5), 504. https://doi.org/10.3390/v12050504 

Kilbourne E. D. (2006). Influenza pandemics of the 20th century. Emerging infectious diseases, 12(1), 9–14. 
https://doi.org/10.3201/eid1201.051254 

Kiso, M., Lopes, T., Yamayoshi, S., Ito, M., Yamashita, M., Nakajima, N., Hasegawa, H., Neumann, G., & 
Kawaoka, Y. (2018). Combination Therapy With Neuraminidase and Polymerase Inhibitors in Nude 
Mice Infected With Influenza Virus. The Journal of infectious diseases, 217(6), 887–896. 
https://doi.org/10.1093/infdis/jix606 

Knobler SL, Mack A, Mahmoud A, et al., editors. The Threat of Pandemic Influenza: Are We Ready? Workshop 
Summary. Washington (DC): National Academies Press (US); 2005. 1, The Story of Influenza. 
Available from: https://www.ncbi.nlm.nih.gov/books/NBK22148/ 

Kosik, I., & Yewdell, J. W. (2019). Influenza Hemagglutinin and Neuraminidase: Yin⁻Yang Proteins Coevolving 
to Thwart Immunity. Viruses, 11(4), 346. https://doi.org/10.3390/v11040346 

Koszalka, P., Tilmanis, D., & Hurt, A. C. (2017). Influenza antivirals currently in late-phase clinical trial. 
Influenza and Other Respiratory Viruses, 11(3), 240–246. https://doi.org/10.1111/irv.12446 

Leneva IA, Burtseva EI, Yatsyshina SB, Fedyakina IT, Kirillova ES, Selkova EP, Osipova E, Maleev VV. 2016. Virus 
susceptibility and clinical effectiveness of anti-influenza drugs during the 2010–2011 influenza season 
in Russia. Int J Infect Dis 43: 77–84. doi:10.1016/j.ijid.2016.01.001 

Li, Y., Lin, Z., Guo, M., Xia, Y., Zhao, M., Wang, C., Xu, T., Chen, T., & Zhu, B. (2017). Inhibitory activity of selenium 
nanoparticles functionalized with oseltamivir on H1N1 influenza virus. International journal of 
nanomedicine, 12, 5733–5743. https://doi.org/10.2147/IJN.S140939 

Lin, Z., Li, Y., Guo, M., Xiao, M., Wang, C., Zhao, M., Xu, T., Xia, Y., & Zhu, B. (2017). Inhibition of H1N1 influenza 
virus by selenium nanoparticles loaded with zanamivir through p38 and JNK signaling pathways. RSC 
Advances, 7(56), 35290–35296. https://doi.org/10.1039/c7ra06477b 

Lin, Z., Li, Y., Guo, M., Xu, T., Wang, C., Zhao, M., Wang, H., Chen, T., & Zhu, B. (2017). The inhibition of H1N1 
influenza virus-induced apoptosis by silver nanoparticles functionalized with zanamivir. RSC Advances, 
7(2), 742–750. https://doi.org/10.1039/c6ra25010f 

McBride, J. M., Lim, J. J., Burgess, T., Deng, R., Derby, M. A., Maia, M., Horn, P., Siddiqui, O., Sheinson, D., Chen-
Harris, H., Newton, E. M., Fillos, D., Nazzal, D., Rosenberger, C. M., Ohlson, M. B., Lambkin-Williams, 
R., Fathi, H., Harris, J. M., & Tavel, J. A. (2017). Phase 2 Randomized Trial of the Safety and Efficacy of 
MHAA4549A, a Broadly Neutralizing Monoclonal Antibody, in a Human Influenza A Virus Challenge 
Model. Antimicrobial agents and chemotherapy, 61(11), e01154-17. 
https://doi.org/10.1128/AAC.01154-17 

Mifsud, E. J., Hayden, F. G., & Hurt, A. C. (2019). Antivirals targeting the polymerase complex of influenza 
viruses. Antiviral Research, 169, 104545. https://doi.org/10.1016/j.antiviral.2019.104545 



18 
 

Nakamura, G., Chai, N., Park, S., Chiang, N., Lin, Z., Chiu, H., Fong, R., Yan, D., Kim, J., Zhang, J., Lee, W., 
Estevez, A., Coons, M., Xu, M., Lupardus, P., Balazs, M., & Swem, L. (2013). An In Vivo Human-
Plasmablast Enrichment Technique Allows Rapid Identification of Therapeutic Influenza A Antibodies. 
Cell Host & Microbe, 14(1), 93–103. https://doi.org/10.1016/j.chom.2013.06.004 

Paget J., Spreeuwenberg P., Charu V., Taylor R.J., Iuliano A.D., Bresee J. Global mortality associated with 
seasonal influenza epidemics: New burden estimates and predictors from the GLaMOR Project. J 
Glob Health. 2019:9. doi: 10.7189/jogh.09.020421. 

Patra, J.K., Das, G., Fraceto, L.F. et al. (2018). Nano based drug delivery systems: recent developments and 
future prospects. J Nanobiotechnol 16, 71. https://doi.org/10.1186/s12951-018-0392-8 

Rossignol, J. F., La Frazia, S., Chiappa, L., Ciucci, A., & Santoro, M. (2009). Thiazolides, a New Class of Anti-
influenza Molecules Targeting Viral Hemagglutinin at the Post-translational Level. Journal of 
Biological Chemistry, 284(43), 29798–29808. https://doi.org/10.1074/jbc.m109.029470 

Samji T. (2009). Influenza A: understanding the viral life cycle. The Yale journal of biology and medicine, 82(4), 
153–159. 

Su, S., Fu, X., Li, G., Kerlin, F., & Veit, M. (2017). Novel Influenza D virus: Epidemiology, pathology, evolution 
and biological characteristics. Virulence, 8(8), 1580–1591. 
https://doi.org/10.1080/21505594.2017.1365216 

Taubenberger, J. K., & Morens, D. M. (2008). The pathology of influenza virus infections. Annual review of 
pathology, 3, 499–522. https://doi.org/10.1146/annurev.pathmechdis.3.121806.154316 

Tharakaraman, K., Subramanian, V., Viswanathan, K., Sloan, S., Yen, H. L., Barnard, D. L., Leung, Y. H. C., 
Szretter, K. J., Koch, T. J., Delaney, J. C., Babcock, G. J., Wogan, G. N., Sasisekharan, R., & Shriver, Z. 
(2015). A broadly neutralizing human monoclonal antibody is effective against H7N9. Proceedings of 
the National Academy of Sciences, 112(35), 10890–10895. https://doi.org/10.1073/pnas.1502374112 

Treanor, J. J., Hayden, F. G., Vrooman, P. S., Barbarash, R., Bettis, R., Riff, D., Singh, S., Kinnersley, N., Ward, P., 
Mills, R. G., & For The US Oral Neuraminidase Study Group. (2000). Efficacy and Safety of the Oral 
Neuraminidase Inhibitor Oseltamivir in Treating Acute Influenza. JAMA, 283(8), 1016. 
https://doi.org/10.1001/jama.283.8.1016  

 
Vahdati, M., & Tohidi Moghadam, T. (2020). Synthesis and Characterization of Selenium Nanoparticles-Lysozyme 

Nanohybrid System with Synergistic Antibacterial Properties. Scientific Reports, 10(1). 
https://doi.org/10.1038/s41598-019-57333-7 

Wieczorek, K., Szutkowska, B., & Kierzek, E. (2020). Anti-Influenza Strategies Based on Nanoparticle 
Applications. Pathogens (Basel, Switzerland), 9(12), 1020. 
https://doi.org/10.3390/pathogens9121020 

Yang, J., Huang, Y., & Liu, S. (2019). Investigational antiviral therapies for the treatment of influenza. Expert 
Opinion on Investigational Drugs, 28(5), 481–488. https://doi.org/10.1080/13543784.2019.1606210 

Zenilman, J. M., Fuchs, E. J., Hendrix, C. W., Radebaugh, C., Jurao, R., Nayak, S. U., Hamilton, R. G., & McLeod 
Griffiss, J. (2015). Phase 1 clinical trials of DAS181, an inhaled sialidase, in healthy adults. Antiviral 
Research, 123, 114–119. https://doi.org/10.1016/j.antiviral.2015.09.008 

 


