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Drugs and chemotherapeutics have helped to manage devastating impacts of infectious diseases since the concept of ‘magic bullet’. The World Health Organization estimates about 650,000 deaths due to respiratory diseases linked to seasonal influenza each year. Pandemic influenza, on the other hand, is the most feared health disaster and probably would have greater and immediate impact on humanity than climate change. While countermeasures, biosecurity and vaccination remain the most effective preventive strategies against this highly infectious and communicable disease, antivirals are nonetheless essential to mitigate clinical manifestations following infection and to reduce devastating complications and mortality. Continuous emergence of the novel strains of rapidly evolving influenza viruses, some of which are intractable, require new approaches towards influenza chemotherapeutics including optimization of existing anti-infectives and search for novel therapies. Effective management of influenza infections depend on the safety and efficacy of selected anti-infective in-vitro studies and their clinical applications. The outcomes of therapies are also dependent on understanding diversity in patient groups, co-morbidities, co-infections and combination therapies. In this extensive review, we have discussed the challenges of influenza epidemics and pandemics and discoursed the options for anti-viral chemotherapies for effective management of influenza virus infections.
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1 History of development of anti-viral and chemotherapeutics

Viral infections, at times, cannot be prevented but consequent morbidity and mortality can be ameliorated with the use of selective anti-infectives in the management of clinical signs, sequelae and secondary complications. Although no antimicrobial by design is virucidal as obtainable for bacterial and other microbial agents, however anti-viral drugs act to limit viral load through inhibitory activities on replication pathway and egress. All steps in the life cycle of the virus starting with host cell entry, transcription, translation, and integration to the point of release from the host cell are steps that can be explored as molecular targets for antiviral therapy (Wang-Shick, 2017). The effect of the actions of these antagonists is a reduction in the burden of virus on host, and disease progression. While antivirals may not actively prevent infection, most of them are able to inhibit virus multiplication that allows the host innate immunity to cope with while infection runs its course (Raymund, 2011; Iwasaki and Pillai, 2014).

An era of viral chemotherapy began in 1950, when thiosemicarbazones was found to have antiviral effect on vaccinia virus when inoculated in fertile eggs and laboratory mice. However, efforts on global eradication of the variola virus through implementation of smallpox vaccination slowed down active research in the use of antivirals and further exploration of the antiviral compounds for orthopox (Hamre et al., 1950; De Clercq, 2010). However, in years that followed, breakthrough in the use of animal models, laboratory propagation of viruses, molecular biology and identification of viral enzymes that can be selectively inhibited, provided impetus for further anti-infective research. The major stimulus for the development of antiviral drugs happened when HIV/AIDS emerged in 1983, which resulted in the use of anti-retrovirals that targeted several viral enzymes (Littler and Oberg, 2005).

Successful use of anti-infectives in the management of infection with Human immunodeficiency virus (HIV), for instance, was achieved by inhibiting replication of the virus to reduced levels in the host and limiting its detection below the levels of significance in plasma during the course of the antiretroviral (ARV) treatments (Garcia et al., 2004). Successful management of HIV infection with either single or combination therapy (highly active antiretroviral therapy) have showed the potential impact of antivirals on over 12 million lives (Douglas et al., 2016). Other viral infections that have been successfully managed with selection of anti-infectives include Hepatitis, Lassa fever, Dengue and few tumorigenic agents. Although no antivirals have been licensed by the US Food and Drug Administration (FDA) for treatment of Ebola, an important re-emerging disease, hyper immune serum or convalescent plasma have been successfully used in the absence of effective antivirals or monoclonal antibodies (Kaner and Schaack, 2016; van Griensven et al., 2016). In the course of the largest outbreaks of Ebola virus disease (EVD) in West Africa, some trial anti-infectives were deployed. For instance, the World Health Organization, approved brincidofovir developed by a North Carolina-based company (Chimerix Inc.) for use in consenting and confirmed Ebola patients after the anti-viral was found to be effective in the laboratory against Ebola virus in experimentally infected cells. Unfortunately, all the four patients on trial treatment died of illness consistent with EVD (Dunning et al., 2016). Similarly, interferons, family of naturally occurring proteins already in use for treatment of hepatitis B and C, were also used in EVD treatment trials with variable outcomes (Sweiti et al., 2017). Interferons are substances produced by the host cell in response to viral infection and they have widespread potential as anti-viral including compounds that also serve as interferon inducers. Exogenous interferons have prophylactic anti-viral activity against infections such as vaccinia, rhinovirus, and influenza (Wendell, 1982). When interferon is used as anti-infective, it can inhibit infection by preventing viral entry into target cells. Interferons also act by blocking different stages of viral replication and are active against many viruses. In the West Africa Ebola outbreaks, Interferon beta particularly was described as potential reducer of the viral load, faster in patients compared to control group. Patients, who did not receive interferon, had significantly higher risk of dying compared to those who received the treatment (Konde et al., 2017).

Favipiravir (T-705; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) anti-infective, a pyrazinecarboxamide derivative (Figure 1) earlier developed as anti-influenza drug (Avigan) by Toyama Chemical, was successfully administered to a Cuban doctor who was infected by EVD in Sierra Leone. Besides influenza and other RNA viruses, the drug could inhibit a wide range of viruses including West Nile, foot-and-mouth disease (FMD), Nipah, Zika, yellow fever, flaviviruses, arenaviruses, enteroviruses, bunyaviruses, alphaviruses (Furuta et al., 2009; Furuta et al., 2013; Caroline et al., 2014). The oral drug acts through selective inhibition of RNA-dependent RNA polymerase during infection of many RNA viruses and was also approved for stockpiling to manage influenza pandemics in Japan in 2014. Other important anti-virals with proven efficacy against influenza virus include: Rimantadine, Amantadine, Oseltamivir, Zanamivir, Ribavirin, Peramivir, Laninamivir and Baloxavir marboxil (Naesens et al., 2016). Recent emergence of COVID-19, another important respiratory infection has also shown the importance of anti-viral options including naturally occurring anti-oxidants as complement to vaccine innovations (Forcados et al., 2021).




Figure 1 | Chemical structures of common antiviral compounds used in the management of influenza infection.






2 Emerging influenza threat and bio-risk reduction

Influenza infection, caused by influenza viruses, is common, seasonal, and global (Kumar et al., 2018; Asha and Kumar, 2019). The disease is transmitted by inhalation of aerosols containing virions via the respiratory mucosa (Iwasaki and Pillai, 2014; Asha et al., 2021). More than one hundred years ago in 1918, a pandemic emerged during World War I that killed more people than the arms battle. The catastrophe was caused by an influenza virus which was retrospectively identified as Influenza A/H1N1 (Oxford et al., 2002). The virus belongs to the family Orthomyxoviridae and causes respiratory disease that affects most animals and human of all ages but is reported to be more severe in the young, the aged and immune-compromised individuals. In a typical influenza season in the USA, illness and death are highest among adults aged ≥65 years, and children aged <2 years. Persons with pre-existing medical conditions are also at increased risk for influenza complications (Thompson et al., 2003; Thompson et al., 2004). The seasonality of influenza requires that susceptible persons including those with underlining infection, concurrent or co-infections are helped to manage complications. Annual vaccination is recommended for people with chronic underlying diseases and for 65 years or older individuals (Stiver, 2003). Many patient groups as well as occupationally exposed persons are also advised to get regular influenza vaccination and pre-immunity through annual vaccination prior to influenza seasons. This is in order to prevent development of clinical symptoms and spread of infection in the larger population.

Since 1918 and probably before that time, Influenza virus has continued to circulate in human with novel strains emerging and re-emerging from animal reservoirs. Unfortunately, the 1918 pandemic happened before the medical applications of chemotherapy and hence the usefulness of antivirals in managing clinical outcomes could not be appropriated. There was also lack of vaccine that could have prevented the pandemic, and hence about 50-100 million people died due to the impact of severe respiratory symptoms (Taubenberger and Morens, 2006). The virus subsequently caused more pandemics in the year 1957 (Asian flu) and in 1968-69 (Hong Kong flu) resulting in large number of deaths (Reid and Taubenberger, 2003). In 2009 another pandemic of influenza virus (A(H1N1)pdm09) emerged in Mexico. Although the pathogenicity of this novel strain was comparatively mild, nonetheless, around 151,700 –575,400 respiratory and cardiovascular deaths were linked to the infection that spread to 214 countries (Dawood et al., 2012). Before the 2009-H1N1 pandemic, there had been serious threats to public health from interspecies transmission of Highly Pathogenic Avian Influenza (HPAI)-H5N1 from poultry to human and 600 fatal cases out of 1000 infected people have been documented (WHO, 2018a). In 2013, subtype H7N9 emerged in China from poultry and caused waves of morbidity and mortality more in humans, than in birds where it exists in the form of Low Pathogenic Avian Influenza (LPAI). Till May 2018, over 1,564 laboratory-confirmed human infections with Avian Influenza A/H7N9 virus were reported (Gao et al., 2013; WHO, 2014). Patients who contracted influenza A/H5Nx and A/H7N9 infection were majorly treated with oseltamivir since the virus was resistant to the M2 blockers. The therapeutic effectiveness of neuraminidase inhibitors, however, can also be compromised due to the emergence of drug resistant variants (Marjuki et al., 2015).

In 2018, a patient was diagnosed with acute respiratory infection (ARD) requiring hospitalization and for the first time was associated with novel Influenza virus- A/H7N4 of avian origin. The 68-year-old woman was from Jiangsu province in China with pre-existing coronary heart disease and hypertension underscoring the higher susceptibly for immuno-compromised individuals (WHO, 2018b). Though it was alluded that the causative virus was sensitive to adamantanes and neuraminidase inhibitors, it is a reminder of active bio risk exposure to influenza from animals particularly in occupationally exposed groups (WHO, 2018b). It also highlights the important role that animal reservoirs play in seeding potential pandemics to human requiring bio-surveillance (Meseko et al., 2018). In many cases, human exposure arises from environmental and occupational handling and contact with animals, especially amongst farmers, veterinarians and traders at live bird markets (LBMs). Thus LBMs, poultry farms and other activities (games and recreations) that promote contact with animals remain hubs for virus amplification, persistence, dissemination and transmission to humans thus, requiring targeted anti-infective interventions (Mao et al., 2017). Similarly, the 2019 outbreak of SARS-CoV2 leading to the pandemic has revealed our preparedness and is an alarm that a lot more needs to be done for the management of future zoonotic outbreaks (Menéndez, 2022).

Influenza virus is yet the most potent bio-risk pathogen far above Ebola because of its ability for airborne transmission. The frequency of infections with seasonal influenza virus, continued outbreaks of the avian influenza A/H5Nx viruses in many countries, emerging novel influenza virus strains some with markers of antiviral resistance; underscore the importance of influenza virus research and prevention with potent vaccines. It is imperative to identify and stock pile effective anti-infectives to treat already infected population as a component of bio-risk management. This is desirable in saving life, preventing infection from spreading and for safety concerns in the larger society.




3 Management of Influenza through chemotherapeutics

Anti-infectives and antiviral therapy are promising treatment option to limit the duration and severity of influenza infection. They reduce negative impact of diseases often observed with endemic/seasonal influenza and occasional emergencies associated with pandemics. Since influenza viruses have several decades of history of causing pandemics, it is imperative to be prepared to manage its outbreaks before it spreads on a large scale and cross boundaries. Early treatment with antivirals can significantly bring down the risk for severe illness or death related to influenza, including from strains responsible for pandemics (Siston et al., 2010). Hence, treatment of influenza and associated symptoms within 48 hours of onset with traditional chemotherapies such as oseltamivir, a neuraminidase inhibitor (NAI), given at 75 mg daily, or twice in a day can be effective. Another effective anti-viral is amantadine (directed against viral M2 protein), which when given at 100 mg twice daily can be used both as treatment and prophylaxis (Salyer, 2007). In recent time however, relative antimicrobial resistance has been observed with some of the traditional and approved influenza antivirals (oseltamivir, zanamivir, amantadine, and rimantadine). Specifically, circulating A(H1N1)pdm09 strain that have now become seasonal is resistant to amantadine and rimantadine (CDC, 2010). Also in Japan in the course of 2013–2014 influenza season, cluster of influenza A(H1N1)pdm09 virus showed cross-resistance to the NAIs- oseltamivir and peramivir (Takashita et al., 2015). Some of the resistance by seasonal influenza viruses arise due to mutations in the viral polymerase gene through antigenic drifts and shifts. These generate hemagglutinin (HA) and neuraminidase (NA) antigenic variants giving rise to viral subtypes that can escape from pre-existing antibody-mediated immune responses (Iwasaki and Pillai, 2014).

Effective deployment of anti-infective would require continuous Influenza antiviral surveillance to detect emerging resistance. The susceptibility of neuraminidase inhibitor and influenza resistance information study (IRIS), are crucial for monitoring occurrences of resistance in influenza viruses. Antiviral resistance arising from genetic mutations and re-assortment (drifts and shifts), gives rise to novel subtypes or accumulation of mutations that presents changes in gene locus/protein domain and targets of chemotherapy. Sometimes interspecies transmission between human and reservoir animals accelerates emergence of a pool of variants that are resistant to currently used anti-infective to which parent virus were hitherto susceptible. It is therefore important not only to devise novel strategies or develop new generation of effective drugs but there is also an urgent need to understand the underlying mechanisms and forces that drive anti-infective resistance (Hughes and Andersson, 2015). Some antivirals against influenza are currently approved as mono therapy in uncomplicated infections. Clinicians may thereafter explore a number of options for combination therapy according to clinical presentation and response to treatment (WHO, 2018c). In intractable cases of influenza virus infections that may arise due to complications of co-infections, emergence of drug resistance strains, treatment options may include options may include increasing the dose of existing drugs (Davies, 2010; Dutkowski, 2010). In addition, combination therapies including the existing and/or novel antivirals, with distinct modes of action are very useful. In the foray also include ethno-pharmaceuticals derived from many plants and ethnic products that have been tested to reduce clinical symptoms and complications of influenza and other respiratory infections (Amber et al., 2017). The World Health Organization (WHO) listed about 21,000 medicinal plants, most of which act as immunomodulators with therapeutic potentials, as herbal, traditional/Indigenous medicines (Mahima et al., 2012). Some in-vivo studies have also shown the protective role of kolaviron (KV), a bioflavonoid isolated from Garcinia kola. As a natural antioxidant and anti-inflammatory agent, kolaviron has been shown to inhibit acetylcholinesterase activities in the hippocampus and stratum of wistar rats (Ijomone and Obi, 2013). In a challenge experiment on BALB/c mice (Awogbindin et al., 2015), it was suggested that KV may be effective in delaying clinical symptoms of influenza by mechanism unrelated to those used by existing anti-influenza drugs but closely associated to its antioxidant and immunomodulatory functions. Similarly, the extract of the root-bark of the African Baobab tree (Adansonia digitata Lin) was found to possess antiviral property on respiratory virus of poultry and may be useful in managing symptoms of influenza (Sulaiman et al., 2011).

Studies have shown that population susceptible to influenza infection include solid organ transplant and recipient of hematopoietic cell. These group are at higher risk of disease severity and developing complications, prolonged viral shedding, emergence of viral resistance, and deaths compared to the general population (Kmeid et al., 2016). Novel approaches to anti-infectives may be exploring gene therapy that may allow autologous transplantations of a patient’s own genetically corrected stem cells. This could be in the same vein with methods that efficiently add new copies of relevant gene to the hematopoietic stem cells leading to the safe and effective treatments for several primary immune deficiency diseases (Kohn and Kuo, 2017). Gene editing options may also attempt to identify alleles responsible for the production of metabolites, which are either deleted or modified for better chemotherapeutic response. Genome editing techniques is currently employed to construct viral mutants, prevent virus infections, eradicate proviral DNA, and to inhibit viral replication in infected cells (Okoli et al., 2018).

The changing map of viral chemotherapy underscores the need for new approaches in viral anti-infectives. A better understanding of the impact of mutations that result in antiviral resistance would enhance therapy of critically ill patients. In countering antiviral resistance to therapy, knowledge of potential permissive amino acid mutations in circulating viruses makes anticipation of emergence of non-compromising antiviral resistance feasible (van der Vries et al., 2013). Influenza viruses have the propensity for continuous antigenic shift and drift and the emergence of novel strains from animal reservoirs with decrease in susceptibility to antivirals. Influenza surveillance data on antiviral resistance patterns is therefore necessary to evaluate case by case susceptibility and selective clinical efficacy of antiviral. Anti-viral options and development of new antiviral drugs is a continuous science of discovery and selection of new anti-infective agents that are safe, effective, and affordable in the management of influenza epidemics and pandemics.




4 Viral chemotherapies: balancing efficacy and safety

Vaccination is one of the most practical and effective way to provide protection from influenza infections. The strategy however appears a little slow when there is a rapid spread of virus during pandemic situations. Although the vaccination is prophylactic in nature, they may not be very effective in the elderly, the immunocompromised and the infant high-risk groups, thus alternative strategies to develop safe and potent chemotherapeutic anti-influenza agents are needed in time.

An efficient chemotherapeutic drug should inhibit viral replication selectively without being detrimental to the host when used at a standardized concentration. Despite some current limitations, existing chemotherapy offers a better approach to the control of virus and has been formally licensed to be widely used against specific viral infections. Originally it was thought to be very difficult to interrupt the viral replication cycle without affecting the host cellular metabolism, however, it is now understood that there are several steps in the viral replicative cycle that differs from the normal host cellular processes and thus can be potential therapeutic targets for chemotherapeutic intervention (Figure 2).




Figure 2 | Schematic diagram showing various steps in the life cycle of influenza virus. The steps 1 to 7 are crucial targets for some of the currently used antiviral strategies. The lower panel shows the time lines of development of major antiviral drugs and occurrences of influenza pandemics.



Several antiviral compounds are formally licensed for clinical use against influenza viruses. The clinical indications, dosage, and mechanism of action of major ones are summarized in Table 1.


Table 1 | Chemotherapeutic drugs, year of approval, spectrum and their mechanism of action.



Antiviral drug against influenza was first discovered and available in 1960s when the amantadine (an amino derivative of adamantine) was approved for treatment and prophylaxis of influenza A viruses with an efficacy of around 90% (Reuman et al., 1989). In the 1990s, another drug, rimantadine (an analog), was approved and showed fewer side effects than amantadine. Extensive mechanistic studies on the action of adamantines led to the discovery of a new influenza viral protein (M2) and studies on the mutants resistant to rimantadine demonstrated that all mutant strains had a mutation in the second splicing readout of the gene 7, encoding protein M2 (Lamb et al., 1981). The M2 protein that also acts as an ion channel, is responsible for the internal acidification of the virus which is essential at the early stage of viral trafficking in endosomes and releasing its genetic material. The amantadine and rimantadine increases the pH inside the endosomes by inhibiting the transport of protons. This event hampers the separation of viral ribonucleoprotein (RNP) from M1 protein and subsequently on the onset of viral genome transcription (Hay, 1996). Both drugs were active against influenza A viruses and blocked their replication in both cell lines and animal models, however, viral resistance soon developed against them and they produced marked side effects (Arruda and Hayden, 1996; Shigeta, 1997). Studies further showed that the therapeutic efficacy of amantadine and rimantadine was observed to be insignificant in infected individuals as well as prophylaxis of healthy volunteers of a professional staff group (Belshe et al., 1989; Hayden et al., 1989). While it may take 1 to 2 weeks for the influenza strains to acquire resistance in animal models and cell lines, it may take just 2-4 days in humans after beginning of the amantadine and rimantadine chemotherapy. Other important problems while administering amantadine includes serious side effects such as dyspepsia, anorexia, hallucinations, and sleeplessness. Studies involving rats have revealed that amantadine also provided evidence of embryotoxicity and teratogenicity thus limiting its usage in cases of hepatic and renal diseases and in pregnant women (Horadam et al., 1981; Dolin et al., 1982; Reuman et al., 1989). The side effects due to rimantadine were similar but less noticeable than those of the amantadine (Dolin et al., 1982). The surveillance studies for amantadine and rimantadine resistant A (H3N2) viruses revealed that the global frequency of resistance increased from 0.8% during 1991-95 to 12.3% in 2004 and a after a year to 96%, 72%, and 14.5% in China, South Korea, and the United States, respectively (reviewed in (Kumar et al., 2018)) (Bright et al., 2006). In Russia, the analogs of amantadine (deitiforin) and rimantadine (adapromine), was recommended owing to their broad spectrum of antiviral activity as compared to rimantadine. The adapromine not only inhibited influenza A and B viruses but also the rimantadine-resistant strains. Although the efficacy was comparable to rimantadine, they both were also associated with side effects.

In late 1990s, the second generation of anti-influenza drugs called the neuraminidase inhibitors (NAI), were approved, and found to act against influenza A viruses. The 2 major NAIs used for treatments were the oseltamivir (widely used) and zanamivir (lower patient acceptance rate). Oseltamivir gained more popularity and became the choice of anti-influenza drug throughout the world. The drug inhibits the activity of viral neuraminidase thus preventing the viral budding and thereby restricting infection in respiratory tract (Treanor et al., 2000). The clinical investigation data further revealed that administration of oseltamivir decreased the disease duration by 30% (2.9 days), when the treatment was started in the first 36 hours after appearance of first symptoms, and the side effects such as sinusitis and bronchitis were significantly low (Treanor et al., 2000). A study based on large number of patients showed that oseltamivir treatment decreased the duration of disease to 3.1 days when administered within 12 hours of onset of symptoms as compared to 5.3 days when administered within 48 hours of onset of symptoms (Aoki et al., 2003). The studies based on resistant viruses revealed that while only 1 to 2 passages were sufficient to generate resistant strains due to amantadine and rimantadine pressure, it took several more passages for the virus to become resistant under the pressure of oseltamivir. The mutation was observed to be in the neuraminidase (NA) and in the viral HA that binds to the sialic acids (Mendel and Sidwell, 1998).

Zanamivir, another 2nd generation NAI, was shown to inhibit the activity of neuraminidase of both influenza A and B viruses in cell line (von Itzstein et al., 1993). The in vivo models further validated its activity in mice and rats infected with influenza viruses (Hayden et al., 1997). It was also shown that the drug acted best when administered through the intranasal, intraperitoneal, or intravenous routes and the activity was absent upon oral administration since the drug could not be absorbed in the gastrointestinal tract and did not reach the respiratory tract (Hayden et al., 1997). Several other studies based on large number of samples proved the effectiveness of zanamivir in preventing the development of influenza infection significantly and also reducing the time of manifestation of symptoms (Group, 1998; Calfee et al., 1999; Monto et al., 1999). Zanamivir has also showed low toxicity and no serious side effects in clinical investigations (Cooper et al., 2003). A comparative study on the usage of oseltamivir and zanamivir in the treatment of pandemic influenza revealed that both drugs had similar efficacy in terms of relief of symptoms and adverse effects, however, the zanamivir provided much faster relief in temperature normalization in patients (Tuna et al., 2012).

Of the 5 currently used, major anti-influenza drugs, only 3 NAIs (oseltamivir, zanamivir and peramivir) are approved for use by the U.S. Food and Drug Administration (US-FDA) (FDA, 2018). The M2 ion channel blockers (amantadine and rimantadine) are not recommended by US-FDA owing to increasing resistance of circulating influenza strains toward the drugs. The M2 blockers are also found ineffective against the influenza B and C viruses (reviewed in (Kumar et al., 2018)) (CDC, 2018). With each passing year, the influenza viruses have also evolved to withstand the effect of antiviral drugs by gaining resistance. The number of oseltamivir resistant influenza has increased tremendously over the last few years. The global circulation of oseltamivir resistant influenza A(H3N2) and seasonal A(H1N1) viruses raised serious concerns about the potency of the drug (Hayden, 2006; Hayden and de Jong, 2011). The most recent example of oseltamivir resistance is the pandemic strain A(H1N1) pdm09 viruses (Hurt et al., 2012).

Another drug called the “Umifenovir (Arbidol)” gained popularity in Russia and was recommended by the Russian State Pharmacopoeial Committee for the effective treatment and prophylaxis of influenza A and B viruses in both adults and children. The broad-spectrum drug hindered viral replication and its immunostimulant and interferon-inducing activity and was better than the amantadine and rimantadine (Reviewed in (Leneva et al., 2004)) (Brooks et al., 2012; Leneva et al., 2016). Large population studies showed a high efficacy of the drug arbidol in reducing duration of the disease as well as reducing the time of symptoms such as headache, cough, rhinitis, and weakness in both adults and children (Kiselev et al., 2015). Recent studies also showed that arbidol inhibited both seasonal and pandemic H1N1 stain by modulating the expression levels of inflammatory cytokines to reduce viral replication and acute inflammation (Liu et al., 2013). The arbidol has also been shown to inhibit other virus infection, such as zika virus entry, as reported in recent studies (Fink et al., 2018). The world has, by now, seen a changing influenza antiviral landscape, and urgently need the development of novel chemotherapeutics against both emerging and remerging influenza viruses.




5 Potency of influenza antivirals

The global presence of oseltamivir resistant H3N2 and H1N1 strains are the signs of the limitation of antivirals against influenza viruses. There is therefore an urgent requirement for development of new antivirals with novel mechanisms of action and newer drug combinations to effectively manage the outbreaks of influenza. The development of novel NAIs and other pharmacological groups have shown promising outcome towards better management of influenza infections in adverse situations.



5.1 Neuraminidase inhibitors

Although oseltamivir is still recommended for treatment of influenza infections globally, there are more recently developed NAIs such as the peramivir and laninamivir which were approved for use in Japan in 2010. The US-FDA first issued an emergency use authorization (EUA) for the usage of peramivir in 2009-2010 pandemic period based on the safety data in clinical trials, and in December 2014 approved it for the treatment of influenza infections in adults (FDA, 2014). It was approved for use in both Japan and South Korea since 2010. It was approved for an intravenous administration in patients with acute uncomplicated influenza. Although it is high cost as compared to oseltamivir and the route of administration made it less popular in patients with mild infections, yet it is very useful for the critically ill patients or patients who are unable to tolerate other administration routes (Alame et al., 2016). Peramivir has been shown to bind to neuraminidase (NA) enzyme more tightly as compared to other NAIs and restricts the growth the both influenza A and B virus in in-vitro studies (reviewed in (Hata et al., 2014)).

Laninamivir is comparatively a new NAI with structural similarities with zanamivir. The drug has long retention time and a single dose is sufficient for one week unlike zanamivir or oseltamivir which needs to be administered twice daily (Ishizuka et al., 2010). The drug became highly popular in Japan due to its ease of single-dose administration. It could treat patients infected with seasonal influenza including those resistant against oseltamivir as revealed in a clinical trial (Watanabe et al., 2010). Compound 23b shows a potent inhibitory activity against neuraminidase from H5N1 subtype but nontoxic to MDCK cells (Wang et al., 2020).




5.2 Drugs acting against other viral components

Several small organic compounds such as quinones (Larson et al., 2012), an antibiotic stachyflin (Yoshimoto et al., 1999) and derivatives of benzamide and podocarpic acid (Luo et al., 1997; Staschke et al., 1998) have been shown to be effective in blocking the hemagglutinin mediated membrane fusion during influenza virus infection. They have been shown to have strain specificity and associated cytotoxicity in in-vitro models. A new drug called the DAS181, is a novel HA inhibitor that prevents virus attachment to epithelial cells by enzymatically removing the sialic acid receptors (Malakhov et al., 2006). The drug is effective even at nanomolar concentrations with minimal cytotoxic effects and is effective against both influenza A and B viruses (Moss et al., 2012). Since the drug removes both the human-like α2,6- and avian-like α2,3-linked sialic acids from cellular receptors, it acts as a broad range sialidase that works even for the viruses resistant to adamantines and NAIs. Nitazoxanide is a thiazolide compound that is known to have antiviral activity against influenza and other RNA viruses. They work mainly by inhibiting the influenza virus replication by hindering the maturation of hemagglutinin protein (Rossignol et al., 2009). Favipiravir (T-705) is another antiviral that has inhibitory activity against both NAI and adamantine resistant viruses by inhibiting the influenza RNA polymerase (Furuta et al., 2009). It is effective against all the influenza virus types (A, B, C) at very low concentrations and even works for other RNA viruses at higher concentrations (Furuta et al., 2009). Several other therapeutic options against influenza such as the CHCl3 extract of Ferula assa-foetida, pyrazole-based compound BPR1P0034, human monoclonal antibody termed A06, have been shown to be potent and beneficial as revealed in different studies (reviewed in (Khanna et al., 2012)). VX-787, a viral PB2 inhibitor, has been revealed to work against several strains of influenza A viruses and is effective both as prophylaxis and treatment (Byrn et al., 2015). Another potential antiviral drug candidate 1,3-dihydroxy-6-benzo [c] chromene (D715-2441) was shown to specifically bind to the PB2 protein thus significantly reducing the action of influenza RNA polymerase of the H1N1, H3N2, H5N1, and H7N9, as well as oseltamivir-resistant strains having H274Y NA mutation (Liu et al., 2018). This drug was also shown to provide a synergistic antiviral effect when used with zanamivir (Liu et al., 2018). Nucleozin and Naproxen are the nucleoprotein (NP) inhibitors and have shown antiviral activity mostly by inhibiting the NP binding to RNA in influenza A viruses (Cheng et al., 2012; Lejal et al., 2013). Certain influenza-NS1 inhibitors such as NSC125044 and Baicalin, have been shown to act as inhibitors of viral replication by re-establishing the antiviral effect of interferon and altering the binding domain of the NS1 protein respectively (Jablonski et al., 2012; Nayak et al., 2014). A recent study has demonstrated the promising activity of an antiviral compound FA-6005 that specifically targets the amino acid residue 41, and inhibits the activity of the vRNP complex of both influenza A and B viruses. The drug puts hindrance at various stages in the life cycle of influenza virus by reducing the NP/vRNP export, impairing the trafficking of circulating RNPs in the cytoplasm, hampering the virus uncoating process and disrupting the budding of daughter virions (Yang et al., 2021). OA-10, another newly discovered triterpene out of 11 oleanane-type derivatives, showed potent antiviral activity against replications of the IAV H1N1, H5N1, H9N2 and H3N2 in lung cell cultures (Ye et al., 2020). The A77 1726 also inhibited the replication of three IAV subtypes (H5N1, H1N1, H9N2) in multiple cell types (Wang et al., 2020).

Several studies have also shown the effect of short interfering RNA (siRNAs), ribozymes and DNAzymes that specifically targets the vital genes of influenza viruses to block their replication in cell line and mice models (Kumar et al., 2012; Rajput et al., 2012; Kumar et al., 2013; Asha et al., 2018).




5.3 Drugs acting against host cell factors to block viral infection

There are several drugs that are known to target the host cellular factors to block the influenza virus infection at several stages of infection. DAS181 is a sialidase that cleaves residual sialic acid from the cell surface of cells thus preventing the virus entry into target cells. A polypeptide, Aprotinin, prevents host proteases that cleave viral HA, thus interfering with viral binding and fusion as shown in an in vitro as well as in vivo study (Ovcharenko and Zhirnov, 1994; Zhirnov et al., 2011). Similarly, Bafilomycin A1 and Concanamycin A are antibiotics that dampen the process of endocytosis and fusion by inhibiting vacuolar H+ATPase activity that pumps protons from the cellular cytoplasm to the interior of the endosomes (Muller et al., 2011). Further, the inhibitors of key pathways such as the Raf/MEK/ERK pathway (U0126) and NF-κB transcription factor pathway (Acetylsalicylic acid) play crucial roles in reducing the viral load in experimental studies mainly by reducing the nuclear export of viral ribonucleoprotein (Mazur et al., 2007; Droebner et al., 2011).




5.4 Antiviral combinations and small molecular therapy against influenza

The constant evolution of influenza viruses and rapid resistance development against the existing antivirals has become a global concern and part of the broad subject of Antimicrobial Resistance (AMR). Thus, to overcome the limitations of monotherapy and to combat the emerging drug-resistant strains, a combination treatment seems a better therapeutic option. A combination therapy with one or two or more drugs targeting different viral proteins or host proteins may prove to be a superior and potent option to treat influenza infections (Figure 2) (Dunning et al., 2014). Small molecule combination therapy is an exciting alternative option for the treatment of influenza as it comes with an advantage of enhancing the overall efficacy and possibility of lower individualized dosages thus increasing the tolerance on patients. The combination therapy also supports reduced drug toxicity. It can either target the same viral protein, two or more viral proteins of influenza or it can also target host and virus associate molecular mechanisms (Shen et al., 2015; Batool et al., 2023).

A summary of several combinations of drugs with the subtype of influenza virus is shown in Table 2.


Table 2 | Combinatorial approach towards management of influenza infections.







6 Reverse genetics, gene therapies, new approaches and prospects

Reverse genetics is a versatile technique which can be used to, among other things, generate re-assortant viruses. This can be done by transfection of cells with plasmids that contain viral genome, or through the combination of plasmids that code for different viral sequences and aided by helper virus (Stobart and Moore, 2014). New viruses can thus also be generated from cloned cDNA that contain point mutations, thereby capable of substituting gene segments, giving rise to a new virus strain different from the original parent virus (Neumann et al., 2002).

The influenza virus genome is highly segmented, and this makes it easy for strains to exchange RNA segments, thereby producing a virus different in antigenicity, pathogenicity, and other important biological characteristics. This also makes it easy for nucleotide substitution during gene replication (Webby and Webster, 2001), thereby leading to frequent antigenic drift and antigenic shift and this accounts for Influenza viruses’ abilities to produce epidemics and pandemics around the world. Thus, the possibility for the Highly pathogenic avian influenza H5N1 and the pandemic influenza have great possibilities to produce human infections, thereby necessitating a different approach to vaccine production and efficacy.

For the annual influenza vaccination, the vaccine is usually developed by the reassortment of the viral backbone segments of a highly productive influenza vaccine strain (donor) the hemagglutinin and neuraminidase segments from the virulent epidemic strain. This method involves a laborious screening of vaccine strain re-assortants but with the advent of reverse genetics, researchers are now able to design and produce influenza viruses of the required genotypes. Currently, there are several methods to do this, all based on reverse genetics (Jung et al., 2010; Engelhardt, 2013). These methods can be broadly divided into helper-virus dependent and helper-virus independent methods.

The helper-virus dependent methods include ribonucleoprotein transfection, nucleic-acid ribonucleoprotein reconstitution and viral vector-based ribonucleic acid reconstitution. The helper-virus independent methods, on the other hand, include plasmid-only reverse genetics system, ribonucleoprotein transfection-based helper virus independent reverse genetics system and viral vector-based helper virus independent reverse genetics system. Reverse genetics has therefore provided vaccine researchers with new techniques for designing vaccines against influenza viruses and proffering better preparedness against influenza pandemics. The versatility of this technique is shown by a team in Arizona which used a one-plasmid reverse genetics system to create a plasmid in which eight cassettes were ligated, giving profound advantages in generating recombinant influenza viruses for vaccine production as well as other important studies like virus characterization (Zhang et al., 2009). The success of these techniques and the attendant opportunities notwithstanding, influenza vaccine production system is still recommended to be cell culture or egg-based, with requisite quality controls (WHO, 2003).



6.1 Reverse genetics to understand pathogenicity factors

Reverse genetics can be used for a myriad of studies in vaccinology apart from the production of influenza vaccines. There is the need to understand the pathogenicity factors of influenza viruses and reverse genetics is making these studies much easier to accomplish. The roles of the influenza proteins like hemagglutinins, neuraminidase, polymerase basic proteins, polymerase acidic protein, nuclear export proteins and others, and the effect of any kind of mutations on the genes coding for these proteins have been well studied with the use of reverse genetics techniques (de Jong et al., 2006; Conenello et al., 2007).




6.2 Reverse genetics in understanding of influenza immunity

Understanding how influenza viruses attack and respond to host specific immunity to ensure survival and propagation is very important. The release of pro-inflammatory cytokines and chemokines and the infiltration of immune cells constitute the innate response against influenza viruses, which eventually leads to adaptive humoral and cellular influenza-specific responses (Schmolke and Garcia-Sastre, 2010; Asha et al., 2021). The understanding of how influenza viruses are able to evade these responses has been made easier through the use of reverse genetics. The knowledge accruing from these studies in turn become very useful in the design of modified influenza viruses that are able to overcome the viruses defense mechanisms and generate immunity that is effective in neutralizing the pathogenic virus. The goal of researchers is to design a universal influenza vaccine that is able to produce cross-neutralizing immune response targeting the highly conserved internal proteins of the virus and able to induce effective cytotoxic immunity against any influenza strain. This is achievable through the understanding of epitope immuno-dominance, a study that is also aided by the use of reverse genetics.




6.3 Understanding the drug-resistance mechanisms of influenza viruses

Resistance to some antiviral drugs by influenza viruses has been reported, for example, against the NA inhibitor zanamivir and the M2 blocker amantadine (Whitley et al., 2013; Yen et al., 2013). There is the need to understand the mechanisms of the reported resistance in order to design new drugs that can factor in these resistance factors and be more effective. This understanding is made easier through the use of reverse genetics tools.




6.4 Viral vaccine vectors and immunotherapies

Vectors are becoming increasingly important in vaccine development and immunotherapies. The current deeper understanding of influenza virus has made it possible to use the modified strains for this purposes, and especially in cancer immunotherapy (Restifo et al., 1998). The same tools are being applied in vaccines against HIV/AIDS (Li et al., 1993a), malaria (Li et al., 1993b) and certain bacterial diseases (Gilleland et al., 1997). All this is made possible by the advances in the use of reverse genetic applications. Since the organisms are constantly evolving, however, there is the need to continue advancing the tools available through reverse genetics and expanding the body of knowledge for the benefit of mankind and animals.





7 In vitro studies of influenza anti-infective

The influenza virus polymerase acidic (PA) protein, essential in viral RNA transcription and viral replication, is a promising antiviral target. RO-7 is a novel PA protein endonuclease inhibitor (Jones et al., 2017) that has been studied for its potential role in inhibiting influenza A and B viruses in Madin-Darby Canine Kidney (MDCK) and multiple influenza strains A (H1N1, H3N2, H5N1, H7N9, H9N2) and B viruses. A lethal BALB/c mouse model of RO-7 using 5MLD50 of A/California/04/2009 A(H1N1)pdm09 or B/Brisbane/60/2008 showed increased survival, reduced viral load in the lungs, decreased morbidity, and reduced lung pathology compared to controls (McKimm-Breschkin et al., 2018).

A Japanese research team demonstrated that the transmembrane Ca2+ channel is the key receptor for influenza A virus (IAV). In laboratory studies using cultured human cells, IAV binds to Ca2+ channels to trigger an influx of Ca2+, viral entry and infection while inhibition of the Ca2+ channels prevent IAV-induced Ca2+ influx and entry of the virus. Using mice models, the team found a dose-dependent reduction in the number of replicated viral progeny when administered with calcium channel blockers (CCB) intranasally. When infected with higher amounts of IAV, CCB prolonged survival while the untreated group died within 5 days of infection (Fujioka et al., 2018).

Polyclonal antibodies, derived from either hyperimmunized animals or humans, have been utilized to prevent or treat several infectious diseases. The transchromosomic (Tc) bovine platform technology is able to rapidly create fully human immunoglobulins using a triple knockout of bovine immunoglobulin (Ig) genes and replacement with human Ig genes (Dye et al., 2016). In a murine model of influenza A(H1N1)pdm09 virus, the dosage of SAB-100 (Tc-bovines hyperimmunized with a tri-valent seasonal influenza split virion) was evaluated. A single prophylactic dose of SAB-100 at 1.33, 4, or 12 mg/kg provided 100% protection. A single therapeutic dose with 12, 24, or 48 mg/kg dose of SAB-100 provided 100% protection. A study using another animal model investigated the effect of sub-therapeutic doses of SAB-100 (1.5 mg/kg) and oseltamivir (0.3 mg/kg) either alone or co-administered at 12 hours after infection. Mice administered the with combination therapy had 90% survival, while 60% survival was observed in mice that received SAB-100 alone, and 40% survival was observed in mice that received oseltamivir alone (McKimm-Breschkin et al., 2018).




8 Clinical trials and outcomes of influenza therapeutics



8.1 Intravenous zanamivir

From 2011 - 2015, clinical trials to evaluate the safety and efficacy of intravenous zanamivir (IVZ) in treating hospitalized patients with severe influenza were done. For the Phase II clinical trial, patients with confirmed influenza were given 600 mg IVZ twice a day (adults) or weight-based or age-adjusted dose twice a day (pediatrics) for 5 to 10 days (Marty et al., 2014). For the Phase III studies, patients with confirmed influenza enrolled within 6 days of flu illness were given 300 IVZ or 600 IVZ twice a day for 18 days or oseltamivir (OS) 75 mg twice a day for 5 - 10 days. The study showed an approximate 0.5-day improvement in time to clinical response (vital sign resolution, hospital discharge) in the 600 mg IVZ group compared to oseltamivir (not significant, not superior), but there was no difference in the median change in viral load (Marty et al., 2017). In a study previously reported at Options for the Control of Influenza- IX, 133 pediatric patients in Japan aged between 4 and 12 years old that presented within 48 hours of flu illness were randomly given one of four: oral oseltamivir, inhaled zanamivir, intravenous peramivir, or inhaled laninamivir. Peramivir had shorter time for viral clearance when compared to oseltamivir (adjusted P = 0.035) but there were no significant differences in HAI titer increase between treatments (McKimm-Breschkin et al., 2018).




8.2 Umifenovir

Umifenovir (Arbidol), a fusion inhibitor specifically targeting hemagglutinin, is licensed in Russia and China for treatment and prophylaxis of both influenza A and B. Umifenovir produces antigen-specific antibodies and is able to induce interferon-production and stimulate macrophages (Glushkov et al., 1999). Retrospective observational studies done in 2010–2011 (Leneva et al., 2009) and 2014–2015 flu seasons with 5,287 hospitalized influenza patients were given 4 × 200 mg umifenovir or 2 × 75 mg oseltamivir within 48 hours of onset of flu symptoms. Fever duration in patients treated with umifenovir (< 2 years old) was 4.13 days and 2.45 days (> 65 years old) as compared to 3.67 and 4.27 for age-matched controls. No significant differences were seen in the duration of illness and main symptoms of influenza between the umifenovir and oseltamivir treated groups.




8.3 Pimodivir

Pimodivir is a first of its kind inhibitor of the PB2 subunit of IAV polymerase complex developed to treat IAV including H1N1 (pandemic) and H5N1 (avian) strains (Fu et al., 2016). A Phase II study evaluated the safety and efficacy of pimodivir in adults 18 - 65 years of age with uncomplicated IAV infection who presented with less than 48 hours of symptom onset. Patients were randomly given placebo, pimodivir 300 mg, pimodivir 600 mg, or the combination pimodivir 600 mg/oseltamivir 75 mg for 5 days. Pimodivir 600 mg resulted in a greater decrease in qRT-PCR area under the curve (AUC) for viral load from day 1–8, compared to 300 mg [-4.5 (−8.0; −1.0); 0.012 vs −3.6 (−7.1; −0.1); 0.044 log10 copies/ml]. The pimodivir and oseltamivir treatment showed further reduction when compared to pimodivir 600 mg (−4.1 log10 copies/mL, −7.4 to −0.7, P = 0.017) but the difference was not associated with improved clinical benefit. The dosage 600 mg was selected for Phase III studies (McKimm-Breschkin et al., 2018). In March 2017, the US Food and Drug Administration granted pimodivir Fast Track Designation due to its potential for treatment of influenza A infections (Finberg et al., 2019).




8.4 Oseltamivir, amantadine, and ribavirin

Triple combination of oseltamivir, amantadine, and ribavirin was synergistic and effective against several influenza A virus subtypes (H1N1, H3N2, and H5N1) (Nguyen et al., 2009). A randomized, blinded, multi-center Phase II study designed to enroll participants that were either 65 years of age or older, had a chronic medical condition, and/or were obese with confirmed influenza A or B, were randomly administered either oseltamivir alone OR the combination of oseltamivir, amantadine, and ribavirin for 5 days. The primary endpoint of the study was the percentage of participants with virus detectable by PCR in a nasopharyngeal swab at day 3. Eighty of 200 (40.0%) participants in the combination arm had virus detectable at day 3 compared to 97 of 194 (50.0%) (95% C.I. 0.2–19.8%, P = 0.046) in the control arm, but the difference was not associated with clinical benefit (McKimm-Breschkin et al., 2018).




8.5 Danirixin

Danirixin (DNX), also known as GSK1325756, is an oral selective, competitive reversible inhibitor of CXC chemokine receptor 2 (CXCR2) developed as an anti-inflammatory agent for the treatment of severe asthma and chronic obstructive pulmonary disease (COPD) (Busch-Petersen et al., 2017). Because CXCR2 is a key receptor in the chemotaxis of neutrophils to areas of inflammation, DNX is also in development for uncomplicated influenza and for intravenous (IV) therapy for patients hospitalized with influenza. A randomized double-blind placebo-controlled clinical trial in outpatients with uncomplicated PCR-confirmed influenza evaluated the safety and tolerability of 75 mg DNX with and without 75 mg of oseltamivir given twice daily for five days. In all treatment groups, mean peripheral neutrophils decreased from baseline to day 3 and resolved by day 8 with a trend toward shorter median times to resolution of all influenza symptoms in the DNX + oseltamivir group (112 hours) than in the oseltamivir only group (267 hours). A study on hospitalized flu patients is underway (NCT02927431).




8.6 Baloxavir marboxil

Baloxavir marboxil (S033188) is a potent, selective small molecule inhibitor of the cap-dependent endonuclease that is essential during viral mRNA biosynthesis of influenza A and B viruses. The active form, S-033447 (Uehara et al., 2016), can inhibit viral mRNA synthesis thereby preventing protein production of the flu virus. In the Phase II trial, influenza-confirmed adult patients were given a single dose of 10, 20 or 40 mg or placebo and a quick decrease in the viral load of 3 to 4 log10 by 24 hours was observed with earlier resolution of fever and all symptoms compared to the placebo group (mean ∼50 vs. 77 hours). In addition, a negative correlation was observed between drug dose and a change in virus titers at day 2 and day 3 (McKimm-Breschkin et al., 2018). The drug was approved in 2018 by the US FDA and Japan’s Ministry of Health, Labour and Welfare for treatment of uncomplicated influenza in patients aged 12 years and older. In a randomized placebo-controlled phase III trial on over 2,000 patients, baloxavir showed a superior efficacy in a single dose to placebo and similar efficacy to oseltamivir for reducing influenza symptoms in the high-risk outpatients (Ison et al., 2020).




8.7 Nitazoxanide

In two completed randomized double-blind placebo-controlled Phase III trials (NCT01610245), oral NTZ 600 mg given twice daily alone for 5 days was compared with NTZ in combination with oseltamivir, and with oseltamivir alone. Study showed no difference in the time to resolution of symptoms between the NTZ, oseltamivir, and NTZ and oseltamivir combination vs. placebo (McKimm-Breschkin et al., 2018).




8.8 Monoclonal antibodies

A growing pipeline of broadly neutralizing antibodies is being developed in people exposed to infectious diseases, including influenza, COVID-19 and respiratory syncytial virus (RSV). Several combinations may potentially be able to protect against pandemic strains of respiratory viruses. MHAA4549A, a human immunoglobulin G1 (IgG1) monoclonal antibody, can bind to a highly conserved epitope on the stalk of IAV hemagglutinin (HA) and block the HA-mediated membrane fusion in the endosome, promoting antibody-dependent cellular cytotoxicity (ADCC) of the infected cell. It can neutralize all known human IAV strains (Gupta et al., 2016). In a Phase II study, subjects were given single-dose of either 400, 1200, or 3600 mg of MHAA4549A intravenously up to 36 hours after inoculation with IAV (McBride et al., 2017; Deng et al., 2018). No PK drug–drug interaction between MHAA4549A and oseltamivir was observed (Deng et al., 2018) and only the 3600 mg group showed significantly reduced viral burden by RT-PCR and TCID50 assay (McBride et al., 2017).





9 Conclusion

Antivirals and chemotherapeutics are essential complement in clinical management of influenza. Some drugs discovered many years ago may still be useful but of interest is the emergence of novel drugs and drug combinations that has proven very effective. Outcome of clinical management of influenza showed that early treatment with antivirals can significantly bring down the risk for severe illness or death. Thus, influenza epidemic and pandemic can be mitigated with a combination of viral chemotherapeutics in addition to prior vaccination and other public health measures.





Author contributions

CM: Conceptualization, Writing – original draft, Writing – review & editing. MS: Writing – original draft, Writing – review & editing. KA: Writing – original draft, Writing – review & editing. LS: Writing – original draft, Writing – review & editing. BK: Conceptualization, Resources, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

Author MS was employed by company Clover Biopharmaceuticals while this research was underway but did not receive support for this particular publication.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Alame, M. M., Massaad, E., and Zaraket, H. (2016). Peramivir: A novel intravenous neuraminidase inhibitor for treatment of acute influenza infections. Front. Microbiol. 7, 450. doi: 10.3389/fmicb.2016.00450

 Amber, R., Adnan, M., Tariq, A., and Mussarat, S. (2017). A review on antiviral activity of the Himalayan medicinal plants traditionally used to treat bronchitis and related symptoms. J. Pharm. Pharmacol. 69 (2), 109–122. doi: 10.1111/jphp.12669

 Aoki, F. Y., Macleod, M.D., Paggiaro, P., Carewicz, O., El Sawy, A., Wat, C., et al. (2003). Early administration of oral oseltamivir increases the benefits of influenza treatment. J. Antimicrob. Chemother. 51 (1), 123–129. doi: 10.1093/jac/dkg007

 Arruda, E., and Hayden, F. G. (1996). Update on therapy of influenza and rhinovirus infections. Adv. Exp. Med. Biol. 394, 175–187. doi: 10.1007/978-1-4757-9209-6_18

 Asha, K., Kumar, P., Sanicas, M., Meseko, C.A., Khanna, M., and Kumar, B. (2018). Advancements in nucleic acid based therapeutics against respiratory viral infections. J. Clin. Med. 8 (1), 6. doi: 10.3390/jcm8010006

 Asha, K., Khanna, M., and Kumar, B. (2021). Current insights into the host immune response to respiratory viral infections. Adv. Exp. Med. Biol. 1313, 59–83. doi: 10.1007/978-3-030-67452-6_4

 Asha, K., and Kumar, B. (2019). Emerging influenza D virus threat: what we know so far! J. Clin. Med. 8 (2), 192. doi: 10.3390/jcm8020192

 Awogbindin, I. O., Olaleye, D. O., and Farombi, E. O. (2015). Kolaviron improves morbidity and suppresses mortality by mitigating oxido-inflammation in BALB/c mice infected with influenza virus. Viral Immunol. 28 (7), 367–377. doi: 10.1089/vim.2015.0013

 Batool, S., Chokkakula, S., and Song, M.-S. (2023). Influenza treatment: limitations of antiviral therapy and advantages of drug combination therapy. Microorganisms 11 (1), 183. doi: 10.3390/microorganisms11010183

 Belshe, R. B., Burk, B., Newman, F., Cerruti, R.L., and Sim, I.S. (1989). Resistance of influenza A virus to amantadine and rimantadine: results of one decade of surveillance. J. Infect. Dis. 159 (3), 430–435. doi: 10.1093/infdis/159.3.430

 Bright, R. A., Shay, D.K., Shu, B., Cox, N.J., and Klimov, A.I. (2006). Adamantane resistance among influenza A viruses isolated early during the 2005-2006 influenza season in the United States. JAMA 295 (8), 891–894. doi: 10.1001/jama.295.8.joc60020

 Brooks, M. J., Burtseva, E.I., Ellery, P.J., Marsh, G.A., Lew, A.M., Slepushkin, A.N., et al. (2012). Antiviral activity of arbidol, a broad-spectrum drug for use against respiratory viruses, varies according to test conditions. J. Med. Virol. 84 (1), 170–181. doi: 10.1002/jmv.22234

 Busch-Petersen, J., Carpenter, D.C., Burman, M., Foley, J., Hunsberger, G.E., Kilian, D.J., et al. (2017). Danirixin: A reversible and selective antagonist of the CXC chemokine receptor 2. J. Pharmacol. Exp. Ther. 362 (2), 338–346. doi: 10.1124/jpet.117.240705

 Byrn, R. A., Jones, S.M., Bennett, H.B., Bral, C., Clark, M.P., Jacobs, M.D., et al. (2015). Preclinical activity of VX-787, a first-in-class, orally bioavailable inhibitor of the influenza virus polymerase PB2 subunit. Antimicrob. Agents Chemother. 59 (3), 1569–1582. doi: 10.1128/AAC.04623-14

 Calfee, D. P., Peng, A.W., Hussey, E.K., Lobo, M., and Hayden, F.G. (1999). Safety and efficacy of once daily intranasal zanamivir in preventing experimental human influenza A infection. Antivir Ther. 4 (3), 143–149. doi: 10.1177/135965359900400302

 Caroline, A. L., Powell, D.S., Bethel, L.M., Oury, T.D., Reed, D.S., and Hartman, A.L. (2014). Broad spectrum antiviral activity of favipiravir (T-705): protection from highly lethal inhalational Rift Valley Fever. PloS Negl. Trop. Dis. 8 (4), e2790. doi: 10.1371/journal.pntd.0002790

 CDC (2010) FluView: week ending. Available at: http://www.cdc.gov/flu/weekly (Accessed December 16, 2010).

 CDC (2018). Update: Influenza Activity in the United States During the 2016–17 Season and Composition of the 2017–18 Influenza Vaccine. Available at: https://www.cdc.gov/mmwr. (Accessed June 18, 2018).

 Cheng, H., Wan, J., Lin, M.I., Liu, Y., Lu, X., Liu, J., et al. (2012). Design, synthesis, and in vitro biological evaluation of 1H-1,2,3-triazole-4-carboxamide derivatives as new anti-influenza A agents targeting virus nucleoprotein. J. Med. Chem. 55 (5), 2144–2153. doi: 10.1021/jm2013503

 Conenello, G. M., Zamarin, D., Perrone, L.A., Tumpey, T., and Palese, P. (2007). A single mutation in the PB1-F2 of H5N1 (HK/97) and 1918 influenza A viruses contributes to increased virulence. PloS Pathog. 3 (10), 1414–1421. doi: 10.1371/journal.ppat.0030141

 Cooper, N. J., Sutton, A.J., Abrams, K.R., Wailoo, A., Turner, D., Nicholson, K.G., et al. (2003). Effectiveness of neuraminidase inhibitors in treatment and prevention of influenza A and B: systematic review and meta-analyses of randomised controlled trials. BMJ 326 (7401), 1235. doi: 10.1136/bmj.326.7401.1235

 Davies, B. E. (2010). Pharmacokinetics of oseltamivir: an oral antiviral for the treatment and prophylaxis of influenza in diverse populations. J. Antimicrob. Chemother. 65, ii5–ii10. doi: 10.1093/jac/dkq015

 Dawood, F. S., Iuliano, A.D., Reed, C., Meltzer, M.I., Shay, D.K., Cheng, P.Y., et al. (2012). Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A H1N1 virus circulation: a modelling study. Lancet Infect. Dis. 12 (9), 687–695. doi: 10.1016/S1473-3099(12)70121-4

 De Clercq, E. (2010). Historical perspectives in the development of antiviral agents against poxviruses. Viruses 2 (6), 1322–1339. doi: 10.3390/v2061322

 de Jong, M. D., Simmons, C.P., Thanh, T.T., Hien, V.M., Smith, G.J., Chau, T.N., et al. (2006). Fatal outcome of human influenza A (H5N1) is associated with high viral load and hypercytokinemia. Nat. Med. 12 (10), 1203–1207. doi: 10.1038/nm1477

 Deng, R., Lee, A.P., Maia, M., Lim, J.J., Burgess, T., Horn, P., et al. (2018). Pharmacokinetics of MHAA4549A, an anti-influenza A monoclonal antibody, in healthy subjects challenged with influenza A virus in a phase IIa randomized trial. Clin. Pharmacokinet. 57 (3), 367–377. doi: 10.1007/s40262-017-0564-y

 Dolin, R., Reichman, R.C., Madore, H.P., Maynard, R., Linton, P.N., and Webber-Jones, J. (1982). A controlled trial of amantadine and rimantadine in the prophylaxis of influenza A infection. N Engl. J. Med. 307 (10), 580–584. doi: 10.1056/NEJM198209023071002

 Douglas, D., Richman,, and Neal, N. (2016). Viral Pathogenesis (USA: Academic Press), 271–287.

 Droebner, K., Pleschka, S., Ludwig, S., and Planz, O. (2011). Antiviral activity of the MEK-inhibitor U0126 against pandemic H1N1v and highly pathogenic avian influenza virus in vitro and in vivo. Antiviral Res. 92 (2), 195–203. doi: 10.1016/j.antiviral.2011.08.002

 Dunning, J., Baillie, J.K., Cao, B., and Hayden, F.G. (2014). Antiviral combinations for severe influenza. Lancet Infect. Dis. 14 (12), 1259–1270. doi: 10.1016/S1473-3099(14)70821-7

 Dunning, J., Kennedy, S.B., Antierens, A., Whitehead, J., Ciglenecki, I., Carson, G., et al. (2016). Experimental treatment of ebola virus disease with brincidofovir. PloS One 11 (9), e0162199. doi: 10.1371/journal.pone.0162199

 Dutkowski, R. (2010). Oseltamivir in seasonal influenza: cumulative experience in low- and high-risk patients. J. Antimicrobial Chemotherapy 65, ii11–ii24. doi: 10.1093/jac/dkq012

 Dye, J. M., Wu, H., Hooper, J.W., Khurana, S., Kuehne, A.I., Coyle, E.M., et al. (2016). Production of potent fully human polyclonal antibodies against ebola zaire virus in transchromosomal cattle. Sci. Rep. 6, 24897. doi: 10.1038/srep24897

 Engelhardt, O. G. (2013). Many ways to make an influenza virus–review of influenza virus reverse genetics methods. Influenza Other Respir. Viruses 7 (3), 249–256. doi: 10.1111/j.1750-2659.2012.00392.x

 FDA (2014). FDA approves Rapivab to treat flu infection. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/206426lbl.pdf. (Accessed June 20, 2018).

 FDA (2018). Drugs. Available at: https://www.fda.gov/downloads/Drugs/DrugSafety/DrugShortages/UCM593462.pdf. (Accessed June 18, 2018).

 Finberg, R. W., Lanno, R., Anderson, D., Fleischhackl, R., van Duijnhoven, W., Kauffman, R. S., et al. (2019). Phase 2b study of pimodivir (JNJ-63623872) as monotherapy or in combination with oseltamivir for treatment of acute uncomplicated seasonal influenza A: TOPAZ trial. J. Infect. Dis. 219 (7), 1026–1034. doi: 10.1093/infdis/jiy547

 Fink, S. L., Vojtech, L., Wagoner, J., Slivinski, N.S.J., Jackson, K.J., Wang, R., et al. (2018). The antiviral drug arbidol inhibits zika virus. Sci. Rep. 8 (1), 8989. doi: 10.1038/s41598-018-27224-4

 Forcados, G. E., Muhammad, A., Oladipo, O.O., Makama, S., and Meseko, C.A. (2021). Metabolic implications of oxidative stress and inflammatory process in SARS-coV-2 pathogenesis: therapeutic potential of natural antioxidants. Front. Cell Infect. Microbiol. 11, 654813. doi: 10.3389/fcimb.2021.654813

 Fu, Y., Gaelings, L., Soderholm, S., Belanov, S., Nandania, J., Nyman, T.A., et al. (2016). JNJ872 inhibits influenza A virus replication without altering cellular antiviral responses. Antiviral Res. 133, 23–31. doi: 10.1016/j.antiviral.2016.07.008

 Fujioka, Y., Nishide, S., Ose, T., Suzuki, T., Kato, I., Fukuhara, H., et al. (2018). A sialylated voltage-dependent ca(2+) channel binds hemagglutinin and mediates influenza A virus entry into mammalian cells. Cell Host Microbe 23 (6), 809–818. doi: 10.1016/j.chom.2018.04.015

 Furuta, Y., Gowen, B.B., Takahashi, K., Shiraki, K., Smee, D.F., and Barnard, D.L. (2009). T-705 (favipiravir) and related compounds: Novel broad-spectrum inhibitors of RNA viral infections. Antiviral Res. 82 (3), 95–102. doi: 10.1016/j.antiviral.2009.02.198

 Furuta, Y., Takahashi, K., Shiraki, K., Sakamoto, K., Smee, D.F., Barnard, D.L., et al. (2013). Favipiravir (T-705), a novel viral RNA polymerase inhibitor. Antiviral Res. 100 (2), 446–454. doi: 10.1016/j.antiviral.2013.09.015

 Gao, R., Cao, B., Hu, Y., Feng, Z., Wang, D., Hu, W., et al. (2013). Human infection with a novel avian-origin influenza A (H7N9) virus. N Engl. J. Med. 368 (20), 1888–1897. doi: 10.1056/NEJMoa1304459

 Garcia, F., Cao, B., Hu, Y., Feng, Z., Wang, D., Hu, W., et al. (2004). Long-term CD4+ T-cell response to highly active antiretroviral therapy according to baseline CD4+ T-cell count. J. Acquir. Immune Defic. Syndr. 36 (2), 702–713. doi: 10.1097/00126334-200406010-00007

 Gilleland, H. E. Jr., Gilleland, L.B., Staczek, J., Harty, R.N., Garcia-Sastre, A., Engelhardt, O.G., et al. (1997). Chimeric influenza viruses incorporating epitopes of outer membrane protein F as a vaccine against pulmonary infection with Pseudomonas aeruginosa. Behring Inst Mitt 98), 291–301.

 Glushkov, R. G., Gus'kova, T.A., Krylova, L., and Nikolaeva, I.S. (1999). [Mechanisms of arbidole's immunomodulating action]. Vestn Ross Akad Med. Nauk 3), 36–40.

 Govorkova, E. A., Fang, H.B., Tan, M., and Webster, R.G. (2004). Neuraminidase inhibitor-rimantadine combinations exert additive and synergistic anti-influenza virus effects in MDCK cells. Antimicrob. Agents Chemother. 48 (12), 4855–4863. doi: 10.1128/AAC.48.12.4855-4863.2004

 Group, T. M. S. (1998). Randomised trial of efficacy and safety of inhaled zanamivir in treatment of influenza A and B virus infections. Lancet 352 (9144), 1877–1881.

 Gupta, P., Kamath, A.V., Park, S., Chiu, H., Lutman, J., Maia, M., et al. (2016). Preclinical pharmacokinetics of MHAA4549A, a human monoclonal antibody to influenza A virus, and the prediction of its efficacious clinical dose for the treatment of patients hospitalized with influenza A. MAbs 8 (5), 991–997. doi: 10.1080/19420862.2016.1167294

 Hamre, D., Bernstein, J., and Donovick, R. (1950). Activity of p-aminobenzaldehyde, 3-thiosemicarbazone on vaccinia virus in the chick embryo and in the mouse. Proc. Soc Exp. Biol. Med. 73, 275–278. doi: 10.3181/00379727-73-17652

 Hata, A., Akashi-Ueda, R., Takamatsu, K., and Matsumura, T. (2014). Safety and efficacy of peramivir for influenza treatment. Drug Des. Devel Ther. 8, 2017–2038. doi: 10.2147/DDDT.S46654

 Hay, A. (1996). Antiviral drug resistance. Ed.  D. Richman (Chichester, UK: John Willey and Sons Ltd.), 44–58.

 Hayden, F. G. (2006). Antiviral resistance in influenza viruses–implications for management and pandemic response. N Engl. J. Med. 354 (8), 785–788. doi: 10.1056/NEJMp068030

 Hayden, F. G., and de Jong, M. D. (2011). Emerging influenza antiviral resistance threats. J. Infect. Dis. 203 (1), 6–10. doi: 10.1093/infdis/jiq012

 Hayden, F. G., Douglas, R. G. Jr., and Simons, R. (1980). Enhancement of activity against influenza viruses by combinations of antiviral agents. Antimicrob. Agents Chemother. 18 (4), 536–541. doi: 10.1128/AAC.18.4.536

 Hayden, F. G., Belshe, R.B., Clover, R.D., Hay, A.J., Oakes, M.G., and Soo, W. (1989). Emergence and apparent transmission of rimantadine-resistant influenza A virus in families. N Engl. J. Med. 321 (25), 1696–1702. doi: 10.1056/NEJM198912213212502

 Hayden, F. G., Osterhaus, A.D., Treanor, J.J., Fleming, D.M., Aoki, F.Y., Nicholson, K.G., et al. (1997). Efficacy and safety of the neuraminidase inhibitor zanamivir in the treatment of influenzavirus infections. GG167 Influenza Study Group. N Engl. J. Med. 337 (13), 874–880. doi: 10.1056/NEJM199709253371302

 Hayden, F. G., Schlepushkin, A. N., and Pushkarskaya, N. L. (1984). Combined interferon-alpha 2, rimantadine hydrochloride, and ribavirin inhibition of influenza virus replication in vitro. Antimicrob. Agents Chemother. 25 (1), 53–57. doi: 10.1128/AAC.25.1.53

 Horadam, V. W., Sharp, J.G., Smilack, J.D., McAnalley, B.H., Garriott, J.C., Stephens, M.K., et al. (1981). Pharmacokinetics of amantadine hydrochloride in subjects with normal and impaired renal function. Ann. Intern. Med. 94, 454–458. doi: 10.7326/0003-4819-94-4-454

 Hughes, D., and Andersson, D. I. (2015). Evolutionary consequences of drug resistance: shared principles across diverse targets and organisms. Nat. Rev. Genet. 16 (8), 459–471. doi: 10.1038/nrg3922

 Hurt, A. C., Chotpitayasunondh, T., Cox, N.J., Daniels, R., Fry, A.M., Gubareva, L.V., et al. (2012). Antiviral resistance during the 2009 influenza A H1N1 pandemic: public health, laboratory, and clinical perspectives. Lancet Infect. Dis. 12 (3), 240–248. doi: 10.1016/S1473-3099(11)70318-8

 Ijomone, O. M., and Obi, A. U. (2013). Kolaviron, isolated from Garcinia kola, inhibits acetylcholinesterase activities in the hippocampus and striatum of wistar rats. Ann. Neurosci. 20 (2), 42–46. doi: 10.5214/ans.0972.7531.200203

 Ilyushina, N. A., Bovin, N.V., Webster, R.G., and Govorkova, E.A. (2006). Combination chemotherapy, a potential strategy for reducing the emergence of drug-resistant influenza A variants. Antiviral Res. 70 (3), 121–131. doi: 10.1016/j.antiviral.2006.01.012

 Ishizuka, H., Yoshiba, S., Okabe, H., and Yoshihara, K. (2010). Clinical pharmacokinetics of laninamivir, a novel long-acting neuraminidase inhibitor, after single and multiple inhaled doses of its prodrug, CS-8958, in healthy male volunteers. J. Clin. Pharmacol. 50 (11), 1319–1329. doi: 10.1177/0091270009356297

 Ison, M. G., Portsmouth, S., Yoshida, Y., Shishido, T., Mitchener, M., Tsuchiya, K., et al. (2020). Early treatment with baloxavir marboxil in high-risk adolescent and adult outpatients with uncomplicated influenza (CAPSTONE-2): a randomised, placebo-controlled, phase 3 trial. Lancet Infect. Dis. 20 (10), 1204–1214. doi: 10.1016/S1473-3099(20)30004-9

 Iwasaki, A., and Pillai, P. S. (2014). Innate immunity to influenza virus infection. Nat. Rev. Immunol. 14 (5), 315–328. doi: 10.1038/nri3665

 Jablonski, J. J., Basu, D., Engel, D.A., and Geysen, H.M. (2012). Design, synthesis, and evaluation of novel small molecule inhibitors of the influenza virus protein NS1. Bioorg Med. Chem. 20 (1), 487–497. doi: 10.1016/j.bmc.2011.10.026

 Jones, J. C., Marathe, B.M., Vogel, P., Gasser, R., Najera, I., and Govorkova, E.A. (2017). The PA endonuclease inhibitor RO-7 protects mice from lethal challenge with influenza A or B viruses. Antimicrob. Agents Chemother. 61 (5), e02460-16. doi: 10.1128/AAC.02460-16

 Jung, E. J., Lee, K. H., and Seong, B. L. (2010). Reverse genetic platform for inactivated and live-attenuated influenza vaccine. Exp. Mol. Med. 42 (2), 116–121. doi: 10.3858/emm.2010.42.2.013

 Kaner, J., and Schaack, S. (2016). Understanding ebola: the 2014 epidemic. Global Health 12 (1), 53. doi: 10.1186/s12992-016-0194-4

 Khanna, M., Kumar, B., Gupta, A., and Kumar, P. (2012). Pandemic influenza A H1N1 (2009) virus: lessons from the past and implications for the future. Indian J. Virol. 23 (1), 12–17. doi: 10.1007/s13337-012-0066-3

 Kiselev, O. I., Maleev, V.V., Deeva, E.G., Leneva, I.A., Selkova, E.P., Osipova, E.A., et al. (2015). [Clinical efficacy of arbidol (umifenovir) in the therapy of influenza in adults: preliminary results of the multicenter double-blind randomized placebo-controlled study ARBITR]. Ter Arkh 87 (1), 88–96. doi: 10.17116/terarkh201587188-96

 Kmeid, J., Vanichanan, J., Shah, D.P., El Chaer, F., Azzi, J., Ariza-Heredia, E.J., et al. (2016). Outcomes of influenza infections in hematopoietic cell transplant recipients: application of an immunodeficiency scoring index. Biol. Blood Marrow Transplant. 22 (3), 542–548. doi: 10.1016/j.bbmt.2015.11.015

 Kohn, D. B., and Kuo, C. Y. (2017). New frontiers in the therapy of primary immunodeficiency: From gene addition to gene editing. J. Allergy Clin. Immunol. 139 (3), 726–732. doi: 10.1016/j.jaci.2017.01.007

 Konde, M. K., Baker, D.P., Traore, F.A., Sow, M.S., Camara, A., Barry, A.A., et al. (2017). Interferon beta-1a for the treatment of Ebola virus disease: A historically controlled, single-arm proof-of-concept trial. PloS One 12 (2), e0169255. doi: 10.1371/journal.pone.0169255

 Kumar, B., Khanna, M., Kumar, P., Sood, V., Vyas, R., and Banerjea, A.C. (2012). Nucleic acid-mediated cleavage of M1 gene of influenza A virus is significantly augmented by antisense molecules targeted to hybridize close to the cleavage site. Mol. Biotechnol. 51 (1), 27–36. doi: 10.1007/s12033-011-9437-z

 Kumar, B., Kumar, P., Rajput, R., Saxena, L., Daga, M.K., and Khanna, M. (2013). Sequence-specific cleavage of BM2 gene transcript of influenza B virus by 10-23 catalytic motif containing DNA enzymes significantly inhibits viral RNA translation and replication. Nucleic Acid Ther. 23 (5), 355–362. doi: 10.1089/nat.2013.0432

 Kumar, B., Asha, K., Khanna, M., Ronsard, L., Meseko, C.A., and Sanicas, M. (2018). The emerging influenza virus threat: status and new prospects for its therapy and control. Arch. Virol. 163 (4), 831–844. doi: 10.1007/s00705-018-3708-y

 Lamb, R. A., Lai, C. J., and Choppin, P. W. (1981). Sequences of mRNAs derived from genome RNA segment 7 of influenza virus: colinear and interrupted mRNAs code for overlapping proteins. Proc. Natl. Acad. Sci. U.S.A. 78 (7), 4170–4174. doi: 10.1073/pnas.78.7.4170

 Larson, A. M., Wang, H., Cao, Y., Jiang, T., Chen, J., and Klibanov, A.M. (2012). Conjugating drug candidates to polymeric chains does not necessarily enhance anti-influenza activity. J. Pharm. Sci. 101 (10), 3896–3905. doi: 10.1002/jps.23253

 Lejal, N., Tarus, B., Bouguyon, E., Chenavas, S., Bertho, N., Delmas, B., et al. (2013). Structure-based discovery of the novel antiviral properties of naproxen against the nucleoprotein of influenza A virus. Antimicrob. Agents Chemother. 57 (5), 2231–2242. doi: 10.1128/AAC.02335-12

 Leneva, I. A., Russell, R.J., Boriskin, Y.S., and Hay, A.J. (2009). Characteristics of arbidol-resistant mutants of influenza virus: implications for the mechanism of anti-influenza action of arbidol. Antiviral Res. 81 (2), 132–140. doi: 10.1016/j.antiviral.2008.10.009

 Leneva, I. A., Burtseva, E.I., Yatsyshina, S.B., Fedyakina, I.T., Kirillova, E.S., Selkova, E.P., et al. (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

 Leneva, I. A., Glushkov, R. G., and Gus'kova, T. A. (2004). Search for new drugs drugs for chemotherapy and prophylaxis of influenza: mechanisms, efficacy, and safety (a review). Pharm. Chem. J. 38 (11), 8–14. doi: 10.1007/s11094-005-0036-9

 Li, S., Polonis, V., Isobe, H., Zaghouani, H., Guinea, R., Moran, T., et al. (1993a). Chimeric influenza virus induces neutralizing antibodies and cytotoxic T cells against human immunodeficiency virus type 1. J. Virol. 67 (11), 6659–6666. doi: 10.1128/jvi.67.11.6659-6666.1993

 Li, S., Rodrigues, M., Rodriguez, D., Rodriguez, J.R., Esteban, M., Palese, P., et al. (1993b). Priming with recombinant influenza virus followed by administration of recombinant vaccinia virus induces CD8+ T-cell-mediated protective immunity against malaria. Proc. Natl. Acad. Sci. U.S.A. 90 (11), 5214–5218. doi: 10.1073/pnas.90.11.5214

 Littler, E., and Oberg, B. (2005). Achievements and challenges in antiviral drug discovery. Antivir Chem. Chemother. 16 (3), 155–168. doi: 10.1177/095632020501600302

 Liu, Q., Xiong, H.R., Lu, L., Liu, Y.Y., Luo, F., Hou, W., et al. (2013). Antiviral and anti-inflammatory activity of arbidol hydrochloride in influenza A (H1N1) virus infection. Acta Pharmacol. Sin. 34 (8), 1075–1083. doi: 10.1038/aps.2013.54

 Liu, T., Liu, M., Chen, F., Chen, F., Tian, Y., Huang, Q., et al. (2018). A small-molecule compound has anti-influenza A virus activity by acting as a ‘‘PB2 inhibitor”. Mol. Pharmaceutics 15 (9), 4110–4120. doi: 10.1021/acs.molpharmaceut.8b00531

 Luo, G., Torri, A., Harte, W.E., Danetz, S., Cianci, C., Tiley, L., et al. (1997). Molecular mechanism underlying the action of a novel fusion inhibitor of influenza A virus. J. Virol. 71 (5), 4062–4070. doi: 10.1128/jvi.71.5.4062-4070.1997

 Mahima,, Rahal, A., Deb, R., Latheef, S.K., Abdul Samad, H., Tiwari, R., et al. (2012). Immunomodulatory and therapeutic potentials of herbal, traditional/indigenous and ethnoveterinary medicines. Pak J. Biol. Sci. 15 (16), 754–774. doi: 10.3923/pjbs.2012.754.774

 Malakhov, M. P., Aschenbrenner, L.M., Smee, D.F., Wandersee, M.K., Sidwell, R.W., Gubareva, L.V., et al. (2006). Sialidase fusion protein as a novel broad-spectrum inhibitor of influenza virus infection. Antimicrob. Agents Chemother. 50 (4), 1470–1479. doi: 10.1128/AAC.50.4.1470-1479.2006

 Mao, X., Wu, J., Lau, E.H.Y., Cheng, K.L., Zhong, Z., Song, Y., et al. (2017). Monitoring avian influenza viruses from chicken carcasses sold at markets, China 2016. Emerg. Infect. Dis. 23 (10), 1714–1717. doi: 10.3201/eid2310.170679

 Marjuki, H., Mishin, V.P., Chesnokov, A.P., Jones, J., De La Cruz, J.A., Sleeman, K., et al. (2015). Characterization of drug-resistant influenza A(H7N9) variants isolated from an oseltamivir-treated patient in Taiwan. J. Infect. Dis. 211 (2), 249–257. doi: 10.1093/infdis/jiu447

 Marty, F. M., Man, C.Y., van der Horst, C., Francois, B., Garot, D., Manez, R., et al. (2014). Safety and pharmacokinetics of intravenous zanamivir treatment in hospitalized adults with influenza: an open-label, multicenter, single-arm, phase II study. J. Infect. Dis. 209 (4), 542–550. doi: 10.1093/infdis/jit467

 Marty, F. M., Vidal-Puigserver, J., Clark, C., Gupta, S.K., Merino, E., Garot, D., et al. (2017). Intravenous zanamivir or oral oseltamivir for hospitalised patients with influenza: an international, randomised, double-blind, double-dummy, phase 3 trial. Lancet Respir. Med. 5 (2), 135–146. doi: 10.1016/S2213-2600(16)30435-0

 Masihi, K. N., Schweiger, B., Finsterbusch, T., and Hengel, H. (2007). Low dose oral combination chemoprophylaxis with oseltamivir and amantadine for influenza A virus infections in mice. J. Chemother. 19 (3), 295–303. doi: 10.1179/joc.2007.19.3.295

 Mazur, I., Wurzer, W.J., Ehrhardt, C., Pleschka, S., Puthavathana, P., Silberzahn, T., et al. (2007). Acetylsalicylic acid (ASA) blocks influenza virus propagation via its NF-kappaB-inhibiting activity. Cell Microbiol. 9 (7), 1683–1694. doi: 10.1111/j.1462-5822.2007.00902.x

 McBride, J. M., Lim, J.J., Burgess, T., Deng, R., Derby, M.A., Maia, M., et al. (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. Antimicrob. Agents Chemother. 61 (11), e01154-17. doi: 10.1128/AAC.01154-17

 McKimm-Breschkin, J. L., Jiang, S., Hui, D.S., Beigel, J.H., Govorkova, E.A., and Lee, N. (2018). Prevention and treatment of respiratory viral infections: Presentations on antivirals, traditional therapies and host-directed interventions at the 5th ISIRV Antiviral Group conference. Antiviral Res. 149, 118–142. doi: 10.1016/j.antiviral.2017.11.013

 Mendel, D. B., and Sidwell, R. W. (1998). Influenza virus resistance to neuraminidase inhibitors. Drug Resist. Update 1 (3), 184–189. doi: 10.1016/S1368-7646(98)80038-1

 Menéndez, J. C. (2022). Approaches to the potential therapy of COVID-19: A general overview from the medicinal chemistry perspective. Molecules 27 (3), 658. doi: 10.3390/molecules27030658

 Meseko, C., Globig, A., Ijomanta, J., Joannis, T., Nwosuh, C., Shamaki, D., et al. (2018). Evidence of exposure of domestic pigs to Highly Pathogenic Avian Influenza H5N1 in Nigeria. Sci. Rep. 8 (1), 5900. 10.1038/s41598-018-24371-6

 Monto, A. S., Robinson, D.P., Herlocher, M.L., Hinson, J.M. Jr, Elliott, M.J., Crisp, A., et al. (1999). Zanamivir in the prevention of influenza among healthy adults: a randomized controlled trial. JAMA 282 (1), 31–35. doi: 10.1001/jama.282.1.31

 Moss, R. B., Hansen, C., Sanders, R.L., Hawley, S., Li, T., and Steigbigel, R.T. (2012). A phase II study of DAS181, a novel host directed antiviral for the treatment of influenza infection. J. Infect. Dis. 206 (12), 1844–1851. doi: 10.1093/infdis/jis622

 Muller, K. H., Kainov, D.E., El Bakkouri, K., Saelens, X., De Brabander, J.K., Kittel, C., et al. (2011). The proton translocation domain of cellular vacuolar ATPase provides a target for the treatment of influenza A virus infections. Br. J. Pharmacol. 164 (2), 344–357. doi: 10.1111/j.1476-5381.2011.01346.x

 Naesens, L., Stevaert, A., and Vanderlinden, E. (2016). Antiviral therapies on the horizon for influenza. Curr. Opin. Pharmacol. 30, 106–115. doi: 10.1016/j.coph.2016.08.003

 Nayak, M. K., Agrawal, A.S., Bose, S., Naskar, S., Bhowmick, R., Chakrabarti, S., et al. (2014). Antiviral activity of baicalin against influenza virus H1N1-pdm09 is due to modulation of NS1-mediated cellular innate immune responses. J. Antimicrob. Chemother. 69 (5), 1298–1310. doi: 10.1093/jac/dkt534

 Neumann, G., Whitt, M. A., and Kawaoka, Y. (2002). A decade after the generation of a negative-sense RNA virus from cloned cDNA - what have we learned? J. Gen. Virol. 83, 2635–2662. doi: 10.1099/0022-1317-83-11-2635

 Nguyen, J. T., Hoopes, J.D., Le, M.H., Smee, D.F., Patick, A.K., Faix, D.J., et al. (2009). Triple combination of oseltamivir, amantadine, and ribavirin displays synergistic activity against multiple influenza virus strains in vitro. Antimicrob. Agents Chemother. 53 (10), 4115–4126. doi: 10.1128/AAC.00476-09

 Nguyen, J. T., Hoopes, J.D., Smee, D.F., Prichard, M.N., Driebe, E.M., Engelthaler, D.M., et al. (2010). Triple combination of amantadine, ribavirin, and oseltamivir is highly active and synergistic against drug resistant influenza virus strains in vitro. PloS One 5 (2), e9332. doi: 10.1371/journal.pone.0009332

 Okoli, A., Okeke, M.I., Tryland, M., and Moens, U. (2018). CRISPR/cas9-advancing orthopoxvirus genome editing for vaccine and vector development. Viruses 10 (1), 50. doi: 10.3390/v10010050

 Ovcharenko, A. V., and Zhirnov, O. P. (1994). Aprotinin aerosol treatment of influenza and paramyxovirus bronchopneumonia of mice. Antiviral Res. 23 (2), 107–118. doi: 10.1016/0166-3542(94)90038-8

 Oxford, J. S., Sefton, A., Jackson, R., Innes, W., Daniels, R.S., and Johnson, N.P. (2002). World War I may have allowed the emergence of "Spanish" influenza. Lancet Infect. Dis. 2 (2), 111–114. doi: 10.1016/S1473-3099(02)00185-8

 Rajput, R., Khanna, M., Kumar, P., Kumar, B., Sharma, S., Gupta, N., et al. (2012). Small interfering RNA targeting the nonstructural gene 1 transcript inhibits influenza A virus replication in experimental mice. Nucleic Acid Ther. 22 (6), 414–422. doi: 10.1089/nat.2012.0359

 Raymund, R.R. (2011). “Antiviral drugs for viruses other than human immunodeficiency virus,” in Symposium on Antimicrobial Therapy (USA: Mayo Clinic Proceedings), 1009–1026.

 Reid, A. H., and Taubenberger, J. K. (2003). The origin of the 1918 pandemic influenza virus: a continuing enigma. J. Gen. Virol. 84, 2285–2292. doi: 10.1099/vir.0.19302-0

 Restifo, N. P., Surman, D.R., Zheng, H., Palese, P., Rosenberg, S.A., and Garcia-Sastre, A. (1998). Transfectant influenza A viruses are effective recombinant immunogens in the treatment of experimental cancer. Virology 249 (1), 89–97. doi: 10.1006/viro.1998.9330

 Reuman, P. D., Bernstein, D.I., Keefer, M.C., Young, E.C., Sherwood, J.R., and Schiff, G.M. (1989). Efficacy and safety of low dosage amantadine hydrochloride as prophylaxis for influenza A. Antiviral Res. 11 (1), 27–40. doi: 10.1016/0166-3542(89)90018-1

 Rossignol, J. F., La Frazia, S., Chiappa, L., Ciucci, A., and Santoro, M.G. (2009). Thiazolides, a new class of anti-influenza molecules targeting viral hemagglutinin at the post-translational level. J. Biol. Chem. 284 (43), 29798–29808. doi: 10.1074/jbc.M109.029470

 Salyer, S. W. (2007). “Chapter 7 - Infectious Disease Emergencies,” in Essential Emergency Medicine, ed.  S. W. Salyer (Philadelphia: W.B. Saunders), 261–310.

 Schmolke, M., and Garcia-Sastre, A. (2010). Evasion of innate and adaptive immune responses by influenza A virus. Cell Microbiol. 12 (7), 873–880. doi: 10.1111/j.1462-5822.2010.01475.x

 Shen, Z., Lou, K., and Wang, W. (2015). New small-molecule drug design strategies for fighting resistant influenza A. Acta Pharm. Sin. B 5 (5), 419–430. doi: 10.1016/j.apsb.2015.07.006

 Shigeta, S. (1997). [Current status of research and development for anti-influenza virus drugs–chemotherapy for influenza]. Nihon Rinsho 55 (10), 2758–2764.

 Siston, A. M., Rasmussen, S.A., Honein, M.A., Fry, A.M., Seib, K., Callaghan, W.M., et al. (2010). Pandemic 2009 influenza A(H1N1) virus illness among pregnant women in the United States. JAMA 303 (15), 1517–1525. doi: 10.1001/jama.2010.479

 Smee, D. F., Hurst, B. L., Wong, M. H., Bailey, K. W., and Morrey, J. D. (2006). Activities of oseltamivir and ribavirin used alone and in combination against infections in mice with recent isolates of influenza A (H1N1) and B viruses. Antivir Chem. Chemother. 17 (4), 185–192. doi: 10.1177/095632020601700403

 Smee, D. F., Hurst, B.L., Wong, M.H., Bailey, K.W., Tarbet, E.B., Morrey, J.D., et al. (2009). Effects of double combinations of amantadine, oseltamivir, and ribavirin on influenza A (H5N1) virus infections in cell culture and in mice. Antimicrob. Agents Chemother. 53 (5), 2120–2128. doi: 10.1128/AAC.01012-08

 Smee, D. F., Wong, M.H., Bailey, K.W., and Sidwell, R.W. (2010). Effects of the combination of favipiravir (T-705) and oseltamivir on influenza A virus infections in mice. Antimicrob. Agents Chemother. 54 (1), 126–133. doi: 10.1128/AAC.00933-09

 Staschke, K. A., Hatch, S.D., Tang, J.C., Hornback, W.J., Munroe, J.E., Colacino, J.M., et al. (1998). Inhibition of influenza virus hemagglutinin-mediated membrane fusion by a compound related to podocarpic acid. Virology 248 (2), 264–274. doi: 10.1006/viro.1998.9273

 Stiver, G. (2003). The treatment of influenza with antiviral drugs. CMAJ 168 (1), 49–56. doi: 10.3390/v6072531

 Stobart, C. C., and Moore, M. L. (2014). RNA virus reverse genetics and vaccine design. Viruses 6 (7), 2531–2550. doi: 10.3390/v6072531

 Sulaiman, L. K., Oladele, O.A., Shittu, I.A., Emikpe, B.O., Oladokun, A.T., and Meseko, C.A. (2011). In-ovo evaluation of the antiviral activity of methanolic root-bark extract of the African Baobab (Adansonia digitata Lin). Afr. J. Biotechnol. 10 (20), 4256–4258. doi: 10.5897/AJB10.2225

 Sweiti, H., Ekwunife, O., Jaschinski, T., and Lhachimi, S.K. (2017). Repurposed therapeutic agents targeting the ebola virus: A systematic review. Curr. Ther. Res. Clin. Exp. 84, 10–21. doi: 10.1016/j.curtheres.2017.01.007

 Takashita, E., Kiso, M., Fujisaki, S., Yokoyama, M., Nakamura, K., Shirakura, M., et al. (2015). Characterization of a large cluster of influenza A(H1N1)pdm09 viruses cross-resistant to oseltamivir and peramivir during the 2013-2014 influenza season in Japan. Antimicrob. Agents Chemother. 59 (5), 2607–2617. doi: 10.1128/AAC.04836-14

 Taubenberger, J. K., and Morens, D. M. (2006). 1918 Influenza: the mother of all pandemics. Emerg. Infect. Dis. 12 (1), 15–22. doi: 10.3201/eid1209.05-0979

 Thompson, W. W., Shay, D.K., Weintraub, E., Brammer, L., Bridges, C.B., Cox, N.J., et al. (2003). Mortality associated with influenza and respiratory syncytial virus in the United States. JAMA 289 (2), 179–186. doi: 10.1001/jama.289.2.179

 Thompson, W. W., Shay, D.K., Weintraub, E., Brammer, L., Cox, N., Anderson, L.J., et al. (2004). Influenza-associated hospitalizations in the United States. JAMA 292 (11), 1333–1340. doi: 10.1001/jama.292.11.1333

 Treanor, J. J., Hayden, F.G., Vrooman, P.S., Barbarash, R., Bettis, R., Riff, D., et al. (2000). Efficacy and safety of the oral neuraminidase inhibitor oseltamivir in treating acute influenza: a randomized controlled trial. US Oral Neuraminidase Study Group. JAMA 283 (8), 1016–1024. doi: 10.1001/jama.283.8.1016

 Tuna, N., Karabay, O., and Yahyaoglu, M. (2012). Comparison of efficacy and safety of oseltamivir and zanamivir in pandemic influenza treatment. Indian J. Pharmacol. 44 (6), 780–783. doi: 10.4103/0253-7613.103301

 Uehara, T., Toru, I., Keiko, K., Kawaguchi, K., Sato, C., Ishida, T., et al. (2016). “S-033188, a Small Molecule Inhibitor of Cap-dependent Endonuclease of Influenza A and B Virus, Leads to Rapid and Profound Viral Load Reduction”, in: Options for the Control of Influenza IX. (Chicago, USA: ISIRV), 78.

 van der Vries, E., Schutten, M., Fraaij, P., Boucher, C., and Osterhaus, A. (2013). Influenza virus resistance to antiviral therapy. Adv. Pharmacol. 67, 217–246. doi: 10.1016/B978-0-12-405880-4.00006-8

 van Griensven, J., De Weiggheleire, A., Delamou, A., Smith, P.G., Edwards, T., Vandekerckhove, P., et al. (2016). The use of ebola convalescent plasma to treat ebola virus disease in resource-constrained settings: A perspective from the field. Clin. Infect. Dis. 62 (1), 69–74. doi: 10.1093/cid/civ680

 von Itzstein, M., Wu, W.Y., Kok, G.B., Pegg, M.S., Dyason, J.C., Jin, B., et al. (1993). Rational design of potent sialidase-based inhibitors of influenza virus replication. Nature 363 (6428), 418–423. doi: 10.1038/363418a0

 Wang, K., Lei, Z., Zhao, L., Chen, B., Yang, F., Liu, K., et al. (2020). Design, synthesis and biological evaluation of oseltamivir derivatives containing pyridyl group as potent inhibitors of neuraminidase for influenza A. Eur. J. Medicinal Chem. 185, 111841. doi: 10.1016/j.ejmech.2019.111841

 Wang, J., Sun, J., Hu, J., Wang, C., Prinz, R.A., Peng, D., et al. (2020). A77 1726, the active metabolite of the anti-rheumatoid arthritis drug leflunomide, inhibits influenza A virus replication in vitro and in vivo by inhibiting the activity of Janus kinases. FASEB J. 34 (8), 10132–10145. doi: 10.1096/fj.201902793RR

 Wang-Shick, R. (2017). Anti-viral therapy. in: Molecular Virology of Human Pathogenic Viruses. p. 367–381.

 Watanabe, A., Chang, S.C., Kim, M.J., Chu, D.W., Ohashi, Y., and Group, M.S. (2010). Long-acting neuraminidase inhibitor laninamivir octanoate versus oseltamivir for treatment of influenza: A double-blind, randomized, noninferiority clinical trial. Clin. Infect. Dis. 51 (10), 1167–1175. doi: 10.1086/656802

 Webby, R. J., and Webster, R. G. (2001). Emergence of influenza A viruses. Philos. Trans. R Soc. Lond B Biol. Sci. 356 (1416), 1817–1828. doi: 10.1098/rstb.2001.0997

 Wendell, W. (1982). “Interferon inducers,” in Annual reports in medicinal chemistry, vol. 17 . Ed.  H.-J. Hess (USA: Academic Press), 151–161.

 Whitley, R. J., Boucher, C.A., Lina, B., Nguyen-Van-Tam, J.S., Osterhaus, A., Schutten, M., et al. (2013). Global assessment of resistance to neuraminidase inhibitors 2008-2011: the influenza resistance information study (IRIS). Clin. Infect. Dis. 56 (9), 1197–1205. doi: 10.1093/cid/cis1220

 WHO (2003). WHO recommendations for production and control of influenza vaccine (inactivated).

 WHO (2014). Number of confirmed human cases of avian influenza A(H7N9) reported to WHO. Available at: http://www.who.int/influenza/human_animal_interface/influenza_h7n9/14_ReportWebH7N9Number_20140228.pdf?ua=1. (Accessed 11 March 2014).

 WHO (2018a). Situation updates - Avian influenza source. Available at: http://www.who.int/influenza/human_animal_interface/avian_influenza/archive/en/. (Accessed May 29, 2018).

 WHO (2018b). Human infection with avian influenza A(H7N4) virus – China. Available at: http://www.who.int/csr/don/22-february-2018-ah7n4-china/en/. (Accessed May 29, 2018).

 WHO (2018c). Up-to-650-000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-year. Available at: http://www.who.int/news-room/detail/14-12-2017. (Accessed May 29 2018).

 Yang, F., Pang, B., Lai, K.K., Cheung, N.N., Dai, J., Zhang, W., et al. (2021). Discovery of a novel specific inhibitor targeting influenza A virus nucleoprotein with pleiotropic inhibitory effects on various steps of the viral life cycle. J. Virol. 95 (9), e01432–e01420. doi: 10.1128/JVI.01432-20

 Ye, M., Liao, Y., Wu, L., Qi, W., Choudhry, N., Liu, Y., et al. (2020). An oleanolic acid derivative inhibits hemagglutinin-mediated entry of influenza A virus. Viruses 12 (2), 225. doi: 10.3390/v12020225

 Yen, H. L., McKimm-Breschkin, J.L., Choy, K.T., Wong, D.D., Cheung, P.P., Zhou, J., et al. (2013). Resistance to neuraminidase inhibitors conferred by an R292K mutation in a human influenza virus H7N9 isolate can be masked by a mixed R/K viral population. MBio 4 (4), e00396-13. doi: 10.1128/mBio.00396-13

 Yoshimoto, J., Kakui, M., Iwasaki, H., Fujiwara, T., Sugimoto, H., and Hattori, N. (1999). Identification of a novel HA conformational change inhibitor of human influenza virus. Arch. Virol. 144 (5), 865–878. doi: 10.1007/s007050050552

 Zhang, X., Kong, W., Ashraf, S., and Curtiss, R. 3rd (2009). A one-plasmid system to generate influenza virus in cultured chicken cells for potential use in influenza vaccine. J. Virol. 83 (18), 9296–9303. doi: 10.1128/JVI.00781-09

 Zhirnov, O. P., Matrosovich, T.Y., Matrosovich, M.N., and Klenk, H.D. (2011). Aprotinin, a protease inhibitor, suppresses proteolytic activation of pandemic H1N1v influenza virus. Antivir Chem. Chemother. 21 (4), 169–174. doi: 10.3851/IMP1715




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Meseko, Sanicas, Asha, Sulaiman and Kumar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Antiviral options and therapeutics against influenza: history, latest developments and future prospects

      

        		

          1 History of development of anti-viral and chemotherapeutics

        



        		

          2 Emerging influenza threat and bio-risk reduction

        



        		

          3 Management of Influenza through chemotherapeutics

        



        		

          4 Viral chemotherapies: balancing efficacy and safety

        



        		

          5 Potency of influenza antivirals

        

          		

            5.1 Neuraminidase inhibitors

          



          		

            5.2 Drugs acting against other viral components

          



          		

            5.3 Drugs acting against host cell factors to block viral infection

          



          		

            5.4 Antiviral combinations and small molecular therapy against influenza

          



        



        



        		

          6 Reverse genetics, gene therapies, new approaches and prospects

        

          		

            6.1 Reverse genetics to understand pathogenicity factors

          



          		

            6.2 Reverse genetics in understanding of influenza immunity

          



          		

            6.3 Understanding the drug-resistance mechanisms of influenza viruses

          



          		

            6.4 Viral vaccine vectors and immunotherapies

          



        



        



        		

          7 In vitro studies of influenza anti-infective

        



        		

          8 Clinical trials and outcomes of influenza therapeutics

        

          		

            8.1 Intravenous zanamivir

          



          		

            8.2 Umifenovir

          



          		

            8.3 Pimodivir

          



          		

            8.4 Oseltamivir, amantadine, and ribavirin

          



          		

            8.5 Danirixin

          



          		

            8.6 Baloxavir marboxil

          



          		

            8.7 Nitazoxanide

          



          		

            8.8 Monoclonal antibodies

          



        



        



        		

          9 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Influenza Activity spec- Experimental con-
subtype trum dition

Drug combinations

Double drug combination

HINI
H3N2 irus yield inhibition In vitro (Hayden et al., 1980)

Rimantadine + Ribavirin HINI
H3N2 Virus yield inhibition  In vitro (Hayden et al., 1984)
B
H5N1 Virus yield inhibition In vitro (Smee et al., 2009)

Amantadine + Ribavirin HIN1 Virus yield inhibition  In vitro (Nguyen et al., 2010)
H5N1 Virus yield inhibition In vivo (Smee et al., 2009)

s 4 B HINI 3 © g "

Zanamivir + Rimantadine H3N2 Virus yield inhibition In vitro (Govorkova et al., 2004)

HINI
Ilyushina et al., 2006; N tal,

H3N2 Virus yield inhibition | In vitro (20’1':: S e L
H5N1

Oseltamivir carboxylate + Amantadine
HINL (Masihi et al., 2007; Smee et al.
H3N2 Virus yield inhibition | In vivo 2009) T ’ "
H5N1
HINI Virus yield inhibition  In vitro (Nguyen et al,, 2010)

Oseltamivir carboxylate + Ribavirin HINT
B Virus yield inhibition In vivo (Smee et al., 2006; Smee et al., 2009)
H5N1
HINI

Oseltamivir + Favipiravir H3N2 Virus yield inhibition In vivo (Smee et al., 2010)
H5N1

Tripple drug combination
Oseltamivir carboxylate + Amantadine + HIbL (Nguyen et al., 2009; Nguyen et al.
& H3N2 Virus yield inhibition | In vitro B s TN i

Ribavirin H5N1 2010)





OEBPS/Images/fcimb-13-1269344-g002.jpg
@
assembly

Secondary
envelopment

22

,.V

Host cell signaling pathways

Ouabain; :
Translation

U0126;

Acetylsalicylic

acid

Release of
viral capsid

Endosome

Late

Transcription &
N Replication of viral genome /

Ribavirin; Favipiravir (T-705,

Fusion &
¢ uncoating

®

Adsorption

©,

“ Penetration

T®

\\

Amantadine;

Arbidol; Bafilomycin A1;
Concanamycin A

CYTOPLASM

Influenza vaccine
discovered

1968

1957

1918 1964

1931

1942

Influenza virus
identified

Discovery of
Adamantanes
Asian flu

H5N1 outbreak
Spanish flu Hong Kong flu
Discovery of
Zanamivir

1977 1993

Russian flu

in Hong Kong

1997

Discovery of
Oseltamivir

H5N1 outbreakin Asia

Baloxavir approved by

2003

2009

Pandemic H1N1-
2009 flu

2018 20XX

Direct adaptation/
derivative of 1918
virus






OEBPS/Images/fcimb.2023.1269344_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Antiviral options and therapeutics against
influenza: history, latest developments and
future prospects





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-13-1269344-g001.jpg
NH,

o E \
HO. N
HN NH; /j/oh;@)ko/\ o N
[SINRCS
/I\o e OH OH
Rimantadine Amantadine Oseltamivir Zanamivir Ribavirin

»Osy

[¢]
F. N,
- NH, N.
16 g
N7 oH O NS
0. 0. (0] o
N
o

Peramivir Favipiravir Laninamivir Baloxavir marboxil





OEBPS/Images/table1.jpg
Activit : . Antiviral
Drug/Intake Y Mechanism of action :
spectrum resistance
Amantadine Influenza A virus ‘Vir‘al 'pene(ra(ion Disruption of M2 ion channel function, virus uncoating and Widespread
(Oral) inhibitors assembly
Rimantadine Influenza A virus Yil’?ll .penelmlion Disruption of M2 ion channel function, virus uncoating and Widespread
(Oral) inhibitors assembly
Oseltamivir . 5 LA e " = -
(Oral) Influenza A and B virus Viral release inhibitor | Inhibits enzymatic activity of neuraminidase Uncommon
Zanamivir
(Inhaled, nebulized, Influenza A and B virus Viral release inhibitor = Inhibits enzymatic activity of neuraminidase Rare
intravenous) ‘
Peramivi
cramivie Influenza A and B viruses Viral release inhibitor | Inhibits enzymatic activity of neuraminidase Uncommon
(Intravenous)
S
ipitaic] Influenza A, B, C and other Viral replication Inhibits the activity of RNA dependent RNA polymerase of
T-705 _ A . . Not reported
RNA viruses inhibitor influenza viruses
(Oral)
——
(;’:;“e‘;‘)“'" Influenza A and B viruses Viral release inhibitor | Inhibits enzymatic activity of neuraminidase Rare
. Viral penetration _— 2 7
DASI181 (Inhaled) Influenza A and B viruses Sialidase activity that destroys receptor for HA Not reported

inhibitors





