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Abstract

:

Ninety years after the discovery of the virus causing the influenza disease, this malady remains one of the biggest public health threats to mankind. Currently available drugs and vaccines only partially reduce deaths and hospitalizations. Some of the reasons for this disturbing situation stem from the sophistication of the viral machinery, but another reason is the lack of a complete understanding of the molecular and physiological basis of viral infections and host–pathogen interactions. Even the functions of the influenza proteins, their mechanisms of action and interaction with host proteins have not been fully revealed. These questions have traditionally been studied in mammalian animal models, mainly ferrets and mice (as well as pigs and non-human primates) and in cell lines. Although obviously relevant as models to humans, these experimental systems are very complex and are not conveniently accessible to various genetic, molecular and biochemical approaches. The fact that influenza remains an unsolved problem, in combination with the limitations of the conventional experimental models, motivated increasing attempts to use the power of other models, such as low eukaryotes, including invertebrate, and primary cell cultures. In this review, we summarized the efforts to study influenza in yeast, Drosophila, zebrafish and primary human tissue cultures and the major contributions these studies have made toward a better understanding of the disease. We feel that these models are still under-utilized and we highlight the unique potential each model has for better comprehending virus–host interactions and viral protein function.
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1. Introduction


1.1. Ninety Years after Its Identification, the Influenza Virus Has Not Been Eradicated


Almost ninety years after the virus causing the disastrous influenza epidemics was identified [1], 3–5 million people are still affected annually with severe symptoms and 500,000 die [2]. Furthermore, highly virulent strains still appear and result in local epidemics or global pandemics, such as the 2005 H5N1 Bird flu and the 2009 H1N1 Swine flu [3]. This situation is frustrating because at the same time, mankind has been more successful at tackling other viral maladies such as smallpox, measles and polio [4], and developed efficient drugs and vaccines against other disease-causing and pandemic-causing agents [5].



Indeed, significant advances have been made in understanding influenza. Major mechanistic aspects of the viral infection process and of the viral life cycle have been revealed [6] and important progress has been made in vaccination and therapy [7,8]. However, the fact that influenza still prevails demonstrates, unambiguously and painfully, that these drugs and vaccines are not as efficient as the vaccination and therapies of other diseases. Multiple reasons for this inefficiency in vaccination and therapy exist. Influenza viruses have high mutation rates and this seems to be a primary hurdle for the development of efficient and effective vaccines. These mutations could also account for the rapid evolution of drug-resistant influenza strainsb (C8)(C9) [6]. Given that influenza is a RNA virus, its RNA polymerase lacks proofreading activity and is more error-prone [9]. Also, as influenza is able to infect a variety of hosts, this increases the chance of mutation and genetic changes in the virus [6].



Another reason could simply stem from the fact that we still do not fully understand critical steps in the infection cycle and have not thoroughly unraveled the function and mechanisms of action of several of the influenza viral proteins. These latter aspects are being approached in a variety of experimental systems, primarily cell lines and mammalian and avian animal models.



The fact that after 90 years of massive efforts, there is still no efficient therapy or comprehensive vaccination, combined with the many questions regarding influenza pathology that are still open, has motivated investigators to try new, in some cases seemingly irrelevant, experimental models. Indeed, models such as single-cell organisms (yeast), or invertebrates, such as Drosophila melanogaster (Drosophila) and aquatic vertebrates, such as zebrafish, appear to be not legitimate for studying a human-infecting virus. They do provide, nevertheless, advantages, which have contributed to our understanding of important aspects of viral-host interactions and viral replication [10,11]. Some of these advantages are unique to these systems and are derived from the fact that they are lower organisms in the evolutionary tree and consequently much simpler relative to mammals. An advantage that is derived from this simplicity is the widespread use of these organisms in basic biological research, which has led to the generation of sophisticated technology, libraries, mutants and information about the system, which are readily available. Some of these systems are also permissive for efficient and rapid genetic screens and for drug screening. The need for genetic screens and other large-scale approaches is essential to identify the numerous effects of the virus on host systems, achieved through close functional and structural connections with the biochemical machinery of the host. In addition to the simple animal models, another less used system in influenza research is that of primary human tissue cultures [12]. The relevance of such cells is obvious and they may replace some of the many studies that use cell lines of dogs and mice, and the human cell lines derived from cancerous cells. A further advantage of using primary cultures is that they can be isolated from patients and can be used for studying the disease at an individual level.



The purpose of this review is to draw attention to the emerging ‘alternative models’ and discuss the benefits one could extract from them for better comprehending the intricacies of the influenza virus and developing tools for devising novel anti-influenza therapies.




1.2. The Life Cycle of the Influenza Virus


The Influenza virus belongs the Orthomyxoviridae family, which are negative-sense single-stranded RNA viruses that cause respiratory diseases [13]. There are three types of influenza viruses, named A, B and C. The most prolific member is Influenza A, which infects a large number of hosts and is the main cause of the seasonal and pandemic influenza [3]. Its genome is composed of symmetrical helixes in eight segments that are numbered according to their decreasing lengths. The segments encode surface glycoproteins [haemagglutinin (HA) and neuraminidase (NA)], matrix protein (M1), matrix ion channel (M2), viral RNA-dependent RNA polymerase complex [composed of nucleoprotein (NP), polymerase basic subunits (PB1 and PB2) and polymerase acid subunit (PA)], and nuclear export protein (NEP/non-structural protein NS2) [14]. Segments of some influenza A virus strains may encode a second or third polypeptide in alternative reading frames [15]. These proteins, such as PB1-F2 and PA-X, are functional and are known to be immunomodulatory, modulating the host response to the virus [16]. The influenza A virus can be further classified into different subtypes based on their HA and NA glycoproteins. Of the 18 haemagglutinin and 11 neuraminidase subtypes known today [17], only the H1, H2, H3, N1 and N2 subtypes have caused epidemics in humans [18].



The influenza virus life cycle can be divided into the following stages: host cell entry, uncoating, viral ribonucleoproteins (vRNPs) entry into the nucleus, transcription and translation of the viral genome, vRNPs export from the nucleus, viral assembly at the host cell and budding through the plasma membrane [19]. Viral HA binds to sialic acids on the cell surface membrane and this results in virus internalization via an endosome. The acidification within the endosome (assisted by the M2 ion channel) induces the viral envelope to fuse with the endosome. The fusion releases viral contents, which are the genetic material in the form of vRNPs. Viral replication occurs via synthesis of the positive-sense intermediate. Transcription of negative RNA into positive sense mRNA creates the proper platform for translation of viral proteins. Viral proteins and vRNPs migrate to the plasma membrane and are bundled into new virions. The new virions then bud from the plasma membrane to infect other cells [6].




1.3. The Disease of Influenza and Available Therapies


The Influenza virus is transmitted by respiratory droplets and causes acute respiratory diseases in humans. Young children, the elderly, those with chronic conditions like diabetes, heart disease and kidney disease, and immunocompromised patients are especially vulnerable to severe influenza [2,20]. Severe influenza may result in complications such as acute bronchitis and secondary bacterial pneumonia [21]. Influenza viruses evolve constantly with antigenic shifts (reassortment of viral segments, resulting in dramatically different viruses) and drifts (small antigenic changes to increase immune evasion). Due to viral adaptation and reassortment, highly virulent strains may appear and result in local epidemics or global pandemics such as the 1918 H1N1 Spanish pandemic, 2005 H5N1 Bird flu and the 2009 H1N1 Swine flu [3].



To date, only two antiviral drug classes, with some usefulness, are available and very few are under development or in trials [8]. The drugs available in the clinic are Matrix 2 (M2) ion channel inhibitors, (e.g., amantadine and rimantadine) and neuraminidase (NA) inhibitors (e.g., oseltamivir and zanamivir) [6]. The emergence of resistant virus strains have rendered M2 inhibitors useless and there is also growing resistance against NA inhibitors such as the H274Y mutation found in the 2009 H1N1 strain that made the virus oseltamivir-resistant [3,22]. However, there is an obvious fitness cost to viruses holding NA resistance which results in low frequency of such mutations over the years. Newer drugs, such as favipiravir, a nucleotide analog that targets the viral polymerase approved in Japan, and baloxavir marboxil, which is a cap-dependent endonuclease inhibitor, have been approved in Japan and the US [23], with pimodivir, a PB2 inhibitor, having pre-approval access by the FDA (NCT03834376). Some new drugs are being tested (C10)(C11) in clinical trials, including DAS181 (removes sialic acid receptors from glycan structures), Nitazoxamide (interferes with HA assembly) and HA monoclonal antibodies, such as VIS410 and MHAA4549A [24]. There are potential drugs, such as a class of compounds called naphthalimides, which antagonize NS1. This class of compounds has yet to undergo future development and reach clinical trials [25].



Given the scarcity of efficient anti-influenza drugs, the major strategy to prevent or control seasonal influenza epidemics is the annual influenza vaccination programme. Due to its varied effectiveness year to year, pandemics and epidemics still appear when the vaccine is mismatched with the predominant antigenic strains. One of the main methods to produce the influenza vaccine is through fertilized embryonated chicken eggs. First, the circulating virus is reassorted with a high-growth strain (A/Puerto Rico/8/1934). The vaccine strain is selected for high growth properties and contains HA and NA derived from the circulating strain. The selected strain is then amplified in eggs and the virus is harvested and inactivated. A serious disadvantage of the method is that the virus can become mismatched due to viral adaptation to egg culture, which affects vaccine efficacy [6]. Another upcoming method of vaccine production is using cell culture to propagate the virus. However, so far to date, only one vaccine, Flucelvax, has been approved by the FDA. Also, given that the vaccine was produced from egg-derived virus strains, egg adaptations may still exist in this vaccine [26]. Notably, the new experimental models described in this review could assist not only in understanding the virus biochemistry and physiology, but also in overcoming the current limitations of vaccine production. For example, this can be done via surface display in yeast [27] and the production of large quantities of viral antigens in yeast and Drosophila cells rather than propagating the virus in egg culture [28].





2. Traditional Models to Study Influenza


2.1. No Current Laboratory Model Has Fully Reproduced All Aspects of Human Viral Infection


The first animals that investigators were able to infect with the human influenza virus were ferrets [1] and this model remains in until today [29]. Yet, as convenient experimental models were required, rodents, including mice, hamsters, cotton rats and guinea pigs, became widely used [30]. Pigs are also used because the pathology of influenza in their lungs is similar to its manifestation in humans [31]. Pigs are even suspected as intermediate hosts of the virus [32]. Models that are evolutionarily closer to human, and therefore considered more relevant, are nonhuman primates, such as various macaques (Rhesus, Pig-tailed and Cynomolgus), Squirrel monkeys and African green monkeys (reviewed in Bouvier et al., 2015 [29] and Thangavel et al., 2014 [33]). In addition, avian models, such as chickens, are also used, but mainly for veterinary purposes [34].



The use of mammalian and avian models seems to be a logical first choice, under the assumption that the influenza virus naturally infects these models. It is also further assumed that the infection machinery and the life cycle of the virus within these model organisms are similar to that in humans. Notably, however, these assumptions do not hold for all models. For example, while ferrets are highly susceptible to the virus and are a good model from this perspective [35], high cost and lack of widely available resources such as antibodies limit its use. For mice, influenza virus could cause disease in mice if the virus is first adapted to this species by serial passages in the lung [30]. Thus, although mice are widely used as a model organism for influenza, primarily because it is cost-effective and permissive for genetic manipulation and has many mutant and transgenic animals available, mice might not be the ideal model for studying influenza due to differences in disease pathogenesis and limited infective viral strains [30]. Also, in some monkeys, while the virus does replicate in pulmonary cells, seasonal strains do not cause pathogenic symptoms (unless highly virulent viral strains are used) [30]. Thus, as even nonhuman primates cannot fully reproduce human viral infection, there is no optimal animal model system that manifests all aspects of the human disease.



In the course of the establishment of immortal cell lines, some of those have been found to be infectable with influenza. Prominent examples are Madin-Darby Canine Kidney (MDCK), Vero cells, Human Embryonic Kidney (HEK) 293 and lung epithelial cells such as A549 and Calu-3. In addition to the models used for studying the entire scope of infection and viral life cycle, new insights into influenza could be derived from studying the intrinsic biochemical properties, structure-function relationships and specific functions of each viral protein. These aspects cannot be studied in the context of cellular or animal infection as the proteins may be regulated and controlled by the complex mammalian machinery.



Therefore, to study the properties and functions of viral proteins, either the intrinsic features or those that appear following interaction with other proteins (viral or human), isolated systems, including in vitro systems have been applied. Influenza proteins have been expressed and purified as recombinant proteins from different sources, including bacteria and mammalian cells. Most proteins were assayed in vitro and some were crystalized [36,37,38,39,40]. These experimental systems are not unique to viral proteins, but are rather common techniques in biological research and will therefore not be described here. Yet, the study of the biochemistry of each viral protein could be advanced through the use of the alternative models discussed in the review.



Below, we describe in brief the current models and elaborate on new models.




2.2. Cell Lines


Influenza was initially shown to infect human embryo lung and kidney and primary monkey kidney cells [41,42], but it was later shown to be capable of infecting and replicating in various established cell lines of different organisms (reviewed in Green I.J. et al., 1957 [42]). Also, cell lines that cannot be infected could still absorb the virus upon transfection of viral DNA using reverse genetic approaches where plasmids containing viral cDNA are introduced into the cells [43]. Some cell lines are far more widely used than others, mainly due to better replication of the virus or because of their physiological relevance. In addition, there are current efforts to use various cell lines such as MDCK and HEK293 cells for vaccine production (reviewed in Milian E., et al., 2015 [44]). The most widely used, MDCK and the immortal lung-derived cell lines A549 and Calu-3, HEK293 and Vero cells, are described below.



2.2.1. Madin-Darby Canine Kidney (MDCK) Cells


The Madin-Darby Canine Kidney (MDCK) cell line was established in 1958 by Madin and Darby [45], and was shown soon afterward to be susceptible to infection by various strains of influenza [46,47]. Apparently, other cell lines, such as kidney cells derived from bovine, chicken and monkeys and even human, were not permissive to viral infections or did not support many cycles of viral replications [42].



Based on the observation that MDCK cells support multiple rounds of virus replication, up to 35 serial passages, it was proposed that dogs might be natural hosts of the virus [46]. Since then, several MDCK derivatives have been developed to study influenza in vitro [45,48,49,50,51], primarily as an alternative method to embryonated chicken eggs for influenza virus propagation [50,52,53] and as a means of determining virus titers through plaque assays [49,54,55,56]. MDCK cells have also been used in almost 1000 papers to produce influenza vaccines [57,58,59], study virus pathogenesis and replication kinetics and evaluate the efficacy of anti-viral drugs [60,61]. A recent example for the usefulness of MDCK cells is the study of compound T-705 (now called favipiravir [62]). This compound was able to inhibit plaque formation in MDCK cells even up to 72 hours post infection (hpi) with A/Puerto Rico/8/1934 (H1N1) (PR8) virus. T-705 also inhibited viral growth at MOIs of 0.0001 to 1 and its activity was not affected by virus multiplicity. In cells that were treated with T-705 at 1 μg/mL, both supernatant and cells had up to 1000 times lower virus yields than non-treated controls. When the dose of T-705 was increased to 10 μg/mL, no productive infection was observed. The drug was then further tested in mice and is now approved in Japan for treatment of influenza infection [62].




2.2.2. Immortalized Lung Cells, e.g., A549 and Calu-3


The A549 human lung adenocarcinoma epithelial cell line and the Calu-3, a human bronchial epithelial cell line, have been widely used to study influenza virus–host interactions [63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78], viral protein biochemistry [79,80], drug studies [81,82,83] and for performing large-scale screens, such as a CRISPR activation screen, to identify genes that inhibit influenza virus infection when they are overexpressed [82].




2.2.3. HEK293 and Vero Cells


HEK293 cells are epithelial cells derived from embryonic kidney and were exposed to sheared fragments of adenovirus DNA. These cells are widely used for protein expression studies due to the ease of transfection into these cells [84]. Vero cells are kidney cells derived from Cercopithecus aethiops (African green monkey) kidney and have been extensively used in virology research [85,86]. Both HEK293 and Vero cells are being studied for basic research regarding influenza as well as for vaccine research (reviewed in Milian E., 2015 [44]).





2.3. Animal Models


The use of animal models in influenza research has been extensively discussed in previous reviews [29,30,33,87,88,89]. In brief, mice [30], ferrets [35], guinea pigs, swine and non-human primates are commonly used to study influenza.



2.3.1. Mice


The mouse is widely used because of its low cost, small size and ease of husbandry [30,33,90]. Mouse-specific tools for molecular biology and immunology studies are also readily available. Many inbred laboratory mice are also susceptible to influenza virus infection [30]. However, a significant drawback of the mouse model is that wild mice are in fact not susceptible to influenza because they express the antiviral protein Mx1 which is part of a GTPase family with known antiviral functions [91,92,93], and laboratory viral strains require prior adaptation to mice. As such, many laboratory mice strains do not display disease following infection with primary human influenza virus isolates [30]. This is, in part, due to the preference of human influenza A virus for α2,6-linked sialic acid receptors on the surface of the host cell. While humans express the α2,6-linked sialic acid receptor in the upper respiratory tract, where influenza virus commonly replicates, mice express the α2,3-linked sialic acid in both the upper and lower respiratory tract [89]. Moreover, mice do not display the same clinical signs during acute viral infection as they do not exhibit fever, unlike in humans [30].




2.3.2. Ferrets


Ferrets rank among the best animal models of influenza. The lung physiology of the ferret is highly similar to that of humans [35]. They share many of the clinical symptoms presented by humans following influenza infection and are susceptible to the human influenza virus [88]. Thus, no prior adaptation of the virus to the ferret is necessary. Furthermore, the virus transmits easily among ferrets [88], recapitulating virus spread in humans. Given the similarity of the physiological response to influenza virus between ferrets and humans, ferrets have been used to study influenza proteins [94,95] and to assess the effectiveness of anti-viral compounds at ameliorating disease progression [89,96,97,98]. However, the limitation of ferrets is that while they are highly susceptible to infection, intramuscular or other immunization routes with noninfectious antigen results in the poor antibody response. In the light of the importance of immunogenicity studies of existing or novel vaccines, this is a huge drawback for the use of ferrets [87].




2.3.3. Non-Human Primates (NHP)


Due to the similar genetics and physiology of monkeys to humans, non-human primates (specifically macaques) have similar immune responses to humans in regard to influenza infection ([99] and reviewed in Bouvier et al., 2010 [30]). Non-human primates are used to study highly pathogenic virus strains where the host cytokine response is believed to be involved in disease pathology and to study the efficacy of drugs and vaccinations against such strains. However, high costs, complex husbandry requirements and ethical issues make such primates less accessible for routine influenza studies [30]. To date, there has not been any transmission studies performed with NHPs. In addition, there are differences in virus binding sites in macaques and in humans for avian influenza [100].




2.3.4. Pigs


Since influenza A is the main cause of respiratory disease in pigs, this animal can be used as a model to study influenza (reviewed by Rajao et al., 2015 [31]). This is due to their similarities to humans in terms of genetics, anatomy, physiology and social behavior.Swine respiratory tract has similar tracheobronchial structure, lung physiology and size to humans [101,102]. The immune system of pigs is also similar to that of humans, but is not fully understood yet compared to that of other animal models. Limitations of such a model are the cost of husbandry and a larger space needed to house the animals compared to mice.






3. Novel, Alternative Models for Studying Influenza


As mentioned above, mammalian models, animals and cell lines, are obviously biologically relevant for influenza studies but do possess serious limitations. Prominent drawbacks of these systems are their weak permissiveness for biochemical and genetic methods. In addition, the mammalian systems are intricate, putting significant obstacles in addressing the specific direct effects of the virus on cellular metabolome, proteome and transcriptome. Finally, these systems are not very handy for high-throughput screening for mutants, inhibitors and interacting proteins.



Simple model organisms, such as yeast, flies and fish, are more open to these approaches and many ‘influenza questions’ have already been asked in them. Clearly, as the question of relevance to the human disease is a concern in these models, any finding must be further tested.



Below we provide a summary of how yeast, Drosophila and zebrafish have been used so far better understanding of influenza. In addition, the use of primary human cells derived from patients provides advantages and benefits that current immortal cell lines do not. As these cells are prepared from patients, they can be used immediately at the translational level. The primary cells are the only system that enables the study of patient factors, prediction of drug effects on individual patients (personalized medicine) and understanding of environmental and social factors on the disease. While many simple model organisms, such as C. elegans, have been used for other biological research, no influenza studies have been attempted in these models and will not be discussed in the review.



3.1. The Yeast Saccharomyces Cerevisiae: A Powerful System for Identifying Cellular Targets of Viral Proteins, for Reconstituting Viral Machineries, for Drug Screening and for Antibody Production


The yeast Saccharomyces cerevisiae (S. cerevisiae) and Scizosacchromyces pombe (S. pombe) have been model organisms for studying all the basic cellular processes in the eukaryotic cell, including transcription and transcription regulation, translation, RNA processing, signal transduction and de novo (M12)(M13) synthesis of amino acids and nucleotides [103,104,105]. Important processes, such as cell cycle, autophagy, regulation of chemical energy (ATP), basic signaling pathways (e.g., MAP kinase cascades) and vesicle trafficking, were first discovered in yeast [106]. Most findings in yeast turned out to be relevant to all eukaryotic cells, including mammals, making S. cerevisiae, and S. pombe relevant and legitimate systems for studying all the basic biochemical, physiological, metabolic and genetic processes of the eukaryotic cell. S. cerevisiae is more widely used than S. pombe has been termed the ‘E.coli of the eukaryotic cell’ [107,108,109,110]. As the yeast biochemical machinery is so similar to that of mammals, in many cases, mammalian proteins can functionally replace the relevant yeast ortholog [111]. These observations made yeast an in vivo test tube in which to study foreign proteins such as the bacterial pathogenic factors [112,113], mammalian transcription factors and steroid receptors [114]. S. cerevisiae cells have also been used to reconstitute mammalian enzymatic complexes and biochemical pathways such as Ras and its regulators, MAP kinases, GCN2/PKR and even the olfactory pathway from the taste receptor to the activated enzyme [107,115,116,117,118,119]. As yeast has become a central system in biological studies, various sophisticated experimental tools have been developed. Some of them are not available yet in any other model organism, For example, one-step knockout and knock-in processes [120,121], the availability of a knockout library of all non-essential genes, the ability to harbor a foreign gene at the number of copies desired and the availability of libraries with all yeast genes tagged with various tags, including GFP. Furthermore, as S. cerevisiae is a simple single-cell organism with just about 6400 genes, advanced bioinformatics and system-biology tools are most powerful and accurate in yeast [111]. Importantly, S. cerevisiae have been used to study viral-induced apoptosis, viral mediated cell cycle regulation [10] and for drug screening [122].



Yet another type of yeast, Pichia pastoris (P. pastoris), is also very useful for research, mainly for efficient expression of proteins [123]. It was used, as such, for studying influenza proteins, including the vRNP complex that was reconstituted in it. The three components of the viral polymerase complex (PA, PB1 and PB2) were expressed in P. pastoris by inserting all three genes into the chromosome [124]. The yeast cells were able to express the protein and when the viral polymerase was purified, the complex was able to synthesize RNA in vitro. Similarly, A/swan/Poland/305-135V08/2006 (H5N1) HA gene was expressed in P. pastoris and the protein was purified for mouse immunization. This recombinant HA was found to be effective in eliciting a high immune response in mice [125]. As P. pastoris is used mainly for large-scale protein production and antibody screening, it will not be further discussed here.



The yeast model and the powerful tools that come with it have been assisting influenza research in several ways. A common approach is expressing the viral proteins in yeast and thus, studying the properties of single viral proteins in an isolated in vivo environment. In 1985, A/WSN/1933 HA was expressed in S. cerevisiae, and it was found that the HA protein was glycosylated and membrane bound [126]. Also, yeast cells expressing HA were found to lose the expressing plasmid overtime, a phenomenon that may indicate the protein’s toxicity. The yeast system was used to study structure–function relationships within the HA protein by expressing different deletion mutants. HA500 (lacking the C-terminal transmembrane anchor and cytoplasmic domain) and HA325 (containing only HA1 region and lacking the entire HA2 region) were glycosylated and stable compared to the other mutants [127]. However, HA500 was retained intracellularly, while HA325 was found to be secreted to the extracellular medium and was hyperglycosylated. This demonstrated the usefulness of yeast for studying structure-function relationships of important influenza proteins and the properties of mutated viral proteins. NS1 and NS2 were expressed via a copper inducible promoter [128,129] and NS1 expression was found to be toxic and to be localized to the nuclear fraction [128], while NS2 was similarly localized to the nucleus in yeast, but was not toxic [129]. Hence, yeast can also be used to study subcellular localization of the viral protein and its impact on cellular function. Expression of the M2 ion channel in yeast affected growth [130] and the use of a reversible M2 channel inhibitor, BL-1743, caused an increase in transmembrane proton flux due to the re-establishment of the proton gradient by M2. Interestingly, when the influenza PA-X protein was expressed in yeast, 29 unintended mutations appeared in PA-X. 24 of the PA-X mutants seem relevant to mammalian systems as they caused a reduced antiviral shutoff activity when tested in mammalian cells [131]. These models proved useful for characterizing the localization and function of the viral protein, for identifying potential mutation sites and for recognizing host processes affected by the viral protein. It seems, however, that the full potential of yeast as a model for understanding each viral protein has not been harnessed yet.



In cases where viral proteins impose an easily measurable phenotype on the yeast cells or in cases where the purified protein is an active enzyme, the systems could be used for the isolation of new inhibitors (molecules that reverse the phenotype or the activity) via high-throughput, rapid and efficient screens. Part of the Fujian H5N1 strain virus NA (HNA) was expressed in yeast and was shown to be functional and could be inhibited upon addition of oseltamivir and zanamivr [132], suggesting that the yeast-based system is functional for future screening of novel NA inhibitors. The toxicity imposed on yeast by of NS1 expression has indeed been harnessed for drug screening. Approximately 2000 compounds from the National Cancer Institute Diversity Set library were screened for compounds that would restore normal growth. Of the nine compounds identified, two were found to be toxic to MDCK cells and three showed no activity against influenza virus replication. Of the other four, three were able to activate anti-viral IFN-β in MDCK cells in a similar way to cells infected with delNS1 virus (virus lacking NS1) [133]. Equivalent screens took advantage of the growth inhibition phenotype induced in yeast by expression of M2 and compared the efficacy of the novel compounds to amantadine which led to new lead compounds against M2 [134,135]. Using the M2 yeast expression, 18 novel compounds were identified [135], while another high-throughput screen identified a spirothizamenthane compound, which was used to synthesize derivatives thereof. One of the derivatives, termed compound 63, was found to inhibit the native M2, and, importantly, also S31N- and V27A-mutated M2 protein, which are amantadine-resistant mutants [136]. The M2 yeast system was used together with MDCK cells to test the efficacy and toxicity of synthesized arylsulfonamide compounds so as to elucidate the structure–activity relationship [137].



The above studies demonstrate the efficiency of yeast for high-throughput drug screening in living cells, increasing the number of potential drugs in the pipeline. The same yeast systems could be used to study already known inhibitors and to identify mutations in the viral proteins that cause drug resistance (see in Hahnenberger et al., [130] and Kurtz et al., [134]).



Another important use of the yeast model is to study human proteins known to be targets of the influenza virus. Many of these proteins have homologs in yeast, providing a convenient system for addressing their function in the simple eukaryote and deduce their role in the infection process in man. An example would be the Mx proteins. S. cerevisiae has a Mx-related GTPase known as Vps1, and another protein, Mgm1, both of which have a high similarity to Mx [138]. Mutational analysis of Vps1 in yeast has revealed key aspects of the protein structure-function [139]. Similarly, the function of Mgm1 was revealed in yeast through deletion studies [140].



Yeast could also be used to establish the entire influenza replicon to study, in an isolated system, the transcription and replication of the viral genome, polyadenylation [141], translational control [142], and post-Golgi vesicles, which are required for viral budding out of the cell [143].



As the effect of influenza on host machinery is so dramatic and involves interactions with a plethora of cellular components, one of the most challenging goals in the study of the virus is to identify the direct targets of each viral protein. By understanding which host processes are affected by each protein, specific inhibitors that target the viral-host interaction could be developed. This approach reduces the likelihood of resistance since host genes are unlikely to mutate as fast as viral ones. Many scientists have used the yeast two-hybrid system to identify host interactors of individual viral proteins: NS1 [144,145,146,147,148,149,150,151,152,153,154,155,156,157,158], NS2 [129,144,159,160,161], NP [162,163,164,165,166,167,168], PA [169,170,171,172], PB1 [173], PB2 [174], NA [175], M1 [176,177,178,179], M2 [180,181,182,183,184] and PB1-F2 [185,186,187,188,189]. Several studies applied the two-hybrid system to look at the vRNP complex [190,191] and the main eight viral proteins individually [192].



Given the occurrence of cell culture-selected mutations [193], using yeast as the alternative for determining the drug susceptibility of viruses may prove useful given that the proteins can be expressed intact with less likelihood of mutations. Given the benefits of yeast biotechnology, yeast can be used to identify and produce anti-influenza antibodies for vaccines and therapy [194]. Since yeasts have already been used to generate novel influenza vaccines [195,196], there seems to be untapped potential in using yeast to better elucidate the mysteries of influenza.




3.2. Drosophila Melanogaster


3.2.1. A Multicellular Organism which Serves As a Model for Development and Differentiation Studies and Is Useful to Study Viral Protein Functions and Host Immune Response


Unlike yeast, the fruit fly Drosophila melanogaster (Drosophila) is a multicellular organism. It has served, therefore, as a model for not only studying intracellular processes, but also for addressing the mechanisms of development and differentiation, and the functions of tissues and organs [197]. At the same time, similar to the yeast model, Drosophila is highly permissive to genetic manipulations, convenient and cheap to handle in the laboratory and has a short life span. These characteristics made it a pivotal model in biology and a variety of powerful experimental tools have been developed, including a library of mutants, mechanisms for tissue-specific expression, protocols for high-throughput screening for mutants and drugs, as well as the ability to control gene expression via RNAi [197,198,199]. Also, some Drosophila-derived cell lines are available, allowing scientists to address biological questions at the tissue-culture level in parallel to verification and advancing at the whole-organism level [200]. Taking advantage of the unusual properties of this fly, in combination with the effective experimental tools, it was possible to establish fly models for most critical human diseases. For example, expression in the fly of mutated α-synuclein caused loss of dopaminergic neurons and other effects that recapitulate the essential features of Parkinson’s disease [201] (reviewed in Aryal et al., 2019 [202]). Furthermore, genes that are defective in Alzheimer’s disease (e.g., Amyloid β; Tau) are conserved in Drosophila, allowing their study in the simple system [203,204]. The conservation of most processes responsible for metabolism and homeostasis, growth and development between Drosophila and mammals made it an excellent model for studying obesity, diabetes and aging (reviewed in Galikova et al., 2018 [205]; Inoue et al., 2018 [206]) and for investigating oncogenic pathways and cancer (reviewed in Mirzoyan et al., 2019 [207]; Enomoto, 2018 [208]). Notably, the concept of ‘tumor suppressors’ and the discovery of the first ‘recessive oncogene’ were established in Drosophila [209].




3.2.2. Application of the Drosophila System for the Study of Viruses


The use of the Drosophila system for the study of viruses is not extensive yet, but is becoming more attractive (reviewed in Hughes et al., 2012 [11]). A common approach has been the expression of a viral protein in a particular organ of the fly and following the physiological, phenotypic or pathological effects. The expression of proteins of the Epstein-Barr and SARS viruses in the Drosophila eye, or of HIV proteins in the wings or in fat bodies led to the discovery of mechanistic aspects of the proteins and their partners within the host [210,211,212,213]. Many studies in Drosophila cells in culture have revealed the mechanism of action of viral proteins. This approach was useful, for example, for proteins of Hepatitis B, HIV and West Nile viruses [214,215,216]. Cells in cultures also served for large-scale screens, primarily for the identification of host genes required for viral replication and pathogenicity [217,218]. Some viruses were found capable of replication within the fly cells in culture or even within the whole fly (e.g., Dengue, Sindbis virus) [219]. MiRNA- and siRNA-mediated silencing of viral RNAs and antiviral-induced autophagy were major findings obtained through studying viruses in the fly [216,220,221,222,223,224,225].




3.2.3. Drosophila and Influenza Virus Infection


Several of the influenza proteins have been studied in fly culture cells or in the whole fly. The influenza M2 was expressed in the wing and the eye, causing wing defects and a total loss of eye tissue. Males were found to have a more severe phenotype than females. Importantly, amantadine was shown to rescue the M2 phenotype, suggesting Drosophila as a reliable system for anti-influenza drug studies. As the expressed M2 was functional as an ion channel, transgenic flies were used to screen for mutations in ion transport or pH homeostasis-related genes of the host. Using flies with the relevant mutations and crossing them with the M2 transgenic flies, it was found that vha44, vha55, vha68-1 and vha68-2 were the strongest modifiers of M2-mediated phenotype. These four genes encode for the different subunits of the V1V0 ATPase. To confirm that the results obtained are not specific to flies, MDCK cells were treated with bafilomycin, a drug that targets the V1V0 ATPase, prior to influenza infection and this reduced infectivity [226]. Thus, this shows that the transgenic fly model is useful for studying M2 activity and allows the identification of important host targets of influenza M2.



The Drosophila model was used to report that influenza NS1 was able to suppress RNA-silencing-based antiviral response (RSAR), which is a host defense against RNA viruses [227]. A cell-based screen was performed using Drosophila cells to identify new RNA silencing suppressors. The coding sequence of GFP was used in-frame with the start of B2 ORF of flock house virus (FHV) RNA1 to obtain pFR1gfp. This was based on the previous observation that FHV B2 could inhibit the RNA interference (RNAi) pathway in FHV infection [228]. Using this technique, where GFP would be expressed once the RNAi pathway was silenced, it was observed that co-transfection of NS1 (A/WSN/1933 (H1N1)) plasmid with pFR1gfp plasmid could rescue GFP expression. This result shows that influenza NS1 functions as a RNA silencing suppressor through its N-terminal dsRNA-binding domain. It was shown that a single D92E mutation in NS1 increased the rescue efficiency of pFR1-ΔB2 (FR1 gene mutant that carried an untranslatable B2, similar to the pFR1grp) compared to WT A/NS1, which is associated with lethal H5N1 influenza A virus [229]. Using the same viral RNA silencing principle, five different RNA silencing inhibitors (including NS1A) were expressed using the GAL4 inducible expression system [199]. Upon induction of these transgenes in tissue-specific drivers, it was observed that NS1A was not an effective inhibitor of RNA silencing in transgenic flies. A later study reported that NS1 does not suppress RNAi in mammalian cells, an observation that supported the findings in Drosophila [230]. Using the same fly system to study NS1 function, NS1 cDNA from A/Vietnam/1203/2004 (H5N1) strain was expressed specifically in the wing. NS1 expression caused an increase of the distance between wing veins, a phenotype indicative of spatially broadened hedgehog (Hh) signaling. Several known mutations inserted into NS1 did not alter the Hh-modulating activity of NS1 in the fly’s wing. Yet, an unbiased mutagenesis screen provided a new NS1 mutation, A122V, located in the effector domain, which reduced the NS1-induced wing phenotype. Different Hh modulation among various viral strains exists (Udorn, swine flu and PR8), with the PR8 strain having the highest Hh modulation activity. Confirming the new effects of NS1, it was observed that Hh gene expression is altered in influenza-infected mice. In addition, the PR8-A122V virus was found to be more pathogenic than the PR8-WT virus in mice, suggesting that lower levels of Hh target gene induction may be protective against influenza infection [231].



An RNAi screen in Drosophila cell culture was used to identify new host genes required for viral replication and demonstrate the feasibility of using this system for genome screens in influenza [232]. Notably, a particular disadvantage of fly cells with respect to influenza is the fact that they do not express the influenza virus receptor α2,6-linked sialic acid, which is required for viral attachment to cells. Therefore, a modified virus, Flu-VSV-G, was designed, in which the HA and NA genes were replaced to encode the vesicular stomatitis virus (VSV) glycoprotein G. With these modifications, the influenza virus was able to enter Drosophila cells. A screen for host genes that affected virus-directed luciferase expression was carried out with Flu-VSV-G-R.luc (which expressed the Renilla luciferase gene) and an RNAi library against 13,701 Drosophila genes (~90% of all genes). A total of 176 of the screened genes inhibited luciferase expression, as identified in two independent tests. Several human homologues of encoding components in host machineries that are known to be involved in life cycle of the virus, e.g., ATP6V0D1 (endocytosis pathway), COX6A1 (mitochondrial pathway) and NXF1/TAP (mRNA nuclear export machinery) were selected by the authors showing the importance of the Drosophila system in the discovery of novel influenza virus–host targets.



It seems that the use of Drosophila as a model and as an experimental tool for influenza studies is only in its infancy. However, the advances made so far using the fly system will undoubtedly contribute to the realization that the system is a relevant model for understanding important aspects of viral infection, and will lead to many more studies in the future.





3.3. Zebrafish


The zebrafish (Danio rerio) belongs to the Cyprinidae family, the same family as the carp and the goldfish. It has been a model of choice that bridge the gap between lower animals and mammals. As vertebrates, zebrafish are closer to humans than fruit flies on the evolutionary scale. Compared to mice, they are easier to work with and study. The benefits of the zebrafish is that it has a fully developed immune system [233]. It also enables genetic screens [234] and real-time visualization, as seen with M. marinum, a bacteria species used to model tuberculosis (which is the same genus as M. marinum) in zebrafish [235].



Given that it has both innate and adaptive immunity, zebrafish can be used to study specific aspects of immunity development. During the initial 4 days of embryonic development, it exhibits no adaptive immunity markers and full functionality takes 4–6 weeks to develop [236]. Hence, it is possible to study the innate immune responses exclusively in the early developmental weeks [237]. Host-virus interaction studies have been performed in adult zebrafish for other viral infections such as chikungunya [238], herpes simplex virus 1 [239] and hepatitis C [240,241].



In the context of the influenza A virus (IAV), zebrafish embryos were reported to have α2,6-linked sialic acids, which enables the virus to enter and infect the embryos. Local infection of 5 days post-fertilization (dpf) embryos in the swimbladder resulted in zebrafish mortality. Moreover, antiviral genes were found to be induced in the fish, particularly ifnψ1 (zebrafish virus-induced interferon) and mxa (an ortholog of the mammalian Mx protein [242]), following infection with IAV (PR8 and A/X-31 (H3N2)). Microscopy and histopathological analysis of the zebrafish found edema and tissue destruction similar to those observed in human infection. At 48 hours of infection with PR8, necrosis of the liver and gill tissues were also observed. With X-31 infection, there was necrosis of the renal hemopoietic tissue. Moreover, treatment with zanamivir, beginning with 3 hpi, was found to be protective against IAV infection by reducing mortality, viral replication and burden using a GFP-tagged NS1 in PR8. Hence, zebrafish can serve as a model for studying host-virus interaction and for drug screening [243].



2 dpf zebrafish were infected with PR8 and muscle fiber damage was observed [244]. Muscle damage seemed to worsen at 48 hpi compared to 24 hpi. A NS1-GFP virus showed that the virus infected skeletal muscles of the fish. Using transgenic (fli1:gfp) zebrafish, in which GFP expression was controlled by an endothelial-specific promoter, IAV increases vascular permeability and compromised sarcolemma integrity. There was also failure of the muscle fiber-ECM adhesion, which resulted in muscle fiber death. This effect could be due to pro-inflammatory innate immune signaling cascades being induced via the NFkB pathway (suggested by using NFkB reporter line (NFkB:EGFP)nc). Using a transgenic fish, Tg(BACmpo:gfp)i114 where GFP expression was controlled by the neutrophil-specific myeloperoxidase (mpo) promoter, it was reported that neutrophils infiltrated muscle tissue and was localized to the unanchored end of retracted fibers after infection [244]. This could be mediated by the p38 MAPK, Rho/ROCK and PKC pathways [244]. Finally, using a zebrafish muscular dystrophy model (sapje/dmd), infected zebrafish were found to have severe muscle degeneration in almost every muscle segment, with increased mortality at 4 and 5 dpi compared to the PBS injected mutant zebrafish. These studies clearly display zebrafish as a relevant model for influenza studies.




3.4. Primary Human Tissue Culture


As described above, the main cell lines that have been traditionally used for studying influenza included the MDCK cells and cancer-derived lung cell lines such as A549 and Calu-3. HEK293 and Vero have also been used quite widely. The use of defined immortal cell lines that are readily infectable and in which influenza replicates is of obvious convenience. These systems contributed indeed significantly to our current understanding of influenza (reviewed in Powell et al., 2018,2018 [12,245]). Nevertheless, established cell lines possess major disadvantages. In addition to the inherent disadvantage of cells in culture that are disconnected from the organism’s systems (immune, endocrine, neuronal), established cell lines, particularly those that are oncogenically transformed, develop unique biochemical wirings and create their own repertoire of gene expression. Many cell lines are therefore significantly different from the original parental cells that were taken from the tissue and used to establish the cell line [246]. Such cells may respond to viral infection in a different manner than cells in the intact tissue. Primary cell cultures, on the other hand, provide both the advantage of the convenience of studies in culture and the advantage of cells that have not re-wired their biochemical networks and have not yet shed their identity. An unequivocal advantage of the primary culture approach is the fact that they could be prepared from patients. These patient-derived cells may come with known patients’ characteristics such as gender, co-morbidities, or lifestyle habits like smoking, allowing a personalized investigation of the disease. Amongst all the experimental models, the primary cells are in fact the only one that could be derived from patients and could provide the closest physiology to an actual human clinical subject.



The ability of the primary culture to faithfully preserve properties of the original tissue is exemplified in the primary lung cells that secrete a class of proteases that can cleave influenza HA for viral entry [247], and when cultured at air-liquid interface (ALI), undergo polarization and produce mucus [248]. At ALI, the mucus readily forms about a week after air exposure and can shield the virus from escaping apically into the liquid medium. This forces the virus to travel laterally to the neighboring cell, similarly to the events occurred in a natural infection [12].



The use of primary culture allows close inspection of the very specific cell types that were preferentially infected by the virus. Different influenza viruses (human and avian source) tended to infect different human respiratory cells (nasal and trachea-bronchial cells) [249]. Human viruses infect non-ciliated cells while avian ones infect ciliated cells (tracheo-bronchial epithelial cells). This was attributed to different distribution of α2,6- and α2,3-linked sialic acids. For the 2009 pandemic H1N1 strain (H1N1pdm), low levels of viral replication was observed in Alveolar Type I cells (ATI) compared to normal human bronchial epithelial (NHBE) and nasopharyngeal epithelial (NPE) cells [250]. Both ATI cells and NHBE cells represent the lower respiratory tract, which is the site of potential influenza-related complications, while the NPE cells represent the upper respiratory tract that is involved in viral transmission. This demonstrates that primary cells can be used to study novel viral strains for virulence potential and transmissibility. Various respiratory tissues obtained from patients and human alveolar epithelial cells (AECs) have been used to understand the cellular tropism of different avian H5N6 viruses. Using ex vivo lung and bronchus cultures, all the H5N6 viruses in the study were able to infect these tissues. The viruses were able to infect both ciliated and non-ciliated cells in bronchial tissue and type-II AECs [251]. This may reflect the pathogenicity of H5N6 viruses to cause severe influenza in humans.



3.4.1. Human Nasal Epithelial Cells (NECs)


The first line of mechanical and immunological defense against pathogens in the upper respiratory tract is the nasal epithelium [252]. A holistic understanding of viral replication dynamics and immune responses generated in airway epithelial cells has not been completed yet [253]. Also, the ciliated cells of the proximal airways (such as the nose and trachea) are important for the spread and infection of the influenza virus [254].



Studies with primary human nasal epithelial cells (NECs) have significantly assisted our understanding of influenza in this tissue. For example, in normal tissue infected with influenza, eotaxin (eosinophil-specific chemoattractant) was found to be increased and released into the supernatant [255]. Moreover, these cells were found to generate intracellular reactive oxygen species (ROS) and had increased expression of nicotinamide adenine dinucleotide phosphate oxidases (Nox) [256]. One particular Nox that was found to be significant was Doux2 (Dual oxidase 2).



Given that NECs can be derived from patients, certain social factors, such as smoking, can be studied specifically in such cells in relation to influenza. NECs derived from smokers expressed lower levels of anti-viral cytokine IFN-α and increased pro-inflammatory cytokine IP-6, resulting in increased influenza-induced cytotoxicity compared to NECs from non-smokers. [257]. In addition, smoking appeared to reduce cytokine IP-10 expression and release from NECs, while increasing Th2 chemokine thymic stromal lymphopoietin (TSLP) levels [258]. This shows that smoking could have an effect on the interaction between epithelial cells and immune cells. It should be noted that the use of primary cultures is the only way in which responses of smokers and patients to influenza infection could have been tested.



Adult human nasal epithelial stem/progenitor cells (hNESPCs) from nasal biopsy specimens of both healthy subjects and patients with allergic rhinitis have been established [259]. The in vitro- passaged hNESPCs retain the capability of full differentiation into human nasal epithelium cells (hNECs). When these hNECs were infected with the A/Aichi/2/1968 (H3N2) virus, the progeny virus could be detected from 16 hpi. Infected hNECs were found to elicit similar immune responses to other known models. Interestingly, there was individual variation among the patient-derived immune responses and apoptotic cell death, which is reflective of different responses to the same virus in a population. Infection of hNECs has uncovered novel host signaling mechanisms which the influenza virus can stimulate. For example, H3N2 infection of hNECs resulted in an increased expression of oncostatin M (OSM), which is part of the IL-6 type cytokine group [260] and upregulation of miRNAs such as miR-146a-5p, whose target genes include TRAF6 and IRAK1 [261]. Microarray analysis of infected hNECs has also revealed perturbations in homeostasis and metabolic pathways in response to influenza infection [262]. Other interesting observations using patient-derived NECs include the effects of estrogenic compounds on NECs derived from male and female donors, showing that estrogen exhibited protective effects upon infection in female, but not male, NECs. [263]. This reflects how hormones and gender may affect an individual’s response to influenza.



These studies combined, all performed on primary NECs, allow the establishment of the preliminary model describing the influenza-host relationships at the nasal epithelium. This new information is valuable as NECs are the first to come in contact with the virus and play a role in virus transmission.




3.4.2. Normal Human Bronchial Epithelial Cells (NHBE)


Primary NHBE cells are derived from patient biopsies at the most distal aspect of the trachea and carina. While normally an upper respiratory infection, influenza is known to cause complications such as bronchitis in patients with chronic conditions, the elderly and children [21]. Hence, NHBE cells may provide further knowledge to influenza tropism, the host susceptibility to complications and response to the virus in the lower respiratory tract.



To validate these cells as a model for influenza, NHBE cells were compared with MDCK cells and NHBE cells were found to have better correlative data in terms of replication abilities of live attenuated viruses isolated from different strains [54]. This reflects that NHBE cells were able to better model virus replication and infectivity of various viral strains from human and avian sources in humans compared to MDCK cells. Histological and electron microscopy studies revealed that NHBE morphology was similar to that of carina and distal trachea. The conjugated NY312-AF594 virus (A/NY/312/01) was shown to have similar binding patterns in NHBE cells as to those observed with human respiratory tissues. The replication kinetics of pandemic 2009 virus strain (A/CA/04/2009 (H1N1)) were similar to the NY312 virus in NHBE [264].



Given that NHBE cells are appropriate to study viral cellular tropism, several studies have used them to compare various avian influenza strains [265,266,267,268]. NHBE cells predominantly display α2,6 linkage sialic acids receptors as well as α2,3 sialic acid receptors [269,270]. Since avian viruses generally bind to α2,3 receptors [271], using such cells would provide a better predictive ability of a novel viral strain in causing severe influenza in humans.



To better understand the effects and functions of viral proteins in infection, reverse genetics-derived viruses carrying target mutations in NP and/or PB2 proteins have been used [272]. Reverse genetic performed with A/Duck/Alberta/35/1976 (H1N1) showed synergistic effects between NP and PB2 mutations. Infected NHBE cells were shown to have lower conductance of the chloride ion channel cystic fibrosis transmembrane regulator (CFTR) [273]. This may be due to the virus targeting the CFTR for early lysosomal degradation and affecting ion transport in the host. In the case of viral HA, various mutations affected the virus’ ability to infect cells. This was seen with the H9N2 virus [274], H5N1 virus [275] and the pandemic 1918 strain [276]. HA mutations were also studied in relation with neuraminidase inhibitor resistance [277]. Studies with NHBE cells also showed that decreased neuraminidase activity was required for H5N1 virus adaptation to the human airway epithelium [278]. Studying both HA and NA, viruses found to have avian-like surface glycoproteins exhibited reduced infectivity at 32 °C in NHBE, which would be required for human-to-human transmission [254].



NHBE cells have been used to provide a better understanding of the host response to influenza infection in the bronchial tissues. Proteomic studies performed with human NHBE infected in vitro have revealed signaling pathways which could be important, including RhoA-associated signaling pathway (RhoA is a GTPase that regulates actin cytoskeleton[279]) and reduced Hippo signaling (required to suppress virus-induced interferon production) [280]. Similarly, proteomic analysis on commercially obtained NHBE cells (Lonza) infected with PR8 [281] identified proteins which were associated with host cell defense response, endocytosis and GTPase activity. Influenza virus was also found to increase apoptosis and pyroptosis [282], as well as c-Myc, glycolysis and glutaminolysis in NHBE cells from pediatric patients [283]. Importantly, NHBE cells are also being used for immediate translation of culture tests to clinical uses. For example, TVB024 (a small molecule inhibitor against ATPase) was tested and found to inhibit viral replication in patient NHBE cells [284]. The results were confirmed in bronchial explants obtained from the same patients. Using TVB024 prophylactically, the combination of TVB024 and oseltamivir reduced viral shedding and this was more effective than oseltamivir alone in inhibiting epithelial infection. In addition, infected NHBE cells were used to predict patients’ response to H7N9 infection [285]. Viral RNA levels in cells taken from older patients (≥65 years) were significantly lower compared to young patients. Obese patients tended to have increased viral RNA levels but lower cytokine levels. Finally, NHBE cells were used as an ex vivo model to test DAS181 efficacy in removing sialic acid and inhibiting influenza infection [286]. Given these results, DAS181 has currently reached phase II clinical trials [24].



Thus, NHBE cells isolated from patients are a rich source of information in understanding what host factors affect influenza. They also point at the viral factors which increase the virus’ ability to infect and propagate in these cells, increasing the chance of viral bronchitis. Importantly, NHBE cells are an unequivocal tool for predicting the patient’s response to drugs and treatment and are therefore a most valuable tool for personalized treatment of influenza patients.




3.4.3. Human Alveolar Epithelial Cells (AECs)


The alveolar epithelium makes up the gas exchange portion of the lung, which is the main target for influenza A pneumonia. The epithelium is made up of two main cell types, known as type I and type II cells. Alveolar Type I cells (ATIs) are required for the gas-exchange surface in the alveoli [287]. Alveolar type II cells (ATIIs), also known as type II pneumocytes, synthesize and secrete pulmonary surfactant, secrete chemokines and cytokines, and are involved in the innate immunity of the lung [288]. The different cell tropism between various strains of influenza was described, but it was found that the viruses tested could only be found in type II but not in type I pneumocytes [289]. While A549 cells have been used to study ATII physiology, A549 cells mimic ATI cells more than ATII cells [290]. Primary AECs (either ATI or ATII) exhibit a normal cellular physiology and also carry individual characteristics from the patients they were derived from.



Several studies have focused specifically on ATI cells, revealing an important transcription factor Nrf2 in the host-response to influenza, inducing the transcription of HO-1, important in the antioxidant defense system [291]. Overexpression of Nrf2 protected cells from infection as it decreased viral replication and increased IL-8 expression, which may be due to increased GSH levels observed with Nrf2 overexpression. To study viral effects of specific mutations, recombinant viruses of NY1682 with PB2-D701N were used to infect ATI cells [292]. The NY1682-D701N was observed to have higher titers than the wild type virus and there were lower levels of IFN-λ, which represents an important antiviral type III interferon in ATI cells. While the PB2-D701N substitution has been shown to cause increased viral replication in mice and guinea pigs [293,294,295], using ATI cells prove that this mutation also increases viral replication in human cells.



Studies have also used ATII cells isolated from human lungs, and these cells were shown to support influenza infection with PR8 and A/Philippines/1982 (H3N2) [296]. ATII cells produced inflammatory cytokines such as IL-6, IL-8, MCP-1 and RANTES. Interestingly, IL-29 was found to be the main cytokine produced by infected ATII cells.



AECs were shown to be primarily targeted by H1N1 viruses (A/California/07/2009, A/New York/1682/2009 (NY1682), A/California/04/2009 (CA04)) [297]. AECs from different donors had different susceptibilities to the viruses. Obese donors showed significantly increased infection rates compared to non-obese donors. The link between infection rates and obesity could have been monitored only in the patients-derived primary cultures. HA sequences were studied and the A214T substitution decreased NY1682 infectivity of AECs significantly which could explain the differences observed between the various H1N1 viruses. In the context of H5N1 and H1N1 infections [298], the A/Hong Kong/483/1997 (H5N1) (HK97) and A/Hong Kong/54/1998 (H1N1) (HK54) could infect and replicate in both ATI-like or ATII cells. Using specific cell populations and co-cultures with other cell types, different host processes can be elucidated in the context of influenza to further understand host–virus interactions in specific cell types. Examples of novel host processes in ATII cells are the activation of epidermal growth factor receptor (EGFR) [299], increased AIM2 signalling [300], increased expression of CEACAM1, a cell adhesion molecule [301], and the reduced secretion of surfactant proteins, SP-A and SP-D [302]. While some of these processes are known in influenza infection, these studies with AECs confirm the role of these processes in influenza.



In summary, primary human tissue cultures open a new window into specific effects of the virus and, perhaps much more important, into patient-specific effect and patient-specific response to drugs and treatment. These systems are thus of great value not only for basic research, but also for immediate patient-specific translational therapeutic values.






4. Conclusions and Future Directions


Although it may seem not relevant on a first glance, when studying aspects of influenza infection in yeast, Drosophila and zebrafish provide knowledge and a conceptual understanding that could not have been obtained in other experimental systems. The use of primary cultures, primarily with patient-derived cultures, is also of great value for personalized medicine and for understanding social and behavioral aspects of the disease. In spite of this understanding and in spite of the proven achievements, alternative models still remain underutilized. In fact, the Drosophila and zebrafish systems are in their infancy of contributing to the field of influenza research and the vast potential they hold in helping better understand of influenza awaits more extensive use of these models. Most of the studies carried out so far in yeast and Drosophila were specific to a given viral protein or for a specific host protein. And yet, only several of the influenza proteins have been expressed in yeast, flies and fish. In addition, the whole virus has yet to be reconstituted in yeast.



Nevertheless, a few systematic large-scale experiments aimed at looking at the entire process of viral infection in model organisms have been performed [303], and we predict that they will lead the way to wider uses of the ‘alternative system’ that may ultimately lead to a deeper understanding of the virus and its pathogenicity and to a better treatment or vaccination. While the traditional models of influenza have their advantages and usefulness, we believe that the alternative models must be used in parallel. Table 1 shows the advantages of each alternative model. It is anticipated that many molecular mechanisms of influenza and new therapies against this long-standing malady will be revealed through their use.







Author Contributions


S.C.J.H.C., H.Q.T., D.E. and L.H.K.L. wrote the manuscript. L.H.K.L. did the final editing of the manuscript.




Funding


Studies in David Engelberg are supported by the Israel Science Foundation (grant #1463/18). Lina Lim and David Engelberg are supported by the Singapore National Research Foundation under its HUJ-NUS partnership program at the Campus for Research Excellence and Technology Enterprise (CREATE). Sonja Chua is funded by a PHD scholarship from NUS and the Hebrew University.




Acknowledgments


The authors have no further acknowledgements




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Smith, W.; Andrewes, C.H.; Laidlaw, P.P. A virus obtained from influenza patients. Lancet 1933, 222, 66–68. [Google Scholar] [CrossRef]

	



Hussain, M.; Galvin, H.D.; Haw, T.Y.; Nutsford, A.N.; Husain, M. Drug resistance in influenza A virus: The epidemiology and management. Infect. Drug Resist. 2017, 10, 121–134. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Z.; Lou, K.; Wang, W. New small-molecule drug design strategies for fighting resistant influenza A. Acta Pharm. Sin. B 2015, 5, 419–430. [Google Scholar] [CrossRef] [PubMed]

	



Greenwood, B. The contribution of vaccination to global health: Past, present and future. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014, 369, 20130433. [Google Scholar] [CrossRef] [PubMed]

	



Schlipköter, U.; Flahault, A. Communicable Diseases: Achievements and Challenges for Public Health. Public Health Rev. 2010, 32, 90–119. [Google Scholar] [CrossRef]

	



Krammer, F.; Smith, G.J.D.; Fouchier, R.A.M.; Peiris, M.; Kedzierska, K.; Doherty, P.C.; Palese, P.; Shaw, M.L.; Treanor, J.; Webster, R.G.; et al. Influenza. Nat. Rev. Dis. Primers 2018, 4, 3. [Google Scholar] [CrossRef]

	



Barberis, I.; Myles, P.; Ault, S.K.; Bragazzi, N.L.; Martini, M. History and evolution of influenza control through vaccination: From the first monovalent vaccine to universal vaccines. J. Prev. Med. Hyg. 2016, 57, E115–E120. [Google Scholar] [PubMed]

	



Davidson, S. Treating Influenza Infection, From Now and Into the Future. Front. Immunol. 2018, 9, 1946. [Google Scholar] [CrossRef]

	



Sanjuán, R.; Domingo-Calap, P. Mechanisms of viral mutation. Cell. Mol. Life Sci. 2016, 73, 4433–4448. [Google Scholar] [CrossRef]

	



Zhao, R.Y. Yeast for virus research. Microb. Cell 2017, 4, 311–330. [Google Scholar] [CrossRef]

	



Hughes, T.T.; Allen, A.L.; Bardin, J.E.; Christian, M.N.; Daimon, K.; Dozier, K.D.; Hansen, C.L.; Holcomb, L.M.; Ahlander, J. Drosophila as a genetic model for studying pathogenic human viruses. Virology 2012, 423, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Powell, J.D.; Straub, T.M. Advances and Remaining Challenges in the Study of Influenza and Anthrax Infection in Lung Cell Culture. Challenges 2018, 9, 2. [Google Scholar] [CrossRef]

	



MacLachlan, N.J.; Dubovi, E.J. (Eds.) Chapter 21—Orthomyxoviridae. In Fenner’s Veterinary Virology, 5th ed.; Academic Press: Boston, MA, USA, 2017; pp. 389–410. [Google Scholar] [CrossRef]

	



Noda, T. Native morphology of influenza virions. Front. Microbiol. 2012, 2, 269. [Google Scholar] [CrossRef]

	



McCauley, J.; Hongo, S.; Kaverin, N.; Kochs, G.; Lamb, R.; Matrosovich, M.; Perez, D.; Palese, P.; Presti, R.; Rimstad, E. Family—Orthomyxoviridae. In Virus Taxonomy; King, A.M.Q., Adams, M.J., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier: San Diego, CA, USA, 2012; pp. 749–761. [Google Scholar] [CrossRef]

	



Klemm, C.; Boergeling, Y.; Ludwig, S.; Ehrhardt, C. Immunomodulatory Nonstructural Proteins of Influenza A Viruses. Trends Microbiol. 2018, 26, 624–636. [Google Scholar] [CrossRef] [PubMed]

	



Tong, S.; Zhu, X.; Li, Y.; Shi, M.; Zhang, J.; Bourgeois, M.; Yang, H.; Chen, X.; Recuenco, S.; Gomez, J.; et al. New World Bats Harbor Diverse Influenza A Viruses. PLoS Pathog. 2013, 9, e1003657. [Google Scholar] [CrossRef]

	



Bouvier, N.M.; Palese, P. The biology of influenza viruses. Vaccine 2008, 26 (Suppl. 4), D49–D53. [Google Scholar] [CrossRef] [PubMed]

	



Samji, T. Influenza A: Understanding the Viral Life Cycle. Yale J. Biol. Med. 2009, 82, 153–159. [Google Scholar]

	



Barker, W.H.; Mullooly, J.P. Pneumonia and influenza deaths during epidemics: Implications for prevention. Arch. Intern. Med. 1982, 142, 85–89. [Google Scholar] [CrossRef] [PubMed]

	



Taubenberger, J.K.; Morens, D.M. The Pathology of Influenza Virus Infections. Annu. Rev. Pathol. 2008, 3, 499–522. [Google Scholar] [CrossRef]

	



Arias, C.F.; Escalera-Zamudio, M.; Soto-Del Rio Mde, L.; Cobian-Guemes, A.G.; Isa, P.; Lopez, S. Molecular anatomy of 2009 influenza virus A (H1N1). Arch. Med. Res. 2009, 40, 643–654. [Google Scholar] [CrossRef] [PubMed]

	



Hayden, F.G.; Shindo, N. Influenza virus polymerase inhibitors in clinical development. Curr. Opin. Infect. Dis. 2019, 32, 176–186. [Google Scholar] [CrossRef] [PubMed]

	



Koszalka, P.; Tilmanis, D.; Hurt, A.C. Influenza antivirals currently in late-phase clinical trial. Influ. Other Respir. Viruses 2017, 11, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



Mata, M.A.; Satterly, N.; Versteeg, G.A.; Frantz, D.; Wei, S.; Williams, N.; Schmolke, M.; Pena-Llopis, S.; Brugarolas, J.; Forst, C.V.; et al. Chemical inhibition of RNA viruses reveals REDD1 as a host defense factor. Nat. Chem. Biol. 2011, 7, 712–719. [Google Scholar] [CrossRef] [PubMed]

	



Barr, I.G.; Donis, R.O.; Katz, J.M.; McCauley, J.W.; Odagiri, T.; Trusheim, H.; Tsai, T.F.; Wentworth, D.E. Cell culture-derived influenza vaccines in the severe 2017–2018 epidemic season: A step towards improved influenza vaccine effectiveness. Npj Vaccines 2018, 3, 44. [Google Scholar] [CrossRef] [PubMed]

	



Cherf, G.M.; Cochran, J.R. Applications of Yeast Surface Display for Protein Engineering; In Yeast Surface Display; Humana Press: New York, NY, USA, 2015; pp. 155–175. [Google Scholar]

	



Legastelois, I.; Buffin, S.; Peubez, I.; Mignon, C.; Sodoyer, R.; Werle, B. Non-conventional expression systems for the production of vaccine proteins and immunotherapeutic molecules. Hum. Vaccines Immunother. 2016, 13, 947–961. [Google Scholar] [CrossRef] [PubMed]

	



Bouvier, N.M. Animal models for influenza virus transmission studies: A historical perspective. Curr. Opin. Virol. 2015, 13, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Bouvier, N.M.; Lowen, A.C. Animal Models for Influenza Virus Pathogenesis and Transmission. Viruses 2010, 2, 1530–1563. [Google Scholar] [CrossRef]

	



Rajao, D.S.; Vincent, A.L. Swine as a Model for Influenza A Virus Infection and Immunity. ILAR J. 2015, 56, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Parrish, C.R.; Murcia, P.R.; Holmes, E.C. Influenza Virus Reservoirs and Intermediate Hosts: Dogs, Horses, and New Possibilities for Influenza Virus Exposure of Humans. J. Virol. 2015, 89, 2990–2994. [Google Scholar] [CrossRef] [PubMed]

	



Thangavel, R.R.; Bouvier, N.M. Animal models for influenza virus pathogenesis, transmission, and immunology. J. Immunol. Methods 2014, 410, 60–79. [Google Scholar] [CrossRef]

	



Zhong, L.; Wang, X.; Li, Q.; Liu, D.; Chen, H.; Zhao, M.; Gu, X.; He, L.; Liu, X.; Gu, M.; et al. Molecular Mechanism of the Airborne Transmissibility of H9N2 Avian Influenza A Viruses in Chickens. J. Virol. 2014, 88, 9568–9578. [Google Scholar] [CrossRef] [PubMed]

	



Belser, J.A.; Katz, J.M.; Tumpey, T.M. The ferret as a model organism to study influenza A virus infection. Dis. Models Mech. 2011, 4, 575–579. [Google Scholar] [CrossRef]

	



Boivin, S.; Cusack, S.; Ruigrok, R.W.H.; Hart, D.J. Influenza A Virus Polymerase: Structural Insights into Replication and Host Adaptation Mechanisms. J. Biol. Chem. 2010, 285, 28411–28417. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo, B.; Choi, J.-M.; Bornholdt, Z.A.; Sankaran, B.; Rice, A.P.; Prasad, B.V.V. The Influenza A Virus Protein NS1 Displays Structural Polymorphism. J. Virol. 2014, 88, 4113–4122. [Google Scholar] [CrossRef] [PubMed]

	



Constantinides, A.E.; Severin, C.C.; Gumpper, R.H.; Zheng, X.; Luo, M. Characterization of the PB2 Cap Binding Domain Accelerates Inhibitor Design. Crystals 2018, 8, 62. [Google Scholar] [CrossRef]

	



Kim, C.U.; Lew, W.; Williams, M.A.; Liu, H.; Zhang, L.; Swaminathan, S.; Bischofberger, N.; Chen, M.S.; Mendel, D.B.; Tai, C.Y.; et al. Influenza neuraminidase inhibitors possessing a novel hydrophobic interaction in the enzyme active site: Design, synthesis, and structural analysis of carbocyclic sialic acid analogues with potent anti-influenza activity. J. Am. Chem. Soc. 1997, 119, 681–690. [Google Scholar] [CrossRef] [PubMed]

	



von Itzstein, M.; Wu, W.-Y.; Kok, G.B.; Pegg, M.S.; Dyason, J.C.; Jin, B.; Van Phan, T.; Smythe, M.L.; White, H.F.; Oliver, S.W.; et al. Rational design of potent sialidase-based inhibitors of influenza virus replication. Nature 1993, 363, 418–423. [Google Scholar] [CrossRef]

	



Choppin, P.W. Plaque formation by influenza A2 virus in monkey kidney cells. Virology 1962, 18, 332–334. [Google Scholar] [CrossRef]

	



Green, I.J.; Lieberman, M.; Mogabgab, W.J.; Peterkin, W.G.; Phillips, I.A. The Behavior of Influenza Viruses in Various Tissue Culture Systems. J. Immunol. 1957, 78, 233–239. [Google Scholar] [PubMed]

	



Nogales, A.; Martínez-Sobrido, L. Reverse Genetics Approaches for the Development of Influenza Vaccines. Int. J. Mol. Sci. 2016, 18, 20. [Google Scholar] [CrossRef] [PubMed]

	



Milián, E.; Kamen, A.A. Current and emerging cell culture manufacturing technologies for influenza vaccines. Biomed. Res. Int. 2015, 2015, 504831. [Google Scholar] [CrossRef]

	



Dukes, J.D.; Whitley, P.; Chalmers, A.D. The MDCK variety pack: Choosing the right strain. BMC Cell Biol. 2011, 12, 43. [Google Scholar] [CrossRef]

	



Green, I.J. Serial propagation of influenza B (Lee) virus in a transmissible line of canine kidney cells. Science 1962, 138, 42–43. [Google Scholar] [CrossRef]

	



Gaush, C.R.; Smith, T.F. Replication and plaque assay of influenza virus in an established line of canine kidney cells. Appl. Microbiol. 1968, 16, 588–594. [Google Scholar]

	



Hossain, M.J.; Perez, S.; Guo, Z.; Chen, L.M.; Donis, R.O. Establishment and characterization of a Madin-Darby canine kidney reporter cell line for influenza A virus assays. J. Clin. Microbiol. 2010, 48, 2515–2523. [Google Scholar] [CrossRef]

	



Lin, S.C.; Kappes, M.A.; Chen, M.C.; Lin, C.C.; Wang, T.T. Distinct susceptibility and applicability of MDCK derivatives for influenza virus research. PLoS ONE 2017, 12, e0172299. [Google Scholar] [CrossRef]

	



Takada, K.; Kawakami, C.; Fan, S.; Chiba, S.; Zhong, G.; Gu, C.; Shimizu, K.; Takasaki, S.; Sakai-Tagawa, Y.; Lopes, T.J.S.; et al. A humanized MDCK cell line for the efficient isolation and propagation of human influenza viruses. Nat. Microbiol. 2019. [Google Scholar] [CrossRef]

	



Tsai, H.C.; Lehman, C.W.; Lin, C.C.; Tsai, S.W.; Chen, C.M. Functional evaluation for adequacy of MDCK-lineage cells in influenza research. BMC Res. Notes 2019, 12, 101. [Google Scholar] [CrossRef]

	



Hamamoto, I.; Takaku, H.; Tashiro, M.; Yamamoto, N. High Yield Production of Influenza Virus in Madin Darby Canine Kidney (MDCK) Cells with Stable Knockdown of IRF7. PLoS ONE 2013, 8, e59892. [Google Scholar] [CrossRef]

	



Bissinger, T.; Fritsch, J.; Mihut, A.; Wu, Y.; Liu, X.; Genzel, Y.; Tan, W.-S.; Reichl, U. Semi-perfusion cultures of suspension MDCK cells enable high cell concentrations and efficient influenza A virus production. Vaccine 2019. [Google Scholar] [CrossRef]

	



Ilyushina, N.A.; Ikizler, M.R.; Kawaoka, Y.; Rudenko, L.G.; Treanor, J.J.; Subbarao, K.; Wright, P.F. Comparative study of influenza virus replication in MDCK cells and in primary cells derived from adenoids and airway epithelium. J. Virol. 2012, 86, 11725–11734. [Google Scholar] [CrossRef] [PubMed]

	



Lugovtsev, V.Y.; Melnyk, D.; Weir, J.P. Heterogeneity of the MDCK Cell Line and Its Applicability for Influenza Virus Research. PLoS ONE 2013, 8, e75014. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.H.; Kwon, H.I.; Park, S.J.; Kim, Y.I.; Si, Y.J.; Lee, I.W.; Kim, S.M.; Kim, S.I.; Ahn, D.H.; Choi, Y.K. Generation of a High-Growth Influenza Vaccine Strain in MDCK Cells for Vaccine Preparedness. J. Microbiol. Biotechnol. 2018, 28, 997–1006. [Google Scholar] [CrossRef] [PubMed]

	



Brands, R.; Visser, J.; Medema, J.; Palache, A.M.; van Scharrenburg, G.J. Influvac: A safe Madin Darby Canine Kidney (MDCK) cell culture-based influenza vaccine. Dev. Biol. Stand. 1999, 98, 93–100. [Google Scholar] [PubMed]

	



Ghendon, Y.Z.; Markushin, S.G.; Akopova, I.I.; Koptiaeva, I.B.; Nechaeva, E.A.; Mazurkova, L.A.; Radaeva, I.F.; Kolokoltseva, T.D. Development of cell culture (MDCK) live cold-adapted (CA) attenuated influenza vaccine. Vaccine 2005, 23, 4678–4684. [Google Scholar] [CrossRef] [PubMed]

	



Manini, I.; Domnich, A.; Amicizia, D.; Rossi, S.; Pozzi, T.; Gasparini, R.; Panatto, D.; Montomoli, E. Flucelvax (Optaflu) for seasonal influenza. Expert Rev. Vaccines 2015, 14, 789–804. [Google Scholar] [CrossRef] [PubMed]

	



Jones, J.C.; Marathe, B.M.; Lerner, C.; Kreis, L.; Gasser, R.; Pascua, P.N.Q.; Najera, I.; Govorkova, E.A. A Novel Endonuclease Inhibitor Exhibits Broad-Spectrum Anti-Influenza Virus Activity in vitro. Antimicrob. Agents Chemother. 2016, 60, 5504. [Google Scholar] [CrossRef] [PubMed]

	



Leneva, I.A.; Falynskova, I.N.; Makhmudova, N.R.; Poromov, A.A.; Yatsyshina, S.B.; Maleev, V.V. Umifenovir susceptibility monitoring and characterization of influenza viruses isolated during ARBITR clinical study. J. Med. Virol. 2019, 91, 588–597. [Google Scholar] [CrossRef] [PubMed]

	



Furuta, Y.; Komeno, T.; Nakamura, T. Favipiravir (T-705), a broad spectrum inhibitor of viral RNA polymerase. Proc. Jpn Acad. Ser. B Phys. Biol. Sci. 2017, 93, 449–463. [Google Scholar] [CrossRef] [PubMed]

	



Atkins, C.; Evans, C.W.; Nordin, B.; Patricelli, M.P.; Reynolds, R.; Wennerberg, K.; Noah, J.W. Global Human-Kinase Screening Identifies Therapeutic Host Targets against Influenza. J. Biomol. Screen. 2014, 19, 936–946. [Google Scholar] [CrossRef] [PubMed]

	



Bakre, A.; Andersen, L.E.; Meliopoulos, V.; Coleman, K.; Yan, X.; Brooks, P.; Crabtree, J.; Tompkins, S.M.; Tripp, R.A. Identification of Host Kinase Genes Required for Influenza Virus Replication and the Regulatory Role of MicroRNAs. PLoS ONE 2013, 8, e66796. [Google Scholar] [CrossRef] [PubMed]

	



Dudek, S.E.; Nitzsche, K.; Ludwig, S.; Ehrhardt, C. Influenza A viruses suppress cyclooxygenase-2 expression by affecting its mRNA stability. Sci. Rep. 2016, 6, 27275. [Google Scholar] [CrossRef] [PubMed]

	



Feng, W.; Sun, X.; Shi, N.; Zhang, M.; Guan, Z.; Duan, M. Influenza a virus NS1 protein induced A20 contributes to viral replication by suppressing interferon-induced antiviral response. Biochem. Biophys. Res. Commun. 2017, 482, 1107–1113. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Sheng, C.; Gu, X.; Liu, D.; Yao, C.; Gao, S.; Chen, S.; Huang, Y.; Huang, W.; Fang, M. Suppression of Rac1 Signaling by Influenza A Virus NS1 Facilitates Viral Replication. Sci. Rep. 2016, 6, 35041. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; Tiwari, K.; Rajala, M.S. Analysis of A549 cell proteome alteration in response to recombinant influenza A virus nucleoprotein and its interaction with cellular proteins, a preliminary study. Acta Virol. 2017, 61, 56–65. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Kim, J.; Son, K.; d’Alexandry d’Orengiani, A.P.; Min, J.Y. Acid phosphatase 2 (ACP2) is required for membrane fusion during influenza virus entry. Sci. Rep. 2017, 7, 43893. [Google Scholar] [CrossRef] [PubMed]

	



McAuley, J.L.; Corcilius, L.; Tan, H.X.; Payne, R.J.; McGuckin, M.A.; Brown, L.E. The cell surface mucin MUC1 limits the severity of influenza A virus infection. Mucosal Immunol. 2017, 10, 1581–1593. [Google Scholar] [CrossRef]

	



Rialdi, A.; Hultquist, J.; Jimenez-Morales, D.; Peralta, Z.; Campisi, L.; Fenouil, R.; Moshkina, N.; Wang, Z.Z.; Laffleur, B.; Kaake, R.M.; et al. The RNA Exosome Syncs IAV-RNAPII Transcription to Promote Viral Ribogenesis and Infectivity. Cell 2017, 169, 679–692. [Google Scholar] [CrossRef]

	



Sadewasser, A.; Paki, K.; Eichelbaum, K.; Bogdanow, B.; Saenger, S.; Budt, M.; Lesch, M.; Hinz, K.P.; Herrmann, A.; Meyer, T.F.; et al. Quantitative Proteomic Approach Identifies Vpr Binding Protein as Novel Host Factor Supporting Influenza A Virus Infections in Human Cells. Mol. Cell. Proteom. 2017, 16, 728–742. [Google Scholar] [CrossRef]

	



Seong, R.K.; Choi, Y.K.; Shin, O.S. MDA7/IL-24 is an anti-viral factor that inhibits influenza virus replication. J. Microbiol. 2016, 54, 695–700. [Google Scholar] [CrossRef]

	



Tanner, L.B.; Chng, C.; Guan, X.L.; Lei, Z.; Rozen, S.G.; Wenk, M.R. Lipidomics identifies a requirement for peroxisomal function during influenza virus replication. J. Lipid Res. 2014, 55, 1357–1365. [Google Scholar] [CrossRef] [PubMed]

	



Terrier, O.; Carron, C.; De Chassey, B.; Dubois, J.; Traversier, A.; Julien, T.; Cartet, G.; Proust, A.; Hacot, S.; Ressnikoff, D.; et al. Nucleolin interacts with influenza A nucleoprotein and contributes to viral ribonucleoprotein complexes nuclear trafficking and efficient influenza viral replication. Sci. Rep. 2016, 6, 29006. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Liu, H.; Luo, J.; Chen, L.; Li, M.; Su, W.; Zhao, N.; Liu, S.; Xie, L.; Jia, Y.; et al. HA Triggers the Switch from MEK1 SUMOylation to Phosphorylation of the ERK Pathway in Influenza A Virus-Infected Cells and Facilitates Its Infection. Front. Cell. Infect. Microbiol. 2017, 7, 27. [Google Scholar] [CrossRef]

	



Zhu, C.; Peng, G.; Yi, W.; Song, H.; Liu, F.; Liu, X. The Influenza A Virus Non-structural Protein NS1 Upregulates The Expression of Collagen Triple Helix Repeat Containing 1 Protein. Scand. J. Immunol. 2016, 84, 365–369. [Google Scholar] [CrossRef] [PubMed]

	



Heaton, B.E.; Kennedy, E.M.; Dumm, R.E.; Harding, A.T.; Sacco, M.T.; Sachs, D.; Heaton, N.S. A CRISPR Activation Screen Identifies a Pan-avian Influenza Virus Inhibitory Host Factor. Cell Rep. 2017, 20, 1503–1512. [Google Scholar] [CrossRef]

	



Gerlach, T.; Hensen, L.; Matrosovich, T.; Bergmann, J.; Winkler, M.; Peteranderl, C.; Klenk, H.D.; Weber, F.; Herold, S.; Pohlmann, S.; et al. pH Optimum of Hemagglutinin-Mediated Membrane Fusion Determines Sensitivity of Influenza A Viruses to the Interferon-Induced Antiviral State and IFITMs. J. Virol. 2017, 91, e00246-17. [Google Scholar] [CrossRef]

	



Liu, C.L.; Hung, H.C.; Lo, S.C.; Chiang, C.H.; Chen, I.J.; Hsu, J.T.; Hou, M.H. Using mutagenesis to explore conserved residues in the RNA-binding groove of influenza A virus nucleoprotein for antiviral drug development. Sci. Rep. 2016, 6, 21662. [Google Scholar] [CrossRef] [PubMed]

	



Courtin, N.; Fotso, A.F.; Fautrad, P.; Mas, F.; Alessi, M.C.; Riteau, B. Antiviral activity of formyl peptide receptor 2 antagonists against influenza viruses. Antivir. Res. 2017, 143, 252–261. [Google Scholar] [CrossRef]

	



Haasbach, E.; Muller, C.; Ehrhardt, C.; Schreiber, A.; Pleschka, S.; Ludwig, S.; Planz, O. The MEK-inhibitor CI-1040 displays a broad anti-influenza virus activity in vitro and provides a prolonged treatment window compared to standard of care in vivo. Antivir. Res. 2017, 142, 178–184. [Google Scholar] [CrossRef] [PubMed]

	



Böttcher-Friebertshäuser, E.; Stein, D.A.; Klenk, H.-D.; Garten, W. Inhibition of Influenza Virus Infection in Human Airway Cell Cultures by an Antisense Peptide-Conjugated Morpholino Oligomer Targeting the Hemagglutinin-Activating Protease TMPRSS2. J. Virol. 2011, 85, 1554–1562. [Google Scholar] [CrossRef]

	



Thomas, P.; Smart, T.G. HEK293 cell line: A vehicle for the expression of recombinant proteins. J. Pharmacol. Toxicol. Methods 2005, 51, 187–200. [Google Scholar] [CrossRef] [PubMed]

	



Govorkova, E.A.; Murti, G.; Meignier, B.; de Taisne, C.; Webster, R.G. African green monkey kidney (Vero) cells provide an alternative host cell system for influenza A and B viruses. J. Virol. 1996, 70, 5519–5524. [Google Scholar] [PubMed]

	



Macfarlane, D.E.; Sommerville, R.G. VERO cells (cercopithecus aethiops kidney)—Growth characteristics and viral susceptibility for use in diagnostic virology. Archiv für die gesamte Virusforschung 1969, 27, 379–385. [Google Scholar] [CrossRef] [PubMed]

	



Margine, I.; Krammer, F. Animal models for influenza viruses: Implications for universal vaccine development. Pathogens 2014, 3, 845–874. [Google Scholar] [CrossRef] [PubMed]

	



Oh, D.Y.; Hurt, A.C. Using the Ferret as an Animal Model for Investigating Influenza Antiviral Effectiveness. Front. Microbiol. 2016, 7, 80. [Google Scholar] [CrossRef] [PubMed]

	



Mifsud, E.J.; Tai, C.M.K.; Hurt, A.C. Animal models used to assess influenza antivirals. Expert Opin. Drug Discov. 2018, 13, 1131–1139. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, L.; Nogales, A.; Martínez-Sobrido, L. Influenza A Virus Studies in a Mouse Model of Infection. JoVE 2017, e55898. [Google Scholar] [CrossRef]

	



Ashenberg, O.; Padmakumar, J.; Doud, M.B.; Bloom, J.D. Deep mutational scanning identifies sites in influenza nucleoprotein that affect viral inhibition by MxA. PLoS Pathog. 2017, 13, e1006288. [Google Scholar] [CrossRef]

	



Deeg, C.M.; Hassan, E.; Mutz, P.; Rheinemann, L.; Götz, V.; Magar, L.; Schilling, M.; Kallfass, C.; Nürnberger, C.; Soubies, S.; et al. In vivo evasion of MxA by avian influenza viruses requires human signature in the viral nucleoprotein. J. Exp. Med. 2017. [Google Scholar] [CrossRef]

	



Götz, V.; Magar, L.; Dornfeld, D.; Giese, S.; Pohlmann, A.; Höper, D.; Kong, B.-W.; Jans, D.A.; Beer, M.; Haller, O.; et al. Influenza A viruses escape from MxA restriction at the expense of efficient nuclear vRNP import. Sci. Rep. 2016, 6, 23138. [Google Scholar] [CrossRef]

	



Imai, H.; Shinya, K.; Takano, R.; Kiso, M.; Muramoto, Y.; Sakabe, S.; Murakami, S.; Ito, M.; Yamada, S.; Le, M.t.Q.; et al. The HA and NS Genes of Human H5N1 Influenza A Virus Contribute to High Virulence in Ferrets. PLoS Pathog. 2010, 6, e1001106. [Google Scholar] [CrossRef] [PubMed]

	



Meunier, I.; von Messling, V. NS1-mediated delay of type I interferon induction contributes to influenza A virulence in ferrets. J. Gen. Virol. 2011, 92, 1635–1644. [Google Scholar] [CrossRef] [PubMed]

	



Govorkova, E.A.; Ilyushina, N.A.; Boltz, D.A.; Douglas, A.; Yilmaz, N.; Webster, R.G. Efficacy of Oseltamivir Therapy in Ferrets Inoculated with Different Clades of H5N1 Influenza Virus. Antimicrob. Agents Chemother. 2007, 51, 1414. [Google Scholar] [CrossRef] [PubMed]

	



Marriott, A.C.; Dove, B.K.; Whittaker, C.J.; Bruce, C.; Ryan, K.A.; Bean, T.J.; Rayner, E.; Pearson, G.; Taylor, I.; Dowall, S.; et al. Low Dose Influenza Virus Challenge in the Ferret Leads to Increased Virus Shedding and Greater Sensitivity to Oseltamivir. PLoS ONE 2014, 9, e94090. [Google Scholar] [CrossRef] [PubMed]

	



Panozzo, J.; Oh, D.Y.; Margo, K.; Morton, D.A.; Piedrafita, D.; Mosse, J.; Hurt, A.C. Evaluation of a dry powder delivery system for laninamivir in a ferret model of influenza infection. Antivir. Res. 2015, 120, 66–71. [Google Scholar] [CrossRef] [PubMed]

	



Messaoudi, I.; Estep, R.; Robinson, B.; Wong, S.W. Nonhuman primate models of human immunology. Antioxid. Redox Signal. 2011, 14, 261–273. [Google Scholar] [CrossRef] [PubMed]

	



Van Riel, D.; Munster, V.J.; de Wit, E.; Rimmelzwaan, G.F.; Fouchier, R.A.M.; Osterhaus, A.D.M.E.; Kuiken, T. Human and avian influenza viruses target different cells in the lower respiratory tract of humans and other mammals. Am. J. Pathol. 2007, 171, 1215–1223. [Google Scholar] [CrossRef] [PubMed]

	



Judge, E.P.; Hughes, J.M.L.; Egan, J.J.; Maguire, M.; Molloy, E.L.; O’Dea, S. Anatomy and Bronchoscopy of the Porcine Lung. A Model for Translational Respiratory Medicine. Am. J. Respir. Cell Mol. Biol. 2014, 51, 334–343. [Google Scholar] [CrossRef] [PubMed]

	



Swindle, M.M.; Makin, A.; Herron, A.J.; Clubb, F.J.; Frazier, K.S. Swine as Models in Biomedical Research and Toxicology Testing. Vet. Pathol. 2011, 49, 344–356. [Google Scholar] [CrossRef] [PubMed]

	



Yanagida, M. The model unicellular eukaryote, Schizosaccharomyces pombe. Genome Biol. 2002, 3, COMMENT2003. [Google Scholar] [CrossRef] [PubMed]

	



Ljungdahl, P.O.; Daignan-Fornier, B. Regulation of amino acid, nucleotide, and phosphate metabolism in Saccharomyces cerevisiae. Genetics 2012, 190, 885–929. [Google Scholar] [CrossRef] [PubMed]

	



Petranovic, D.; Nielsen, J. Can yeast systems biology contribute to the understanding of human disease? Trends Biotechnol. 2008, 26, 584–590. [Google Scholar] [CrossRef] [PubMed]

	



Engelberg, D.; Perlman, R.; Levitzki, A. Transmembrane signaling in Saccharomyces cerevisiae as a model for signaling in metazoans: State of the art after 25years. Cell. Signal. 2014, 26, 2865–2878. [Google Scholar] [CrossRef]

	



Engelberg, D.; Perlman, R.; Levitzki, A. Transmembrane signalling in Saccharomyces cerevisiae. Cell. Signal. 1989, 1, 1–7. [Google Scholar] [CrossRef]

	



Herkowitz, I. Yeast as the universal cell. Nature 1985, 316, 678–679. [Google Scholar] [CrossRef]

	



Hanes, S.D.; Koren, R.; Bostian, K.A. Control of cell growth and division in Saccharomyces cerevisiae. Crit. Rev. Biochem. 1986, 21, 153–223. [Google Scholar] [CrossRef]

	



Vella, F. Molecular Biology of the Gene vols 1 and 2 by J D Watson, N H Hopkins, J W Roberts, J A Steitz and A M Weiner. pp 765 and 442. Benjamin-Cummings, Menlo Park California. 1987 ISBN 0-8053-9612-8 and 9613-8. Biochem. Educ. 1988, 16, 110–111. [Google Scholar]

	



Skrzypek, M.S.; Nash, R.S.; Wong, E.D.; MacPherson, K.A.; Hellerstedt, S.T.; Engel, S.R.; Karra, K.; Weng, S.; Sheppard, T.K.; Binkley, G.; et al. Saccharomyces genome database informs human biology. Nucleic Acids Res. 2018, 46, D736–D742. [Google Scholar] [CrossRef]

	



Arnoldo, A.; Curak, J.; Kittanakom, S.; Chevelev, I.; Lee, V.T.; Sahebol-Amri, M.; Koscik, B.; Ljuma, L.; Roy, P.J.; Bedalov, A.; et al. Identification of Small Molecule Inhibitors of Pseudomonas aeruginosa Exoenzyme S Using a Yeast Phenotypic Screen. PLoS Genet. 2008, 4, e1000005. [Google Scholar] [CrossRef]

	



Popa, C.; Coll, N.S.; Valls, M.; Sessa, G. Yeast as a Heterologous Model System to Uncover Type III Effector Function. PLoS Pathog. 2016, 12, e1005360. [Google Scholar] [CrossRef]

	



McEwan, I.J. Bakers yeast rises to the challenge: Reconstitution of mammalian steroid receptor signalling in S. cerevisiae. Trends Genet. 2001, 17, 239–243. [Google Scholar] [CrossRef]

	



Engelberg, D.; Livnah, O. Isolation of intrinsically active mutants of MAP kinases via genetic screens in yeast. Methods 2006, 40, 255–261. [Google Scholar] [CrossRef] [PubMed]

	



Goshen-Lago, T.; Melamed, D.; Admon, A.; Engelberg, D. Isolation and Characterization of Intrinsically Active (MEK-Independent) Mutants of Mpk1/Erk. In ERK Signaling: Methods and Protocols; Jimenez, G., Ed.; Springer: New York, NY, USA, 2017; pp. 65–88. [Google Scholar] [CrossRef]

	



Dever, T.E.; Chen, J.J.; Barber, G.N.; Cigan, A.M.; Feng, L.; Donahue, T.F.; London, I.M.; Katze, M.G.; Hinnebusch, A.G. Mammalian eukaryotic initiation factor 2 alpha kinases functionally substitute for GCN2 protein kinase in the GCN4 translational control mechanism of yeast. Proc. Natl. Acad. Sci. USA 1993, 90, 4616–4620. [Google Scholar] [CrossRef]

	



Minic, J.; Persuy, M.-A.; Godel, E.; Aioun, J.; Connerton, I.; Salesse, R.; Pajot-Augy, E. Functional expression of olfactory receptors in yeast and development of a bioassay for odorant screening. FEBS J. 2005, 272, 524–537. [Google Scholar] [CrossRef] [PubMed]

	



Van Wyk, N.; Kroukamp, H.; Pretorius, I.S. The Smell of Synthetic Biology: Engineering Strategies for Aroma Compound Production in Yeast. Fermentation 2018, 4, 54. [Google Scholar] [CrossRef]

	



Bähler, J.; Wu, J.-Q.; Longtine, M.S.; Shah, N.G.; Mckenzie, A., III; Steever, A.B.; Wach, A.; Philippsen, P.; Pringle, J.R. Heterologous modules for efficient and versatile PCR-based gene targeting in Schizosaccharomyces pombe. Yeast 1998, 14, 943–951. [Google Scholar] [CrossRef]

	



Longtine, M.S.; Mckenzie, A., III; Demarini, D.J.; Shah, N.G.; Wach, A.; Brachat, A.; Philippsen, P.; Pringle, J.R. Additional modules for versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevisiae. Yeast 1998, 14, 953–961. [Google Scholar] [CrossRef]

	



Frieman, M.; Basu, D.; Matthews, K.; Taylor, J.; Jones, G.; Pickles, R.; Baric, R.; Engel, D.A. Yeast Based Small Molecule Screen for Inhibitors of SARS-CoV. PLoS ONE 2011, 6, e28479. [Google Scholar] [CrossRef]

	



Ahmad, M.; Hirz, M.; Pichler, H.; Schwab, H. Protein expression in Pichia pastoris: Recent achievements and perspectives for heterologous protein production. Appl. Microbiol. Biotechnol. 2014, 98, 5301–5317. [Google Scholar] [CrossRef]

	



Hwang, J.-S.; Yamada, K.; Honda, A.; Nakade, K.; Ishihama, A. Expression of Functional Influenza Virus RNA Polymerase in the Methylotrophic Yeast Pichia pastoris. J. Virol. 2000, 74, 4074–4084. [Google Scholar] [CrossRef]

	



Kopera, E.; Dwornyk, A.; Kosson, P.; Florys, K.; Saczynska, V.; Debski, J.; Cecuda-Adamczewska, V.; Szewczyk, B.; Zagorski-Ostoja, W.; Grzelak, K. Expression, purification and characterization of glycosylated influenza H5N1 hemagglutinin produced in Pichia pastoris. Acta Biochim. Pol. 2014, 61, 597–602. [Google Scholar] [CrossRef] [PubMed]

	



Jabbar, M.A.; Sivasubramanian, N.; Nayak, D.P. Influenza Viral (A/WSN/33) Hemagglutinin is Expressed and Glycosylated in the Yeast Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 1985, 82, 2019–2023. [Google Scholar] [CrossRef] [PubMed]

	



Abdul Jabbar, M.; Nayak, D.P. Signal processing, glycosylation, and secretion of mutant hemagglutinins of a human influenza virus by Saccharomyces cerevisiae. Mol. Cell Biol. 1987, 7, 1476–1485. [Google Scholar] [CrossRef] [PubMed]

	



Ward, A.C.; Azad, A.A.; Macreadie, I.G. Expression and characterisation of the influenza A virus non-structural protein NS1 in yeast. Arch. Virol. 1994, 138, 299–314. [Google Scholar] [CrossRef] [PubMed]

	



Ward, A.C.; Castelli, L.A.; Lucantoni, A.C.; White, J.F.; Azad, A.A.; Macreadie, I.G. Expression and analysis of the NS2 protein of influenza A virus. Arch. Virol. 1995, 140, 2067–2073. [Google Scholar] [CrossRef]

	



Hahnenberger, K.M.; Krystal, M.; Esposito, K.; Tang, W.; Kurtz, S. Use of microphysiometry for analysis of heterologous ion channels expressed in yeast. Nat. Biotechnol. 1996, 14, 880–883. [Google Scholar] [CrossRef] [PubMed]

	



Oishi, K.; Yamayoshi, S.; Kawaoka, Y. Identification of novel amino acid residues of influenza virus PA-X that are important for PA-X shutoff activity by using yeast. Virology 2018, 516, 71–75. [Google Scholar] [CrossRef]

	



Shigemori, T.; Nagayama, M.; Yamada, J.; Miura, N.; Yongkiettrakul, S.; Kuroda, K.; Katsuragi, T.; Ueda, M. Construction of a convenient system for easily screening inhibitors of mutated influenza virus neuraminidases. FEBS Open Bio 2013, 3, 484–489. [Google Scholar] [CrossRef]

	



Basu, D.; Walkiewicz, M.P.; Frieman, M.; Baric, R.S.; Auble, D.T.; Engel, D.A. Novel Influenza Virus NS1 Antagonists Block Replication and Restore Innate Immune Function. J. Virol. 2009, 83, 1881–1891. [Google Scholar] [CrossRef]

	



Kurtz, S.; Luo, G.; Hahnenberger, K.M.; Brooks, C.; Gecha, O.; Ingalls, K.; Numata, K.; Krystal, M. Growth impairment resulting from expression of influenza virus M2 protein in Saccharomyces cerevisiae: Identification of a novel inhibitor of influenza virus. Antimicrob. Agents Chemother. 1995, 39, 2204–2209. [Google Scholar] [CrossRef]

	



Balgi, A.D.; Wang, J.; Cheng, D.Y.H.; Ma, C.; Pfeifer, T.A.; Shimizu, Y.; Anderson, H.J.; Pinto, L.H.; Lamb, R.A.; DeGrado, W.F.; et al. Inhibitors of the Influenza A Virus M2 Proton Channel Discovered Using a High-Throughput Yeast Growth Restoration Assay. PLoS ONE 2013, 8, e55271. [Google Scholar] [CrossRef] [PubMed]

	



Arns, S.; Balgi, A.D.; Shimizu, Y.; Pfeifer, T.A.; Kumar, N.; Shidmoossavee, F.S.; Sun, S.; Tai, S.S.H.; Agafitei, O.; Jaquith, J.B.; et al. Novel spirothiazamenthane inhibitors of the influenza A M2 proton channel. Eur. J. Med. Chem. 2016, 120, 64–73. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Tang, Q.; Xu, Z.; Li, S.; Jin, M.; Zhao, Z.; Dong, C.; Wu, S.; Zhou, H.-B. Synthesis and structure-activity relationship study of arylsulfonamides as novel potent H5N1 inhibitors. Eur. J. Med. Chem. 2018, 159, 206–216. [Google Scholar] [CrossRef] [PubMed]

	



Staeheli, P.; Pitossi, F.; Pavlovic, J. Mx proteins: GTPases with antiviral activity. Trends Cell Biol. 1993, 3, 268–272. [Google Scholar] [CrossRef]

	



Vater, C.A.; Raymond, C.K.; Ekena, K.; Howald-Stevenson, I.; Stevens, T.H. The VPS1 protein, a homolog of dynamin required for vacuolar protein sorting in Saccharomyces cerevisiae, is a GTPase with two functionally separable domains. J. Cell Biol. 1992, 119, 773–786. [Google Scholar] [CrossRef] [PubMed]

	



Jones, B.A.; Fangman, W.L. Mitochondrial DNA maintenance in yeast requires a protein containing a region related to the GTP-binding domain of dynamin. Genes Dev. 1992, 6, 380–389. [Google Scholar] [CrossRef] [PubMed]

	



Hooker, L.; Strong, R.; Adams, R.; Handa, B.; Merrett, J.H.; Martin, J.A.; Klumpp, K. A sensitive, single-tube assay to measure the enzymatic activities of influenza RNA polymerase and other poly(A) polymerases: Application to kinetic and inhibitor analysis. Nucleic Acids Res. 2001, 29, 2691–2698. [Google Scholar] [CrossRef] [PubMed]

	



Park, Y.W.; Wilusz, J.; Katze, M.G. Regulation of eukaryotic protein synthesis: Selective influenza viral mRNA translation is mediated by the cellular RNA-binding protein GRSF-1. Proc. Natl. Acad. Sci. USA 1999, 96, 6694–6699. [Google Scholar] [CrossRef] [PubMed]

	



Simon, J.-P.; Ivanov, I.E.; Shopsin, B.; Hersh, D.; Adesnik, M.; Sabatini, D.D. The in Vitro Generation of Post-Golgi Vesicles Carrying Viral Envelope Glycoproteins Requires an ARF-like GTP-binding Protein and a Protein Kinase C Associated with the Golgi Apparatus. J. Biol. Chem. 1996, 271, 16952–16961. [Google Scholar] [CrossRef]

	



De Chassey, B.; Aublin-Gex, A.; Ruggieri, A.; Meyniel-Schicklin, L.; Pradezynski, F.; Davoust, N.; Chantier, T.; Tafforeau, L.; Mangeot, P.E.; Ciancia, C.; et al. The interactomes of influenza virus NS1 and NS2 proteins identify new host factors and provide insights for ADAR1 playing a supportive role in virus replication. PLoS Pathog. 2013, 9, e1003440. [Google Scholar] [CrossRef]

	



Lee, J.H.; Kim, S.H.; Pascua, P.N.; Song, M.S.; Baek, Y.H.; Jin, X.; Choi, J.K.; Kim, C.J.; Kim, H.; Choi, Y.K. Direct interaction of cellular hnRNP-F and NS1 of influenza A virus accelerates viral replication by modulation of viral transcriptional activity and host gene expression. Virology 2010, 397, 89–99. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Wang, G.; Zeng, J.; Zhang, D.; Zhang, H.; Chen, X.; Chen, Y.; Li, K. Differential transcription-activating capability of NS1 proteins from different influenza virus subtypes expressed in yeast. Sci. China Ser. C Life Sci. 2009, 52, 545–550. [Google Scholar] [CrossRef] [PubMed]

	



Nemeroff, M.E.; Qian, X.-Y.; Krug, R.M. The Influenza Virus NS1 Protein Forms Multimers in Vitro and in Vivo. Virology 1995, 212, 422–428. [Google Scholar] [CrossRef] [PubMed]

	



Ngamurulert, S.; Limjindaporn, T.; Auewaraku, P. Identification of cellular partners of Influenza A virus (H5N1) non-structural protein NS1 by yeast two-hybrid system. Acta Virol. 2009, 53, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.L.; Katze, M.G. Biochemical and genetic evidence for complex formation between the influenza A virus NS1 protein and the interferon-induced PKR protein kinase. J. Interferon Cytokine Res. 1998, 18, 757–766. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Li, X.; Wang, Y.; Li, B.; Li, H.; Li, Y.; Zhou, W.; Zhang, C.; Wang, Y.; Rao, Z.; et al. PDlim2 selectively interacts with the PDZ binding motif of highly pathogenic avian H5N1 influenza A virus NS1. PLoS ONE 2011, 6, e19511. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, W.; Wang, G.; Su, Y.; Zhang, C.; Chen, X.; Xu, Y.; Li, K. The distinct binding properties between avian/human influenza A virus NS1 and Postsynaptic density protein-95 (PSD-95), and inhibition of nitric oxide production. Virol. J. 2011, 8, 298. [Google Scholar] [CrossRef] [PubMed]

	



Wolff, T.; O’Neill, R.E.; Palese, P. Interaction cloning of NS1-I, a human protein that binds to the nonstructural NS1 proteins of influenza A and B viruses. J. Virol. 1996, 70, 5363–5372. [Google Scholar]

	



Wolff, T.; O’Neill, R.E.; Palese, P. NS1-Binding protein (NS1-BP): A novel human protein that interacts with the influenza A virus nonstructural NS1 protein is relocalized in the nuclei of infected cells. J. Virol. 1998, 72, 7170–7180. [Google Scholar] [PubMed]

	



Falcón, A.M.; Fortes, P.; Marión, R.M.; Beloso, A.; Ortín, J. Interaction of influenza virus NS1 protein and the human homologue of Staufen in vivo and in vitro. Nucleic Acids Res. 1999, 27, 2241–2247. [Google Scholar] [CrossRef]

	



Zhang, L.; Das, P.; Schmolke, M.; Manicassamy, B.; Wang, Y.; Deng, X.; Cai, L.; Tu, B.P.; Forst, C.V.; Roth, M.G.; et al. Inhibition of pyrimidine synthesis reverses viral virulence factor-mediated block of mRNA nuclear export. J. Cell Biol. 2012, 196, 315–326. [Google Scholar] [CrossRef] [PubMed]

	



Miranda, E.; Forafonov, F.; Tavassoli, A. Deciphering interactions used by the influenza virus NS1 protein to silence the host antiviral sensor protein RIG-I using a bacterial reverse two-hybrid system. Mol. Biosyst. 2011, 7, 1042–1045. [Google Scholar] [CrossRef] [PubMed]

	



Xu, K.; Klenk, C.; Liu, B.; Keiner, B.; Cheng, J.; Zheng, B.J.; Li, L.; Han, Q.; Wang, C.; Li, T.; et al. Modification of nonstructural protein 1 of influenza A virus by SUMO1. J. Virol. 2011, 85, 1086–1098. [Google Scholar] [CrossRef] [PubMed]

	



Fournier, G.; Chiang, C.; Munier, S.; Tomoiu, A.; Demeret, C.; Vidalain, P.O.; Jacob, Y.; Naffakh, N. Recruitment of RED-SMU1 complex by Influenza A Virus RNA polymerase to control Viral mRNA splicing. PLoS Pathog. 2014, 10, e1004164. [Google Scholar] [CrossRef]

	



Gao, S.; Wu, J.; Liu, R.Y.; Li, J.; Song, L.; Teng, Y.; Sheng, C.; Liu, D.; Yao, C.; Chen, H.; et al. Interaction of NS2 with AIMP2 facilitates the switch from ubiquitination to SUMOylation of M1 in influenza A virus-infected cells. J. Virol. 2015, 89, 300–311. [Google Scholar] [CrossRef]

	



Chen, J.; Huang, S.; Chen, Z. Human cellular protein nucleoporin hNup98 interacts with influenza A virus NS2/nuclear export protein and overexpression of its GLFG repeat domain can inhibit virus propagation. J. Gen. Virol. 2010, 91, 2474–2484. [Google Scholar] [CrossRef]

	



O’Neill, R.E.; Talon, J.; Palese, P. The influenza virus NEP (NS2 protein) mediates the nuclear export of viral ribonucleoproteins. EMBO J. 1998, 17, 288–296. [Google Scholar] [CrossRef]

	



Balasubramaniam, V.R.; Wai, T.H.; Tejo, B.A.; Omar, A.R.; Hassan, S.S. Highly pathogenic avian influenza virus nucleoprotein interacts with TREX complex adaptor protein Aly/REF. PLoS ONE 2013, 8, e72429. [Google Scholar] [CrossRef]

	



Generous, A.; Thorson, M.; Barcus, J.; Jacher, J.; Busch, M.; Sleister, H. Identification of putative interactions between swine and human influenza A virus nucleoprotein and human host proteins. Virol. J. 2014, 11, 228. [Google Scholar] [CrossRef]

	



Momose, F.; Basler, C.F.; O’Neill, R.E.; Iwamatsu, A.; Palese, P.; Nagata, K. Cellular splicing factor RAF-2p48/NPI-5/BAT1/UAP56 interacts with the influenza virus nucleoprotein and enhances viral RNA synthesis. J. Virol. 2001, 75, 1899–1908. [Google Scholar] [CrossRef]

	



Nailwal, H.; Sharma, S.; Mayank, A.K.; Lal, S.K. The nucleoprotein of influenza A virus induces p53 signaling and apoptosis via attenuation of host ubiquitin ligase RNF43. Cell Death Dis. 2015, 6, e1768. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, K.; Tripathi, S.; Ranjan, P.; Kumar, P.; Garten, R.; Deyde, V.; Katz, J.M.; Cox, N.J.; Lal, R.B.; Sambhara, S.; et al. Influenza A virus nucleoprotein exploits Hsp40 to inhibit PKR activation. PLoS ONE 2011, 6, e20215. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Palese, P.; O’Neill, R.E. The NPI-1/NPI-3 (karyopherin alpha) binding site on the influenza a virus nucleoprotein NP is a nonconventional nuclear localization signal. J. Virol. 1997, 71, 1850–1856. [Google Scholar] [PubMed]

	



Luo, W.; Zhang, J.; Liang, L.; Wang, G.; Li, Q.; Zhu, P.; Zhou, Y.; Li, J.; Zhao, Y.; Sun, N.; et al. Phospholipid scramblase 1 interacts with influenza A virus NP, impairing its nuclear import and thereby suppressing virus replication. PLoS Pathog. 2018, 14, e1006851. [Google Scholar] [CrossRef] [PubMed]

	



Alfonso, R.; Lutz, T.; Rodriguez, A.; Chavez, J.P.; Rodriguez, P.; Gutierrez, S.; Nieto, A. CHD6 chromatin remodeler is a negative modulator of influenza virus replication that relocates to inactive chromatin upon infection. Cell. Microbiol. 2011, 13, 1894–1906. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, W.B.; Shih, J.L.; Shih, J.R.; Du, J.L.; Teng, S.C.; Huang, L.M.; Wang, W.B. Cellular protein HAX1 interacts with the influenza A virus PA polymerase subunit and impedes its nuclear translocation. J. Virol. 2013, 87, 110–123. [Google Scholar] [CrossRef] [PubMed]

	



Huarte, M.; Sanz-Ezquerro, J.J.; Roncal, F.; Ortin, J.; Nieto, A. PA subunit from influenza virus polymerase complex interacts with a cellular protein with homology to a family of transcriptional activators. J. Virol. 2001, 75, 8597–8604. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, A.; Perez-Gonzalez, A.; Nieto, A. Cellular human CLE/C14orf166 protein interacts with influenza virus polymerase and is required for viral replication. J. Virol. 2011, 85, 12062–12066. [Google Scholar] [CrossRef]

	



Honda, A.; Okamoto, T.; Ishihama, A. Host factor Ebp1: Selective inhibitor of influenza virus transcriptase. Genes Cells Devoted Mol. Cell. Mech. 2007, 12, 133–142. [Google Scholar] [CrossRef] [PubMed]

	



Wei, X.; Liu, Z.; Wang, J.; Yang, R.; Yang, J.; Guo, Y.; Tan, H.; Chen, H.; Liu, Q.; Liu, L. The interaction of cellular protein ANP32A with influenza A virus polymerase component PB2 promotes vRNA synthesis. Arch. Virol. 2019. [Google Scholar] [CrossRef]

	



Kumar, P.; Gaur, P.; Kumari, R.; Lal, S.K. Influenza A virus neuraminidase protein interacts with Hsp90, to stabilize itself and enhance cell survival. J. Cell. Biochem. 2019, 120, 6449–6458. [Google Scholar] [CrossRef] [PubMed]

	



Reinhardt, J.; Wolff, T. The influenza A virus M1 protein interacts with the cellular receptor of activated C kinase (RACK) 1 and can be phosphorylated by protein kinase C. Vet. Microbiol 2000, 74, 87–100. [Google Scholar] [CrossRef]

	



Huang, S.; Chen, J.; Wang, H.; Sun, B.; Wang, H.; Zhang, Z.; Zhang, X.; Chen, Z. Influenza A virus matrix protein 1 interacts with hTFIIIC102-s, a short isoform of the polypeptide 3 subunit of human general transcription factor IIIC. Arch. Virol. 2009, 154, 1101–1110. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Sun, L.; Yu, M.; Wang, Z.; Xu, C.; Xue, Q.; Zhang, K.; Ye, X.; Kitamura, Y.; Liu, W. Cyclophilin A interacts with influenza A virus M1 protein and impairs the early stage of the viral replication. Cell. Microbiol. 2009, 11, 730–741. [Google Scholar] [CrossRef]

	



Zhu, L.; Zhao, W.; Lu, J.; Li, S.; Zhou, K.; Jiang, W.; Duan, X.; Fu, L.; Yu, B.; Cai, K.Q.; et al. Influenza virus matrix protein M1 interacts with SLD5 to block host cell cycle. Cell. Microbiol. 2019, 21, e13038. [Google Scholar] [CrossRef] [PubMed]

	



Guan, Z.; Liu, D.; Mi, S.; Zhang, J.; Ye, Q.; Wang, M.; Gao, G.F.; Yan, J. Interaction of Hsp40 with influenza virus M2 protein: Implications for PKR signaling pathway. Protein Cell 2010, 1, 944–955. [Google Scholar] [CrossRef]

	



Mi, S.; Li, Y.; Yan, J.; Gao, G.F. Na(+)/K (+)-ATPase beta1 subunit interacts with M2 proteins of influenza A and B viruses and affects the virus replication. Sci. China Life Sci. 2010, 53, 1098–1105. [Google Scholar] [CrossRef]

	



Ma, H.; Kien, F.; Manière, M.; Zhang, Y.; Lagarde, N.; Tse, K.S.; Poon, L.L.M.; Nal, B. Human Annexin A6 Interacts with Influenza A Virus Protein M2 and Negatively Modulates Infection. J. Virol. 2012, 86, 1789–1801. [Google Scholar] [CrossRef]

	



Fan, Y.; Mok, C.K.; Chan, M.C.; Zhang, Y.; Nal, B.; Kien, F.; Bruzzone, R.; Sanyal, S. Cell Cycle-independent Role of Cyclin D3 in Host Restriction of Influenza Virus Infection. J. Biol. Chem. 2017, 292, 5070–5088. [Google Scholar] [CrossRef]

	



Zhu, P.; Liang, L.; Shao, X.; Luo, W.; Jiang, S.; Zhao, Q.; Sun, N.; Zhao, Y.; Li, J.; Wang, J.; et al. Host Cellular Protein TRAPPC6ADelta Interacts with Influenza A Virus M2 Protein and Regulates Viral Propagation by Modulating M2 Trafficking. J. Virol. 2017, 91. [Google Scholar] [CrossRef]

	



Mazur, I.; Anhlan, D.; Mitzner, D.; Wixler, L.; Schubert, U.; Ludwig, S. The proapoptotic influenza A virus protein PB1-F2 regulates viral polymerase activity by interaction with the PB1 protein. Cell. Microbiol. 2008, 10, 1140–1152. [Google Scholar] [CrossRef]

	



Mitzner, D.; Dudek, S.E.; Studtrucker, N.; Anhlan, D.; Mazur, I.; Wissing, J.; Jansch, L.; Wixler, L.; Bruns, K.; Sharma, A.; et al. Phosphorylation of the influenza A virus protein PB1-F2 by PKC is crucial for apoptosis promoting functions in monocytes. Cell. Microbiol. 2009, 11, 1502–1516. [Google Scholar] [CrossRef] [PubMed]

	



Guan, Z.H.; Zhang, M.L.; Hou, P.L.; Duan, M.; Cui, Y.M.; Wang, X.R. Identification of cellular proteins interacting with influenza A virus PB1-F2 protein. Acta Virol. 2012, 56, 199–207. [Google Scholar] [CrossRef] [PubMed]

	



Reis, A.L.; McCauley, J.W. The influenza virus protein PB1-F2 interacts with IKKbeta and modulates NF-kappaB signalling. PLoS ONE 2013, 8, e63852. [Google Scholar] [CrossRef] [PubMed]

	



Leymarie, O.; Meyer, L.; Tafforeau, L.; Lotteau, V.; Costa, B.D.; Delmas, B.; Chevalier, C.; Le Goffic, R. Influenza virus protein PB1-F2 interacts with CALCOCO2 (NDP52) to modulate innate immune response. J. Gen. Virol. 2017, 98, 1196–1208. [Google Scholar] [CrossRef] [PubMed]

	



Miyake, Y.; Ishii, K.; Honda, A. Influenza Virus Infection Induces Host Pyruvate Kinase M Which Interacts with Viral RNA-Dependent RNA Polymerase. Front. Microbiol. 2017, 8, 162. [Google Scholar] [CrossRef]

	



Tafforeau, L.; Chantier, T.; Pradezynski, F.; Pellet, J.; Mangeot, P.E.; Vidalain, P.O.; Andre, P.; Rabourdin-Combe, C.; Lotteau, V. Generation and comprehensive analysis of an influenza virus polymerase cellular interaction network. J. Virol. 2011, 85, 13010–13018. [Google Scholar] [CrossRef] [PubMed]

	



Shapira, S.D.; Gat-Viks, I.; Shum, B.O.; Dricot, A.; de Grace, M.M.; Wu, L.; Gupta, P.B.; Hao, T.; Silver, S.J.; Root, D.E.; et al. A physical and regulatory map of host-influenza interactions reveals pathways in H1N1 infection. Cell 2009, 139, 1255–1267. [Google Scholar] [CrossRef]

	



Tamura, D.; Nguyen, H.T.; Sleeman, K.; Levine, M.; Mishin, V.P.; Yang, H.; Guo, Z.; Okomo-Adhiambo, M.; Xu, X.; Stevens, J.; et al. Cell culture-selected substitutions in influenza A(H3N2) neuraminidase affect drug susceptibility assessment. Antimicrob. Agents Chemother. 2013, 57, 6141–6146. [Google Scholar] [CrossRef]

	



Lee, Y.J.; Jeong, K.J. Challenges to production of antibodies in bacteria and yeast. J. Biosci. Bioeng. 2015, 120, 483–490. [Google Scholar] [CrossRef]

	



Lee, Y.-N.; Kim, M.-C.; Lee, Y.-T.; Hwang, H.S.; Lee, J.; Kim, C.; Kang, S.-M. Cross Protection against Influenza A Virus by Yeast-Expressed Heterologous Tandem Repeat M2 Extracellular Proteins. PLoS ONE 2015, 10, e0137822. [Google Scholar] [CrossRef] [PubMed]

	



Lei, H.; Jin, S.; Karlsson, E.; Schultz-Cherry, S.; Ye, K. Yeast Surface-Displayed H5N1 Avian Influenza Vaccines. J. Immunol. Res. 2016, 2016, 4131324. [Google Scholar] [CrossRef]

	



Jennings, B.H. Drosophila—A versatile model in biology & medicine. Mater. Today 2011, 14, 190–195. [Google Scholar]

	



Reiter, L.T.; Potocki, L.; Chien, S.; Gribskov, M.; Bier, E. A systematic analysis of human disease-associated gene sequences in Drosophila melanogaster. Genome Res. 2001, 11, 1114–1125. [Google Scholar] [CrossRef] [PubMed]

	



Chou, Y.-T.; Tam, B.; Linay, F.; Lai, E.C. Transgenic inhibitors of RNA interference in Drosophila. Fly 2007, 1, 311–316. [Google Scholar] [CrossRef]

	



Hales, K.G.; Korey, C.A.; Larracuente, A.M.; Roberts, D.M. Genetics on the Fly: A Primer on the Drosophila Model System. Genetics 2015, 201, 815–842. [Google Scholar] [CrossRef]

	



Feany, M.B.; Bender, W.W. A Drosophila model of Parkinson’s disease. Nature 2000, 404, 394–398. [Google Scholar] [CrossRef] [PubMed]

	



Aryal, B.; Lee, Y. Disease model organism for Parkinson disease: Drosophila melanogaster. BMB Rep. 2019, 52, 250–258. [Google Scholar] [CrossRef]

	



Tsuda, L.; Lim, Y.M. Alzheimer’s Disease Model System Using Drosophila. Adv. Exp. Med. Biol. 2018, 1076, 25–40. [Google Scholar]

	



Fernandez-Funez, P.; de Mena, L.; Rincon-Limas, D.E. Modeling the complex pathology of Alzheimer’s disease in Drosophila. Exp. Neurol. 2015, 274, 58–71. [Google Scholar] [CrossRef]

	



Gáliková, M.; Klepsatel, P. Obesity and Aging in the Drosophila Model. Int. J. Mol. Sci. 2018, 19, 1896. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, Y.H.; Katsube, H.; Hinami, Y. Drosophila Models to Investigate Insulin Action and Mechanisms Underlying Human Diabetes Mellitus. In Drosophila Models for Human Diseases; Yamaguchi, M., Ed.; Springer: Singapore, 2018; pp. 235–256. [Google Scholar] [CrossRef]

	



Mirzoyan, Z.; Sollazzo, M.; Allocca, M.; Valenza, A.M.; Grifoni, D.; Bellosta, P. Drosophila melanogaster: A Model Organism to Study Cancer. Front. Genet. 2019, 10, 51. [Google Scholar] [CrossRef] [PubMed]

	



Enomoto, M.; Siow, C.; Igaki, T. Drosophila As a Cancer Model. Adv. Exp. Med. Biol. 2018, 1076, 173–194. [Google Scholar] [PubMed]

	



Gateff, E. Malignant Neoplasms of Genetic Origin in Drosophila melanogaster. Science 1978, 200, 1448–1459. [Google Scholar] [CrossRef] [PubMed]

	



Adamson, A.L.; Wright, N.; LaJeunesse, D.R. Modeling early Epstein-Barr virus infection in Drosophila melanogaster: The BZLF1 protein. Genetics 2005, 171, 1125–1135. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.B.; Park, J.; Jung, J.U.; Chung, J. Nef induces apoptosis by activating JNK signaling pathway and inhibits NF-κB-dependent immune responses in Drosophila. J. Cell Sci. 2005, 118, 1851–1859. [Google Scholar] [CrossRef] [PubMed]

	



Leulier, F.; Marchal, C.; Miletich, I.; Limbourg-Bouchon, B.; Benarous, R.; Lemaitre, B. Directed expression of the HIV-1 accessory protein Vpu in Drosophila fat-body cells inhibits Toll-dependent immune responses. Embo Rep. 2003, 4, 976–981. [Google Scholar] [CrossRef] [PubMed]

	



Chan, C.M.; Ma, C.W.; Chan, W.Y.; Chan, H.Y. The SARS-Coronavirus Membrane protein induces apoptosis through modulating the Akt survival pathway. Arch. Biochem. Biophys. 2007, 459, 197–207. [Google Scholar] [CrossRef]

	



Wang, H.-D.; Trivedi, A.; Johnson, D.L. Regulation of RNA Polymerase I-Dependent Promoters by the Hepatitis B Virus X Protein via Activated Ras and TATA-Binding Protein. Mol. Cell. Biol. 1998, 18, 7086–7094. [Google Scholar] [CrossRef] [PubMed]

	



Brighty, D.W.; Rosenberg, M. A cis-acting repressive sequence that overlaps the Rev-responsive element of human immunodeficiency virus type 1 regulates nuclear retention of env mRNAs independently of known splice signals. Proc. Natl. Acad. Sci. USA 1994, 91, 8314–8318. [Google Scholar] [CrossRef]

	



Chotkowski, H.L.; Ciota, A.T.; Jia, Y.; Puig-Basagoiti, F.; Kramer, L.D.; Shi, P.-Y.; Glaser, R.L. West Nile virus infection of Drosophila melanogaster induces a protective RNAi response. Virology 2008, 377, 197–206. [Google Scholar] [CrossRef] [PubMed]

	



Moser, T.S.; Jones, R.G.; Thompson, C.B.; Coyne, C.B.; Cherry, S. A Kinome RNAi Screen Identified AMPK as Promoting Poxvirus Entry through the Control of Actin Dynamics. PLoS Pathog. 2010, 6, e1000954. [Google Scholar] [CrossRef] [PubMed]

	



Sessions, O.M.; Barrows, N.J.; Souza-Neto, J.A.; Robinson, T.J.; Hershey, C.L.; Rodgers, M.A.; Ramirez, J.L.; Dimopoulos, G.; Yang, P.L.; Pearson, J.L.; et al. Discovery of insect and human dengue virus host factors. Nature 2009, 458, 1047–1050. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, S.; Hanley, K.A. RNA interference modulates replication of dengue virus in Drosophila melanogaster cells. BMC Microbiol. 2010, 10, 127. [Google Scholar] [CrossRef] [PubMed]

	



Mueller, S.; Gausson, V.; Vodovar, N.; Deddouche, S.; Troxler, L.; Perot, J.; Pfeffer, S.; Hoffmann, J.A.; Saleh, M.-C.; Imler, J.-L. RNAi-mediated immunity provides strong protection against the negative-strand RNA vesicular stomatitis virus in Drosophila. Proc. Natl. Acad. Sci. USA 2010, 107, 19390–19395. [Google Scholar] [CrossRef] [PubMed]

	



Cherry, S. VSV infection is sensed by Drosophila, attenuates nutrient signaling, and thereby activates antiviral autophagy. Autophagy 2009, 5, 1062–1063. [Google Scholar] [CrossRef]

	



Shelly, S.; Lukinova, N.; Bambina, S.; Berman, A.; Cherry, S. Autophagy is an essential component of Drosophila immunity against vesicular stomatitis virus. Immunity 2009, 30, 588–598. [Google Scholar] [CrossRef] [PubMed]

	



Saleh, M.-C.; Tassetto, M.; van Rij, R.P.; Goic, B.; Gausson, V.; Berry, B.; Jacquier, C.; Antoniewski, C.; Andino, R. Antiviral immunity in Drosophila requires systemic RNA interference spread. Nature 2009, 458, 346–350. [Google Scholar] [CrossRef] [PubMed]

	



Sabin, L.R.; Zhou, R.; Gruber, J.J.; Lukinova, N.; Bambina, S.; Berman, A.; Lau, C.-K.; Thompson, C.B.; Cherry, S. Ars2 regulates both miRNA- and siRNA- dependent silencing and suppresses RNA virus infection in Drosophila. Cell 2009, 138, 340–351. [Google Scholar] [CrossRef]

	



Sabin, L.R.; Hanna, S.L.; Cherry, S. Innate antiviral immunity in Drosophila. Curr. Opin. Immunol. 2010, 22, 4–9. [Google Scholar] [CrossRef]

	



Adamson, A.L.; Chohan, K.; Swenson, J.; LaJeunesse, D. A Drosophila model for genetic analysis of influenza viral/host interactions. Genetics 2011, 189, 495–506. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.-X.; Li, H.; Lu, R.; Li, F.; Dus, M.; Atkinson, P.; Brydon, E.W.A.; Johnson, K.L.; García-Sastre, A.; Ball, L.A.; et al. Interferon antagonist proteins of influenza and vaccinia viruses are suppressors of RNA silencing. Proc. Natl. Acad. Sci. USA 2004, 101, 1350–1355. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Li, W.X.; Ding, S.W. Induction and Suppression of RNA Silencing by an Animal Virus. Science 2002, 296, 1319–1321. [Google Scholar] [CrossRef] [PubMed]

	



Mostafa, A.; Abdelwhab, E.M.; Mettenleiter, T.C.; Pleschka, S. Zoonotic Potential of Influenza A Viruses: A Comprehensive Overview. Viruses 2018, 10, 497. [Google Scholar] [CrossRef] [PubMed]

	



Kok, K.H.; Jin, D.-Y. Influenza A virus NS1 protein does not suppress RNA interference in mammalian cells. J. Gen. Virol. 2006, 87, 2639–2644. [Google Scholar] [CrossRef] [PubMed]

	



Crozatier, M.; Glise, B.; Vincent, A. Connecting Hh, Dpp and EGF signalling in patterning of the Drosophila wing; the pivotal role of collier/knot in the AP organiser. Development 2002, 129, 4261–4269. [Google Scholar] [PubMed]

	



Hao, L.; Sakurai, A.; Watanabe, T.; Sorensen, E.; Nidom, C.A.; Newton, M.A.; Ahlquist, P.; Kawaoka, Y. Drosophila RNAi screen identifies host genes important for influenza virus replication. Nature 2008, 454, 890–893. [Google Scholar] [CrossRef] [PubMed]

	



Van der Sar, A.M.; Appelmelk, B.J.; Vandenbroucke-Grauls, C.M.J.E.; Bitter, W. A star with stripes: Zebrafish as an infection model. Trends Microbiol. 2004, 12, 451–457. [Google Scholar] [CrossRef] [PubMed]

	



Wienholds, E.; van Eeden, F.; Kosters, M.; Mudde, J.; Plasterk, R.H.A.; Cuppen, E. Efficient target-selected mutagenesis in zebrafish. Genome Res. 2003, 13, 2700–2707. [Google Scholar] [CrossRef]

	



Tobin, D.M.; Ramakrishnan, L. Comparative pathogenesis of Mycobacterium marinum and Mycobacterium tuberculosis. Cell. Microbiol. 2008, 10, 1027–1039. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, C.; Kim, C.H. Innate Immune System of the Zebrafish, Danio rerio. In Innate Immunity of Plants, Animals, and Humans; Heine, H., Ed.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 113–133. [Google Scholar] [CrossRef]

	



Sullivan, C.; Kim, C.H. Zebrafish as a model for infectious disease and immune function. Fish. Shellfish Immunol. 2008, 25, 341–350. [Google Scholar] [CrossRef]

	



Palha, N.; Guivel-Benhassine, F.; Briolat, V.; Lutfalla, G.; Sourisseau, M.; Ellett, F.; Wang, C.-H.; Lieschke, G.J.; Herbomel, P.; Schwartz, O.; et al. Real-Time Whole-Body Visualization of Chikungunya Virus Infection and Host Interferon Response in Zebrafish. PLoS Pathog. 2013, 9, e1003619. [Google Scholar] [CrossRef] [PubMed]

	



Burgos, J.S.; Ripoll-Gomez, J.; Alfaro, J.M.; Sastre, I.; Valdivieso, F. Zebrafish as a new model for herpes simplex virus type 1 infection. Zebrafish 2008, 5, 323–333. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.B.; Zhao, Y.; Zhang, J.P.; Peng, Z.G.; Song, D.Q.; Jiang, J.D. A zebrafish model for subgenomic hepatitis C virus replication. Int. J. Mol. Med. 2015, 35, 791–797. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.-B.; Zhang, J.-P.; Zhao, Y.; Peng, Z.-G.; Song, D.-Q.; Jiang, J.-D. Zebrafish as a Potential Model Organism for Drug Test Against Hepatitis C Virus. PLoS ONE 2011, 6, e22921. [Google Scholar] [CrossRef] [PubMed]

	



Altmann, S.M.; Mellon, M.T.; Johnson, M.C.; Paw, B.H.; Trede, N.S.; Zon, L.I.; Kim, C.H. Cloning and characterization of an Mx gene and its corresponding promoter from the zebrafish, Danio rerio. Dev. Comp. Immunol. 2004, 28, 295–306. [Google Scholar] [CrossRef]

	



Gabor, K.A.; Goody, M.F.; Mowel, W.K.; Breitbach, M.E.; Gratacap, R.L.; Witten, P.E.; Kim, C.H. Influenza A virus infection in zebrafish recapitulates mammalian infection and sensitivity to anti-influenza drug treatment. Dis. Models Mech. 2014, 7, 1227–1237. [Google Scholar] [CrossRef] [PubMed]

	



Goody, M.; Jurczyszak, D.; Kim, C.; Henry, C. Influenza A Virus Infection Damages Zebrafish Skeletal Muscle and Exacerbates Disease in Zebrafish Modeling Duchenne Muscular Dystrophy. PLoS Curr. 2017, 9. [Google Scholar] [CrossRef]

	



Powell, J.D.; Waters, K.M. Influenza-Omics and the Host Response: Recent Advances and Future Prospects. Pathogens 2017, 6, 25. [Google Scholar] [CrossRef]

	



Kaur, G.; Dufour, J.M. Cell lines: Valuable tools or useless artifacts. Spermatogenesis 2012, 2, 1–5. [Google Scholar] [CrossRef]

	



Böttcher-Friebertshäuser, E.; Klenk, H.-D.; Garten, W. Activation of influenza viruses by proteases from host cells and bacteria in the human airway epithelium. Pathog. Dis. 2013, 69, 87–100. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, C.E.; Torr, E.E.; Mohd Jamili, N.H.; Bosquillon, C.; Sayers, I. Evaluation of differentiated human bronchial epithelial cell culture systems for asthma research. J. Allergy 2012, 2012, 943982. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, I.; Fernandez-Sesma, A. Cell Receptors for Influenza a Viruses and the Innate Immune Response. Front. Microbiol. 2012, 3, 117. [Google Scholar] [CrossRef] [PubMed]

	



Chan, M.C.; Chan, R.W.; Yu, W.C.; Ho, C.C.; Yuen, K.M.; Fong, J.H.; Tang, L.L.; Lai, W.W.; Lo, A.C.; Chui, W.H.; et al. Tropism and innate host responses of the 2009 pandemic H1N1 influenza virus in ex vivo and in vitro cultures of human conjunctiva and respiratory tract. Am. J. Pathol. 2010, 176, 1828–1840. [Google Scholar] [CrossRef] [PubMed]

	



Hui, K.P.; Chan, L.L.; Kuok, D.I.; Mok, C.K.; Yang, Z.F.; Li, R.F.; Luk, G.S.; Lee, E.F.; Lai, J.C.; Yen, H.L.; et al. Tropism and innate host responses of influenza A/H5N6 virus: An analysis of ex vivo and in vitro cultures of the human respiratory tract. Eur. Respir. J. 2017, 49, 1601710. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Gordon, W.M.; Wang, D.-Y. Nasal epithelial repair and remodeling in physical injury, infection, and inflammatory diseases. Curr. Opin. Otolaryngol. Head Neck Surg. 2013, 21, 263–270. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.-Y.; Li, Y.; Yan, Y.; Li, C.; Shi, L. Upper Airway Stem Cells: Understanding the Nose and Role for Future Cell Therapy. Curr. Allergy Asthma Rep. 2014, 15, 490. [Google Scholar] [CrossRef]

	



Scull, M.A.; Gillim-Ross, L.; Santos, C.; Roberts, K.L.; Bordonali, E.; Subbarao, K.; Barclay, W.S.; Pickles, R.J. Avian Influenza virus glycoproteins restrict virus replication and spread through human airway epithelium at temperatures of the proximal airways. PLoS Pathog. 2009, 5, e1000424. [Google Scholar] [CrossRef]

	



Kawaguchi, M.; Kokubu, F.; Kuga, H.; Tomita, T.; Matsukura, S.; Suzaki, H.; Huang, S.K.; Adachi, M. Influenza virus A stimulates expression of eotaxin by nasal epithelial cells. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2001, 31, 873–880. [Google Scholar] [CrossRef]

	



Kim, H.J.; Kim, C.H.; Kim, M.J.; Ryu, J.H.; Seong, S.Y.; Kim, S.; Lim, S.J.; Holtzman, M.J.; Yoon, J.H. The Induction of Pattern-Recognition Receptor Expression against Influenza A Virus through Duox2-Derived Reactive Oxygen Species in Nasal Mucosa. Am. J. Respir. Cell Mol. Biol. 2015, 53, 525–535. [Google Scholar] [CrossRef]

	



Jaspers, I.; Horvath, K.M.; Zhang, W.; Brighton, L.E.; Carson, J.L.; Noah, T.L. Reduced expression of IRF7 in nasal epithelial cells from smokers after infection with influenza. Am. J. Respir. Cell Mol. Biol. 2010, 43, 368–375. [Google Scholar] [CrossRef] [PubMed]

	



Horvath, K.M.; Brighton, L.E.; Zhang, W.; Carson, J.L.; Jaspers, I. Epithelial cells from smokers modify dendritic cell responses in the context of influenza infection. Am. J. Respir. Cell Mol. Biol. 2011, 45, 237–245. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Tan, K.S.; Li, C.; Tran, T.; Chao, S.S.; Sugrue, R.J.; Shi, L.; Chow, V.T.; Wang, D.-Y. Human nasal epithelial cells derived from multiple subjects exhibit differential responses to H3N2 influenza virus infection in vitro. J. Allergy Clin. Immunol. 2016, 138, 276–281. [Google Scholar] [CrossRef] [PubMed]

	



Tian, T.; Zi, X.; Peng, Y.; Wang, Z.; Hong, H.; Yan, Y.; Guan, W.; Tan, K.S.; Liu, J.; Ong, H.H.; et al. H3N2 influenza virus infection enhances oncostatin M expression in human nasal epithelium. Exp. Cell Res. 2018, 371, 322–329. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Yan, Y.; Tan, K.S.; Liu, J.; Chow, V.T.; Tao, Z.-Z.; Wang, D.-Y. MicroRNA-146a induction during influenza H3N2 virus infection targets and regulates TRAF6 levels in human nasal epithelial cells (hNECs). Exp. Cell Res. 2017, 352, 184–192. [Google Scholar] [CrossRef] [PubMed]

	



Tan, K.S.; Yan, Y.; Koh, W.L.H.; Li, L.; Choi, H.; Tran, T.; Sugrue, R.; Wang, D.Y.; Chow, V.T. Comparative Transcriptomic and Metagenomic Analyses of Influenza Virus-Infected Nasal Epithelial Cells From Multiple Individuals Reveal Specific Nasal-Initiated Signatures. Front. Microbiol. 2018, 9, 2685. [Google Scholar] [CrossRef]

	



Peretz, J.; Pekosz, A.; Lane, A.P.; Klein, S.L. Estrogenic compounds reduce influenza A virus replication in primary human nasal epithelial cells derived from female, but not male, donors. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 310, L415–L425. [Google Scholar] [CrossRef]

	



Davis, A.S.; Chertow, D.S.; Moyer, J.E.; Suzich, J.; Sandouk, A.; Dorward, D.W.; Logun, C.; Shelhamer, J.H.; Taubenberger, J.K. Validation of Normal Human Bronchial Epithelial Cells as a Model for Influenza A Infections in Human Distal Trachea. J. Histochem. Cytochem. 2015, 63, 312–328. [Google Scholar] [CrossRef]

	



Thompson, C.I.; Barclay, W.S.; Zambon, M.C.; Pickles, R.J. Infection of human airway epithelium by human and avian strains of influenza a virus. J. Virol. 2006, 80, 8060–8068. [Google Scholar] [CrossRef]

	



Oshansky, C.M.; Pickens, J.A.; Bradley, K.C.; Jones, L.P.; Saavedra-Ebner, G.M.; Barber, J.P.; Crabtree, J.M.; Steinhauer, D.A.; Tompkins, S.M.; Tripp, R.A. Avian Influenza Viruses Infect Primary Human Bronchial Epithelial Cells Unconstrained by Sialic Acid α2,3 Residues. PLoS ONE 2011, 6, e21183. [Google Scholar] [CrossRef]

	



Chan, R.W.Y.; Yuen, K.M.; Yu, W.C.L.; Ho, C.C.C.; Nicholls, J.M.; Peiris, J.S.M.; Chan, M.C.W. Influenza H5N1 and H1N1 Virus Replication and Innate Immune Responses in Bronchial Epithelial Cells Are Influenced by the State of Differentiation. PLoS ONE 2010, 5, e8713. [Google Scholar] [CrossRef] [PubMed]

	



Suksatu, A.; Sangsawad, W.; Thitithanyanont, A.; Smittipat, N.; Fukuda, M.M.; Ubol, S. Characteristics of stork feces-derived H5N1 viruses that are preferentially transmitted to primary human airway epithelial cells. Microbiol. Immunol. 2009, 53, 675–684. [Google Scholar] [CrossRef] [PubMed]

	



Kogure, T.; Suzuki, T.; Takahashi, T.; Miyamoto, D.; Hidari, K.I.; Guo, C.T.; Ito, T.; Kawaoka, Y.; Suzuki, Y. Human trachea primary epithelial cells express both sialyl(alpha2-3)Gal receptor for human parainfluenza virus type 1 and avian influenza viruses, and sialyl(alpha2-6)Gal receptor for human influenza viruses. Glycoconj. J. 2006, 23, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



Nicholls, J.M.; Bourne, A.J.; Chen, H.; Guan, Y.; Peiris, J.S.M. Sialic acid receptor detection in the human respiratory tract: Evidence for widespread distribution of potential binding sites for human and avian influenza viruses. Respir. Res. 2007, 8, 73. [Google Scholar] [CrossRef]

	



Suzuki, Y. Sialobiology of influenza: Molecular mechanism of host range variation of influenza viruses. Biol. Pharm. Bull. 2005, 28, 399–408. [Google Scholar] [CrossRef] [PubMed]

	



Danzy, S.; Studdard, L.R.; Manicassamy, B.; Solorzano, A.; Marshall, N.; García-Sastre, A.; Steel, J.; Lowen, A.C. Mutations to PB2 and NP Proteins of an Avian Influenza Virus Combine To Confer Efficient Growth in Primary Human Respiratory Cells. J. Virol. 2014, 88, 13436–13446. [Google Scholar] [CrossRef]

	



Londino, J.D.; Lazrak, A.; Noah, J.W.; Aggarwal, S.; Bali, V.; Woodworth, B.A.; Bebok, Z.; Matalon, S. Influenza virus M2 targets cystic fibrosis transmembrane conductance regulator for lysosomal degradation during viral infection. FASEB J. 2015, 29, 2712–2725. [Google Scholar] [CrossRef]

	



Wan, H.; Perez, D.R. Amino acid 226 in the hemagglutinin of H9N2 influenza viruses determines cell tropism and replication in human airway epithelial cells. J. Virol. 2007, 81, 5181–5191. [Google Scholar] [CrossRef]

	



Ayora-Talavera, G.; Shelton, H.; Scull, M.A.; Ren, J.; Jones, I.M.; Pickles, R.J.; Barclay, W.S. Mutations in H5N1 influenza virus hemagglutinin that confer binding to human tracheal airway epithelium. PLoS ONE 2009, 4, e7836. [Google Scholar] [CrossRef]

	



Davis, A.S.; Chertow, D.S.; Kindrachuk, J.; Qi, L.; Schwartzman, L.M.; Suzich, J.; Alsaaty, S.; Logun, C.; Shelhamer, J.H.; Taubenberger, J.K. 1918 Influenza receptor binding domain variants bind and replicate in primary human airway cells regardless of receptor specificity. Virology 2016, 493, 238–246. [Google Scholar] [CrossRef]

	



Ilyushina, N.A.; Govorkova, E.A.; Gray, T.E.; Bovin, N.V.; Webster, R.G. Human-like receptor specificity does not affect the neuraminidase-inhibitor susceptibility of H5N1 influenza viruses. PLoS Pathog. 2008, 4, e1000043. [Google Scholar] [CrossRef] [PubMed]

	



Ilyushina, N.A.; Bovin, N.V.; Webster, R.G. Decreased neuraminidase activity is important for the adaptation of H5N1 influenza virus to human airway epithelium. J. Virol. 2012, 86, 4724–4733. [Google Scholar] [CrossRef] [PubMed]

	



Sit, S.-T.; Manser, E. Rho GTPases and their role in organizing the actin cytoskeleton. J. Cell Sci. 2011, 124, 679–683. [Google Scholar] [CrossRef] [PubMed]

	



Mindaye, S.T.; Ilyushina, N.A.; Fantoni, G.; Alterman, M.A.; Donnelly, R.P.; Eichelberger, M.C. Impact of Influenza A Virus Infection on the Proteomes of Human Bronchoepithelial Cells from Different Donors. J. Proteome Res. 2017, 16, 3287–3297. [Google Scholar] [CrossRef] [PubMed]

	



Kroeker, A.L.; Ezzati, P.; Halayko, A.J.; Coombs, K.M. Response of primary human airway epithelial cells to influenza infection: A quantitative proteomic study. J. Proteome Res. 2012, 11, 4132–4146. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Hirohama, M.; Noguchi, M.; Nagata, K.; Kawaguchi, A. Influenza A virus infection triggers pyroptosis and apoptosis of respiratory epithelial cells through type I IFN signaling pathway in a mutually exclusive manner. J. Virol. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Smallwood, H.S.; Duan, S.; Morfouace, M.; Rezinciuc, S.; Shulkin, B.L.; Shelat, A.; Zink, E.E.; Milasta, S.; Bajracharya, R.; Oluwaseum, A.J.; et al. Targeting Metabolic Reprogramming by Influenza Infection for Therapeutic Intervention. Cell Rep. 2017, 19, 1640–1653. [Google Scholar] [CrossRef]

	



Nicholas, B.; Staples, K.J.; Moese, S.; Meldrum, E.; Ward, J.; Dennison, P.; Havelock, T.; Hinks, T.S.C.; Amer, K.; Woo, E.; et al. A novel lung explant model for the ex vivo study of efficacy and mechanisms of anti-influenza drugs. J. Immunol. 2015, 194, 6144–6154. [Google Scholar] [CrossRef]

	



Huang, C.-G.; Lee, L.-A.; Wu, Y.-C.; Hsiao, M.-J.; Horng, J.-T.; Kuo, R.-L.; Huang, C.-H.; Lin, Y.-C.; Tsao, K.-C.; Chen, M.-C.; et al. A pilot study on primary cultures of human respiratory tract epithelial cells to predict patients’ responses to H7N9 infection. Oncotarget 2018, 9, 14492–14508. [Google Scholar] [CrossRef]

	



Triana-Baltzer, G.B.; Babizki, M.; Chan, M.C.; Wong, A.C.; Aschenbrenner, L.M.; Campbell, E.R.; Li, Q.X.; Chan, R.W.; Peiris, J.S.; Nicholls, J.M.; et al. DAS181, a sialidase fusion protein, protects human airway epithelium against influenza virus infection: An in vitro pharmacodynamic analysis. J. Antimicrob. Chemother. 2010, 65, 275–284. [Google Scholar] [CrossRef]

	



Ward, H.E.; Nicholas, T.E. Alveolar type I and type II cells. Aust. N. Z. J. Med. 1984, 14, 731–734. [Google Scholar] [CrossRef] [PubMed]

	



Mason, R.J. Biology of alveolar type II cells. Respirology 2006, 11, S12–S15. [Google Scholar] [CrossRef] [PubMed]

	



Weinheimer, V.K.; Becher, A.; Tonnies, M.; Holland, G.; Knepper, J.; Bauer, T.T.; Schneider, P.; Neudecker, J.; Ruckert, J.C.; Szymanski, K.; et al. Influenza A viruses target type II pneumocytes in the human lung. J. Infect. Dis. 2012, 206, 1685–1694. [Google Scholar] [CrossRef] [PubMed]

	



Swain, R.J.; Kemp, S.J.; Goldstraw, P.; Tetley, T.D.; Stevens, M.M. Assessment of cell line models of primary human cells by Raman spectral phenotyping. Biophys. J. 2010, 98, 1703–1711. [Google Scholar] [CrossRef] [PubMed]

	



Kosmider, B.; Messier, E.M.; Janssen, W.J.; Nahreini, P.; Wang, J.; Hartshorn, K.L.; Mason, R.J. Nrf2 protects human alveolar epithelial cells against injury induced by influenza A virus. Respir. Res. 2012, 13, 43. [Google Scholar] [CrossRef]

	



Zhou, B.; Pearce, M.B.; Li, Y.; Wang, J.; Mason, R.J.; Tumpey, T.M.; Wentworth, D.E. Asparagine substitution at PB2 residue 701 enhances the replication, pathogenicity, and transmission of the 2009 pandemic H1N1 influenza A virus. PLoS ONE 2013, 8, e67616. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Zhang, Y.; Shinya, K.; Deng, G.; Jiang, Y.; Li, Z.; Guan, Y.; Tian, G.; Li, Y.; Shi, J.; et al. Identification of amino acids in HA and PB2 critical for the transmission of H5N1 avian influenza viruses in a mammalian host. PLoS Pathog. 2009, 5, e1000709. [Google Scholar] [CrossRef]

	



Steel, J.; Lowen, A.C.; Mubareka, S.; Palese, P. Transmission of influenza virus in a mammalian host is increased by PB2 amino acids 627K or 627E/701N. PLoS Pathog. 2009, 5, e1000252. [Google Scholar] [CrossRef]

	



Li, Z.; Chen, H.; Jiao, P.; Deng, G.; Tian, G.; Li, Y.; Hoffmann, E.; Webster, R.G.; Matsuoka, Y.; Yu, K. Molecular basis of replication of duck H5N1 influenza viruses in a mammalian mouse model. J. Virol. 2005, 79, 12058–12064. [Google Scholar] [CrossRef]

	



Wang, J.; Oberley-Deegan, R.; Wang, S.; Nikrad, M.; Funk, C.J.; Hartshorn, K.L.; Mason, R.J. Differentiated Human Alveolar Type II Cells Secrete Antiviral IL-29 (IFN-λ1) in Response to Influenza A Infection. J. Immunol. 2009, 182, 1296–1304. [Google Scholar] [CrossRef]

	



Travanty, E.; Zhou, B.; Zhang, H.; Di, Y.P.; Alcorn, J.F.; Wentworth, D.E.; Mason, R.; Wang, J. Differential Susceptibilities of Human Lung Primary Cells to H1N1 Influenza Viruses. J. Virol. 2015, 89, 11935–11944. [Google Scholar] [CrossRef] [PubMed]

	



Yu, W.C.L.; Chan, R.W.Y.; Wang, J.; Travanty, E.A.; Nicholls, J.M.; Peiris, J.S.M.; Mason, R.J.; Chan, M.C.W. Viral Replication and Innate Host Responses in Primary Human Alveolar Epithelial Cells and Alveolar Macrophages Infected with Influenza H5N1 and H1N1 Viruses. J. Virol. 2011, 85, 6844–6855. [Google Scholar] [CrossRef] [PubMed]

	



Ito, Y.; Correll, K.; Zemans, R.L.; Leslie, C.C.; Murphy, R.C.; Mason, R.J. Influenza induces IL-8 and GM-CSF secretion by human alveolar epithelial cells through HGF/c-Met and TGF-alpha/EGFR signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L1178–L1188. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Luo, J.; Alcorn, J.F.; Chen, K.; Fan, S.; Pilewski, J.; Liu, A.; Chen, W.; Kolls, J.K.; Wang, J. AIM2 Inflammasome Is Critical for Influenza-Induced Lung Injury and Mortality. J. Immunol. 2017, 1600714. [Google Scholar] [CrossRef]

	



Ye, S.; Cowled, C.J.; Yap, C.-H.; Stambas, J. Deep sequencing of primary human lung epithelial cells challenged with H5N1 influenza virus reveals a proviral role for CEACAM1. Sci. Rep. 2018, 8, 15468. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Nikrad, M.P.; Phang, T.; Gao, B.; Alford, T.; Ito, Y.; Edeen, K.; Travanty, E.A.; Kosmider, B.; Hartshorn, K.; et al. Innate Immune Response to Influenza A Virus in Differentiated Human Alveolar Type II Cells. Am. J. Respir. Cell Mol. Biol. 2011, 45, 582–591. [Google Scholar] [CrossRef]

	



Rüdiger, D.; Kupke, S.Y.; Laske, T.; Zmora, P.; Reichl, U. Multiscale modeling of influenza A virus replication in cell cultures predicts infection dynamics for highly different infection conditions. PLoS Comput. Biol. 2019, 15, e1006819. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Comparison of the various novel methods of influenza.
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Yeast

	
Drosophila

	
Zebrafish

	
Primary Human Tissue Culture




	
NECs

	
NHBE

	
AEC






	
Advantages

	

	
Smaller genomes compared to higher eukaryotes



	
Genome-wide single gene deletion yeast strain libraries and/or genomic DNA or cDNA plasmid libraries are available [10]



	
Easily manipulated with various molecular, cellular processes [10]



	
Easy to culture






	

	
Smaller genomes compared other eukaryotes



	
Availability of genetic resources to study molecular mechanisms [11]






	

	
Closer to humans as they are a vertebrate model



	
Has fully developed immune system [233]



	
Enables real time visualization and genetic screens [234]



	
Easy whole organism model to work with compared to mice






	

	
More physiologically relevant as these cells secrete proteases that can cleave influenza HA for viral entry [247]



	
Cultured at ALI which mimics a natural infection by shielding a virus from escaping into the liquid medium [12]



	
Able to enable analysis of patient characteristics that the cells are derived from









	
Compared to known cell models of influenza

	
Yes

	
Yes

	
No

	
Yes

	
Yes

	
Yes




	
Compared to known animal models of influenza

	
No

	
Yes

	
No

	
No

	
No

	
Yes
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