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Abstract

:

Influenza virus infection of humans results in a respiratory disease that ranges in severity from sub-clinical infection to primary viral pneumonia that can result in death. The clinical effects of infection vary with the exposure history, age and immune status of the host, and also the virulence of the influenza strain. In humans, the virus is transmitted through either aerosol or contact-based transfer of infectious respiratory secretions. As is evidenced by most zoonotic influenza virus infections, not all strains that can infect humans are able to transmit from person-to-person. Animal models of influenza are essential to research efforts aimed at understanding the viral and host factors that contribute to the disease and transmission outcomes of influenza virus infection in humans. These models furthermore allow the pre-clinical testing of antiviral drugs and vaccines aimed at reducing morbidity and mortality in the population through amelioration of the virulence or transmissibility of influenza viruses. Mice, ferrets, guinea pigs, cotton rats, hamsters and macaques have all been used to study influenza viruses and therapeutics targeting them. Each model presents unique advantages and disadvantages, which will be discussed herein.
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1. Influenza in the human host


1.1. Disease


Uncomplicated influenza is characterized by an acute onset of symptoms within one to two days of infection with influenza virus. Systemic symptoms, including fever and chills, headache, myalgia, lethargy, and anorexia, develop early in the course of illness. Fever generally ranges from 100 °F to 104 °F (38 °C to 40 °C), but may be as high as 106 °F (41 °C), with peak temperatures on the first day of symptoms and decreasing over three to eight days thereafter. While respiratory symptoms, including dry cough, pharyngeal pain, and nasal congestion and discharge, are also found, it is the presence of systemic symptoms that clinically differentiates influenza from other viral upper respiratory tract infections. Cough and sore throat may persist for several days after systemic symptoms abate [1].



Pulmonary complications of influenza virus infection include primary viral pneumonia and secondary bacterial pneumonia. Clinically, primary influenza viral pneumonia begins like typical uncomplicated influenza disease in the upper respiratory tract, but the acute illness rapidly progresses with signs and symptoms of lower respiratory tract disease, including cough, dyspnea, and hypoxemia. Secondary bacterial pneumonia follows a typical influenza illness; after an initial improvement lasting four to 14 days, recrudescence of fever, dyspnea, and cough with sputum signals the onset of a bacterial pneumonia [1].



In human influenza during interpandemic years, influenza virus infection is mainly confined to the upper respiratory tract, and primary viral pneumonia rarely occurs; when it does, patients tend to be older, with cardiovascular comorbidities. During pandemic years, including 1918, 1957, 1968, and 2009, the epidemiology of influenza disease has shifted, with younger populations disproportionately affected by lower respiratory tract disease and hospitalization [1,2,3].




1.2. Transmission


When considering influenza in humans, viral shedding is often used as a proxy measure of contagiousness. In a recent meta-analysis of volunteer challenge studies [4], shedding was found to begin within the first day after inoculation, peak on day 2, and cease by day 8 or 9 post-infection. Overall, only 66% of the experimentally inoculated patients developed disease and, although the available data was limited, shedding was detected in asymptomatic volunteers [5,6,7]. Average symptom scores peaked on day three post-infection, indicating that viral shedding precedes the development of disease by approximately one day.



Observational studies carried out during the 2009 H1N1 pandemic produced estimates of the secondary attack rate among household contacts in the range of 11-13%, with serial intervals estimated to be 2.4-2.9 days [8,9,10]. Most transmission events were reported to occur shortly before or after the onset of symptoms [8]. That a pre-symptomatic or asymptomatic person might act as an index case is also supported by the detection of influenza viruses in the normal exhaled breaths of infected individuals [11,12].



Specific host factors that may render some individuals more efficient spreaders of influenza virus than others have, for the most part, not been identified. Epidemiological observations as well as clinical data on the duration of viral shedding suggest that children (most likely with no prior exposure to influenza viruses) and immunocompromised individuals are good transmitters [13,14,15,16,17,18]. Thus, immune competence and history of exposure to influenza are most likely major factors affecting influenza virus transmission.



The mode of transmission of influenza virus has been examined to some extent, but uncertainty remains as to the relative importance of airborne, droplet, and contact-based spread. Observational studies of influenza outbreaks [reviewed in 19] suggest roles for both contact and airborne transmission. Furthermore, early work in humans showed that the infectious dose of influenza virus required to cause disease was lower when the inoculum was applied as an aerosol, as opposed to nasal droplets [20]. Recent reviews of the literature on this topic [21,22] have reached conflicting conclusions on the importance of small droplet aerosols, an issue which has significant implications for the infection control of influenza.





2. Animal models of influenza


Laboratory animal models are widely used in the preclinical evaluation of potential vaccines and antiviral compounds, to investigate the safety of the vaccine or compound and its efficacy in preventing or moderating infection, disease or secondary transmission. In selecting an animal model for such research, a number of essential factors must be considered. The animal must be susceptible to influenza virus infection and supportive of its replication, with a sensitive and specific “read-out” for viral infection, which is then altered in the presence of an antiviral compound with activity against the virus. Depending on the model species, read-outs can include clinical signs such as weight loss, lethargy, and pyrexia, or histopathological changes in or virus recovery from tissues such as nasopharynges or lung. Amelioration of these clinical, virological, or histopathological parameters in the presence of an investigational drug or vaccine suggests its antiviral efficacy in that animal model.



The animal model must also represent humans, in terms of similarity of clinical signs, histopathologic changes, virus growth kinetics, or transmission. Some animal models, like ferrets and guinea pigs, are naturally susceptible to infection by human influenza strains; others, like mice, require adaptation of the human virus to the species.



2.1. Mice (Mus musculus)


Mice are the most widely used animal model for influenza virus research. The reasons for this are largely practical ones: the mouse is a convenient model in terms of size, cost and husbandry requirements; and the availability of species-specific reagents, coupled with our ability to manipulate mice genetically, offers a system in which the host response to infection can be studied in depth. For preliminary assessments of drug or vaccine safety and efficacy, the mouse model is often the best choice. There are, however, a number of drawbacks of the model that make it unsuitable for addressing certain virological questions and can render data obtained in mice difficult to translate to the human situation.



2.1.1. Susceptibility of mice to human and other influenza viruses


The susceptibility of mice to influenza viruses depends both on the strain of mouse and on the strain of influenza virus. The majority of influenza virus research in mice employs either BALB/C or C57BL/6 strains in conjunction with the lab adapted A/Puerto Rico/8/1934 (H1N1) [PR8] or A/WSN/1933 (H1N1) [WSN] influenza viruses.



Most inbred laboratory mice are highly susceptible to disease and death following intranasal infection with certain influenza viruses, including PR8 and WSN; in contrast, wild mice are resistant to even very high doses of the same viral strains [23,24,25]. The basis for this difference has been shown to be the lack of expression of a functional Mx1 protein, a critical antiviral factor [26], in most inbred laboratory mice. Indeed, the 50% lethal dose of PR8 virus in mice carrying a knocked-in MX1 gene is >1000-fold higher than in the parental C57BL/6 strain [27], while the lethal doses of the highly virulent A/Viet Nam/1203/04 (H5N1) and 1918 pandemic strains are increased by >100-fold with the expression of Mx1 in BALB/C mice [28].



In addition, certain inbred strains have been found to be more prone to weight loss and death following influenza virus infection than others. In particular, DBA/2J and A/J mice were shown to be more susceptible to disease, even with viral isolates that were not adapted to mice, than the more commonly used BALB/C and C57BL/6 strains [29,30,31]. This finding allowed the use of DBA/2J mice for the study of 2009 pandemic influenza viruses without adapting these new strains to the mouse model [32,33,34,35]. Although increased pathology in DBA/2J mice has been correlated with a heightened inflammatory response [29,30], a causal relationship has not been established. Higher cytokine levels in mouse strains with greater susceptibility may be simply the result of increased viral replication relative to that seen in more resistant mice. It does seem clear that differences in host genetics account for the differing susceptibilities of DBA/2J and C57BL/6 mice to influenza viruses: gene mapping studies using recombinant inbred progeny of DBA/2J and C57BL/6 strains identified three loci associated with resistance to influenza virus induced pathology and indicated that host resistance is a complex, multigenic trait [30].



Even inbred mouse strains are resistant to disease following infection with most primary human influenza virus isolates [36,37,38,39]. For this reason, the mouse model is most often used with influenza virus strains that have previously been adapted through serial passage in this host. In particular, the early human isolates, PR8 and WSN, have become the prototype lab strains used in the mouse model. Laboratory mice are highly susceptible to infection with these viruses and severe disease or death is observed following administration of relatively low doses [40]. Due to the fact that it has been in use for several decades, a number of distinct lineages of PR8 virus (with a range of 50% mouse lethal doses) exist in various laboratories [27]. For studies requiring an H3N2 subtype influenza virus, X31, a reassortant virus carrying the HA and NA genes of A/Hong Kong/1/1968 (H3N2) in the background of PR8, is often used [40,41,42,43,44,45,46,47]. The virulence of X31 to mice is intermediate between that of wild-type human H3N2 isolates and PR8, in that a dose of approximately 106 plaque forming units (PFU) of X31 is required to cause death in BALB/C mice [40,48]. As with the human-adapted influenza A viruses, influenza B viruses in general do not cause disease in mice. The mouse-adapted strain B/Lee/1940 does, however, bring about severe weight loss when a dose of 5 x 105 PFU is administered intranasally to BALB/C mice [49].



Although mouse adapted strains are needed to model seasonal H1N1 and H3N2 virus infections, certain influenza viruses cause disease in mice without prior adaptation. These include the 1918 H1N1 pandemic strain [36], highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype [48,50,51,52], certain H7 subtype viruses [52,53,54,55], a subset of low pathogenic avian influenza viruses [56] and the 2009 H1N1 pandemic strains [39,57,58]. The susceptibilities of BALB/C or C57BL/6 mice to infection with and disease induced by these viruses are indicated by their 50% infectious (ID50) and 50% lethal doses (LD50), respectively (summarized in Table 1). The body weight loss and mortality that result from infection allow the mouse model to be used to assess the efficacy of treatments and vaccination regimens specifically against these viral strains. Thus, the FDA approved antiviral drugs rimantidine and amantadine have been shown to be effective against the 1918 pandemic strain in a mouse model [59] and similar studies have determined that drugs currently in use for the treatment of seasonal influenza are also effective against H5N1 strains [51,60,61,62,63,64]. A number of antiviral drugs in the preclinical stages of development have furthermore been tested in mice with a lethal H5N1 influenza virus challenge [65,66,67,68,69,70,71,72] and inactivated viral vaccines based on historical H1N1 isolates have recently been shown to provide protection to mice challenged with a lethal dose of the 2009 pandemic strain, A/Netherlands/602/2009 (H1N1) [73].
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Table 1. Susceptibility of standard inbred mice to influenza viruses following intranasal inoculation.
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Viral Strain *

	
50% infectious dose (LD50) **

	
50% lethal dose (LD50) **

	
Mouse Strain

	
Reference






	
PR8 (H1N1)

	

	
102 PFU

	
BALB/C

	
[40]




	
WSN (H1N1)

	

	
102 – 103.3 PFU

	
BALB/C

	
[40,74,75]




	
X31 (H3N2)

	
100.7 EID50

	
>105.2 EID50, 105.84 PFU

	
BALB/C

	
[40,48]




	
1918 pandemic strain (H1N1)

	
100.75 PFU

	
103.25 to 103.5 PFU

	
BALB/C

	
[36,57]




	
A/New Caledonia/20/1999 (H1N1)

	
~102.7 PFU

	

	
C57BL/6

	
[37]




	
A/Texas/36/1991 (H1N1)

	

	
>106 PFU

	
BALB/C

	
[36]




	
A/Kawasaki/UTK-4/09 (H1N1)

	

	
>106.6 PFU

	
BALB/C

	
[39]




	
A/Netherlands/607/2009 (pH1N1)

	

	
<104.7 PFU

	
C57BL/6

	
[73]




	
A/California/04/2009 (pH1N1)

	
101.5

	
104.7 to >106 PFU

	
BALB/C

	
[39,57,73]




	
A/Viet Nam/1203/2004 (H5N1)

	
101.5 PFU, 102.2 EID50

	
101.3 PFU, 101.8 EID50

	
BALB/C

	
[57,76]




	
A/Hong Kong/483/1997 (H5N1)

	
102.2 EID50

	
101.6 to 102.4 EID50

	
BALB/C

	
[48,76]




	
A/chicken/BC/CN-7/04 (H7N3)

	

	
102.4 TCID50

	
BALB/C

	
[55]




	
A/Netherlands/219/03 (H7N7)

	
100.76 EID50

	
102.5 EID50, 100.8 TCID50

	
BALB/C

	
[53,55]




	
A/turkey/VA/4529/02 (H7N2)

	
101.76 EID50

	
>107 TCID50

	
BALB/C

	
[53]




	
A/Red Knot/NJ/1523470/06 (H7N3)

	
101.5 PFU

	
>104.8 PFU

	
BALB/C

	
[56]




	
A/Ruddy Turnstone/DE/650645/02 (H2N9)

	
102.4 PFU

	
>105.4 PFU

	
BALB/C

	
[56]




	
* pH1N1 indicates H1N1 subtype viruses of the 2009 pandemic




	
** PFU = plaque forming units; EID50 = 50% egg infectious dose; TCID50 = 50% tissue culture infectious dose









One important criterion for host susceptibility to influenza virus infection is the presence of the appropriate sialic acid receptors on epithelial cells of the target tissue. In general, human influenza viruses attach preferentially to sialic acid moieties with an α2,6 linkage to galactose [77,78], and such receptors are abundant in human upper airways [79,80]. α2,6 linked sialic acids are not, however, abundant in the mouse respiratory tract; instead, sialic acids with an α2,3 linkage predominate in the airways of mice [37,79]. The relative lack of human influenza virus receptors in mice may explain why human isolates do not replicate well in this species without prior adaptation. Indeed, an examination of virus attachment to respiratory tissues ex vivo indicated that, while avian influenza viruses bound throughout the murine upper and lower airways, human strains attached at low levels only to cells of the alveoli; by contrast, human influenza viruses bound strongly to human tracheal and bronchial tissues [81].




2.1.2. Signs of disease in mice


When an appropriate pairing of viral and mouse strains are selected, the mouse model represents a convenient means of assessing influenza virus pathogenicity and its reduction through the use of vaccines and antiviral drugs. The signs of disease that develop and their severity depend upon the challenge dose administered. In most cases, however, a lethal dose is used resulting in a severe disease characterized by huddling; ruffled fur; lethargy; anorexia, which leads to weight loss; and death (euthanasia at a humane endpoint). Necropsy of mice with severe influenza reveals lung lesions characteristic of pneumonia, including pulmonary edema and inflammatory infiltrates [75,82,83,84,85]. Many HPAI viruses of the H5 and H7 subtypes spread beyond the mouse respiratory tract to other tissues including the brain, spleen, thymus, kidney, liver and heart [48,52,53,55,76,82]. This systemic spread is possible due to the presence of a multi-basic cleavage site in the viral hemagglutinin protein and results in the development of additional disease signs not seen with viruses confined to the respiratory tract, such as hind leg paralysis and mild encephalitis [86,87]. Although it does not carry a multi-basic cleavage site, the mouse adapted strain, WSN, also spreads to the brain and causes neurological symptoms when administered intranasally at high doses [74].



Several important differences exist between the manifestations of influenza in mice and humans. Unlike humans, mice do not develop fever following influenza virus infection; conversely, hypothermia has been reported [82,88,89,90]. In mice, viral replication and resultant tissue damage are concentrated in the lower respiratory tract rather than the upper airways [53,57,82,91]. Most likely as a consequence of this differing tropism, influenza in mice is generally more severe than what normally occurs in human hosts. In the case of HPAI viruses in mice, systemic spread is more pronounced than is seen in humans, where high viral titers are detected only in the respiratory tract [92]. Also, some H7 viruses are highly pathogenic in mouse but of low pathogenicity in humans; thus, even when mice are naturally susceptible to disease, virulence does not always correlate to that seen in humans [55]. Finally, neither coughing nor sneezing is observed in mice.



The parameters most commonly used to evaluate influenza viral pathogenicity in mice are body weight loss and mortality. In addition, viral titers, pathology scores, lung weights, oxygen saturation in the blood [93,94], and gross motor-activity levels [95] may be monitored. The main advantage of using the mouse model is that large numbers of animals may be used, allowing statistically robust data to be obtained easily. For this reason, initial in vivo safety and efficacy studies for antiviral drugs currently approved for use against influenza viruses were performed in the mouse model. The antiviral effects of the M2 ion channel inhibitors amantadine and rimantadine were first demonstrated in vivo in mice [96,97,98,99]. More recently, Mendel et al. demonstrated that treatment of mice with the neuraminidase inhibitor oseltamivir (Tamiflu®) enhanced survival and decreased viral load in the lung [100], while Sidwell and colleagues extended these findings to include effects of treatment on arterial oxygen saturation and lung consolidation [94]. Von Itzstein et al. employed the mouse model to show that zanamivir (Relenza®) treatment by the intranasal, but not the intraperitoneal, route reduced lung titers in influenza virus infected animals [101]. Finally, the most recently approved antiviral for influenza, peramivir, was first demonstrated to increase survival, reduce viral load, and inhibit consolidation of the lungs in a mouse challenge model [102,103,104].




2.1.3. Transmission of influenza viruses in mice


Early studies on the transmission of influenza viruses from infected to naïve animals were performed in a mouse model [105,106,107,108,109,110,111]. Male Manor Farms (MF-1) or CFW mice were found to transmit influenza viruses by both aerosol and contact routes. The efficiency of transmission varied with the strain of influenza virus and ranged from 5% to 62.5% in this system. The influenza viruses used included mouse adapted H1N1 (PR8, NWS, A/CAM/46, A/FM/1) and H2N2 (A/Ann Arbor/6/1960 and A/Japan/305/1957) strains, as well as one H2N2 isolate that had not been serially passaged in mice. In general, H2N2 subtype viruses were found to transmit more readily than H1N1 strains, and the non-mouse-adapted H2N2 virus transmitted with 30% efficiency [108]. More recent attempts to model influenza virus transmission in BALB/C mice have been unsuccessful: direct contact transmission failed to occur when mice infected with high doses of the mouse adapted WSN strain, the 1918 pandemic virus, a highly pathogenic H5N1 isolate, human seasonal H1N1 or the 1968 H3N2 pandemic strains were co-caged with naïve mice [112]. The reason for the discrepancy between the work of Schulman and colleagues and more recent efforts to study influenza virus transmission in mice is unclear, but differences in mouse strains and husbandry practices seem likely to play a role (e.g. bacterial co-infection may have been more prevalent in the vivaria of the 1960s). It is also of note that the studies reported in [112] did not include an H2N2 subtype influenza virus.





2.2. Ferrets (Mustela putorius)


The ferret has been used to model human influenza virus infection since the virus was first isolated from humans in the 1930s. The model has been validated through years of experience, and the ferret is thought to most accurately represent human influenza disease. Ferrets are susceptible to a wide variety of human influenza virus isolates without prior adaptation to the species, and, like humans, they demonstrate a primarily upper respiratory tract infection with seasonal influenza strains. The main disadvantages of ferrets as an experimental model are their size, expense, and husbandry requirements, which make the model inaccessible to some researchers.



2.2.1. Susceptibility of ferrets to human and other influenza viruses


Ferrets, like mice, have been used in studies of influenza virus pathogenesis since the initial isolation of influenza viruses from swine and humans in the early 1930s [113,114,115,116,117,118]. In 1933, Smith, Andrewes, and Laidlaw first isolated influenza virus from humans by intranasally inoculating ferrets with filtered throat washings from patients with influenza. Three days post-inoculation, animals developed signs consistent with human influenza disease, including fever, nasal discharge, lethargy, weakness, and anorexia; after a variable period of illness, from three to 10 days, the ferrets recovered uneventfully [119].



Unlike mice, ferrets are naturally susceptible to unadapted human influenza virus isolates, including influenza A subtypes H1N1 (both pre-2009 seasonal [120,121,122] and 2009 swine-origin pandemic [39,123,124] strains), H2N2 [66], H3N2 [125,126,127,128], and H5N1 [76,126,129,130,131] subtypes and influenza B viruses [132,133,134]. They can also be infected with influenza A viruses isolated from other species, including birds [135,136] and swine [116].




2.2.2. Signs of disease in ferrets


Early experiments demonstrated that ferrets inoculated with human influenza virus exhibit overt disease, including fever, nasal congestion and discharge, anorexia, lethargy, and sneezing [119,137]; this symptomatology is similar to influenza in humans [1]. Although sneezing can occur in all upper respiratory tract infections in humans, it is more frequently associated with the common cold (caused by mainly rhino- and coronaviruses) than with influenza [138,139,140], whereas sneezing is a prominent feature of ferret influenza [141]. Ferrets have an exquisite sneeze reflex; indeed, early experimenters found that intranasal inoculation required anesthesia so that intranasal instillation of influenza virus did not induce expulsion of the inoculum itself [116].



Like humans, ferrets inoculated with human influenza viruses demonstrate a primarily upper respiratory tract infection, with tissues lower in the respiratory tract decreasingly affected [142,143]. Some strains of influenza virus have been noted to be more pathogenic in the ferret lower respiratory tract, including the reconstructed 1918 pandemic virus [144]; A/swine/Iowa/1930 (H1N1), a virus antigenically and genetically similar to the 1918 pandemic strain [116]; and H5N1 avian viruses isolated from humans [76,131]. Virus histochemistry studies have demonstrated that seasonal human strains of H3N2 and H1N1 subtypes attach predominantly in the upper respiratory tract (trachea and bronchi) of both humans and ferrets. In contrast, an H5N1 avian influenza virus attached relatively more abundantly in the lower respiratory tract (alveoli and bronchioles) of both species. These studies suggest that different tissue tropism of influenza viruses of human and avian origin may explain, in part, their different patterns of disease, and highlight a similarity between human and ferret influenza virus infections [145,146].



Because they show clinical symptoms, ferrets are often used to test antiviral agents for efficacy in preventing influenza disease. All three clinically available neuraminidase inhibitors – oseltamivir, zanamivir, and peramivir – have shown efficacy in the ferret model, as measured by a reduction of influenza virus shedding in the nares, a decrease in febrile response or other inflammatory markers, or, in the case of high-pathogenicity avian viruses, improved survival of ferrets inoculated with a lethal dose [100,101,147,148]. A study by Boltz et al. demonstrated that oseltamivir, when given prophylactically prior to infection with the highly pathogenic avian influenza virus A/Vietnam/1203/04 (H5N1), can mitigate weight loss and fever, reduce viral shedding in the upper respiratory tract, and prevent death in ferrets [129]. Similar studies have been done with experimental antivirals, such as DAS181 (Fludase®), a recombinant fusion protein that blocks influenza virus infection by eliminating cell surface viral receptors. In ferrets, a related construct DAS178, when administered from two days prior to five days after inoculation with influenza A/Bayern/7/95 (H1N1)-like virus, was shown to prevent infection in three of 12 ferrets and to alter the kinetics of nasal viral shedding in the remainder; all animals had significant reduction in the presence of inflammatory cells in nasal washes [66].



While ferret influenza mimics well the disease in humans, there are differences in drug pharmacokinetics in ferrets and humans. When testing oral compounds in animal models, differences in bioavailability among different species must be taken into consideration. As an example, oseltamivir phosphate – the ester prodrug of the active molecule oseltamivir carboxylate – is >75% orally bioavailable in humans [149], but only 30% bioavailable in mice and 11% in ferrets [150]; thus, dosages must be altered accordingly when assessing the activity of an oral compound in animal models. Similarly, different pharmacokinetics and toxicities can be observed in different species. In 1965, Cochran et al. found that the M2 ion channel inhibitor amantadine, when administered in doses tolerable in mice and men, caused lethal seizures in ferrets. At lower doses, experimental ferrets tolerated the drug, but those infected with the PR8 strain and treated either orally or subcutaneously with amantadine actually showed more viral lung pathology than infected animals given saline placebo [151]. Squires et al. later confirmed this report, showing that amantadine treatment had no ameliorating effect on either fever or clinical symptoms of sneezing, cough, and rhinorrhea [152]. In another study, Fenton et al. demonstrated similar toxicity and lack of efficacy in ferrets treated with oral amantadine; however, when treated with a lower dose of aerosolized amantadine, delivered by inhalation, ferrets infected with two different influenza A/H3N2 strains showed a reduction in nasal virus shedding and fever, without toxic effects [153]. Thus, the systemic toxicity of the amantadine limited the use of the ferret model to study its antiviral effects; when delivered locally, by inhalation, the drug worked as expected. Herlocher et al. later demonstrated that amantadine treatment (albeit at a lower dose than prior studies) also had no effect on development and duration of fever and or nasal virus shedding, but within five to six days of infection, the challenge virus developed amantadine resistance mutations in the M2 ion channel protein in four of nine amantadine-treated ferrets [154].



Early experiments by Francis and Magill demonstrated that ferrets inoculated with human influenza strains developed active immunity to re-infection, and that the serum of inoculated animals contained neutralizing antibodies, as evidenced by the capacity of the serum to confer passive protection to mice against infection with homologous strains [113]. Since then, many vaccine candidates have been tested in ferrets, including those against high pathogenicity avian influenza and the 2009 swine-origin pandemic viruses. Forrest et al. studied several inactivated whole-virus vaccine candidates against several clades of H5N1 avian influenza strains, including a multi-clade vaccine against four different H5N1 clades. These experiments found the vaccine candidates, when given in two doses, could protect against lethal virus challenge, prevent symptomatology (fever, lethargy, weight loss, and neurological signs), and reduced viral shedding from the upper respiratory tract [155].




2.2.3. Transmission of influenza viruses in ferrets


In the 1930s, experiments demonstrated that influenza virus-naïve, asymptomatic ferrets co-caged with infected ferrets would subsequently develop the same disease; that after influenza virus infection, recovered ferrets were immune to experimental re-challenge with the epidemic strain; and that, even in the absence of experimental infection, ferrets occasionally displayed an influenza-like illness, after which they became immune to subsequent virus inoculation [113,119]. Since then, the ferret has been used as a model to study mammalian transmission of influenza virus and to test vaccines and drugs to prevent transmission and disease.



Because ferrets efficiently transmit human (unadapted) influenza strains, the model can be used to study viral and host factors that enhance mammalian transmission of human viruses, such as occur in periodic influenza pandemics. The influenza pandemics of 1957 and 1968 were caused by avian–human reassortant influenza viruses; however, the relative contribution of human internal protein genes or other molecular changes to the efficient transmission of influenza viruses among humans remains poorly understood. As in humans, most high pathogenicity avian influenza strains transmit poorly among ferrets. Maines et al. used the ferret model to assess whether reassortants between H5N1 avian and H3N2 human isolates might confer improved transmissibility among mammals. In this model, an H3N2 reassortant virus with avian virus internal protein genes exhibited efficient replication but inefficient transmission, whereas H5N1 reassortant viruses with four or six human virus internal protein genes exhibited reduced replication and no transmission. These results highlight the complexity of the genetic basis of influenza virus transmissibility and suggest that currently circulating avian H5N1 viruses may require further adaptation to acquire the enhanced mammalian transmissibility essential for pandemic spread [156].



The transmissibility of other avian influenza strains – those of the H7 [135] and H9 [136,157] subtypes – have been tested in the ferret model to assess their pandemic potential. Belser and colleagues compared H7 viruses of the Eurasian and North American lineages, assessing their receptor-binding preference by glycan array and then evaluating their transmissibility by direct contact in the ferret model. They found that two highly pathogenic avian viruses of the Eurasian lineage, both of which express H7 hemagglutinins with avian receptor-binding preference, demonstrated different transmissibility among ferrets; the first, NL/219, did not transmit between any of the three ferret pairs tested, while the second, NL/230, transmitted between two of three ferret pairs. In comparison, two North American lineage H7 viruses, NY/107 and Ck/Conn, both exhibited enhanced human receptor-binding preference and decreased binding to avian-type receptors, with NY/107 showing the most significant decrease in avian receptor preference. However, Ck/Conn transmitted poorly, between only one of three ferret pairs, while NY/107 transmitted very efficiently, between three of three ferret pairs [135]. These studies highlight the complex role of hemagglutinin receptor-binding preference in the mammalian transmissibility of influenza viruses. An avian receptor-binding preference, as measured by glycan-array technology, does not preclude reasonably efficient mammalian transmissibility of influenza viruses, nor is enhanced human receptor-binding preference alone sufficient for the efficient transmission of avian strains.



In ferret transmission studies with H9-subtype influenza viruses, Wan et al. assessed the mammalian transmissibility of wild-type H9N2 viruses. Though two of the five isolates transmitted between ferrets by direct contact, no aerosol transmission was observed. The authors found that a leucine residue at amino acid position 226 in the hemagglutinin receptor-binding site, responsible for human virus-like receptor specificity, was also important for ferret transmission [136]. The same group also studied a human-avian reassortant virus – expressing the surface proteins of an avian H9N2 virus in a human H3N2 backbone – which initially could not transmit via respiratory droplets among ferrets. However, after 10 serial passages of this reassortant virus through ferrets, the adapted virus acquired the ability transmit efficiently among ferrets in separate but adjacent cages. Sequence analysis of the passage-10 virus revealed only five amino acid changes relative to the passage-0 reassortant; experiments to identify the minimal changes necessary for transmission by respiratory droplet implicated three key changes in the HA and NA proteins [157]. These studies show that aerosol transmission is not exclusive to H1, H2, and H3 influenza subtypes, and they suggest that reassortants between human H3N2 and avian H9N2 viruses require little adaptation for efficient mammalian transmission by respiratory droplets.



More recently, the ferret model has been used to assess the transmissibility of the novel H1N1 swine-origin virus that began circulating among humans in 2009. Munster et al. [124] compared the transmissibility of the pandemic strain to a seasonal influenza H1N1 strain from 2007, and found that both viruses could transmit via respiratory droplets from an infected ferret to a naïve ferret housed near, but not in contact with, the infected animal. In this study, four pairs of ferrets were tested with each virus. Among the pairs inoculated with the pandemic H1N1 strain, virus was isolated from the nasopharynges of all four exposed animals. However, in those inoculated with the seasonal A/H1N1 virus, live virus could be isolated only from three of the four contact ferrets; in the fourth animal, viral nucleic acids were detected by reverse transcriptase-polymerase chain reaction (RT-PCR) alone. Although these data clearly showed that the pandemic H1N1 virus transmits efficiently, due to the small number of ferrets tested, it is unclear whether the pandemic virus may actually transmit better than the older seasonal strain.



Similarly, the ferret model has been used to compare the transmissibility of antiviral-resistant influenza A viruses. Yen et al. [158] compared the transmissibility of a wild-type H3N2 subtype influenza virus to that of two similar recombinant viruses, generated by reverse genetics, that each encoded a known oseltamivir resistance mutation in the neuraminidase (NA) gene. They found that one mutant virus, with a glutamic acid-to-valine substitution at position 119 of the viral NA (NA-E119V) transmitted similarly to the wild-type virus, but that the other mutant virus, with an arginine-to-lysine substitution at position 292 (NA-R292K) demonstrated poorer transmission efficiency. However, these experiments were performed with only one set of three ferrets for each virus, with one animal being the inoculated donor and the other two ferrets the naïve contact animals in the same cage; thus, two transmission events per virus, from a single donor animal, were assessed. While these experiments offer an important estimate of the public health threat posed by the resistant strains, the small number of animals used makes the effect of chance on the results difficult to assess.



These results highlight a drawback of the ferret model; namely, that the cost, size, and husbandry requirements of ferrets [142] make performing experiments with large numbers of animals difficult, and thus it can be prohibitively expensive to tease out small but statistically significant differences in transmissibility among different strains.





2.3. Guinea Pig (Cavia porcellus)


Outbred Hartley strain guinea pigs are used most commonly for influenza virus research. Although colonies of inbred strain 13 and strain 2 guinea pigs are still maintained, these animals are not commercially available. The strengths of the guinea pig model lie in the natural susceptibility of these animals to human influenza virus isolates, the efficiency with which human strains transmit among guinea pigs and the relative ease of obtaining, housing and working with these animals. The main drawback of the guinea pig model for influenza research is the lack of disease signs exhibited by infected animals.



2.3.1. Susceptibility of guinea pigs to human and other influenza viruses


Like ferrets, guinea pigs are highly susceptible to infection with human influenza viruses, including seasonal strains of the H3N2 [112,159,160,161,162,163] and H1N1 [121,164] subtypes; 2009 pandemic strains [165]; the 1918 pandemic strain [164]; and highly pathogenic H5N1 viruses [164,166,167,168]. When administered intranasally, the 50% infectious dose of the seasonal strain A/Panama/2007/1999 (H3N2) was in the range of 5-66 PFU [112,167,169]. Influenza viral growth in guinea pigs occurs predominantly in the upper respiratory tract: following intranasal infection with 103 PFU of A/Panama/2007/1999 (H3N2) virus, 107 PFU/ml was obtained in nasal washings [112,165] on day 2 post-infection. The infection was cleared from the nasal passages by day 8. Growth in the lungs of guinea pigs was more moderate and shorter lived, with 105 PFU/g isolated at three days and no virus detected at five days post-infection [112]. Guinea pigs can also be productively infected with avian and swine influenza isolates [164,165], although the titers reached by these viruses in nasal passages were generally lower than those seen with human strains.



In contrast to the situation in mice, the strain of guinea pig used for experimental influenza virus infections does not appear to alter the outcome. A/Panama/2007/1999 (H3N2) virus exhibited similar growth and transmission phenotypes in inbred strain 13 [121] and strain 2 [170] guinea pigs as in outbred Hartley guinea pigs.




2.3.2. Signs of disease in guinea pigs


Despite the high viral titers reached in the respiratory tract, influenza viruses do not cause severe overt disease in guinea pigs. Their resistance to disease is demonstrated most strikingly with H5N1 strains that are highly pathogenic in humans and lethal to mice and ferrets at relatively low doses: guinea pigs infected with 106 EID50 of A/Viet Nam/1203/2004 (H5N1) virus exhibited only mild listlessness [166], while those inoculated with the same dose of A/Thailand/16/2004 (H5N1) experienced a maximum of 7.3% body weight loss [164]. Consistent with this relative lack of disease, highly pathogenic H5N1 viruses do not appear to spread systemically in guinea pigs: virus was not detected in the spleen, kidney, colon or brain of intranasally inoculated animals [168], and productive infection did not result from intragastric inoculation [166]. Infection of guinea pigs with epidemic human strains or 2009 pandemic H1N1 viruses does not lead to fever, weight loss, lethargy, coughing or sneezing; increased production of mucus in the nasal passages is, however, apparent starting approximately four days after infection.



Despite this relative lack of discernible symptoms, examination of respiratory tissues derived from infected guinea pigs reveals significant histopathological changes. Mild to severe bronchointerstitial pneumonia characterized by the infiltration of immune cells and destruction of ciliated epitheilia have been reported following infection with a number of different influenza viruses [163,164,166,171]. Among the viruses they tested, Van Hoeven et al. reported that the severity of lung pathology was greater for the 1918 pandemic strain than A/Thailand/16/2004 (H5N1) virus, which in turn caused more severe lesions than A/duck/Alberta/35/1976 (H1N1) and A/Texas/36/1991 (H1N1) viruses [164]. Examination of the upper airways, the main site of viral replication, in infected animals revealed rhinitis characterized by heavy nasal mucus secretion [163].




2.3.3. Transmission of influenza viruses among guinea pigs


Human influenza viruses transmit efficiently from guinea pig-to-guinea pig. Rapid transmission is seen when infected and naïve guinea pigs are housed in the same cage together (i.e., direct contact transmission) and also when animals are placed in separate but adjacent cages (referred to herein as aerosol transmission, mediated by either large respiratory droplets or small, airborne, droplets) [112]. Although it appears to be less efficient than close-range spread, evidence for transmission of the virus A/Panama/2007/1999 (H3N2) by the airborne route has been obtained in the guinea pig model: Mubareka et al. reported transmission over a distance of three feet, and also in an upward direction [121].



Viral strain and subtype specific differences in transmission have been observed in guinea pigs. In general, seasonal H1N1 subtype viruses have been found to transmit less efficiently than epidemic strains of the H3N2 subtype [121,170]. Both 2009 pandemic H1N1 isolates tested to date transmitted very efficiently, however [165]. The human isolate A/Viet Nam/1203/2004 (H5N1) spread to three of four exposed guinea pigs when infected and naïve animals were co-caged [167], but did not transmit by the aerosol route [172]. Among six avian isolates of highly pathogenic H5N1 influenza examined by Gao et al., two were seen to spread from guinea pig-to-guinea pig by the direct contact route [168]. Finally, swine influenza isolates of the H1 and H3 subtypes transmitted with 25% efficiency by the aerosol route [165,172], while the low pathogenic avian strains A/duck/Alberta/35/1976 (H1N1) and A/duck/Ukraine/1963 (H3N8) did not transmit [170].



Since signs of disease in guinea pigs are not easily monitored, this model is not commonly used for the evaluation of antiviral drugs or vaccines in terms of the reduction in influenza symptoms they might achieve. Viral titers in infected animals and transmission to contacts, by contrast, can be quantified through very simple procedures that do not require the harvesting of tissues. Namely, the collection of nasal washings over a time course of exposure and/or serological analysis performed two weeks or more after the exposure are used to monitor transmission. In this way, the guinea pig model can be used to assess the efficacy of various interventions in decreasing viral load and limiting influenza virus transmission [160,164,165]. Similarly, the guinea pig is a convenient model in which to examine the potential for drug resistant strains of influenza to spread. By performing relatively simple transmission experiments using either the wild type A/Panama/2007/1999 (H3N2) virus or recombinant strains in which oseltamivir resistance mutations had been introduced, we found that the mutant viruses examined transmitted with equal efficiency to the wild type by a contact route, but transmitted poorly or not at all by aerosol [169].





2.4. Cotton Rat (Sigmodon hispidus)


A well-established model for respiratory syncitial virus, the cotton rat has also been characterized as a model for human influenza viruses. As with ferrets and guinea pigs, one of the main advantages of the cotton rat model is that it can be used with human influenza A and B viruses with no prior adaptation. A second attraction is that inbred cotton rats are available. To our knowledge, no data on the transmission of influenza viruses among cotton rats has been published; instead, studies to date in this model have focused on lower respiratory tract disease. Following intranasal inoculation with a high viral dose, cotton rats develop a number of signs of disease which can be evaluated quantitatively, thereby allowing pathogenicity and its reduction through treatment to be assessed.



2.4.1. Susceptibility to human and other influenza viruses


Cotton rats have been shown to be susceptible to the seasonal human strains, A/Wuhan/359/1995 (H3N2) and A/Malaya/302/1954 (H1N1); the laboratory adapted viruses PR8 and X31; and influenza B viruses B/Sichuan/379/99, B/HK/330/01, and B/HK/73 [173]. The 50% infectious dose of A/Wuhan/359/1995 (H3N2) virus was 102 TCID50 [173]. Peak viral titers isolated from lung were reached at one day post-infection, were found to be dose-dependent, and in each case the infectious units per gram of tissue did not exceed the dose administered. Titers reached in nasal tissues, by contrast, were in the range of 106-107 TCID50/g, regardless of the inoculum dose, and were reached at three days post-infection [173]. Thus, the predominant site of viral replication in the cotton rat is the upper respiratory tract.




2.4.2. Signs of disease in cotton rats


Following infection with 107 TCID50 of A/Wuhan/359/1995 (H3N2) virus, cotton rats developed hypothermia on days 1, 2 and three post-infection, lost a maximum of 10% of their initial body weight, and experienced an increase in respiratory rate (tachypnea) of 90% [173,174]. The severity of tachypnea observed correlated with the inoculum dose administered.



Despite detection of high viral titers in the nose, and relatively lower titers in the lungs, histopathological analysis of influenza virus infected cotton rats revealed lesions predominantly in the lower respiratory tract [173]. Thus, following infection with 107 TCID50 of A/Wuhan/359/1995 virus, few nasal lesions and no nasal inflammation were observed. In the larger airways of the lung, the columnar epithelium was seen to slough off already at day 2 post-infection, while interstitial pneumonia and alveolitis were apparent at day four post-infection [173]. The destruction of small airway epithelia was furthermore seen to correlate with the development of tachypnea [174].



The ability to monitor changes in breathing rate using whole body plethysmography provides a convenient and quantitative measure of disease in influenza-infected cotton rats. Using this assay, and evaluations of lung pathology, the cotton rat model has been used to test the efficacy of anti-inflammatory and anti-viral treatments. Administration of the neuraminidase inhibitors, zanamivir or oseltamivir, in two different post-infection treatment regimens did not significantly reduce tachypnea or pathology scores in animals infected with 107 TCID50 of A/Wuhan/359/1995 virus [174,175]. It should be noted, however, that the effective dose of these drugs administered to each animal is unclear since their bioavailability in the cotton rat has not been determined. The combination of zanamivir or oseltamivir with convalescent serum or an anti-inflammatory compound, triamcinolone acetonide, applied intranasally was, however, found to significantly reduce lung lesions [175]. The cotton rat model has furthermore been used to demonstrate that pre-existing immunity to an H1N1 subtype influenza virus reduced tachypnea and bronchiolar epithelial cell damage upon challenge with A/Wuhan/359/1995 (H3N2) virus [176,177].





2.5. Syrian (Golden) Hamsters (Mesocricetus auratus)


In the 1940s, experiments showed that hamsters inoculated with influenza viruses demonstrated no clinical signs of disease, yet they mounted a specific antibody response to the infection [178]. In the 1960s through 1980s, the hamster model was employed primarily in studies of vaccine efficacy; however, the model has been used less frequently in recent years. Like cotton rats and guinea pigs, hamsters are small and relatively inexpensive to maintain, and they are susceptible to infection with human influenza viruses without prior adaptation to the species. Influenza virus infection in hamsters is a primarily upper respiratory tract infection, and virus is easily recoverable from nasal washes, allowing serial observations of the course of infection to be made on single animals. However, like guinea pigs, influenza disease in hamsters is clinically unapparent, and thus symptoms cannot be used to assess the progression of infection or the amelioration of disease with antivirals or vaccines.



2.5.1. Susceptibility of hamsters to human and other influenza viruses


Like ferrets, guinea pigs and cotton rats, hamsters are naturally susceptible to unadapted human influenza virus isolates, including influenza A subtypes H1N1 [179,180,181], H2N2 [179,180,182], and H3N2 [179,180,181,183,184,185], and influenza B viruses [180,186].




2.5.2. Signs of disease in hamsters


In early studies [181,185], hamsters inoculated with influenza viruses did not show signs or symptoms of infection, but influenza virus-specific antibodies could be serologically demonstrated after infection. Like humans, ferrets, and guinea pigs, influenza infection in hamsters is a primarily upper respiratory tract infection, and nasal washes yield high titers of influenza virus, providing a relatively non-invasive method for tracking the progress of influenza virus infection over time in a single animal, without requiring the euthanasia of animals at daily time points.



In hamsters inoculated by aerosol with H3N2 subtype influenza strains, virus could be recovered from lung and nasal tissues, with highest titers seen on day 2 to 3 post-inoculation and decreasing sharply on subsequent days, with no virus detectable seven days post-inoculation. This pattern is similar to that seen in guinea pigs. Anti-hemagglutinin antibodies could be detected in the serum of hamsters five days post-inoculation, with highest titers two weeks post-inoculation [185].



In evaluating the hamster model for the study of vaccines, Potter and Jennings found that hamsters were susceptible to intranasal inoculation with A/England/42/72 (H3N2) virus, and virus was recoverable from both lung homogenates and nasal washes taken post-inoculation; nasal wash titers were approximately ten-fold higher than lung titers at each time point. All infected hamsters also mounted detectable serum anti-hemagglutinin antibody responses, and infected animals were protected from re-infection with homologous, but not heterologous, virus challenge. However, infected animals displayed no significant increase in rectal temperature, no antibody response could be detected in nasal washes, and no lung pathology was seen upon necropsy [181]. Similarly, in hamsters infected by aerosol with an influenza B strain (B/Hong Kong/8/73), virus could be isolated from both nasal and lung tissues, but neither clinical signs of infection nor lung lesions were observed [186].



Hamsters have been utilized in vaccine studies, especially for the study of live-attenuated influenza virus vaccines. Live viruses can be attenuated by passaging them at decreasing temperatures, thus adapting them to grow optimally at lower temperatures and creating a “cold-adapted” or “temperature-sensitive” phenotype. A virus adapted to grow at 33 °C, when inoculated into the nose of a vaccinee, will replicate well in the nasopharynx and stimulate an immune response, but lower respiratory tract replication at 37 °C will be inhibited. Like humans, the core body temperature of the hamster is 37 °C, so they are an ideal species to study the efficacy of cold-adapted virus vaccines. In 1971, Mills et al. demonstrated that an H2N2 virus, cold-adapted in vitro, also displays an attenuated phenotype in hamsters. Whereas the wild-type virus replicated to high lung titers within one day of intranasal inoculation, cold-adapted viruses achieved peak lung titers that were 10 to 1000-fold lower and one to two days later than the parental virus [182]. Abou Donia et al. later confirmed that temperature-sensitive influenza virus mutants showed reduced growth in the lungs, but not the nasal turbinates, of hamsters, similar to the phenotype of these viruses in man [183].



In 1974, Jennings et al. studied the hemagglutination-inhibiting and neuraminidase-inhibiting antibody response of hamsters to inactivated influenza virus vaccines. They found that the antibody response was enhanced not only by prior infection with live, heterosubtypic influenza A viruses but also by prior immunization with inactivated, adjuvanted, heterosubtypic influenza A virus vaccines. Thus, hamsters pre-infected with a live virus required a lower dose of heterosubtypic vaccine to stimulate the equivalent antibody response as an uninfected, vaccinated animal. However, in hamsters, the priming effect was lost when live-virus pre-infection preceded inactivated-virus vaccination by 20 weeks or more, although antibodies to the pre-infecting virus could still be detected out to 32 weeks post-infection. In contrast, no priming effect was seen with influenza B viruses, although infection with these viruses did occur, as demonstrated by serum hemagglutination inhibition after infection [180].




2.5.3. Transmission of influenza viruses in hamsters


In 1982, Ali et al. [179] investigated the transmissibility of several influenza A viruses among hamsters. In a contact transmission model, donor hamsters were inoculated with virus and were then placed in a cage with naïve recipient hamsters at one hour post-inoculation. Transmission was defined by seroconversion in the exposed recipient hamsters, as a four-fold rise in anti-hemagglutinin antibody titer at 14-21 days post-inoculation. They found that viruses more virulent in man tended to achieve higher nasopharyngeal titers and to transmit more efficiently to naïve hamsters (Table 2). However, the relationship between maximal nasal wash titer and transmissibility was not absolute; the viruses A/Finland/74 (H3N2) and A/USSR/77 (H1N1) achieved similar nasal wash titers, but the transmissibility was vastly different, with 100% transmission (11 of 11 hamsters) by the H3N2 virus and 0% (0 of 11 hamsters) by the H1N1 strain.
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Table 2. Transmission of human influenza A viruses in hamsters. (Adapted from [179].)
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Virus

	
Maximum nasal wash titer [log10 50% egg-bit infectivity dose (EBID50)/mL]

	
Transmission Efficiency [# transmissions/ # exposed, (%)]






	
Virulent in humans:




	
A/Finland/74 (H3N2)

	
6.2

	
5/5 (100%)




	
A/Victoria/75 (H3N2)

	
5.5

	
5/5, 6/6 (100%)




	
A/Texas/77 (H3N2)

	
5.9

	
5/5, 4/5 (90%)




	
Attenuated in humans:

	




	
A/PR/8/34 (H1N1)

	
4.6

	
3/5 (60%)




	
A/Okuda/57 (H2N2)

	
4.3

	
0/5, 0/5 (0%)




	
A/HK/l19/77 (H1N1)

	
5.3

	
2/5 (40%)




	
A/U.S.S.R./77 (H1N1)

	
5.3

	
0/6, 0/5 (0%)









Although the data was not shown, the authors noted that aerosol transmission – in which the infected and naïve hamsters were not allowed to touch, but were instead separated by a space of one inch – did not proceed among hamsters with any of the viruses tested.





2.6. Nonhuman Primates: Rhesus macaque (Macaca mulatta), Pig-tailed macaque (Macaca nemestrina), and Cynomolgus macaque (Macaca fascicularis)


Because of the genetic and physiological similarities between human and nonhuman primates, macaques are thought to more closely model the human response to influenza virus infection than do more distantly related mammalian species like mice and ferrets. Thus, nonhuman primates have been used to study highly pathogenic influenza virus infections, such as those caused by avian H5N1 and the 1918 pandemic viruses, in which the host’s cytokine response to infection is thought to play a role in disease pathogenesis, as well as to study the efficacy of antiviral medications and vaccinations against these pathogenic strains. However, their high cost, complex husbandry requirements, relatively low availability compared to species more easily bred in captivity, and ethical issues with their use make nonhuman primates less accessible for routine studies of influenza virus pathogenicity and transmission than the previously discussed animal models. Indeed, to our knowledge, the transmissibility of influenza viruses among macaques has not been assessed.



2.6.1. Susceptibility of nonhuman primates to human and other influenza viruses


Nonhuman primates are susceptible to infection with a number of unadapted human influenza A isolates, including viruses of the H1N1 (including pre-2009 seasonal [39,187,188,189,190,191,192] and 2009 swine-origin pandemic [39] strains, as well as the reconstructed 1918 pandemic virus [191,193]), H3N2 [194], and H5N1 [188,193,195,196,197,198,199] subtypes.




2.6.2. Signs of disease in nonhuman primates


Within a decade of the first isolation of influenza virus from humans into ferrets, experimental inoculation of nonhuman primates had been performed. In 1946, Saslaw et al. intranasally inoculated rhesus macaques with the PR8 virus, a human strain passaged through mice. No clinical signs of infection, including fever, anorexia, debility, or the respiratory distress were observed; however, infected monkeys demonstrated leukopenia, primarily manifesting as a decrease in neutrophils, and developed neutralizing antibodies to the inoculating strain between eight and 10 days post-infection. However, in two monkeys inoculated by instillation of virus via syringe directly into the trachea, signs and symptoms consistent with influenza were observed, including listlessness and lethargy, facial flushing, and conjunctival injection. Symptoms persisted for two days, after which the animals returned to baseline. In these animals too, neutropenia with reciprocal lymphocytosis was seen [192].



A more pronounced clinical syndrome is observed in nonhuman primates infected with highly pathogenic human viruses, including avian influenza H5N1 strains. Cynomolgus macaques inoculated with an HPAI H5N1 virus developed fever within two days of infection. One of four monkeys developed clinical signs consistent with the acute respiratory disease syndrome (ARDS), including tachypnea, cough, lethargy, anorexia, and peripheral cyanosis. On necropsy of monkeys euthanized four or seven days after infection, high viral titers were isolated from lung tissue, which demonstrated necrotizing bronchointerstitial pneumonia, including extensive loss of alveolar and bronchiolar epithelium with alveolar exudates comprising edema, fibrin, cell debris, and peripheral blood cells. This pathology is similar to that seen in primary influenza pneumonia in humans [199].



Baskin et al. assessed lung pathology in cynomolgus macaques infected with a HPAI H5N1 virus, a seasonal human influenza strain A/Texas/36/1991 (H1N1) (Tx91), and a recombinant virus expressing the six internal genes of Tx91 with the hemagglutinin and neuraminidase from the reconstructed 1918 pandemic influenza virus. Macaques infected with the H5N1 virus demonstrated a more severe clinical syndrome than those infected with either Tx91 or the Tx91-1918 reassortant; clinical obervations included anorexia, depression, coughing, diarrhea, and thrombocytopenia in H5N1-infected animals. Both the H5N1 and Tx91-1918 recombinant viruses produced severe pathology, a multi-lobar bronchopneumonia with consolidation and edema on gross inspection and bronchiolitis and alveolitis on microscopy, though pathology was worse in the H5N1 virus infected animals [188].



A subsequent study by Cilloniz et al. compared lung pathology in cynomolgus macaques infected with an HPAI H5N1 virus to those infected with the 1918 pandemic virus. They found that animals infected with the 1918 virus demonstrated more severe lung pathology within the first 24 hours of infection, with severe peribronchiolar alveolitis, edema, and hemorrage. By 48 hours post-inoculation (hpi), similar lung pathology was seen with both viruses. Lung titers were higher at 12 hpi in 1918-infected macaques, but titers equalized for both viruses by 24 hpi. Thus, although virus titers were similar at the 24-hour time point, the 1918 virus had already caused greater tissue damage, which continued to worsen [193].



In a recent study comparing the new swine-origin pandemic strain, A/California/04/2009 (H1N1), to an older seasonal H1N1 virus, Itoh et al. found that cynomolgus macaques infected with the latter manifested a greater febrile response to infection, had higher virus titers in both the upper and lower respiratory tracts, and demonstrated more severe lung lesions on pathological examination, compared to macaques infected with the seasonal virus [39].



Despite the genetic and physiologic similarities between human and nonhuman primates, there are likely subtle differences in influenza virus infection in these species. Using virus histochemistry, Van Riel et al. found that, in both humans and macaques, avian viruses attach more strongly to cells in the lower respiratory tract; however, in human alveoli, avian viruses tend to attach to Type II (surfactant-producing) pneumocytes, while in macaques, viral binding was predominantly to Type I pneumocytes [146].



Antivirals and vaccines against influenza virus have also been tested in the nonhuman primate model. Recently, Stittelaar et al. evaluated the therapeutic efficacy of intravenous zanamavir in H5N1 avian influenza virus infection. In the United States, zanamavir is currently licensed for use as an inhaled preparation; however, this dosing method is impractical for patients critically ill with avian influenza. In addition, zanamivir is the only currently available neuraminidase inhibitor effective against H1N1 viruses with the NA-H275Y mutation. Stittelaar et al. found a dose-dependent antiviral efficacy in reducing viral titers in the lungs of infected macaques who were treated with IV zanamivir either prophylactically (administered starting 12 hours prior to infection) or therapeutically (starting four hpi), although there was significant variation among lung titers from animals in each group. Additionally, fewer zanamivir-treated animals developed lung lesions than did those in the placebo group, and, in treated animals that developed pneumonia, the pathology was generally less severe [200].



Because of the genetic and physiologic similarities between humans and nonhuman primates, several studies [187,188,191,193] have explored gene expression during influenza virus infection in macaques. Such a study in rhesus macaques found that oseltamivir prophylaxis, prior to infection with a seasonal H1N1 influenza isolate, significantly reduced virus titers in the trachea and also increased mRNA levels of the interferon-stimulated gene MxA; from this data, the authors hypothesized that, in primates, influenza virus protein expression actively suppresses expression of this antiviral gene [189].



Nonhuman primates have also been used to assess the immunogenicity and efficacy of vaccines against influenza virus infection. These experiments have shown efficacy – measured either by the induction of protective antibody and cellular immune responses or the reduction of disease in vaccinated, virus-challenged animals – of a number of novel vaccine candidates. Some of these novel strategies include modifications of existing vaccines, such as a cold-adapted live-attenuated influenza virus vaccine (LAIV) directed against highly pathogenic avian influenza viruses [195]. A novel LAIV rendered replication-deficient not by cold-adaptation, but by the deletion of a viral gene that antagonizes the protective interferon response, has also been tested [201]. Other novel strategies include intradermal or intramuscular electroporation of plasmid DNA-encoded antigens [197] or intramuscular administration of replication-deficient vaccinia virus as a vector to deliver influenza virus genes [196].






3. Conclusions


Several animal species have been used in influenza virus research, each with particular advantages and disadvantages. Symptoms of influenza virus infection in humans are most closely mimicked by the ferret, in which influenza virus disease is manifested by fever, nasal discharge, lethargy, weakness, anorexia, and sneezing. Depending on the virus strain, macaques can also display a human-like symptomatology, and, like humans, infection with highly pathogenic avian influenza viruses can induce ARDS and multi-organ system dysfunction in primate models. Mice and cotton rats, while less overtly symptomatic, can display hypothermia and weight loss, while guinea pigs and hamsters show no overt clinical signs of influenza virus infection. Thus, the use of antivirals to prevent symptoms cannot be studied adequately in the rodent models.



Ferrets, guinea pigs, cotton rats, hamsters, and nonhuman primates are all susceptible to infection with human influenza virus strains, without the need for prior adaptation to the species. Mice, however, are resistant to infection with most primary human virus isolates; thus, they are less useful when studying non-adapted strains. Important exceptions include the 1918 H1N1 pandemic strain, highly pathogenic avian influenza viruses, some low pathogenic avian influenza viruses, and the 2009 H1N1 pandemic strain, which have been demonstrated to be infectious in mice without prior passaging.



Efficient transmission of influenza virus has been shown only in ferrets, guinea pigs, and, to a lesser extent, hamsters. While nonhuman primates would be expected to transmit human strains like humans, the large numbers of animals required for these experiments would be cost-prohibitive. Thus, for studies on mammalian transmission of influenza virus and interventions aimed at preventing spread, most of the models discussed in this review, with the exception of ferrets and guinea pigs, would be unsuitable.



In terms of size, cost, and husbandry requirements, the smaller rodents – mice, cotton rats, hamsters, and guinea pigs – are readily accessible to most researchers, and statistically robust data may be obtained with large numbers of animals. Ferrets and nonhuman primates are more expensive, require larger caging and facilities, and have greater husbandry demands than the smaller models, thus limiting their use in some research settings.




4. Future Perspectives


The heightened interest of the public and funding bodies in influenza in recent years has led to the expansion of the field and, correspondingly, a greater need for well characterized animal models of disease and transmission. While, as discussed above, significant progress has been achieved in this regard, challenges remain. One important topic which has been difficult to fully address in either humans or animal models is the relative contributions of small droplet aerosols, larger respiratory droplets, and contact with contaminated surfaces to influenza virus transmission. Technological hurdles related to the isolation and quantification of viable influenza viruses from dilute aerosols have hampered progress on this issue. If these can be overcome, the insight gained will be of great value in informing public health responses to influenza virus outbreaks.
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