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Abstract
Since ferrets were first used in 1933 during the initial isolation of influenza A viruses, animal
models have been critical for influenza research. The following review discusses the contribution
of mice, ferrets and non-human primates to the study of influenza virus host-range and
pathogenicity.
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1. Introduction
Of the three types of influenza viruses, A, B, and C, influenza A viruses infect a wide range
of hosts and include different subtypes based on the antigenicity of the hemagglutinin (HA)
and neuraminidase (NA), while influenza B and C infection is primarily restricted to humans
[reviewed in 1 and 2]. Influenza viruses are RNA viruses belonging to the Orthomyxoviridae
family, and influenza A and B viruses have genomes comprised of 8 negative-sense, single-
stranded RNA segments, which encode at least 11 proteins (reviewed in Table 1) [2–3]. The
natural hosts of influenza A viruses are waterfowl (order Anseriformes) and shorebirds
(order Charadriformes). Aquatic birds are infected by all 16 HA and 9 NA subtypes of
influenza A viruses. Three HA subtypes (H1, H2, H3) and two NA subtypes (N1, N2) have
caused widespread, sustained disease in humans in the past century. Each year, widespread
outbreaks of seasonal influenza result in an estimated 250,000–500,000 deaths worldwide
[1]. Novel influenza subtypes, such as H5, H7, and H9, have been transmitted from wild
aquatic birds to domestic poultry and various mammalian species, including pigs, horses,
and humans [1].

Direct transmission of influenza viruses with a novel HA gene from animals to humans can
cause pandemics, such as the H1N1 pandemic of 1918, which resulted in 20–50 million
deaths worldwide, and the 2009 pandemic that caused significant morbidity and mortality in
children and young adults [1,4]. Past studies that involved experimental administration of
avian influenza viruses (AIV) to humans or human influenza viruses to ducks demonstrated
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restricted replication in the heterologous species, presumably due to host range restriction
[5,6]. However, more recent natural events have shown that influenza viruses can cross the
species barrier; for example, equine influenza virus transmitted to dogs, and AIV transmitted
to pigs and humans [1,7,8]. Since 2003, almost 500 cases of human infection with highly
pathogenic avian influenza (HPAI) H5N1 viruses have been reported resulting in close to
300 deaths (60% case fatality rate), with most of the infections due to direct transmission
from infected poultry to humans. Although HPAI viruses have not transmitted efficiently
between humans so far, there is a concern that repeated transmission of AIV from infected
birds to humans increases the probability that a virus will emerge that has the molecular
changes needed for efficient and sustained virus transmission among humans.

Novel HA and NA glycoproteins can also be introduced into humans as a result of genetic
reassortment between avian and human influenza strains, as occurred in the 1957 H2N2 and
1968 H3N2 pandemics [9]. Low pathogenicity avian influenza (LPAI) viruses were the
source of these two pandemics [9]. The pandemic 2009 H1N1 virus is a reassortant animal
influenza virus that derived genes from North American H3N2 and H1N2 swine viruses and
Eurasian avian-like swine viruses [10].

A better understanding of influenza host range and pathogenicity (defined in Table 2) will
aid in early recognition of influenza strains with pandemic potential and the development of
antiviral strategies. Animal models, which are used as surrogates for evaluating human
influenza infection, have contributed to our understanding of host and viral factors involved
in the adaptation of influenza viruses to new hosts and their ability to cause disease. The
characteristics of the most commonly used animal models are summarized in Table 3. In this
review, we discuss the contributions that specific animal models have made to our
understanding of influenza host range, pathogenicity and virulence.

2. Influenza host range, pathogenicity, and virulence
2.1 Influenza host range

The ability of an influenza virus to infect a specific host species (host range, defined in
Table 2) is determined by the ability of the virus to attach to, replicate in, and release from
cells of that specific host. Attachment to sialic acid (SA) receptors is dependent upon the
influenza HA, while internal viral proteins and various host factors are critical for viral
replication. The NA functions in the release of infectious progeny virus through the removal
of SA from the cell surface.

Receptor specificity is a primary determinant of viral attachment and infection of host cells.
SA receptor distribution varies between species and among tissues and cell types within the
same host [11]. Attachment is initiated by the binding of the HA to SA on the cell surface.
Influenza virus binding and infectivity are influenced by the type of galactose linkages (α2,6
or α2,3) present on SA [12]. Human influenza viruses preferentially recognize SAα2,6
receptors, which are expressed on non-ciliated cells and are more prevalent in the upper
respiratory tract [11,12,13]. AIV preferentially recognize SAα2,3 receptors, which correlates
with the predominance of SAα2,3 receptors on intestinal epithelial cells of birds and cells of
the lower respiratory tract in humans. SAα2,3 receptors are also expressed on ciliated cells
in the upper respiratory tract of humans [1,11,12,14,15]. The enhanced virulence of HPAI
viruses bearing SAα2,3 receptors, causing acute viral pneumonia that progresses to acute
respiratory distress syndrome (ARDS) and multiple organ failure, is thought to be in part
due to viral tropism for cells of the lower respiratory tract [1,14,15]. How well animal
models recapitulate human disease maybe determined by the distribution of receptors and
resulting infection in the respiratory tract.
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Amino acids at positions 226 and 228 in the receptor binding site (RBS) of the H3 HA play
a key role in pathogenicity and host range as these residues determine receptor specificity
[12,13]. Gln-226, found specifically in AIV, determines specificity for SAα2,3, while
Leu-226 correlates with SAα2,6 specificity in human H2 and H3 influenza viruses [12]. In
most human influenza viruses, Leu-226 is associated with Ser-228, while Gln-226 is
associated with Gly-228 in AIV [reviewed in 13]. Among H1 viruses, Asp-190 and Glu-225/
Asp-225, which have been identified in human and swine isolates, and Glu-190/Gly-225
found in avian isolates, determine preferential binding to SAα2,6 or SAα2,3, respectively
[reviewed in 13].

Influenza virus encodes three polymerase proteins PA, PB1, PB2 and the NP protein, which
form the ribonucleoprotein (RNP) complex, which is responsible for transcription and viral
replication (Table 1). However, since the virus encodes only 11 proteins, it must utilize the
host cell’s machinery to aid in its replication. High-throughput RNAi screens in human cells
has been utilized to identify hundreds of human genes that are required for the influenza
replicative cycle [16–19]. Further characterization of these gene products may reveal
important host range determinants.

2.2 Influenza pathogenicity and virulence
Pathogenicity, defined in Table 2 as the ability of an influenza virus to cause disease in the
host, is linked to host range, as the virus must be able to infect and replicate in host cells
before it can cause disease, and this requires the viral and host factors mentioned above.
Second, for an influenza virus to be considered pathogenic, infection of the host must have
harmful consequences such as clinical illness and possible lethality. At the cellular and
tissue level, pathogenic viruses can induce cell death and cytokine production. Virulence is a
measure of disease severity and can range from mild to severe. Clinical symptoms and the
pathological consequences depend on both the influenza virus strain and the infected host.

Disease caused by influenza viruses may be relatively mild, such as that observed with
seasonal human influenza viruses, or severe, like that observed with HPAI or 1918 influenza
viruses. A number of factors determine influenza virus virulence, including the amount of
virus in the inoculum, in the tissues following viral replication, as well as, the kinetics of
viral replication. The tissue tropism of the virus, such as infection limited to the lung or
spread to extrapulmonary sites, such as the brain, also affects virulence. Finally, the ability
of the host to clear the virus, which relies upon the host innate and adaptive immune
response, is also a determinant of virulence.

Several specific viral and host factors are determinants of influenza virus virulence. Viral
factors include the multibasic cleavage site in the HA, residues 627 and 701 of the PB2
protein, NA stalk length, and gene constellation [reviewed in 1 and 13,20]. Host factors that
affect virulence are SA receptor distribution, interacting proteins such as heat shock proteins
(HSPs) and host cell polymerases, and the innate and adaptive immune systems. An
interaction between the influenza virus PB2 protein and mitochondrial antiviral signaling
protein (MAVS) may play a role in influenza virus virulence [21]. Animal models have been
used to study each of these determinants, as well as, other viral and host factors that
determine host range and pathogenicity and have led to a better understanding of these
aspects of influenza virus infection.

3. Influenza host range
3.1 Mice: influenza host range

Mice are among the most commonly used mammalian models for evaluating influenza
infection (Table 3).
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3.1.1 Receptor specificity—Commonly used laboratory strains of mice express both
SAα2,6 and SAα2,3 receptors in their respiratory tract, making them susceptible to both
human and avian influenza viruses. However, the specific distribution of these receptors in
mice is still being studied and may vary by mouse strain. For example, a recent study
reported expression of both SAα2,6 and SAα2,3 receptors in multiple organs of BALB/c
mice, including the trachea, lungs, cerebellum, spleen, liver, and kidney, while studies with
C57BL/6J mice reported a lack of SAα2,6 expression in the lungs, but SAα2,3 receptors
were demonstrated in ciliated airway and type II alveolar epithelial cells [22,23]. Genetic
variations that exist between mouse strains in the many host genes involved in viral
replication, and the innate and adaptive immune response, can greatly influence the outcome
of the disease [24].

Though it appears likely that commonly used laboratory strains of mice express both
receptors, a predominance of SAα2,3 receptors may explain why human influenza A virus
subtypes (H1, H2, and H3) generally must be adapted to mice before they replicate
efficiently, while several LPAI and HPAI viruses, such as H5N1, H2, H6, and H7 viruses,
can infect mice without adaptation [1,14,15,25–27]. Some highly virulent human influenza
viruses, such as the reconstructed 1918 influenza virus, can also infect mice without
adaptation [28,29]. However, considering that most human influenza viruses are unable to
infect mice without prior adaptation despite the presence of SAα2,6 receptors, one can infer
that receptor distribution alone does not determine infectivity. A summary of influenza
specific host factors that have been identified in mice, as well as different animal models, is
presented in Table 4.

3.1.2 Mx1 protein expression—Mx1 belongs to a family of interferon-induced proteins
that selectively inhibit influenza virus replication by interfering with mRNA synthesis [30].
The Mx1 protein, a nuclear protein in mice, is both necessary and sufficient to protect mice
from influenza virus infection. While the Mx proteins were initially discovered in an inbred
mouse strain (A2G) that exhibited a high degree of resistance to influenza A virus infection,
most inbred strains of mice carry defective Mx1 alleles and are highly susceptible to mouse-
adapted influenza viruses [31]. The human homolog, MxA, is a cytoplasmic protein that
inhibits influenza replication at a later step than murine Mx1 [30]. However, unlike murine
Mx1, MxA alone cannot prevent influenza virus infection; a functional immune system is
necessary for protection in humans [30].

3.1.3 Mouse adaptation mutations—In addition to the host factors mentioned above,
viral factors also play an important role in influenza host rang in mice. Human influenza
viruses can be mouse adapted through serial passage of the virus in the lungs [reviewed in 1
and 2]. This results in mutations in several influenza gene segments. Analysis of the
mutations has been beneficial for identifying viral proteins and specific residues within the
proteins that may be crucial for influenza viruses to overcome host range restriction and
cross the species barrier to infect new hosts efficiently. Mutations have been identified in the
influenza HA, PB1, PB2, NA, and M1 gene segments (Table 5) [32]. A correlation was
reported between the replicative capacity and virulence of mouse-adapted viruses; mutant
viruses with increased viral yield in vivo showed enhanced virulence and induced severe
pathology [32]. Mutations in the HA, NA, and M1 proteins increased viral yield, while
combinations of PB1 and PB2 mutations restricted host range and changed the virus to a
mouse specific strain [32]. Further studies have identified mutations in the HA gene of
mouse adapted H3N2 viruses that clustered within two distinct regions in the HA1 and HA2
subunits. Some of these mutations (at amino acids 162, 210, and 218 in HA1 and 154 in
HA2) enhanced replication and virulence in mice [33]. The HA mutations may increase its
affinity for SAα2,3 receptors to adapt to the murine host [reviewed in 1 and 2].
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Comparison of the H7N7 virus SC35, which exhibits low virulence in mice, with its mouse-
adapted variant SC35M, which is highly virulent in mice, led to the identification of 7 amino
acid differences in the polymerase and NP genes [34]. Some mutations resulted in a
moderate (PB2 701N and 714R, PA 615N, NP 319K) or dramatic (PB1 13P and 678N)
enhancement of polymerase activity, while the PB2 333I mutation actually suppressed
polymerase activity [34]. These polymerase-enhancing mutations contribute to the increased
virulence observed in mice infected with SC35M. Similar polymerase mutations were found
in H5N1 HPAI and human isolates, possibly demonstrating convergent evolution of
SC35M-like mutations in mammalian and HPAI H5N1 strains [34]. The observations from
this study support the idea that mutations in the polymerase complex, and enhanced activity
of viral polymerase are critical for influenza virus adaptation to a new host, such as HPAI
virus adaptation to mammalian hosts [34].

3.2 Ferrets: influenza host range
Since Smith and colleagues initially isolated an influenza A virus from a ferret in 1933 [35],
ferrets have been considered an ideal animal model for influenza research (Table 3). A
summary of influenza specific host factors that have been identified in ferrets is presented in
Table 4.

3.2.1 Receptor specificity—Ferrets are susceptible to many human and avian influenza
viruses. Ferrets share similarities to humans in clinical signs of illness, lung physiology,
airway morphology, and cell types present in the respiratory tract [36]. The distribution of
SAα2,6 and SAα2,3 receptors in the ferret respiratory tract was reported to resemble that of
humans, with SAα2,6 receptors in the upper respiratory tract extending into the lower
respiratory tract as far as the bronchioles and SAα2,3 receptors in the lower respiratory tract
distal to the respiratory bronchioles [36]. However, in a recent study, a predominance of
SAα2,6 receptors was reported throughout the respiratory tract of ferrets, including the
lower respiratory tract [37]. Replication and attachment of human H3N2 viruses occur
primarily in the upper respiratory tract, while attachment and infection with AIV generally
occurs in the lower respiratory tract [14,15,38,39]. Human influenza viruses attach to the
surface of ciliated epithelial cells in the airways and to type I pneumocytes in the alveoli of
ferrets and primarily cause upper respiratory tract disease and occasionally bronchitis and
pneumonia [14,15,36]. AIV attachment to type II pneumocytes in the alveoli and to the
bronchioles may explain why AIV disease is more severe in the lungs while the bronchi and
trachea are less affected [14,15,36].

Receptor specificity plays a critical role in influenza virus transmission, which is one the
primary reasons why ferrets are often used for studying influenza virus transmission [40].
Studies suggest a general correlation between influenza virus transmission and SAα2,6
binding affinity [40]. Human influenza viruses, which preferentially bind SAα2,6 receptors,
are transmitted efficiently between ferrets via direct contact or respiratory droplets, while
AIV isolates, including H5N1, which bind SAα2,3 receptors, do not transmit efficiently in
ferrets [40]. Additionally, 1918 influenza virus variants with SAα2,3 or mixed SAα2,3/
SAα2,6 receptor specificity are less transmissible than wild-type 1918 influenza virus,
which has SAα2,6 specificity [40]. This may explain why AIV do not transmit efficiently
between humans. However, it should be noted that H9N2 viruses with a leucine residue at
amino acid position 226 in the HA RBS, which is responsible for human virus-like receptor
specificity, can transmit among ferrets by direct contact but not by aerosol transmission [41].

Five amino acid changes were identified in a reassortant viruses carrying the H9N2 surface
proteins on a human H3N2 backbone that were required for aerosol transmission, suggesting
that only a few specific changes are needed for currently circulating H9N2 AIV, and

O’Donnell and Subbarao Page 5

Microbes Infect. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possibly other AIV, to become transmissible. Three amino acid changes were found in the
surface proteins (HA and NA) while 2 were found in the internal proteins (PB2 and M1)
[41]. There is significant concern that prolonged cocirculation of H5N1 viruses and human
influenza viruses will generate reassortant H5N1 viruses with the ability to transmit
efficiently between humans.

3.2.2 Immune response—Interestingly, a lower induction of lymphocytes was observed
in nasal washes as natural transmission proceeded in ferrets compared to the initial direct
intranasal infection [42]. Cytotoxic T cells clear the virus from the respiratory tract of ferrets
and influenza-induced suppression of cell-mediated immunity is well documented [42].
Diminished lymphocyte induction and transient impairment of cellular immunity have both
been associated with influenza infection [42]. If a reduction in the T-cell response to
influenza infection is observed after transmission of the virus, the immune response to
influenza infection could be significantly impaired, allowing for more efficient infection.

3.3. Non-human primates: influenza host range
Although other animal models are more inexpensive and may be more convenient to use,
none are as close to humans in physiology and genome sequence as non-human primates
(Table 3). Non-human primates are being investigated as an animal model for influenza
since disease in these animals may more closely reflect that seen in humans than small
animals. However, from a practical standpoint, this animal model is not as frequently used
because of their high cost and difficulty working with a restricted species. Various species of
non-human primates, including both Old World (Rhesus and cynomolgus macaques) and
New World monkeys (squirrel and cebus), have been used to evaluate a variety of human
and avian influenza viruses [reviewed in 39].

3.3.1 Receptor specificity—Unlike ferrets, the pattern of viral attachment in non-human
primates differs significantly from that in the human respiratory tract; viral attachment is not
observed in the trachea, bronchus, or bronchioles of cynomolgus macaques after H3N2 virus
infection (Table 3) [36]. This may explain why cynomolgus macaques do not display
clinical signs of disease following infection with human H3N2 viruses. The reduced
susceptibility of non-human primates to seasonal human influenza viruses may, in part, be
due to differences in receptor distribution between non-human primates and humans.

4. Influenza virulence
4.1 Mice: influenza virulence

Though many influenza viruses do not replicate in mice, there are a number of influenza
viruses that do, and these viruses exhibit varying levels of virulence in mice (Table 6). The
parameter most commonly used for measuring influenza virus disease (Table 3) in mice is
weight loss (a 20–25% loss in body weight generally requires euthanasia). Oxygen
saturation (SaO2) in the blood is used to measure viral replication, with a correlation
between a decrease in SaO2 with increased viral replication [43]. Measuring viral titers in
the respiratory tissues is critical since even modest reductions in virus load can prevent
lethality.

4.1.1 Mild/moderate virulence in mice—Influenza viruses such as the 2009 pH1N1,
H9N2, and some seasonal influenza viruses exhibit mild to moderate virulence, with viral
replication generally restricted to the respiratory tract. These viruses are generally not lethal
for mice [29,38]. Studies in mice with the 2009 pH1N1 virus have identified the importance
of internal viral proteins in influenza pathogenesis. A mutation in the PB2 protein (T271A),
which has previously been shown to enhance polymerase activity in human cells, enhances
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viral replication in the mouse lung. This mutation is present in the avian-derived PB2 protein
of the 2009 pH1N1 virus and may be associated with high polymerase activity [44]. The
2009 pH1N1 virus possesses a glutamic acid at position 627 in the PB2 protein (627E) [44]
though a lysine at this site is associated with influenza host range, virulence and tissue
distribution in mice [45,46]. Nearly all AIV encode glutamic acid at this position, while
human influenza viruses encode lysine, and the E627K substitution is associated with the
ability of AIV to replicate efficiently in mammalian cells [45]. Some HPAI viruses,
including H5N1 and H7N7 viruses isolated from fatal cases in humans, have a lysine residue
at this position [reviewed in 1,46]. The presence of glutamic acid at position 627 of the 2009
pH1N1 PB2 protein may explain why this virus only exhibits mild virulence in mice.
Interestingly, however, substitution of E to K at this residue in the 2009 pH1N1 virus did not
confer higher virulence and replication efficiency in mice, suggesting 627K is not required
for adaptation of the swine origin 2009 pH1N1 virus to mammals [44].

4.1.2 Severe virulence in mice
4.1.2.1 HPAI and 1918 H1N1 influenza viruses: Influenza viruses that cause severe
disease in mice without prior adaptation include HPAI and 1918 human influenza viruses
(Table 6) [reviewed in 1,39]. These viruses spread to extrapulmonary tissues and infection
can result in high mortality [1,28,38,47]. Lethality of H5N1 viruses in BALB/c mice has
been attributed to their ability to spread to multiple organs, including the brain, while
infection with non-lethal H5N1 viruses is limited to the respiratory tract [48–50]. These
studies demonstrated that some influenza A viruses can replicate systemically in a
mammalian species and can be neurotropic without prior adaptation. Dissemination of these
viruses to extrapulmonary organs may depend on viremia that occurs early during infection,
with more pathogenic viruses replicating more efficiently in other organs [48]. Infection is
characterized by a sustained inflammatory response and an impaired adaptive immune
response that results in an inability to contain the infection at the primary site of replication.
Mutations in the polymerase genes of highly pathogenic viruses, such as the E627K
mutation of the PB2 protein and the N66S mutation of the PB1-F2 protein, have been
associated with an impaired adaptive immune response and increased host cell apoptosis,
which may contribute to enhanced viral replication and extrapulmonary spread (Table 5)
[51].

Infection with HPAI or 1918 influenza viruses is characterized by severe lung pathology,
including pulmonary edema and extensive inflammatory infiltrates [47,52]. Infection with
these viruses results in significantly larger numbers of macrophages and neutrophils in the
lungs compared to infection with low pathogenicity viruses, suggesting these cell types play
a role in acute lung inflammation. Though infection with H5N1 and 1918 viruses show
many similarities in lung cellularity, composition of immune cell sub-populations, and their
temporal dynamics, H5N1 viruses induce significantly higher levels of pro-inflammatory
cytokines than the 1918 virus [52].

Some HPAI H5N1 viruses are lethal for mice while others are not. Mice infected with lethal
H5N1 virus strains exhibit severe lymphopenia compared to non-lethal H5N1 viruses, which
display only a transient lymphopenia (Table 6) [49,53]. Infection with lethal H5N1 strains is
associated with a reduction in the number of CD4+ and CD8+ T cells and reduced synthesis
of the cytokines interleukin-1β and gamma interferon and the chemokine macrophage
inflammatory protein in lung and lymphoid tissues. In contrast, chemokine and cytokine
levels in the brains of infected mice increased, and evidence of apoptosis in the spleen and
lungs of infected mice suggests a mechanism for lymphocyte destruction. The destructive
effects on the immune system may contribute to H5N1 virulence in mammalian hosts
[50,53].
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Mutations in viral gene segments, such as PB2, PB1-F2, and HA, may contribute to the
enhanced virulence of H5N1 viruses (Table 5). Mutations have been identified at positions
701 and 627 of the PB2 protein. The acquisition of an Asp-to-Asn mutation at position 701
of the PB2 protein was associated with the ability of H5N1 AIV to replicate efficiently and
cause lethal infection in mice [54]. HPAI viruses also possess the E627K mutation in the
PB2 protein, which was mentioned earlier to be a characteristic of highly pathogenic
influenza viruses. These mutations suggest the PB2 protein is important for both virulence in
mice (residue 627) and host range (residue 701) of HPAI viruses [46,54]. However, some
H5N1 viruses that do not contain this mutation are still highly virulent in mice, suggesting
that other mechanisms contribute to virulence [49]. The precise mechanism by which the
E627K substitution contributes to virulence is not known, but it may influence the
replication efficiency of H5N1 viruses in murine cells, resulting in a more widespread
infection with prolonged neutrophil infiltration in the mouse lung [49].

Studies suggest that cold sensitivity in AIV is mainly determined by residue 627 of the PB2
protein, resulting in a reduced ability of the AIV polymerase complex of to replicate the
viral genome at 33°C, the temperature of the upper respiratory tract, and this could
contribute to the inability of AIV to grow efficiently in humans [55,56]. Viruses possessing
lysine at position 627 of the PB2 protein replicate efficiently in both the lungs and nasal
turbinates, as well as in cells at 33°C, while viruses possessing glutamic acid at this position
replicate less well in nasal turbinates than in lungs, and less well in cells at 33°C. This
suggests that lysine at PB2-627 permits efficient growth in the upper and lower respiratory
tract of mammals [55]. An inhibitory activity or factor in human cells may restrict influenza
polymerase function containing an avian-like PB2, preventing assembly of polymerase into
the RNP complex, blocking viral replication and inhibiting cross-species transmission. The
E627K mutation of the PB2 protein may overcome this inhibitory activity and promote viral
replication [57]. Position 627 in the PB2 protein may be a key regulator of species-specific
polymerase activity.

While the PB1-F2 protein is truncated in seasonal human H1N1 viruses, it is functional in
the 1918 influenza virus and may contribute to virulence by functioning as a proapoptotic
protein [51]. A point mutation at amino acid 66 of the PB1-F2 protein is associated with the
virulence of the 1918 influenza virus and with the accompanying cytokine dysregulation
(Table 5) [51]. Interestingly, the 2009 pH1N1 virus does not encode a PB1-F2 protein [58].
Mutant 2009 pH1N1 viruses engineered to express a PB1-F2 protein with either an
asparagine or serine at position 66 showed minimal difference in virulence, though they
were associated with altered levels of proinflammatory cytokines [58].

The HA gene has also been linked to the virulence of H5N1 and 1918 viruses [28,59].
Viruses bearing wild-type and mutant 1918 HA genes with differing receptor specificities
(SAα2,3, SAα2,6, or both) all caused lethality in mice and exhibited similar pathology and
cellular tropism [59]. The HA contains virulence determinants independent of receptor
binding specificity. One such determinant is a motif of basic amino acids that results in a
highly cleavable HA, which causes lethal infection in poultry and mice [46]. The HA
precursor protein (HA0) is cleaved into 2 subunits (HA1 and HA2) by host cell proteases;
HA cleavage is required for fusion of the viral and endosomal membranes and for viral
infectivity [reviewed in 13]. LPAI viruses possess a single Arg residue at the cleavage site,
recognized by extracellular, trypsin-like proteases, whose expression is limited to cells of
the respiratory and intestinal tract of humans and birds, respectively, limiting infection to
these regions [reviewed in 13]. By contrast, HPAI viruses possess multiple basic amino
acids at the cleavage site recognized by ubiquitous intracellular subtilisin-like proteases that
can cleave the HA in extrapulmonary sites, thereby altering the tissue specificity, triggering
systemic infection [reviewed in 13]. While HA cleavability is a major determinant of tissue
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tropism of AIV, the multibasic amino acid motif in the HA connecting peptide does not
affect the cell tropism of the virus but rather its replicative ability in mice.

The NA is a tetramer with a box like head bearing an enzymatic site, on a stalk, which varies
in sequence and length [reviewed in 13]. Typically, viruses with a shortened NA stalk are
less efficiently released presumably because the enzyme active site in the head cannot
efficiently access its substrate [reviewed in 1 and 13]. However, shorter NA stalk length,
characterized by a deletion in the NA stalk, is widespread in terrestrial poultry, with subtype
H5 and H7 influenza viruses selecting for these shorter stalk lengths [reviewed in 1 and
13,20]. AIV with shortened stalks were more virulent in poultry and mice compared to those
with long NA stalks (Table 6) [20]. A correlation has been observed between NA stalk
length and HA glycosylation. Among viruses with a short NA stalk, viruses with fewer HA
glycosylation sites were more virulent in mice than viruses with a highly glycosylated HA
[20]. NA stalk length does not appear to affect infectivity or efficiency of viral replication. If
the findings in mice reflect virulence in humans, the short-stalk NA of H5N1 viruses may
contribute to virulence in humans.

4.1.2.2 Mouse adapted human influenza viruses: While seasonal human influenza viruses
are generally unable to replicate efficiently in mice, serial passage in mice results in
increased virulence and severe disease that resembles HPAI and 1918 influenza virus
infection. Historically, H1N1 influenza viruses such as Puerto Rico/8/34, WSN/33, and FM/
1/47 have been used in mice since all are well adapted to mice [32]. Several of these viruses
were passaged extensively in mice and gained mutations that contribute to their enhanced
virulence, including systemic spread and neurotropism. H3N2 viruses adapted to BALB/c
mice cause enhanced pulmonary lesions and systemic virus infection [60]. Thus,
extrapulmonary spread of the virus resulted from adaptation with enhanced replication.
Mutations in the HA (G218E) and NS1 (D125G) proteins were associated with enhanced
virulence of H3N2 viruses (Table 5) [60].

4.1.2.3 Other highly virulent influenza viruses: Infection with specific H7, H6, and H2
subtype viruses can cause morbidity and mortality in mice (Table 6) [25–27]. Like H5N1
and 1918 influenza viruses, highly pathogenic H7 viruses can spread to extrapulmonary
sites, such as the brain and spleen, and cause lethality in mice [25]. Some highly virulent H7
viruses lack the multibasic cleavage site usually associated with high pathogenicity,
suggesting there are other determinants of this phenotype [25]. H6 and H2 subtype viruses
cause varying levels of morbidity and mortality with some causing severe disease in mice
[26,27]. However, extrapulmonary spread to the brain was not associated with lethal
infection with H6 and H2 subtype viruses [26,27].

4.2 Ferrets: influenza virulence
Many influenza viruses, including some seasonal human influenza viruses and certain H3,
H6, and H7 subtype AIV replicate in the upper respiratory tract of ferrets without signs of
disease [reviewed in 39]. Influenza viruses that can replicate and cause disease in ferrets
display varying levels of virulence (Table 6) [39,61,62].

4.2.1 Mild/moderate virulence in ferrets—Virulence varies between subtypes and
between viruses of the same subtype. For example, ferrets infected with different H5N1
isolates displayed either mild or severe disease associated with systemic spread and death
[61].

Non-adapted H1N1, H2N2, and H3N2 seasonal human influenza viruses generally cause
mild to moderate disease in ferrets. As in humans, replication of these viruses is primarily
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restricted to the upper respiratory tract [reviewed in 39]. Infected ferrets display signs of
clinical illness that are quite similar to those observed in humans, including lethargy, nasal
discharge, sneezing, fever, and weight loss [39]. The severity of these clinical signs depends
on the specific strain of influenza virus [61–63].

Influenza strains that cause mild disease in ferrets are associated with mild inflammatory
changes in the lungs. These viruses induce rapid expression of type I and II interferons and
TNFα to high levels, and infection is associated with a strong and rapid upregulation of IL-8
in ferrets [64]. In humans infected with influenza, IL-8 secretion has been mainly detected at
later stages of disease and in temporal association with infiltration of the respiratory mucosa.
This suggests that the IL-8 induction observed in ferrets may indicate rapid, granulocyte-
mediated virus clearance and control of infection in the upper respiratory tract [64].

4.2.2 2009 pH1N1 influenza virus—Studies with 2009 pH1N1 influenza virus in ferrets
have yielded mixed results. While some investigators observed mild, non-lethal disease,
others reported more severe disease with up to 50% lethality [62,63,65]. Although the
strains are genetically closely related, the passage history of the virus, dose and volume of
inoculum, and age of ferrets differed. The 2009 pH1N1 influenza virus is more pathogenic
than seasonal human influenza viruses in ferrets; with greater morbidity, more extensive
viral replication in both the upper and lower respiratory tract, and replication in the intestinal
tract (Table 6). While replication of seasonal influenza viruses is confined to the upper
respiratory tract, the 2009 pH1N1 influenza virus also replicates in the trachea, bronchi, and
bronchioles. With the exception of the intestine, the 2009 pH1N1 virus does not spread to
extrapulmonary tissues and disease is not as severe as that seen with 1918 and HPAI viruses
[62,63,66]. Pneumonia caused by the 2009 pH1N1 influenza virus is intermediate in severity
between that caused by seasonal H1N1 viruses and that caused by HPAI H5N1 viruses. The
greater severity compared to seasonal human influenza viruses is likely due to the ability of
2009 pH1N1 virus to replicate well in the lower respiratory tract of ferrets [67].

Ferrets infected with the 2009 pH1N1 influenza virus display mild to moderate clinical
signs, and the virus is transmitted efficiently between ferrets via aerosol or respiratory
droplets [63]. The host immune response to 2009 pH1N1 viral infection occurs in two
phases [68]. In the innate phase of the immune response, there is a robust expression of
chemokines (CCL2, CCL8, CXCL7, CXCL10), cytokines (TNFα and IL-1β), and
interferon-stimulated genes (ISGs), which correlate with lung pathology [68]. In the second
phase, these genes are shut off, and the adaptive immune response is initiated [68]. The
timing of this switch, which appears to occur at day 7 post-infection, is important for viral
clearance, and a delay or failure to switch to the adaptive immune phase may contribute to
higher morbidity and more severe disease in 2009 pH1N1 infection [68]. CXCL10 and
CCL2 levels correlate with the severity of respiratory illness in severe cases of H5N1
infection in humans [68].

4.2.3 Severe virulence in ferrets
4.2.3.1 HPAI and 1918 H1N1 influenza viruses: Severe influenza disease in ferrets is
characterized by severe systemic pathology, rapid progression of the disease, and lethality
[reviewed in 39,69]. As in mice, the 1918 influenza virus and many HPAI viruses cause
severe disease in ferrets (Table 6) [reviewed in 1 and 39,69]. Ferrets infected with highly
pathogenic viruses suffer from more severe symptoms and pneumonitis than those seen with
seasonal influenza that can be lethal [reviewed in 39]. Influenza viruses that cause severe
disease in ferrets replicate in both the upper and lower respiratory tract, leading to severe
pulmonary damage [reviewed in 1 and 39,69]. This may indicate a correlation between the
ability of highly pathogenic viruses to infect the lower respiratory tract and their virulence.
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Severe disease is associated with extrapulmonary spread [reviewed in 1 and 39,69]. HPAI
H5N1 viruses can infect the brain, spleen, and intestine, while 1918 influenza virus has been
isolated from the heart and spleen of ferrets, but not the brain [1,39,69,70]. The data suggest
HPAI H5N1 viruses are neurotropic in ferrets and mice [49,61].

Pathological changes and different cytokine responses are observed in ferrets infected with
influenza viruses that cause severe disease [64]. The induction of type I and type II IFNs is
delayed and not as strong with viruses that cause mild disease [64]. This delay in the
immune response might be sufficient to enable the virus to spread to the lower respiratory
tract, resulting in more severe disease. In addition, IL-6, which may be an indicator of severe
disease in humans, was strongly induced only by the more virulent strains [64]. These
findings suggest that more virulent strains may interfere more efficiently with the host
response at early stages of disease.

H5N1 viruses isolated from 2004 onwards have displayed varying levels of virulence
ranging from mild, non-lethal disease to severe disease associated with extreme lethargy,
diarrhea, severe neurological impairment, and death [61]. When H5N1 viruses that caused
mild and severe disease in ferrets were compared, amino acid differences were identified in
the coding region of multiple genes, including the HA. Among six amino acid differences
observed between the HA proteins, one (K250R) that was located at the globular head of the
HA may affect viral attachment (Table 6) [61]. A lysine at position 627 of the PB2 protein
was not essential for lethality and virulence in ferrets, as some viral isolates possessing
glutamic acid at this position were still highly virulent [49,61]. This suggests that other
amino acid differences may contribute to virulence and compensate for the lack of lysine at
PB2 627.

Multiple residues and motifs in the NS1 protein of H5N1 viruses may play a critical role in
influenza virus pathogenesis in ferrets [61]. Pathogenesis depends partly on the ability of a
virus to evade or suppress the host immune response. The NS1 protein plays a central role in
this process by counteracting the cellular IFN response by binding to double-stranded RNA,
suppressing the activation of double-stranded RNA-activated protein kinase, a stimulator of
type I IFN, and by preventing the activation of transcription factors such as ATF-2/c-Jun,
NFκB, and IRF-3/5/7, all of which stimulate IFN production [reviewed in 13]. These
functions of the NS1 protein may be altered in highly virulent H5N1 viruses, with
suppression of the immune response resulting in more severe disease.

4.3 Non-human primates: influenza virulence
4.3.1 Seasonal human influenza viruses—Non-human primates are generally less
susceptible to human influenza viruses than humans [reviewed in 39], virus replication may
be detected without evidence of disease. The ability to cause disease varies based on the
species, the route of inoculation, and the influenza virus strain. In general, high doses of
virus are administered by multiple routes to ensure infection. For example, Rhesus
macaques and cynomolgus macaques infected with H1N1 viruses only showed clinical signs
of infection when infected intratracheally and intranasally [reviewed in 39]. Cynomolgus
macaques infected intratracheally with an H3N2 virus did not show clinical signs of
infection, despite the recovery of virus from nasal swabs and lung lavage [71]. In contrast,
seasonal H1N1 virus infection of pigtailed macaques resulted in clinical signs of illness,
including weight loss, nasal discharge, fever, associated with pathological changes in the
lung similar to those seen in humans [72]. Non-human primates can also develop specific
disease symptoms that are not observed in other animal models such as conjunctivitis and
rhinorrhea following infection with mildly pathogenic viruses [73].
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4.3.2 1918 H1N1 influenza virus—Other influenza virus strains, such as HPAI, 1918
and 2009 pH1N1 viruses replicate and cause mild to severe disease in non-human primates.
The 1918 virus is virulent in cynomolgus macaques, and causes acute respiratory distress
and lethality (Table 6) [reviewed in 39,74]. The 1918 virus displays replicative capacity and
tissue tropism that differs from contemporary human isolates. In non-human primates, the
1918 virus is detected up to 8 days after infection in tissues of the upper and lower
respiratory tract, while seasonal strains are restricted to the upper respiratory tract and are
generally cleared by day 6 [71]. Non-human primates suffer from similar clinical symptoms
as humans, but the mortality is very high, with 50% to 75% lethality within 2 weeks
compared to the 1–3% case fatality rate reported in the 1918 pandemic [74]. This high
mortality in monkeys may be due to the use of a high dose of 1918 virus administered by the
intranasal and intratracheal route.

The ability of influenza viruses to evade the host immune response is important for both host
range and pathogenicity. Macaques infected with the 1918 influenza virus mount an atypical
immune response characterized by dysregulation of the antiviral response. They showed
relative constancy in gene expression profiles and activation of immune-response-related
genes compared to the more dynamic response in those infected with seasonal human
influenza viruses [74]. Macaques infected with the 1918 influenza virus specifically showed
a significant increase in IL-6, a delay in the activation of several key cytokine genes,
including IL-8 and CXCL11, reduced induction of IFN-alpha genes, and differential
activation of type-I-IFN-stimulated gene expression [74]. The influenza virus NS1 protein,
which modulates the IFN-mediated antiviral response, may contribute to the altered immune
response in 1918 influenza virus infected primates by interfering with its ability to protect
the host from infection and could be a critical determinant of the severity of 1918 virus-
induced disease in non-human primates [74].

4.3.3 HPAI H5N1 influenza virus—Cynomolgus and Rhesus macaques have also been
used as models for HPAI H5N1 pathogenesis [75–77]. These monkeys exhibit systemic
symptoms similar to those experienced by humans, including fever, lethargy, and loss of
appetite, but respiratory signs and symptoms are limited (Table 3) [75,76]. Pneumocytes,
particularly type I pneumocytes in the alveoli rather than type II pneumocytes and
macrophages of the lower airway, but not the ciliary epithelium of the trachea and bronchi,
were the primary target cells in the lungs of infected animals [75–77]. Infection in the lungs
of macaques commonly results in a necrotizing bronchial pneumonia, suggesting this model
may be helpful for understanding the mechanisms responsible for severe influenza
pneumonia in humans [75,76]. Infected cells were not seen in the spleen, heart, or brain,
suggesting that replication is largely limited to the respiratory tract [75,76]. Failure of H5N1
viruses to attach to the ciliary epithelium of the trachea and bronchi may limit the
transmissibility of the H5N1 virus in these animals [77]. Systemic replication is a feature of
HPAI H5N1 infection in mice and ferrets, but not macaques, where multiple-organ
dysfunction was attributed to diffuse alveolar damage rather than systemic virus replication
[49]. Certain LPAI viruses, including subtype H2 avian influenza viruses, can also replicate
in non-human primates, however, unlike HPAI viruses, they do not cause disease (Table 6)
[78].

Studies in squirrel monkeys initially identified the 627 residue in the PB2 protein as a
determinant of host range [45]. Transfer of internal protein genes of an AIV into a human
influenza background attenuated the human influenza virus [79]. Single gene reassortant
viruses were used to determine which genes contributed to attenuation and host range
restriction. Single gene reassortants with avian NP, PB2, or M genes were attenuated [79].
Only two amino acid differences in the M1 protein and one difference in the M2 protein
contributed to the attenuation phenotype [79]. Single gene reassortants containing an avian
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NS gene segment of allele B were significantly restricted in growth in the respiratory tract of
squirrel monkeys while reassortants with an allele A NS gene segment were not [80].

4.3.4 2009 pH1N1 influenza virus—The p2009 H1N1 virus replicates efficiently in the
lungs and other respiratory organs of infected non-human primates [65] but the pattern
differs from seasonal human influenza viruses, which are typically limited in their ability to
infect the lungs of primates [65]. The 2009 pH1N1 virus caused more severe histopathologic
lesions in the lungs than seasonal influenza (Table 6) [74,75]. The enhanced severity of
2009 pH1N1 infection could be due to more severe lung lesions. The most upregulated
genes in lung samples with histologic lesions belonged to the innate immune response and
proinflammatory pathways. 2009 pH1N1 viral antigen was found in both type I and type II
pneumocytes, while seasonal influenza virus is restricted to type I pneumocytes [65]. This
may contribute to the severe lung lesions seen in this model. However, mortality was not
reported in non-human primates infected with 2009 pH1N1 influenza virus, suggesting that
disease is still not as severe as that seen with 1918 or HPAI viruses [65]

5. Other animal models
While mice, ferrets, and nonhuman primates have been the focus of this review, they are not
the only important animal models for studying influenza infection. Guinea pigs have
recently been re-established as a model for influenza transmission [81]. Due to their low cost
and reduced size compared to ferrets, guinea pigs represent a suitable alternative host for
transmission studies [reviewed in 39,81]. As animals such as domestic poultry (chickens,
quail) and pigs are natural or intermediate hosts between wild-birds and humans, in which
reassortment and host adaptation may occur [reviewed in 13], their use as animal models
may allow better understanding of the molecular mechanisms behind host adaptation and
influenza virus transmission to humans. In chickens, AIV exhibit a reduced specificity for
SAα2,3 receptors, which may explain how AIV are transmitted to humans who
predominantly express SAα2,6 receptors [82]. More recently, cats and dogs have been used
as models for influenza infection. Naturally occurring H5N1 infection in cats have been
reported following exposure to infected raw poultry or wild birds, with H5N1 transmission
occurring between cats [reviewed in 83]. Clinical influenza with sustained transmission in
dogs was seen after cross-species transmission of equine H3N8 influenza viruses in Florida
in 2004, as well as, natural infection with H3N2 viruses in South Korea [8, reviewed in 83].
Though dogs are susceptible to experimental influenza infection, there is no evidence that
dogs transmit the virus to other animals. However, the continued exposure of humans to cats
and dogs makes transmissibility studies in these animals of interest.

6. Conclusion
In this review, we have discussed the contributions animal models have made in the study of
influenza host range and pathogenesis. There is no single ideal animal model for studying
influenza virus infection; each model has advantages and limitations. The phenotypes of
host range and pathogenicity are multigenic and host species, influenza virus subtype, and
influenza virus strain all have a significant impact on influenza virus replication and disease.
These limitations must be carefully considered when selecting an animal model for study.
Despite these caveats, animal models have been instrumental in identifying determinants of
influenza host range and pathogenicity, and the continued use of animal models will be
crucial for the study of influenza viruses in the future.
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