
Influenza viruses comprise a family of four distinct 
viruses: influenza A, B, C and D viruses. Influenza A 
viruses infect a wide range of host species, whereas 
the main hosts for influenza B and C are humans, and 
influenza D virus has thus far been found to infect cattle, 
goats and pigs1 (FIG. 1). Influenza A virus is a paradigm 
for an emerging virus. A large and antigenically diverse 
reservoir of influenza A viruses exists in wild aquatic 
birds, in which the infection is usually asymptomatic2. 
Avian influenza viruses (AIVs) can cross into new spe-
cies. For example, AIVs have transmitted from ducks 
to chickens or pigs and from birds to seals. Two anti-
genically distinct subtypes of influenza virus have also 
been detected in bats, but bat influenza viruses have not 
been observed to cross into other species3. Occasionally, 
influenza viruses of animals infect humans. Many of 
these zoonoses are dead ends (that is, there is no subse-
quent transmission) and occur in only a small number 
of individuals. Newly acquired viruses become enzootic 
in a new species only after genetic changes accumulate 
that adapt the virus to its new host and support efficient 
replication and transmission. When a novel influenza 
virus first accumulates sufficient adaptive mutations to 
sustain transmission between humans, it may result in 
a pandemic. During the first pandemic waves, a large 
proportion of the human population is infected and 
acquires immunity to the novel virus, but antigeni-
cally drifted variants of the pandemic virus emerge and  
continue to circulate as seasonal influenza virus4 (BOX 1).

Influenza viruses that are enzootic in animals can 
be experimentally studied in their natural host species 
(for example, laboratory infections of chickens or pigs). 

Mice, guinea pigs and ferrets are the primary animal 
models for human influenza infection, important for 
studying pathogenesis, evaluating interventions and 
understanding mammalian adaptation requirements of 
avian viruses (reviewed in REF.5). Ferrets are considered 
the ‘gold standard’ for assessing the ability of influenza 
viruses to transmit via respiratory droplets, one of several 
parameters that are used to assess the pandemic potential 
of emerging influenza viruses (reviewed in REFS6,7).

Influenza viruses rely on numerous host factors to 
support their replication. Conversely, restrictive host 
factors can control or curtail infections. The drivers of 
host-adaptive evolution are differences in identity and/or  
expression patterns of these host factors in different 
species. This Review summarizes the latest information 
about the role of host factors during the influenza virus 
replication cycle, differences between species and how 
influenza viruses adapt to these differences.

Species specificity of virus attachment
The first host species barrier is host cell attachment. 
Influenza virus haemagglutinin (HA) binds to sialic acid 
(SA) moieties that are the terminal sugars linked to the 
larger glycans of glycoproteins and glycolipids (glycocon-
jugates) on the surface of vertebrate cells. Differences in 
the structure of these sialylated glycoconjugates between 
species can determine species-specific susceptibility to 
influenza virus infection.

Sialylation of host glycoconjugates. SAs are a 
diverse family of negatively charged monosaccha-
rides that possess a common nine-carbon backbone. 

Zoonoses
Diseases transmitted from 
animals to humans, such as 
H5N1 Avian influenza virus.

Enzootic
Disease circulating in a 
non-human animal population.

Pandemic
The worldwide spread of a 
novel pathogen. Influenza 
pandemics occur when a new 
influenza virus emerges owing 
to a lack of immunity in the 
human population.

Seasonal influenza virus
Human-adapted influenza 
viruses that regularly circulate 
and cause epidemics in the 
human population.
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of carbohydrates that are 
attached to proteins or lipids.
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There is considerable variation in the ~60 genes 
that encode SA biosynthetic pathways in different 
species. The majority of mammalian and avian spe-
cies present two main types of SA on the terminal 
positions of the glycans of their glycoproteins and 
glycolipids — N-acetylneuraminic acid (Neu5Ac) 
and N-glycolylneuraminic acid (Neu5Gc). Neu5Gc 
is synthesized from Neu5Ac through the action of 
the enzyme CMP-Neu5Ac hydroxylase (CMAH). 
As the CMAH gene in humans is non-functional, 
Neu5Gc is not synthesized. This non-functional gene 
was likely selected for in ancient hominids because it 
conferred some resistance and differential immune 
responses to infection by pathogens8–10. Ferrets also 
have a non-functional CMAH and do not express 
Neu5Gc11. The differential expression of SAs in dif-
ferent species contributes to influenza virus species 

specificity. Indeed, equine influenza viruses prefer-
entially bind Neu5Gc-containing glycoconjugates, 
whereas human influenza virus receptors preferentially 
bind Neu5Ac11,12.

Sialic acid as a determinant of host range. For over  
30 years, a central dogma of influenza virus research has 
been that the linkage of the terminal SA moiety to the 
subterminal galactose of glycans is fundamental to spe-
cies specificity. HAs from human-adapted viruses bind 
α2-6-linked SA whereas AIV HAs bind α2-3-linked SA13 
(FIG. 2). Consequently, human influenza viruses possess 
adaptive mutations in the receptor binding site (RBS) 
of HA compared with AIVs14. The explanation for the 
differential binding has been obtained from numer-
ous X-ray crystallographic and glycan microarray 
binding studies. It has been proposed that in the RBS 
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Fig. 1 | Ecology of influenza viruses. Influenza A viruses (haemagglutinin (HA) subtypes 1–16) circulate in the wild bird 
reservoir. Subtypes from this reservoir are able to cross into many different species, sometimes via intermediate hosts and 
sometimes requiring adaptive mutations (light blue arrows). Specific subtypes predominate in certain species (dark blue 
circles). Human-adapted influenza viruses of the H1, H2 and H3 subtypes have circulated in recent history. H1N1 and 
H3N2 viruses currently circulate whereas H2N2 viruses do not; the same three subtypes have also circulated in pigs. Avian 
influenza viruses (AIVs) of H5, H6, H7 , H9 and H10 subtypes have infected humans following exposure to infected poultry. 
Viruses of these subtypes currently do not transmit between humans. HA subtypes H17 and H18 circulate only in bats169. 
Influenza B viruses circulate in humans, although infections in seals have been described170. Influenza C viruses circulate in 
humans and swine171. The recently discovered influenza D viruses are found to circulate in cattle, goats and pigs1. Despite 
some serological evidence of infection in humans, the zoonotic threat to humans remains unclear. Detection of influenza 
virus-like RNA in Wuhan Asiatic toads, Wenling hagfish and spiny eels has recently been described, although their genera 
remain to be defined172. Many species have been experimentally infected by influenza viruses, including ferrets, mice, 
guinea pigs, macaques and marmosets (reviewed in REFS6,7).
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of HA from AIVs, the α2-3-linked SA is in a thin and 
straight trans conformation whereas the wider RBS of 
human-adapted HA accommodates the more bulky cis 
conformation adopted by α2-6-linked SA (reviewed in 
REFS15,16). These alternative conformational states of the 
sialylated glycan have also been referred to as cone-like 
and umbrella-like17.

A small number of well-characterized amino acid 
substitutions in the AIV HA RBS can change sialylated 
glycan specificity, best exemplified by amino acid 
changes in viruses that have caused human pandem-
ics in the 20th century, E190D/G225D in H1 HA and 
Q226L/G228S in H2 and H3 HAs18 (TABLE 1). The 
receptor binding specificity as determined by these 
amino acids is a key determinant of the transmissibility 

of virus between ferrets19–21. The ease with which these 
mutations can be acquired and tolerated without fitness 
cost to the adapting virus is a primary determinant of 
the likelihood that a novel AIV subtype can emerge 
in a transmissible form to cause a human pandemic.

Several studies have addressed whether AIVs 
of different subtypes that have not yet circulated in 
humans already have or can acquire affinity for α2-6 SA.  
For example, the HA of recently emerged H7N9 AIVs 
that have infected more than 1,625 people and resulted 
in 622 deaths (see Related links; FAO.org H7N9 
situation update) can bind to α2-6 SA to some extent, 
and this might partially explain the frequent zoonoses 
into exposed individuals22. On the other hand, H5N1 
viruses that have also infected humans retain preference 

Box 1 | Jump-starting a pandemic by reassortment

The influenza virus genome is segmented, and this 
permits recombination by reassortment, in which whole 
genes that enable rapid adaptation to a new species can 
be rapidly acquired. Almost every gene of the influenza 
virus is associated with some host range adaptation. In a 
new species, incompatibility will restrict the replication 
of an unadapted virus. However, if a single cell is 
co-infected by the restricted avian influenza virus (AIV) 
and a mammalian-adapted virus, then the reassortment 
of genes can give rise to progeny virions with a novel 
constellation of gene segments that overcome the 
restriction. For example, co-infection of a cell with an 
AIV and a human virus can result in the acquisition of 
human-adapted viral polymerase gene segments by a 
virus with novel AIV-derived antigens to which the 
human population is immunologically naive. This rapid 
adaptation by reassortment is known as antigenic shift. 
Reassortment is dependent on the compatibility 
between the gene segments of viruses carried by 
different species. Bat influenza virus gene segments are 
incompatible with conventional influenza A viruses3. 
Extensive reassortment is observed between influenza 
viruses in pigs and between swine influenza viruses and 
canine influenza viruses in dogs164.

Reassortment alone is not sufficient to initiate a 
human pandemic. The novel AIV-derived 
haemagglutinin (HA) must also acquire adaptive 
changes to enable efficient human–human transmission 
through the air. These include increased binding to α2-6 
sialic acid (SA) receptors that predominate in the human 
upper respiratory tract (URT) and mutations that 
increase the stability of the virus particle that enable 
survival in airborne droplets and at the respiratory mucosa. This evolution occurs through the accumulation of mutations 
by the error-prone viral polymerase and the selection of viruses that are better able to replicate and transmit.

Influenza A viruses have thus far caused five pandemics in the 20th and 21st centuries (see the figure). The origin of the 
1918 pandemic virus is controversial, but some sources suggest a recent avian origin of all eight RNA segments165. After  
the first few pandemic waves, newly emerged influenza viruses continue to circulate as seasonal influenza undergoing 
antigenic drift, in which the error-prone viral polymerase results in mutations that are selected to evade accumulating 
immune responses in the exposed population. Reassortment between 1918 virus derivatives and AIVs resulted in Asian 
influenza pandemic H2N2 virus in 1957 and Hong Kong influenza pandemic H3N2 virus in 1968. The colours of the eight 
gene segments (polymerase basic proteins 1 (PB1) and 2 (PB2), polymerase acidic protein (PA), HA, nucleoprotein (NP), 
neuraminidase (NA), matrix (M) and non-structural protein (NS)) describe their origins. Each of these pandemic viruses 
displaced the previously circulating human seasonal virus. In 1977, a Russian influenza pandemic H1N1 virus emerged with 
remarkable genetic similarity to H1N1 viruses that had circulated in humans in the early 1950s. The 1977 H1N1 virus did not 
displace the seasonal H3N2 virus, which continued to circulate. In 2009, an H1N1 virus emerged from swine. This virus was 
a multiple reassortant, carrying gene segments from several origins. The 2009 pandemic H1N1 virus displaced the seasonal 
H1N1 virus but not the seasonal H3N2 virus. H1N1 and H3N2 viruses currently co-circulate, along with two lineages of 
influenza B virus.

PB2 – North American avian
PB1 – Human H3N2
PA – North American avian
H1 – Classical swine
NP – Classical swine
N1 – Eurasian avian-like swine
M – Eurasian avian-like swine
NS – Classical swine
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surface antigens of influenza 
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response.
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for α2-3 SA, and mutations at amino acids 226 and 228 
that switch SA specificity were among those required for 
 airborne transmissibility23,24.

The differences in the SA linkages on glycans that 
adorn cells can be visualized using specific plant lectins. 
In human respiratory tract tissue, lectin staining revealed 
that the majority of SAs at the apical surface of cells are 
α2-6 linked25. This pattern is most marked in upper res-
piratory tract (URT) tissues; for example, the nasopharyn-
geal surface of the soft palate, which may be the primary 
site for entry of transmitted viruses26 (FIG. 2c). Glycomic 
characterization confirmed the presence of both α2-3 SA 
and α2-6 SA in the human lung and bronchus27 (FIG. 2c). 
α2-6 SAs are also prevalent in the respiratory tract of 
pigs and ferrets28,29. By contrast, non-human primates 
and mice show higher expression of α2-3 SA, explain-
ing why they are not good models for human-adapted 

influenza viruses30,31. Using labelled virus or expressed 
HA proteins as probes corroborates these patterns in 
which viruses with HAs known to prefer α2-3 SA bind 
to cells in human lung sections, whereas seasonal influ-
enza virus HAs bind to the apical surface of URT human 
tissue32,33. In birds, there is great variation in the type and 
distribution of SA34. Duck intestine and trachea exclu-
sively display α2-3 SA, whereas chickens show evidence of 
both linkages in the respiratory tract35. Higher expression 
of α2-6 SA on quail cells has led to suggestions that quail 
and other terrestrial birds might be intermediates in the 
adaptation of avian viruses to mammals36,37.

The view that the linkage of the terminal SA residue 
is fundamental to HA species specificity still holds today, 
but it is not yet clear how avidly HA must bind to α2-6 
SA to support airborne transmission between humans. 
Whether concomitant loss of α2-3 SA binding is also 
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Fig. 2 | Host sialic acid presentation and physiology drives haemagglutinin adaptation. a | Example structure of a 
complex sialylated glycan, with either α2-3-linked or α2-6-linked sialic acid (SA). b | Species presentation of SA receptors 
in the respiratory tract. Human, ferret and pig respiratory tracts express a greater abundance of α2-6 SA than the mouse 
respiratory tracts, which have equal amounts of α2-3 SA. Human and ferret respiratory tracts present N-acetylneuraminic 
acid (Neu5Ac)-type SA , whereas pig and mouse respiratory tracts also present N-glycolylneuraminic acid (Neu5Gc) SA.  
c | SA differences and pH gradients exist along the human respiratory tract. α2-6 SA receptors predominate in the upper 
respiratory tract (URT), to which human influenza A virus (blue) but not avian influenza virus (AIV) (red) can bind. Both α2-3 
and α2-6 SA receptors are present in the lower respiratory tract (LRT). The pH in the URT is mildly acidic and gradually 
increases from the URT to the LRT (reviewed in REF.148). The haemagglutinins (HAs) of human influenza A viruses are more 
pH stable (pH 5.0–5.4) whereas the HAs of some AIVs are less pH stable (up to pH 6.1) and may be inactivated in the human 
URT (reviewed in REF.148). The temperature is lower in the URT than in the LRT173. Human influenza A virus polymerases are 
more active than AIV polymerases at lower temperatures102,174.
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Proteins that recognize and 
bind to specific carbohydrates.

Apical surface
The apical surface of a 
polarized epithelial cell faces 
the lumen or external 
environment.
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required is also not established. However, it is becoming 
clear that this simple model will have to be extended 
to include other structural features of sialylated glycans.

Other glycan structural features contributing to host 
range. It is not only the terminal SA linkage that affects 
the interplay between influenza virus HA and its recep-
tor. Additional structural features of glycans, such as 
modifications with other sugar moieties (such as fucose 
and N-acetylgalactosamine) or other functional groups 
(such as sulfation), and the length of the SA-presenting 
glycan chain all affect the interaction. Such detailed 
glycan structural features are not resolvable by lectin 
staining and require mass-spectrometry-based glycomic 
analysis. To date, glycomic analysis has been carried out 
on human, ferret, pig and mouse respiratory tissue, 
all of which express a complex set of protein N-linked 
and O-linked glycans as well as glycolipids27,29,38–40. 
As expected from the knowledge of CMAH genetics, 
humans and ferrets express only Neu5Ac SA, whereas 
pig and mouse express both Neu5Ac and Neu5Gc SA. 
All the tissues analysed express both α2-3 SA and α2-6 
SA, with humans expressing the highest proportion of 
α2-6 SA and the mice expressing the highest propor-
tion of α2-3 SA. However, different glycan structural 
features can be observed in individual species. For 
example, uniquely in ferret respiratory tract tissue, the 
Sda epitope blocks access of HA to α2-3 SAs, potentially 
restricting their ability to support the transmission of 
AIVs41. This inhibitory effect on AIV was recapitulated 
in human and canine cell lines engineered to overexpress 
the B4GALNT2 gene, which generates the Sda epitope42. 
Human respiratory tract tissue is rich in large complex 
N-glycans with sialylated poly-N-acetyl-lactosamine 
(LacNAc) chains. This topology may allow bivalent 
interactions with two of the three monomers of the HA 
trimer41 and substantially increase the avidity of the  
HA–SA interaction, supporting airborne transmission.

It is becoming clear that detailed characterization of 
the sialylated glycome from different anatomical sites in 

different host species, especially birds, is required. Only 
when we combine knowledge of the relevant glycans 
identified from primary tissues (for example, from shot-
gun glycan array experiments40) with crystallographic 
structural data for different subtypes of HA will we gain 
a detailed molecular understanding of this important 
interaction that initiates infection.

Viral neuraminidase displays species-specific adap-
tation. Detailed glycomic analyses of tissues from avian 
species are currently lacking. However, it is tempting 
to speculate that a difference in glycan topology might 
drive selection of viruses with a short-stalk neurami-
nidase (NA), often observed in poultry43. NA is a 
membrane-bound viral sialidase found on the surface 
of infected cells and virions. NA cleaves SA from the 
cell surface during the final stages of the replication 
cycle, enabling the release of progeny virions (FIG. 3). 
One could speculate that if poultry SA receptors are at 
the termini of short glycan chains, then viral NA should 
extend only a short distance from the cell surface to 
sterically match its active site with its substrate. Viruses 
bearing short-stalk NA are compromised for airborne 
transmission between ferrets, possibly owing to an 
inability of short-stalk NA to cleave decoy receptors 
present in airway mucus or on HA on virions, where 
ineffective cleavage would result in virus clumping44. 
Indeed, a functional balance between HA affinity for 
SA and NA enzymatic activity for relevant substrates 
is undoubtedly essential to support airborne transmis-
sion between humans45–47. Some NA proteins harbour 
a second SA binding site in addition to the enzymatic 
site — a haemadsorption (Hd) site48. Recent analysis of the 
N9 NA protein of H7N9 viruses suggested that its Hd 
site contributes to receptor binding49, but the relevance 
of this to the large number of human cases of infec-
tion with this AIV is not yet established. Other data 
suggest that the Hd site of NA is lost during human 
adaptation48.

Undoubtedly, differences in glycan composition and 
SA specificity in different host species drive co-evolution 
of both HA and NA. Viruses that infect and transmit 
between humans preferentially bind long glycans that 
are α2-6 sialylated, allowing efficient interactions with 
target tissues in the human respiratory tract. HA of AIVs 
must acquire RBS mutations that enable new binding 
specificity. We should consider that HA and NA are 
also glycosylated, and this could have consequences 
for immune recognition, enzyme function and recep-
tor affinity. Changes in the extent of HA glycosylation 
selected for in one host may affect the virus’s potential 
to cross-infect a different species23,24.

Virus genome delivery to the nucleus
After the virus has attached to the cell, it is endocytosed 
and the decrease in pH within the endosome triggers an 
irreversible conformational change in HA that initiates 
a series of events that lead to the release of viral ribonu-
cleoproteins (vRNPs) into the cytoplasm (FIG. 3c). The 
virus co-opts host factors to support uncoating, genome 
release and vRNP transport to the nucleus50. vRNPs in 
transit from the cytoplasm to the nucleus can be targeted 

Sulfation
The addition of a sulfo group to 
another organic molecule by a 
sulfotransferase enzyme.

Sda epitope
A histo-blood group antigen of 
structure NeuAcα2-
3(GalNAcβ1–4)
Galβ1–4GlcNAc.

Haemadsorption (Hd) site
A sialic acid binding site that is 
present in neuraminidase and 
separate from the catalytic site.

Glycosylation
The biological process of 
carbohydrates (glycans) being 
attached to proteins or lipids.

Table 1 | Major viral determinants of host range for influenza A virus pandemics

Amino acid Avian Human Refs

Gene segment PB2

271 T A 60,125

590 G S 98–100

591 Q R 98–100

627 E K 96,97

701 D N 83–86

Gene segment HA (H1)

190 E D 13,18

225 G D 13,18

Gene segment HA (H2 and H3)

226 G S 13,18

228 Q L 13,18

192 R G 13,18

226 Q L 13,18

HA , haemagglutinin; PB2, polymerase basic protein 2.
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by host restriction factors51, and unadapted AIVs are 
particularly susceptible to this block in mammalian cells.

Sensing or blockade by the innate immune system 
during cytoplasmic transit. Retinoic acid-inducible 
gene I protein (RIG-I also known as DDX58) is a cyto-
plasmic pattern recognition receptor best known for its 
role in sensing RNA products of virus replication. RNA 

binding by RIG-I induces a conformational change 
that exposes the caspase recruitment domain (CARD), 
allowing interaction with mitochondrial antiviral sig-
nalling protein (MAVS), leading to the expression of 
type I and type III interferons52. These interferons are 
secreted from the cell and bind to cell surface recep-
tors on the infected and neighbouring cells, inducing a 
signalling cascade that triggers expression of hundreds 
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of interferon-stimulated genes (ISGs) that exert antiviral 
effects. In addition, some interferon pathway sensors 
including RIG-I and tripartite motif-containing protein 25  
(TRIM25) directly bind to influenza virus vRNPs, 
blocking their nuclear entry or RNA synthesis53,54.  
Incoming vRNPs from AIVs are more susceptible to 
direct inactivation by RIG-I than vRNPs from mamma-
lian influenza viruses (FIG. 3c). The sensitivity of AIVs 
to RIG-I mapped to residue 627 of viral polymerase 
basic protein 2 (PB2). AIVs possess a glutamic acid at 
residue 627 whereas this residue is commonly lysine in 

mammalian-adapted viruses. The interaction between 
the viral nucleoprotein (NP) and viral polymerase in 
vRNPs appears to be less stable when glutamic acid is 
present at position 627 (REFS55,56). This less-stable inter-
action may allow RIG-I access to viral RNA in the AIV 
vRNP. Interestingly, chickens lack a functional RIG-I 
homologue; thus, incoming vRNPs are not blocked in 
this way in chicken cells57. However, RIG-I is expressed 
and active in ducks, geese and pigeons, which are natural 
hosts of AIVs that retain PB2 627E58. Indeed, the PB2 
mutation E627K does not confer any replicative advan-
tage to influenza virus in ducks59, suggesting that RIG-I 
susceptibility is not a primary driver of the host-adapting 
PB2 E627K mutation, and the decreased interaction 
between NP and PB2 627E in human cells may simply 
be a reflection of a less active viral polymerase60.

A second, interferon-induced host factor that may 
restrict influenza virus during vRNP transport to the 
nucleus is interferon-regulated resistance GTP-binding 
protein MxA (also known as Mx1). Mouse Mx1 protein 
(the mouse orthologue of MxA) is a powerful nuclear 
ISG that inhibits influenza virus transcription in the 
nucleus, and its expression in wild mice may explain 
their natural resistance to influenza viruses61. Human 
MxA is a cytoplasmic protein that can inhibit nuclear 
import of vRNPs62,63, although additional proteins may 
be required to support MxA anti-influenza virus activ-
ity64 (FIG. 3c). The Mx proteins of chickens do not restrict 
influenza virus replication65. The vRNPs of AIVs were 
found to be more sensitive to human MxA inhibition 
than those from human-adapted influenza virus, and 
this mapped to a patch of amino acids on NP66–68 (FIG. 3c). 
Indeed, transgenic mice that possess the human MxA 
locus were resistant to highly pathogenic H5 or H7 AIV 
infection, unless the virus possessed mutations in NP 
that evaded MxA inhibition69. Interestingly, Mx-evading 
mutations in NP decrease virus fitness because they 
affect the efficiency of nuclear import of vRNPs70. Some 
AIVs, such as the H7N9 influenza viruses that emerged 
in China in 2013, already possess some MxA-evading 
NP mutations, and this, in addition to their ability to 
bind α2-6 SA receptors to some extent, may potentiate 
their ability to cross into humans71.

Several other restriction factors have been charac-
terized that inhibit the early stages of influenza virus 
infection: interferon-induced transmembrane protein 3 
(IFITM3) hinders the fusion of the viral envelope with 
the endosomal membrane, and this inhibits the release 
of vRNPs from endosomes72. Other human restric-
tion factors including DEAD box protein 21 (DDX21) 
(REF.73), Moloney leukaemia virus 10 protein (MOV10) 
(REF.74), guanylate-binding protein 3 (GBP3) (REF.75), HS1-
associating protein X1 (HAX1) (REF.76), TRIM22 (REF.77) 
and TRIM25 (REF.53) inhibit the viral polymerase, some 
by directly binding vRNP components. For most of these 
factors, there is no evidence as yet that their inhibitory 
effect is more potent against AIVs. Instead, for IFITM3 
and TRIM22, the opposite might apply as human viruses 
are more vulnerable to IFITM3 (REF.78) than AIV and 
appear to have accumulated mutations in NP that ren-
der them more susceptible to TRIM22. The mutations in 
NP allow human influenza viruses to escape T cells that 

Interferon-stimulated genes
(ISGs). A set of genes for which 
transcription is stimulated 
following engagement of the 
soluble cytokine interferon 
with its receptor. ISGs exert 
antiviral effects within the cell.

Fig. 3 | Virus and host-specific determinants of influenza virus replication. In human 
cells, avian influenza viruses (AIVs) may encounter negative host factors (red) that 
human-adapted viruses overcome by viral gene adaptation (blue). AIVs may be unable to 
co-opt positive human host factors (gold) and human-adapted viruses may develop 
susceptibility to restriction factors (dark grey). a | Influenza A viruses are enveloped 
viruses containing eight single-stranded negative-sense RNA gene segments that each 
encode one or more proteins. b | Each RNA segment (red line) surrounds an oligomeric 
nucleoprotein (NP) structure (light grey), and the viral promoters are bound by the 
heterotrimeric polymerase complex containing polymerase basic proteins 1 (PB1) and 2 
(PB2) and polymerase acidic protein (PA); the entire structure is known as the viral 
ribonucleoprotein (vRNP) complex. The eight segments encode ten essential viral 
proteins: PB1, PB2, PA and NP for RNA replication; non-structural protein 1 (NS1) to evade 
the host innate response; matrix protein M1 as the main structural matrix of the virus 
particle; nuclear export protein (NEP) for nuclear export of vRNPs; and haemagglutinin 
(HA), matrix protein M2 and neuraminidase (NA), which are embedded in the virion 
envelope for virus attachment, uncoating and onward spread, respectively. In addition, 
several accessory proteins such as protein PB1-F2, PB1-N40, PA-X, PB2-S1, matrix protein 
M42 and NS3 may be encoded by some but not all virus strains. c | Virus infection begins 
with cell attachment mediated by binding of HA to sialic acid (SA) receptors on the cell 
surface (step 1). Entry of the virion is by endocytosis, and the decrease in pH within  
the endosome triggers an irreversible conformational change in HA that exposes the 
hydrophobic fusion peptide and stimulates the fusion of the viral envelope with the 
endosomal membrane154. At the same time, the passage of protons and potassium ions 
through the small ion channel M2 acidifies the virion interior and mediates dissociation of 
M1 from vRNPs, releasing the vRNPs into the cell cytoplasm175,176. Interferon-regulated 
resistance GTP-binding protein MxA and retinoic acid-inducible gene I protein (RIG-I) 
restrict AIV vRNPs in the cytoplasm. Mutations in human-adapted NP evade MxA binding. 
Human-adapted vRNPs with PB2 627K are less vulnerable to RIG-I detection. vRNPs are 
imported into the nucleus (step 2). Humanizing mutations in PB2 enable importin-α7 
(IMPα7; also known as KPNA6) use and enhance vRNP nuclear import. Primary 
transcription occurs in cis and in conjunction with the cellular RNA polymerase II (step 
3)177. Viral mRNAs are exported to the cytoplasm for translation by the cellular machinery 
(step 4). Human-adapted NP is susceptible to degradation by tripartite motif-containing 
protein 22 (TRIM22). AIV PA is susceptible to inhibition by HS1-associating protein X1 
(HAX1), but this can be counteracted by protein PB1-F2. The newly synthesized 
polymerase and NP proteins are imported into the nucleus to carry out replication and 
further (secondary) transcription (step 5). Acidic leucine-rich nuclear phosphoprotein  
32 family member A (ANP32A) or B (ANP32B) and small viral RNAs (svRNAs) promote viral 
RNA (vRNA) production from complementary RNA (cRNA) (yellow line). AIV polymerase 
cannot utilize human ANP32A or ANP32B and must gain human-adapting mutations such 
as PB2 627K. NEP can also overcome the AIV polymerase restriction. DEAD box protein 17 
(DDX17) restricts AIV polymerase PB2 627E and promotes activity of human-adapted 
polymerase containing PB2 627K. Newly formed vRNPs are exported to the cytoplasm by 
M1 and the NEP178 (step 6). vRNPs and other viral products are detected by multiple cell 
sensors. Mitochondrial Tu elongation factor (TUFM) binds to AIV PB2 containing 627E, 
increasing autophagy and decreasing virus production. Human-adapted PB2 and protein 
PB1-F2 localize to mitochondria and prevent detection by mitochondrial antiviral 
signalling protein (MAVS). NS1 binds to RIG-I to prevent activation. vRNPs transported to 
the cell surface for packaging are assembled with the structural proteins (HA , NA , M1  
and M2) (step 7). Progeny virions are formed by budding from host cell plasma membrane,  
and release is mediated by scission of the membrane by M2 (step 8). Onward spread is 
facilitated by the removal of SA from the cell surface, from viral particles and from mucus 
by NA179. Short-stalk avian NAs are unable to escape human respiratory tract mucus; 
human-adapted viruses with long-stalk NAs can overcome this restriction.
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target NP79. However, recent data illustrated that HAX1 
impeded nuclear import of an avian polymerase acidic 
protein (PA) but did not restrict human-adapted PA pro-
teins. Interestingly, for some viruses, including zoonotic 
H5N1 AIVs, protein PB1-F2 (FIG. 3c) was able to counter 
the restriction mediated by HAX1 (REF.80).

Nuclear import. Members of the importin-α family 
actively import vRNPs into the nucleus through the 
nuclear pore81 (FIG. 3c). Following primary transcription 
and translation of viral proteins, importin-α proteins 
also mediate nuclear import of the newly synthesized 
NP and PB2 proteins required to sustain virus replica-
tion. Importin-α proteins have been strongly implicated 
in influenza A host-specific adaptation82,83. Mutations that 
arose in PB2 and NP during mammalian adaptation of an 
AIV (PB2 D701N and NP N319K) enhanced vRNP bind-
ing to human importin-α1, which increased the efficiency 
of vRNP nuclear import in human cells84–86. Residue 701 
is located adjacent to a PB2 nuclear localization sig-
nal (NLS) and conformational changes induced by the 
D701N mutation likely enhance access to importin-α85–87.

In addition to their role in nuclear import, impor-
tins may have a role in supporting viral replication 
within the nucleus. When the authentic NLS in the 
carboxy-terminal region of the PB2 protein was replaced 
with an exogenous NLS, polymerase activity was abro-
gated88. This finding, along with the observation that 
importin-α was retained in the nucleus in cells infected 
by mammalian-adapted viruses possessing PB2 701N or 
NP 319K, suggests that importin-α may remain asso-
ciated with the viral polymerase within the nucleus 
and directly support its function there or recruit other 
host factors84. From a host range perspective, specific 
members of the importin-α family may be key in this 
role. In human cells, small interfering RNA (siRNA)- 
mediated knockdown of importin-α1 or importin-α7 
reduced the polymerase activity of a human-adapted 
PB2-627K-containing polymerase but had no effect on 
a polymerase with PB2 627E89,90. The greater abundance 
of importin-α7 mRNA than other importin-α isoforms 
in human nasal epithelia may drive adaptation of human 
viruses towards this specific importin-α protein91.

Although the loss of specific importin-α isoforms 
undoubtedly inhibits the replication of mammalian- 
adapted viruses, as indicated by decreased replication 
in cells and in knockout mice, the mechanism by which 
importin-α proteins support polymerase activity in the 
nucleus is unknown89,90. Indeed, it is important to note 
that the importin-α proteins facilitate entry of many cel-
lular proteins into the nucleus. Whether they support 
influenza virus polymerase through a direct interaction, 
by recruiting an additional cofactor or by delivering a 
host protein that is required for polymerase activity into 
the nucleus, is not clear.

Host specificity of the viral polymerase
Once the vRNPs have entered the nucleus, the genome is 
first transcribed and then replicated. Replication depends 
on the delivery of newly synthesized polymerase to stabi-
lize the complementary ribonucleoprotein (cRNP) and 
to transactivate replication of new genomes (reviewed 

in REFS92,93) (FIG. 3c). AIV polymerases perform genome 
replication (rather than transcription) poorly in mam-
malian cells94,95. Multiple host-adaptive mutations in viral 
polymerase subunits have been described that partially 
overcome this major host range barrier (reviewed in 
REF.95). The best known is the aforementioned PB2 E627K 
mutation96. The 627K mutation was present in the PB2  
of the 1918 H1N1 pandemic virus and was retained dur-
ing the reassortment events that led to the 1957 H2N2 and 
1968 H3N2 pandemic viruses; thus, all human circulat-
ing viruses of the 20th century possessed this signature97 
(BOX 1). By contrast, the 2009 pandemic virus had PB2  
627E, but its ability to support efficient replication in 
human and pig cells is explained by alternative mutations 
in PB2 (G590S and Q591R), located adjacent to residue 
627 in the heterotrimeric polymerase98–100. The PB2 627 
domain is a solvent-exposed region of the polymerase, 
and both 627K and 591R adaptive mutations increase the 
degree of positive charge in this region, suggesting that 
they affect interactions with a host or viral factor101. The 
AIV polymerase is sensitive to cold, and its low activity 
in the human URT might be partially explained by this102 
(FIG. 2c). However, the fact that purified avian-derived and 
mammalian-derived influenza polymerases have similar 
levels of activity in in vitro assays suggests that the block 
to AIV polymerase is explained by incompatibility with 
specific host factors103.

The activity of influenza virus polymerases can 
be measured in situ by reconstituting vRNPs in cells 
together with a minigenome reporter that expresses 
a single-stranded viral-like RNA flanked by viral 
non-coding regions that form the viral promoter104. 
Restriction of AIV polymerase activity measured by 
this minigenome reporter assay in mammalian cells 
could be overcome by fusion with increasing numbers 
of avian cells to form heterokaryons that contained 
cellular factors from both species. This result implied 
that the poor activity of AIV polymerase in the human 
nucleus was rescued by introducing a supportive avian 
host factor that is either lacking or different in mam-
mals105. This factor was identified to be chicken acidic 
leucine-rich nuclear phosphoprotein 32 family member 
A (ANP32A)106 (FIG. 3c). ANP32A contains a multiple 
leucine-rich repeat (LRR) domain and a low complex-
ity acidic (LCAR) domain. Both of these domains have 
the capacity to bind to various cellular proteins, which 
accounts for the plethora of functions attributed to 
ANP32 family members, including roles in devel-
opment, regulation of apoptosis, mRNA export and  
chromatin remodelling (reviewed in REF.107).

Exogenous expression of chicken ANP32A increased 
the activity of AIV polymerase possessing PB2 627E 
in human cells from almost undetectable levels to an 
activity similar to that seen for the polymerase con-
taining the PB2 627K mutation106. The human homo-
logues (ANP32A and ANP32B) support replication of 
human-adapted, but not of AIV, polymerase; knockdown 
of these proteins in human cells resulted in decreased 
viral polymerase activity in a minigenome reporter assay 
and reduced virus growth106,108,109. Similarly, knockdown 
of chicken ANP32A abrogated replication in chicken 
cells. An important difference between avian and 
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mammalian ANP32A proteins explains the host range 
barrier for AIV polymerase activity. Avian ANP32A ort-
hologues encode an additional 33 amino acids between 
the two domains of the protein that are crucial for their 
ability to support AIV polymerase activity and act to 
enhance their interaction with the viral polymerase106,110. 
A SUMO interacting motif (SIM) located in the first 4 
amino acids of the 33-amino-acid insert may confer the 
increased binding to the polymerase complex110. The lat-
ter 27 amino acids in the avian ANP32A gene result from 
a duplication event during evolution of flighted birds and 
are lacking in ratites such as the ostrich, emu and rhea. 
A splice variant of chicken ANP32A that lacks the SIM 
motif can also support viral polymerase activity, although 
with less potency than with all 33 amino acids110,111. 
In accordance with the concept that PB2 E627K is an 
adaptation towards utilizing short ANP32 homologues, 
viral replication in ostriches selected for this humanizing 
mutation112. Both avian and mammalian ANP32B ortho-
logues lack the 33-amino-acid duplication, yet artificial 
insertion of this sequence between the LRR and LCAR 
domains of human ANP32B enabled AIV polymerase 
activity when co-expressed in human cells106.

The exact role of ANP32 proteins in virus replica-
tion remains to be elucidated. Co-immunoprecipitation 
experiments from infected and transfected cells revealed 
an interaction between ANP32A or ANP32B and the 
viral polymerase trimer109–111,113. In vitro binding assays 
with purified proteins showed that this interaction maps 
to the 627 domain of PB2 (REF.111). Interestingly, however, 
this binding is not dependent on the nature of the amino 
acid at position 627. The interaction between chicken 
ANP32A and the viral polymerase increases upon bind-
ing to viral genomic RNA111. As the viral polymerase can 
adopt multiple conformations depending on the presence 
or absence of specific RNAs, it is likely that ANP32A pre-
fers binding to specific conformations99,114–116. Mutations 
at positions 3 and 8 of the 3ʹ viral RNA (vRNA) pro-
moter region can also increase polymerase activity of 
a restricted polymerase117–119. Chicken ANP32A could 
not further potentiate replication of RNAs with these 
mutations, suggesting that ANP32A and mutations in 
the RNA overcome the same block111. ANP32A may act 
by delivering the trans-acting or trans-activating poly-
merase to cRNPs, or it might be required for loading the 
viral polymerase complex onto nascent vRNPs. Of note, 
cRNPs can be stabilized by an avian viral polymerase 
in human cells, but they do not synthesize vRNA94,120. 
Indeed, the in vitro replication of RNA from a short 
complementary RNA (cRNA) template is promoted by 
human ANP32A and ANP32B109. Together, this may sug-
gest that chicken ANP32A enables the avian viral poly-
merase to synthesize vRNA from cRNPs in human cells, 
although further experimental evidence is still required 
to confirm this.

In other experiments involving fusion between 
human and avian cells, AIV polymerase activity was 
decreased in the heterokaryons, implying the exist-
ence of a human-specific restriction factor56. DDX17 
was revealed as a candidate for this factor, as siRNA 
knockdown of DDX17 resulted in increased polymerase 
activity of AIV polymerase in human cells. By contrast, 

DDX17 was found to have a role in supporting the activ-
ity of a polymerase possessing the PB2 627K signature 
as siRNA decreased polymerase activity. Furthermore, 
avian DDX17 was required for AIV polymerase activ-
ity in avian cells. This finding suggests incompatibility 
between the unadapted AIV polymerase and human 
DDX17 (REF.121) (FIG. 3c). DDX17 bound more strongly 
to AIV polymerase than human influenza virus pol-
ymerase, suggesting that strong binding inhibits viral 
polymerase activity. However, overexpression of DDX17 
in human cells did not inhibit AIV polymerase activity. 
Thus, the role of DDX17 in host range restriction of the 
influenza virus polymerase is not clear.

It remains likely that additional mammalian host fac-
tors affect AIV polymerase activity. Many other muta-
tions in polymerase proteins enable AIV to replicate in 
human cells, but the corresponding host partners are not 
yet identified95,122. For example, T552S in PA increases 
the replication of an AIV polymerase in mammalian 
cells but has no effect in avian cells123, and mutations 
in PB2 that map distally from the 627 domain, such as 
E158G or T271A124,125, may enhance polymerase activ-
ity in human cells through a different mechanism than 
E627K60. It is not always clear whether these mutations 
overcome the host range barrier in a species-dependent 
manner or whether they increase the overall activity of 
polymerase regardless of host species and thus simply 
enable restriction by host factors to be overcome60.

Mutations in the nuclear export protein (NEP) 
also enable AIV to overcome the replication block in 
mammalian cells94 (FIG. 3c). This finding is particularly 
apparent in minigenome reporter assays; co-expression 
of NEP in human cells with mammalian-adapted pol-
ymerase (PB2 627K) promoted the accumulation of 
cRNA and supressed the accumulation of viral mRNA, 
resulting in a decrease in minigenome expression126. 
Conversely, co-expression of NEP enhanced AIV poly-
merase activity in human cells94. There does not appear 
to be a host factor involved in this effect. An interac-
tion between NEP and the PB1 and PB2 polymerase 
subunits was mapped to the carboxy-terminal domain 
of NEP94,126,127, the exposure of which depends on the 
sequence at the amino terminus. For example, the M16I 
that is present in the pandemic H1N1 2009 virus and 
a human isolate of H5N1 AIV promotes the exposure 
of the carboxy-terminal domain127. It is suggested that 
adaptation to replication in the cooler temperatures of 
the human URT requires an NEP that can adopt the 
polymerase-enhancing conformation more readily than 
that of a typical AIV, which replicates in the warmer tis-
sues of birds94. It is not yet clear how exposure of the 
carboxy terminus of NEP enhances polymerase activity, 
but the terminal three highly conserved amino acids are 
essential for this function127. Other studies have identified 
short viral RNAs (svRNAs) that promote the synthesis of 
vRNA from cRNA templates in a segment-specific man-
ner and the generation of which depends on NEP expres-
sion127,128. svRNAs were detected in both mammalian and 
avian cells129. Whether the ability of NEP to overcome the 
host range block is linked to an increase in svRNA accu-
mulation, a difference in its ability to export vRNPs from 
the nucleus at later time points or an enhanced ability to  
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induce AIV polymerase to switch from transcription  
to replication is not yet clear130.

To summarize, influenza virus genome replica-
tion represents one of the major host range barriers. 
Differences in host proteins that promote or restrict rep-
lication, as well as differences in the temperature at which 
the polymerase enzyme activity is optimal and properly 
regulated, contribute to this block. Mutations in all 
three viral polymerase genes, as well as in NP and NEP, 
can enhance AIV polymerase activity in mammalian 
cells, although the mutation E627K in PB2 is the most 
potent enhancer. Whether the route to viral polymerase 
adaptation affects disease severity is an  interesting and  
unanswered question.

Evasion of the host response
During infection, an antiviral response is triggered and 
ISGs are produced to limit infection. The exact nature of 
the influenza virus pathogen-associated molecular patterns 
(PAMPs) is not agreed upon. An RIG-I response 
requires vRNAs to be produced by an actively replicat-
ing polymerase, but whether these are full-length prod-
ucts or shorter RNAs produced by polymerase errors is 
not clear52,131. Evidence also shows that cellular-derived 
RNAs can escape the nucleus and trigger RIG-I in 
the cytoplasm during influenza virus replication132. 
Although all influenza viruses counter the cellular innate 
immune response to an extent by encoding interferon 
antagonists or masking PAMPs, the outcome of infec-
tion is a balance determined by the levels of stimula-
tory viral RNAs, the expression and potency of virally 
encoded interferon antagonists, the capacity of the host 
cell to mount and respond to an interferon response and 
the susceptibility of the virus to the ISGs. As previously 
mentioned, AIVs are particularly susceptible to some 
human ISGs, including RIG-I and MxA54,67. In human 
cells lacking an interferon response, AIVs that were 
 otherwise restricted could replicate to some extent133.

Influenza A virus encodes a number of viral pro-
teins that counter the cellular innate immune response. 
The major viral interferon antagonist is non-structural 
protein 1 (NS1), encoded on RNA segment 8, that also 
encodes NEP by alternative splicing. NS1 limits inter-
feron induction in at least two ways: by counteracting 
RIG-I activation and by binding to CPSF30 (Cleavage and 
polyadenylation specificity factor 30 kDa subunit; also 
known as CPSF4) and preventing the processing of newly 
synthesized mRNAs, including interferon-β mRNAs. 
Despite the many different host factors that NS1 can bind, 
mutations in NS1 are not readily linked to host range. 
The NS1 of most AIVs can bind human CPSF30 and is 
an efficient interferon antagonist in human cells, and 
recombinant human influenza viruses with segment 8 
from AIV were not attenuated133,134. The pandemic H1N1 
2009 virus cannot bind CPSF30 and yet was not restricted 
in human hosts135. H5N1 viruses that infected humans in 
1997 also could not bind CPSF30, but viruses associated 
with human infections in 2003 and later could136. Human 
infection with both early (1997) and later (post-2003) 
H5N1 viruses was associated with very high viral loads 
and a high induction of pro-inflammatory cytokines. By 
contrast, adaptation of AIV in the equine host appears 

to have selected against CPSF30 binding and towards 
a more focused antagonism of the interferon signalling 
pathway137. It is likely that the balance between replication 
and interferon antagonism is askew during a host range 
breach and the loss or gain of CPSF30 binding may be a 
mechanism by which this imbalance can be addressed 
during adaptation to the new host.

Some variations in the RNA sequence of segment 
8 may affect replication capacity in different hosts by 
altering the extent of mRNA splicing and thus the rel-
ative amounts of NS1 and NEP generated in the cell. 
Splicing of segment 8 mRNA is regulated by cis-acting 
RNA elements, NS1 and host factors including serine/ 
arginine-rich splicing factor 1 (SF2; also known as 
SRSF1), heterogeneous nuclear ribonucleoprotein K 
(hnRNP K) and influenza virus NS1A-binding protein 
(NS1BP)138. Some influenza viruses that transmitted 
from avian to mammalian hosts harbour an additional 
splice donor site that generates NS3, a variant of NS1 that 
harbours an internal deletion. However, no function has 
been assigned to this protein139. Some recent AIVs that 
have infected humans display a variation in the exonic 
splicing enhancer element in segment 8 mRNA that 
reduced the ratio of NEP to NS1 and increased repli-
cation in human cells140. This finding suggests that reg-
ulating the levels of NEP and NS1 during infection is 
important and that it may be beneficial for an AIV in a 
human cell to generate more NS1 early in infection to 
evade the host antiviral response and increase replication.

Another host response that limits influenza virus 
replication is autophagy. Autophagy is a complex cellu-
lar process that can be a defence against microorganisms 
and viruses. Indeed, influenza virus can evade autophagy 
through interactions between its matrix protein M2 and 
the microtubule-associated protein 1 light chain 3β pro-
tein141. Recently, autophagy was suggested to have a role in 
limiting AIV replication in human cells. The mitochon-
drial Tu elongation factor (TUFM) was found to differen-
tially bind to avian virus-like PB2 bearing 627E, inhibiting 
virus replication in an autophagy-dependent manner. 
Polymerase activity itself was not affected by TUFM142 
(FIG. 3c). However, it should be noted that this study was 
carried out using a human virus that was mutated to carry 
the avian-like motif PB2 627E whereas the PB2 protein of 
most AIVs does not locate to the mitochondria because 
they lack an amino-terminal mitochondrial targeting 
sequence (MTS)143. Whether TUFM inhibition is rele-
vant for regulation of AIVs is not yet clear. Similarly, the 
drivers of acquisition of mitochondrial targeting of PB2 
by mammalian-adapted viruses are not known, neither is 
the function for PB2 within the mitochondria, although 
studies suggest it interferes with MAVS signalling and 
thus helps to counter the induction of interferon143.

The viral accessory protein PB1-F2 associates with the 
mitochondria, disrupts MAVS signalling and promotes 
apoptosis144,145. Protein PB1-F2 shows variation between 
viruses adapted to different species; the vast majority of 
AIVs retain full-length PB1-F2 expression, and its pres-
ence appears to enhance virus replication and spread 
between avian hosts146. In viruses adapted to swine or 
humans, the PB1-F2 ORF is often truncated or lost. Loss 
of PB1-F2 from mammalian viruses might be explained by 
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compensation of its anti-interferon function by mitochon-
drial location of the PB2 protein of mammalian-adapted 
viruses143 or because it is no longer needed to counter 
HAX1 inhibition of human-adapted PA80.

It seems likely that the different expression patterns of 
innate detection and antiviral effector molecules in dif-
ferent species will drive adaptation of influenza viruses 
when they infect a new host. This adaptation can involve 
changes that alter the binding partners as well as the rel-
ative expression or cellular location of viral antagonists 
of the cellular innate immune response.

When a virus that has been enzootic in one species 
is introduced to another, the initial incompatibility with 
the new host can cause severe disease because the virus 
triggers inappropriate host responses such as a cytokine 
storm, as is often associated with infection of partially 
adapted AIVs in humans147.

Environmental and physiological factors
The final stage of the influenza virus infectious cycle 
is onward transmission to new hosts. Environmental 
and physiological factors that differ between animal 
species may drive adaptations for transmission under 
different conditions. In humans, transmitted virions 
must access epithelial cells in the human respiratory 
mucosa where the pH can be as low as 5.5 (reviewed 
in REF.148). This value is close to the pH at which HA 
is irreversibly triggered to undergo fusion; therefore, 
it could inactivate the virus prematurely in secretions 
outside the target cell or in respiratory droplets as they 
pass from one host to the next148,149 (FIG. 2c). Human 
seasonal influenza viruses that transmit efficiently 
through the air have HAs with lower fusion pH than 
those isolated from poultry or pigs150,151 (BOX 2; FIG. 4). 
A key change to H5N1 AIVs that enabled airborne 
transmission was a mutation that stabilized HA23,24,152. 
Furthermore, mutations in HA that reduced pH sta-
bility of the 2009 pandemic H1N1 virus abrogated air-
borne transmissibility between ferrets153. Mutations that 
affect HA stability map across the entire structure of 
the HA protein (reviewed in REF.148), but many occur 

in the stem region close to the fusion peptide or at the 
interface between the three subunits of the HA trimer. 
They presumably affect protein stability by affecting the 
interaction between HA monomers within the trimer 
or by affecting the local environment around important 
histidine residues that become protonated at low pH 
and stimulate the HA to extrude the fusion peptide154. 
The plethora of different mutations that can affect the 
pH of fusion of HA means that this phenotype is dif-
ficult to predict through sequence analysis. Rather, a 
phenotypic assay to measure HA fusion can be used148.

Under dense housing conditions, as in poultry houses 
or pig farms, environmental stability of the virion may 
have a smaller role in onward transmission than in cir-
cumstances in which hosts are more disperse. Thus, the 
intracellular fitness gain conferred by fusion in early 
rather than late endosomes drives selection of virus 
with higher pH of fusion. Uncoating in early endosomes 
might also allow viruses to evade restriction by ISGs 
such as the IFITM3 protein that inhibits virus fusion in 
later endosomal compartments78,155,156.

Thus, for both receptor binding and virion stability 
traits, human-adapting mutations may attenuate AIV 
pathogenicity. AIVs attach preferentially to cells express-
ing α2-3 SA in the lower airways and uncoat in early 
endosomes; therefore, they may be virulent but poorly 
transmissible. Human-adapted viruses that primarily 
target the α2-6-SA-rich upper airways and retain good 
airborne stability may be more transmissible but less 
virulent. This balance between virulence and transmis-
sibility suggests that viruses that cross from poultry into 
humans would undergo some decrease in pathogenic-
ity upon acquiring a transmissible phenotype, but this 
hypothesis has yet to be robustly tested.

Conclusions and future perspectives
Despite many transcriptomic and proteomic studies 
being conducted to identify host factors that are impor-
tant for influenza virus replication, only a limited num-
ber of host factors are commonly identified between 
these screens, demonstrating inconsistencies and the 

Box 2 | The role of pigs in the adaptation of avian influenza viruses to humans

It is a well-worn tenet of influenza virus biology that pigs are a ‘mixing vessel’ and key to the emergence of human 
pandemic influenza viruses. The idea is that pigs can be co-infected with an avian and a human influenza virus, and the 
reassortment events that can initiate a pandemic would occur within these animals.

Pigs are indeed susceptible to human-adapted viruses and to some avian influenza viruses (AIVs), as shown 
experimentally and observed in the field166,167. Swine influenza A viruses that are currently enzootic in pigs are of the H1 
and H3 haemagglutinin (HA) subtypes that originate from various sources, including direct introduction from birds (for 
example, the Eurasian H1N1 lineage), re-introduction from humans (for example, pandemic H1N1 viruses) or following 
reassortment between human and swine viruses (for example, the variant H3N2 influenza A viruses).

The mixing vessel concept has assumed that pigs are unique in being susceptible to infection by both avian and 
mammalian-adapted influenza strains, facilitating the process of antigenic shift by reassortment (BOX 1; FIG. 1).

However, from a physiological perspective, pigs are no more permissive to infection by AIVs than are humans: the type 
of sialic acid linkage that predominates in the swine upper respiratory tract is the α2-6 sialic acid as in humans28, and AIV 
replication is restricted in swine cells in the same manner as it is in human cells because swine acidic leucine-rich nuclear 
phosphoprotein 32 family member A (ANP32A) lacks the avian-specific gene duplication that supports activity of avian 
virus polymerase106,168. Thus, the explanation of their prominent role in supporting influenza virus evolution may be more 
one of opportunity than physiology: the chances of close contact between infected domestic or wild birds and swine, and 
the sheer numbers and dense housing on pig farms allowing for close-contact transmission events between pigs, may 
create an environment more conducive to the evolution of viruses containing the adequate constellation of adaptive 
mutations to allow the avian-to-mammalian switch (FIG. 4).
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technical limitations of such studies157,158. Furthermore, 
the majority of these studies have not addressed the role 
of host proteins in species restriction.

With the advent of next-generation sequencing, 
it is now possible to identify within-host mutations 
and quantify selection bottlenecks to understand how 
host-adapting mutations are propagated159,160. This 
knowledge may help us better understand why some 
AIVs cross the species barrier and why others do not.

Most cross-species incursions result in dead-end 
infections because the virus does not accumulate suffi-
cient adaptive changes quickly enough in the new host, 
particularly if the mutations must be acquired in a par-
ticular order to avoid intermediates with fitness costs161. 
An onward chain of transmission is not supported 
until a sufficient constellation of adaptive changes that 
affect several features of the virus–host interaction are 

acquired (FIG. 4). It is not clear whether some of the 
mutations could be acquired animal side or whether all 
are selected in the new host after the zoonotic infection. 
Bearing in mind the viral mutation rate, replication 
rate and limited time window for onward transmis-
sion, the likelihood that a complete set of adaptive 
mutations is acquired in a single immunocompetent 
host and transmitted onwards to other individuals is  
extremely low162,163.

Understanding the mechanisms that underlie the 
adaptive changes and the circumstances in which they 
can be acquired will enhance our ability to predict the 
source and nature of future pandemics. It will also reveal 
intricate details of virus–host interactions that can lead 
to novel therapeutics and antiviral strategies.

Published online 28 November 2018
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Fig. 4 | Cumulative influenza virus adaptations required to overcome species restriction and initiate a new 
pandemic. Influenza viruses circulating in the avian reservoir (red) face multiple host range barriers that must be overcome 
by genetic adaptation before a pandemic is initiated in humans (blue). Influenza viruses overcome host range barriers 
through their ability to undergo genetic reassortment (BOX 1) and the rapid generation of mutations by the error-prone 
viral RNA-dependent RNA polymerase. During a zoonotic infection, the restricted avian influenza virus (AIV) polymerase 
may acquire mutations in polymerase basic protein 2 (PB2) such as E627K or D701N. These mutations may cause severe 
disease in humans but no onward transmission without further mutation. Binding to α2-6 sialic acid (SA) receptors  
present on the cell surfaces of the human upper respiratory tract (URT) is enabled by mutations in the haemagglutinin (HA) 
receptor binding site but may require further mutations to address the balance between HA and neuraminidase (NA) 
activities. The diverse host range of influenza viruses (FIG. 1) may allow these adaptive steps via an intermediate mammalian 
species. For example, swine influenza A viruses acquire these first two adaptations, but further adaptation to humans are 
necessary (dotted line). For efficient human–human transmission, HA must be sufficiently stable to survive the pH of the 
human URT and airborne droplets. Antiviral antagonists in human cells such as interferon-regulated resistance 
GTP-binding protein MxA may drive selection of mutations in viral proteins such as NP. The fitness landscape of the virus 
may be altered at each adaptation step, limiting the likelihood of viruses reaching pandemic potential. After a pandemic 
event, further adaptation to humans occurs (green), which may moderate disease severity.
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