
Influenza is an infectious respiratory disease; in humans, 
it is caused by influenza A (genus influenzavirus A) and 
influenza B (genus influenzavirus B) viruses (influenza
virus C and influenzavirus D genera are also known). 
Symptoms associated with influenza virus infection vary 
from a mild respiratory disease confined to the upper 
respiratory tract and characterized by fever, sore throat, 
runny nose, cough, headache, muscle pain and fatigue to 
severe and in some cases lethal pneumonia owing to influ-
enza virus or to secondary bacterial infection of the lower 
respiratory tract. Influenza virus infection can also lead 
to a wide range of non- respiratory complications in some 
cases — affecting the heart, central nervous system and 
other organ systems1,2. Although characterized by annual 
seasonal epidemics, sporadic and unpredictable global 
pandemic outbreaks also occur that involve influenza A 
virus strains of zoonotic origin. Pandemic influenza occurs 
every 10–50 years and is characterized by the introduction 
of a new influenza A virus strain that is antigenically very 
different from previously circulating strains; the lack of 
pre- existing immunity in humans is often associated with 
the severity of the infection and an increase in mortality.

All influenza viruses are enveloped negative- sense 
single- strand RNA viruses with a segmented genome. 
Influenza A and influenza B viruses contain eight RNA 
segments, which encode RNA polymerase subunits, 
viral glycoproteins (namely, haemagglutinin (HA),  

with its distinct globular ‘head’ and ‘stalk’ struc-
tures, which facilitate viral entry, and neuraminidase  
(NA), which facilitates viral release), viral nucleopro-
tein (NP), matrix protein (M1) and membrane protein 
(M2), the nonstructural protein NS1 and nuclear export 
protein (NEP) (Fig. 1). The HA and NA viral proteins are 
the most antigenically variable, and in the case of influ-
enza A virus, they are classified into antigenically diverse 
subtypes. These two viral glycoproteins are located at 
the surface of the virus particle and are the main tar-
gets for protective antibodies induced by influenza virus 
infection and vaccination. Each influenza virus isolate is 
named according to its type or genus, host and place of 
isolation, isolate number and year of isolation (Box 1). 
Influenza C and influenza D viruses have only seven 
RNA segments and do not seem to cause substantial dis-
ease in humans. However, influenza C virus infections 
can cause influenza- like illness and hospitalizations in 
some instances, especially in children3.

The segmented nature of the influenza viral genome 
enables reassortment, that is, interchange, of genomic 
RNA segments when two viruses of the same type (that 
is, two influenza A viruses or two influenza B viruses)  
infect the same cell. A unique characteristic of influenza A  
viruses is that they circulate not only in humans but 
also in domestic animals, pigs, horses and poultry and 
in wild migratory birds (>100 species of ducks, geese, 
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swans, gulls, waders and wild aquatic birds are consid-
ered natural reservoirs4,5). A total of 16 antigenically 
different HA and 9 antigenically different NA serotypes 
or subtypes (18 HA and 11 NA, if including bat influ-
enza A- like viruses, which are phylogenetically close to 
influenza A virus but unable to reassort with influenza A  
viruses6,7) have been identified among the different 
avian strains of influenza A virus8. These animal reser-
voirs provide a source of antigenically diverse HA and 
NA genes that can be exchanged between viral strains 
by reassortment after co- infection of the same host, 
increasing virus diversity and in some instances leading 
to the generation of human pandemic influenza virus 
strains with HA and/or NA derived from animal strains. 
The HA subtypes can be grouped into two groups on the 
basis of the phylogeny of the HA molecule. Within each 
group, the domain encoding the HA stalk is antigeni-
cally similar. By contrast, influenza B and influenza C  
viruses are not divided into different subtypes and are 
restricted to humans, with no known animal reservoirs, 
although limited spillover to seals and pigs has occurred, 
respectively9,10. However, influenza B viruses have 
recently diverged into two antigenically different line-
ages (B/Victoria/2/1987-like and B/Yamagata/16/1988-
like) that are currently co- circulating in humans, which 
prompted the inclusion of these two lineages, in addition 
to the influenza A H1N1 and H3N2 viruses, in many 
of the seasonal human influenza vaccines. Influenza C 
viruses are usually associated with very mild or asymp-
tomatic infections in humans. In addition, influenza D 
virus is distantly related to influenza C virus, and it has 
been isolated from pigs and cows11,12.

In 2009, the first influenza virus pandemic of this 
century was caused by a novel H1N1 influenza A virus 
reassortant that was previously circulating in pigs13,14. 
Vaccines were not available on time to contain the first 
waves of infection. Current influenza antiviral ada-
mantane drugs that target the viral M2 ion channel 
and inhibitors of NA enzymes have limitations, as viral 
resistance against M2 inhibitors is prevalent in the cur-
rently circulating human influenza A H1N1 and H3N2 

strains; viruses resistant to the NA inhibitor oseltamivir 
have been prevalent among influenza A H1N1 strains 
since just before the 2009 pandemic15. Intriguingly, the 
adamantane- resistant, oseltamivir- sensitive 2009 pan-
demic influenza A H1N1 viruses replaced the previously 
circulating oseltamivir- resistant, adamantane- sensitive 
seasonal influenza A H1N1 virus that circulated globally 
in 2008–2009. Although detection of the currently cir-
culating influenza A H1N1 viruses harbouring the NA- 
H275Y mutation, which imparts oseltamivir resistance, 
has been noted, emergence of resistance to NA inhibitors 
is not a major public health problem today16. Current 
seasonal influenza vaccines have only suboptimal effec-
tiveness across all age groups, particularly in elderly 
individuals (a high- risk group for severe influenza virus 
infection). Thus, there is a major need to better under-
stand the biology of influenza virus infections to develop 
new and more- effective antiviral agents and vaccines.

In this Primer, we discuss the biological features of 
influenza viruses and their effects on human and ani-
mal health, as well as the mitigation strategies to reduce 
the burden of influenza. We focus more on influenza 
A viruses because of their unique pandemic potential 
compared with other influenza viruses.

Epidemiology
Influenza in humans
The major burden of disease in humans is caused by sea-
sonal epidemics of influenza A and influenza B viruses, 
with most of the infections occurring in children, 
although most of the severe cases involve very young 
or elderly individuals. Seasonal influenza A H1N1 and 
H3N2 currently circulate in humans, but influenza A  
H2N2 viruses were the only human circulating influ-
enza A viruses from 1957 to 1968. Before 1918, conclu-
sive evidence of the circulating subtypes is not available. 
In addition to seasonal epidemics, the introduction of 
influenza A viruses from either avian or swine popula-
tions has led to four pandemics since 1918, with those 
viruses subsequently becoming seasonal epidemic 
strains in subsequent years (Fig. 2). During pandemics, 
influenza viruses spread very quickly from the point of 
origin to the rest of the world in several waves during 
the year (Fig. 2) owing to the lack of pre- existing immu-
nity, which could also contribute to increased virulence. 
Studies on the transmission of seasonal influenza A virus 
in humans have proposed that populations in southeast 
Asia, eastern Asia and/or the tropics act as permanent 
sources for seeding seasonal epidemics17,18, whereas other 
studies indicate that multiple geographical regions might 
act as seed populations for virus migration19. However, 
a lack of sufficient sequence data from areas such as 
Africa, India and South America currently prevents a 
complete understanding, as viral sequences, which are 
not routinely obtained during diagnosis, are required 
to ascertain the relationships between viruses spread-
ing in different areas of the world. Seasonal influenza 
virus outbreaks typically occur in the winter months, 
when low humidity and low temperatures favour trans-
mission; two ‘influenza seasons’ occur per year: one 
in the Northern Hemisphere and one in the Southern 
Hemisphere. However, unlike temperate regions,  
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seasonal influenza patterns are very diverse in tropical 
countries. Climate factors, including minimum temper-
ature, hours of sunshine and maximum rainfall, seem 
to be the strongest predictors of influenza seasonality20. 
Seasonal influenza B viruses co- circulate in humans 
with influenza A viruses and follow the same patterns 
of transmission.

Incidence. In the United States and from 2010 to 2017, 
the Centers for Disease Control and Prevention (CDC) 
has estimated that influenza virus infection has resulted 
in between 9.2 million and 35.6 million illnesses and 
between 140,000 and 710,000 hospitalizations21.  

In a typical year, 3–5 million cases of severe illness 
are caused by seasonal influenza virus infection in the 
world. Children seem to be the main human transmit-
ters of influenza viruses, as illustrated by studies show-
ing that vaccination of children reduces the incidence of 
severe influenza virus infections in elderly individuals22. 
Incidence of influenza virus infections increases during 
pandemic years owing to the lack of pre- existing immu-
nity against the new virus, but severity varies depending 
on the pandemic virus itself, with the 1918 influenza A 
H1N1 pandemic being the most severe of the past  
100 years.

Zoonotic human infections with influenza A virus 
strains of swine and avian origins are rare, with spe-
cific strains, such as the avian H5N1 and H7N9 and the 
so- called swine H3N2 variant viruses, being the most 
prevalent but confined to a limited number of human 
cases in specific geographical areas, with only limited 
human- to-human transmission. Prior age- related 
immunological imprinting in specific age groups 
acquired by exposure to viruses of the same or related 
subtype is associated with reduced incidence of disease 
with novel subtype influenza viruses23.

Mortality. Influenza A and influenza B viruses cause 
epidemic seasonal infections, resulting in ~500,000 
deaths annually worldwide24, with the most recently 
calculated estimates being 291,243–645,832 deaths per 
year during the 1999–2015 period25. Seasonal influenza 
virus- associated deaths in the United States range from 
5,000 to 52,000 people per year, depending on the year26. 
Several comorbidities are known to increase the risk of 
lethal influenza virus infection. In addition, pregnancy 
and age are known risk factors, with very young (<1 year 
of age) and elderly (>65 years of age) individuals being 
the most vulnerable populations. Although mortality  
is low in children >2 years of age and young adults,  
a substantial number of deaths owing to influenza virus 
infection have been recorded in young individuals 
with no known predisposition factors. Approximately 
100 children die each year from influenza in the 
United States; this number has been stable since 2010 
(reF.27). Severe disease and/or mortality in patients with 
influenza virus infection are in general due to either 
virus- induced pneumonia or secondary bacterial super-
infection. Primary viral pneumonia is characterized 
by high levels of viral replication in the lower respira-
tory tract accompanied by strong pro- inflammatory 
responses, also referred to as cytokine storm.

Risk factors. Young children who have not had multi-
ple previous exposures to influenza viruses are fairly 
susceptible to infection and typically have higher fever 
and more- severe symptoms and shed larger number of 
virus particles for longer periods of time. Older adults, 
either because of immunosenescence, concurrent chronic 
illnesses or both, are also at risk of more- severe illness, 
hospitalization and infectious complications28. In addition 
to the extremes of age, other groups at risk of severe dis-
ease, hospitalization or death include those with chronic 
pulmonary or cardiac conditions, diabetes mellitus or 
immunocompromising conditions29,30. Possibly because 

Fig. 1 | influenza a and influenza B. The figure represents an influenza A virus particle or 
virion. Both influenza A and influenza B viruses are enveloped negative- sense RNA viruses 
with genomes comprising eight single- stranded RNA segments located inside the virus 
particle. Although antigenically different, the viral proteins encoded by the viral genome 
of influenza A and influenza B viruses have similar functions: the three largest RNA 
segments encode the three subunits of the viral RNA- dependent RNA polymerases  
(PB1, PB2 and PA) that are responsible for RNA synthesis and replication in infected cells; 
two RNA segments encode the viral glycoproteins haemagglutinin (HA , which has a 
‘stalk’ domain and a ‘head’ domain), which mediates binding to sialic acid- containing 
receptors and viral entry , and neuraminidase (NA), which is responsible for releasing 
viruses bound to non- functional receptors and helping viral spread. The RNA genome is 
bound by the viral nucleoprotein (NP), which is encoded by RNA segment 5. RNA 
segments 6 and 8 encode more than one protein, namely , the matrix protein (M1) and 
membrane protein (M2) — BM2 in the case of influenza B — and the nonstructural 
protein NS1 (not shown) and nuclear export protein (NEP). The M1 protein is thought to 
provide a scaffold that helps the structure of the virion and that, together with NEP, 
regulates the trafficking of the viral RNA segments in the cell; the M2 protein is a proton 
ion channel that is required for viral entry and exit and that, together with the HA and NA 
glycoproteins, is located on the surface of the virus anchored in a lipid membrane derived 
from the infected cell. Finally , the NS1 protein is a virulence factor that inhibits host 
antiviral responses in infected cells. The influenza viruses can also express additional 
accessory viral proteins in infected cells, such as PB1–F2 and PA- x (influenza A), that 
participate in preventing host innate antiviral responses together with the NS1 protein or 
NB (influenza B), the function of which is unknown. NS1, NEP, PB1–F2 and PA- x are not 
present in the virus particle or are present in only very small amounts. NB is a unique 
influenza B virus surface protein anchored in the lipid membrane of the virus particles.
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of difficulty handling respiratory secretions, individuals 
with neuromuscular disorders are also recognized as 
being at increased risk31. Pregnancy has long been recog-
nized as a risk factor for severe influenza disease, possibly 
because of the increased cardiopulmonary demands of 
pregnancy or the effects of pregnancy on the immune sys-
tem; the risk increases by trimester and persists into the 
post- partum period32. During the 2009 pandemic with 
influenza A H1N1, morbid obesity with body mass index 
>35–40 kg per m2 was also recognized as an important 
risk factor33. Obesity is associated with excessive influenza 
virus replication, increased severity of secondary bacte-
rial infections and reduced vaccination efficacy34. Finally, 
the role of host genetic factors in disease remains poorly 
studied, but polymorphisms and nonsense mutations 
in several host genes (such as IFITM3 and IRF7, which 
encode genes involved in the interferon pathway) have 
been shown to predispose to severe disease35–37.

Influenza in animals
Infection of waterfowl with low pathogenic avian influ-
enza A (LPAI) viruses, called as such owing to their lack 
of lethality in poultry, produces little or no clinical symp-
toms38. However, upon transmission to poultry, LPAI can 
cause substantial disease symptoms; in addition, viruses 
with H5 and H7 subtypes can become highly pathogenic 
(that is, lethal) in poultry. Outbreaks of highly patho-
genic avian influenza A (HPAI) throughout Eurasia and 
northern Africa are the major influenza disease burden 
in animals, with >400 million birds killed and economic 
losses totalling US$20 billion in the first 10 years of the 
21st century39. Outbreaks of HPAI in poultry have also 
caused considerable problems in the United States, with 
the HPAI H5Nx (where x = 1–9) viruses, derived by 
reassortment of the Asian HPAI H5N1 viruses, being a 
recent example40. Recently, LPAI H7N9 viruses circulat-
ing in China have become HPAI through the acquisition 
of a multibasic cleavage site in their HAs and have 
also caused some self- limiting infections in humans41. 
Influenza A viruses can also cause mild to severe res-
piratory infection in a variety of mammals, including 
swine, horses and dogs; additionally, an outbreak of an 
influenza A virus of avian origin was detected in cats in 
New York, as first reported in December 2016. From its 
first report until February 2017, the influenza A H7N2 

feline influenza A virus infected ~500 shelter cats and a 
veterinarian who treated one of the infected cats42.

Mechanisms/pathophysiology
Human influenza viruses are transmitted through the 
respiratory route, whereas avian influenza viruses in wild 
birds are transmitted through the faecal–faecal, faecal–
oral or faecal–respiratory routes. Depending on the route 
of transmission, the virus targets epithelial cells of the 
respiratory or intestinal tract for infection and productive 
replication. In addition, some avian influenza A viruses, 
especially those of the H7 subtype, have been associated 
with human infections of the eye and conjunctivitis 
(inflammation of the conjunctiva)43. Severity of infec-
tion in humans is associated with replication of the virus 
in the lower respiratory tract, which is accompanied by 
severe inflammation owing to immune cell infiltration.

Transmission in animals
The main reservoir of diverse strains and subtypes of 
influenza A virus is wild birds, especially migratory 
ducks and geese. Indeed, domestic ducks raised on open 
ponds are the logical intermediaries between the reser-
voirs of influenza viruses in wild aquatic birds and other 
domestic poultry (Fig. 3). Transmission between birds 
can occur directly from contaminated water. Although 
most of the 16 HA and 9 NA influenza A subtypes cause 
asymptomatic infections in avian species, H5Nx and 
H7Nx subtypes can evolve into HPAI strains through the 
acquisition of a novel cleavage site in HA (which enables 
HA maturation by ubiquitous host proteases and spread 
of the virus outside the respiratory and intestinal epithe-
lia to multiple organs, including the brain) and can cause 
lethal infections in chicken, turkey and some breeds of 
domestic duck44,45. Transmission of influenza viruses to 
multiple domestic poultry species occurs through so- 
called backyard farming, whereby species are raised 
together and in live poultry markets; subsequent trans-
mission to commercial avian farms can occur through 
the lack of biosecurity (that is, procedures or measures 
designed to isolate and protect animals and humans 
from contact with infectious viruses) and because of 
viral spread through live markets46 (Box 2).

Influenza in pigs is a respiratory disease akin to influ-
enza in humans, with high fever and pneumonia caused 
by influenza A H1N1, H3N2 and H1N2 subtypes47. 
Some strains of influenza A virus have been known to 
be transmitted by aerosol spread from humans to pigs 
and vice versa, including the pandemic 2009 influenza A  
H1N1 strain48 and the influenza A H3N2 variant that 
transmits from pigs to children49. In horses, infection 
causes respiratory disease and is spread by aerosol; two 
lineages of influenza A H3N8 are primarily responsible. 
In 2004, the equine influenza A H3N8 strain spread to 
dogs42,50. In 2006 in Asia, an avian H3N2 influenza A 
virus was also detected as being transmitted to dogs51.

Cell entry and viral replication
At the cellular level, influenza virus replication (Fig. 4) 
mainly takes place in epithelial cells of the respiratory 
tract in humans and other mammals and in epithelial 
cells of the intestinal tract in birds. The cellular cycle of 

Box 1 | influenza virus nomenclature

each influenza virus isolate receives a unique name 
according to a set of rules. First, the name denotes the 
type of influenza virus (a, B, C or D), followed by the host 
species from which the virus was isolated (if not 
specified, the isolate is considered human), the 
geographical location at which the virus was isolated,  
the isolate number and the year of isolation. in the case 
of influenza a viruses, the haemagglutinin (Ha) and 
neuraminidase (Na) subtype is also usually indicated 
after the viral isolate name. For example, influenza a/
turkey/Ontario/6118/1968 (H8N4) virus is an influenza a 
virus isolated from a turkey in Ontario in 1968, isolate 
number 6118; the virus isolate has an Ha from the Ha 
antigenic subtype 8 and an Na from the Na antigenic 
subtype 4.
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the virus starts with binding to the target cell. This bind-
ing is mediated by the viral HA (which binds to sialic 
acids present in the oligosaccharides of the glycoproteins 
at the cellular surface) and is also responsible for the 
haemagglutination caused by virus particles when incu-
bated with red blood cells. HAs from human influenza 
viruses bind preferentially to sialic acids linked by an 
α2,6 linkage to the rest of the oligosaccharide, whereas 
those from most of the avian influenza viruses favour 
binding to α2,3-linked sialic acids, as these bonds are the 
most abundant sialic linkages in the epithelial cells of the 
human upper respiratory tract and of the avian intestinal 
tract, respectively52,53. After binding, the virus is inter-
nalized in an endosome, and the endosome is trafficked 
and acidified, which triggers a conformational change in 
the viral HA that induces the fusion of the viral envelope 
with that of the endosome. As the endosomal pH varies 
between host species, the pH stability of HA is one of the 
determinants of viral tropism.

Fusion results in the release of virus contents, 
namely, its genetic material in the form of eight viral 

ribonucleoproteins (vRNPs), into the cytoplasm. 
vRNPs are subsequently imported into the nucleus of 
the infected cells, where transcription and replication 
of the viral RNA takes place through the enzymatic 
activities of the viral polymerase complex attached to 
the vRNPs. Viral RNA replication occurs through a 
positive- sense intermediate, known as the complemen-
tary ribonucleoprotein (cRNP) complex. Viral RNA 
transcription results in positive- strand mRNAs that are 
capped and polyadenylated and exported into the cyto-
plasm for translation into viral proteins. Newly synthe-
sized viral polymerases (PB1, PB2 and PA) and viral NP 
are imported to the nucleus to further increase the rate 
of viral RNA synthesis, whereas virus membrane pro-
teins HA, NA and M2 traffic to and get inserted into the 
plasma membrane. Newly synthesized HA needs to be 
cleaved into HA1 and HA2 polypeptides by cellular pro-
teases to be functional. The cleavage site of HA is respon-
sible for the tissue tropism of the virus, with all influenza 
viruses having a cleavage site recognized by extracellular 
proteases present in respiratory and intestinal epithelial 
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H1N1 H2N2 H1N1

H3N2

1918 1957 1968 1977 2009

?

Seasonal
Pandemic

Origin in Febuary 1957
Spread by May 1957
Spread by August 1957

First outbreaks
Spread of first wave
Second onset foci
Spread of second wave

Seeding hierarchy

Fig. 2 | influenza pandemics. In the past 100 years, four pandemics of human influenza have occurred, with the 1918 
pandemic caused by an influenza A H1N1 virus being the most devastating, as it was associated with >40 million deaths236. 
Influenza A H2N2, H3N2 and H1N1 viruses caused the 1957 , 1968 and 2009 pandemics, respectively. In 1977 , influenza A 
H1N1 restarted circulation in humans without causing a pandemic, as the strain was similar to that which preceded the 
1957 influenza A H2N2 pandemic. By contrast, the 2009 pandemic influenza A H1N1 virus was antigenically very different 
to the previous seasonal influenza A H1N1 viruses and replaced them as the circulating influenza A H1N1 strain.  
Examples of the spreading of human influenza A viruses in the world are shown for pandemic 1918 and 1957 viruses  
and for seasonal H3N2 viruses18. For pandemic virus outbreaks, the arrows indicate the first and second waves of 
transmission. For seasonal influenza A H3N2 spread, the arrows indicate the seeding hierarchy of seasonal influenza A 
(H3N2) viruses over a 5-year period, starting from a network of major cities in east and southeast Asia; the hierarchy within 
the city network is unknown. Seasonal influenza B viruses (not shown) are co- circulating in humans with influenza A viruses.
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cells, except for the HPAI viruses, which contain a multi-
basic cleavage site in HA that is recognized by ubiquitous 
proteases. Viral nonstructural proteins NS1, PB1–F2 
(which can be dimeric or multimeric) and PA- x regu-
late cellular processes to disarm host antiviral responses. 
Viral M1 and NEP localize to the nucleus at late stages of 
viral infection, bind to vRNPs and mediate their export 
to the cytoplasm, where, through interactions with the 
recycling endosome, they migrate to the plasma mem-
brane and are bundled into the eight vRNPs. Budding of 
new virions takes place, resulting in the incorporation 
of the vRNPs into new virus particles with a membrane 
derived from the host plasma membrane and containing 
the viral transmembrane proteins. NA activity prevents 
non- productive binding of HA of new virions to recep-
tors bearing sialic acid present in the viral glycoproteins 
and in the membrane of the infected cells, facilitating 
viral spread. Viral replication results in cell death with 
pathological implications. In addition, viral products 

induce a pro- inflammatory response that is responsible 
for the recruitment of innate and adaptive immune cells, 
which clear and eliminate the virus, but that in excess 
induces immunopathology and pneumonia.

Antigenic drift
Influenza viruses are capable of evading the antibody- 
mediated immunity induced during previous infections 
or vaccinations by gradually accumulating mutations in 
HA and NA5 (Fig. 5). This process, known as antigenic 
drift, necessitates frequent updates of influenza vaccines 
to ensure sufficient antigenic relatedness between the 
vaccine and emerging virus variants. Because HA is cur-
rently the main component of the inactivated influenza 
vaccines, human and animal influenza virus surveillance 
programmes are in place to monitor antigenic changes 
of the virus, primarily using the haemagglutination inhi-
bition assay (a surrogate assay to measure the inhibition 
of the interaction between HA and host cell receptors) 

Fig. 3 | emergence of influenza a virus from aquatic wild bird reservoirs. Influenza A viruses have been found in 
multiple species all seemingly derived from viral ancestors in wild birds, with the possible exception of bat influenza- like 
virus, which is of still uncertain origin. Influenza viruses from wild birds can spill over through water or fomites to marine 
mammals and to domestic free- range ducks. Transmissions to other avian species (for example, poultry) from domestic 
ducks or directly from wild birds can also occur from contaminated water. Transmission from ducks to other species occurs 
through ‘backyard’ farming, whereby the animals are raised together, and in live poultry and/or animal markets. 
Transmission from backyard to commercial farms can occur via lack of biosecurity and via spread through live markets46. 
Humans can be infected with poultry and swine influenza viruses through aerosols, fomites or contaminated water. 
However, in most instances these infections do not result in subsequent human- to-human transmission. Human- to-human 
transmission of seasonal or pandemic human viruses can be mediated by respiratory droplets, aerosols or self- inoculation 
after touching of fomites. Additional virus adaptations would be required for sustainable human- to-human transmission of 
animal influenza viruses. Other domestic animals known to be susceptible to influenza virus infections are dogs and cats. 
Dashed lines represent transmission that bypasses a domestic duck intermediate.
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and viral RNA sequence analyses54,55. Increased attention 
to antigenic drift of NA, measured using neuraminidase 
inhibition assays, could further increase the antigenic 
match between vaccines and circulating viruses56–58. 
In addition, antigenic drift of T cell epitopes has been 
observed but not as frequently as antibody- mediated 
drift59. Computational methods, so- called antigenic 
cartography, enable quantitative analyses and visuali-
zations of haemagglutination inhibition assay data and 
neuraminidase inhibition assay data60.

These methods to quantify antigenic drift of influ-
enza virus strains, along with site- directed mutagenesis 
studies, have revealed that substantial antigenic drift 
can be caused by one or very few amino acid substitu-
tions adjacent to the functional sites in the head (but not 
the stalk) of the HA protein61–63. The antigenic evolu-
tion of influenza viruses was shown to be more rapid 
in human influenza viruses than in swine and equine 
viruses, which is presumably related to the size, mixing 
and age- structure (that is, humans have a longer lifespan 
than swine and horses) of the host populations60,63,64. In 
wild birds, in which numerous avian influenza A virus 
HA and NA subtypes are circulating, within- subtype 
antigenic variation seems to be limited. However, upon 
introduction in poultry, antigenic variation within avian 
virus subtypes — perhaps related to a selective antibody 
pressure imposed by vaccine use — has been noted62.

Antigenic shift
In contrast to antigenic drift, antigenic shift refers to 
drastic changes in the antigenicity of the HA of circu-
lating influenza A viruses; antigenic shift is associated 
with influenza A pandemics. The HA — and sometimes 
the NA — molecules of pandemic viruses are derived 
from antigenically diverse animal strains of influenza 
virus, which can be acquired by human influenza strains 
through reassortment (Fig. 5). Pandemic outbreaks are 
usually associated with the extinction of the previous cir-
culating strains. However, in 1977, influenza A H1N1 
viruses, not seen in humans since the 1957 influenza A 
H2N2 pandemic, started to co- circulate with influenza A  
H3N2 viruses65. The 2009 influenza A H1N1 pandemic 
was caused by an influenza A H1N1 virus that was 

antigenically very different from the seasonal influenza A  
H1N1 virus circulating at the time and resulted in the 
extinction of the previous influenza A H1N1 human line-
age, but it did not result in the extinction of the influ-
enza A H3N2 viruses. Since 2009, influenza A H3N2 
and influenza A H1N1 viruses derived from the 2009 
pandemic virus and two lineages of influenza B virus are 
co-circulating in humans.

The limited number of pandemic events that have 
happened makes it very difficult to predict the next 
pandemic. Human influenza A virus infections with 
antigenically diverse avian H5N1, avian H7N9, swine 
H3N2 and other animal influenza viruses are constantly 
detected in geographical regions where these strains 
are prevalent owing to the contact of infected poultry 
or swine with humans. However, no cases of sustained 
human- to-human transmission have been associated 
with these viruses, indicating that further adaptations 
need to take place for these viruses to become trans-
missible in humans. How feasible it is for these viruses 
to become adapted to human transmission and retain 
virulence is unclear. Only a few changes are needed for 
influenza A H5N1 viruses to become transmissible in 
ferrets, a host that is often used as an animal model of 
human influenza virus infection66–68.

Adaptations to new hosts
Aquatic waterfowl (for example, orders Anseriformes 
and Charadriiformes) host influenza A viruses of all  
the HA (H1–H16) and NA (N1–N9) subtypes and 
are believed to be the natural reservoirs of influenza 
viruses69. Some viruses, presumably from waterfowl, 
have adapted to other birds (Galliformes, such as  
chicken, quail and turkeys) and mammals (such 
as humans, swine, equine, dogs, mink and marine 
mammals)70. Such inter- species transmission and adap-
tation often involve viral genetic adaptations to the new 
host and can be attributed to viral RNA polymerases, 
which are error prone and have higher mutations rates 
than cellular DNA polymerases. The ensuing intra- host 
viral genetic diversity (sometimes referred to as viral 
quasi- species) results in a ‘swarm’ of viral mutants that 
facilitate adaptation to new selection pressures. Multiple 
genetic variants are transmitted between animals, and 
low- fitness variants can be maintained during trans-
mission, presumably helped by the fitter variants within 
a host71. Maintenance of such genetic diversity in the 
virus population within one host would be potentially 
advantageous in adaptation following inter- species 
transmission events. In addition, the segmented RNA 
genome of the influenza virus enables viral genetic 
reassortment, providing an additional mechanism for 
genetic adaptation.

Adaptation to transmission in new hosts is usually 
multifactorial and could involve amino acid substitu-
tions in the viral HA to optimize receptor binding72, 
to optimize HA and NA balance between their recep-
tor binding and their receptor destroying activities, 
respectively73, and to enable HA to become activated at 
different pH values74. Additionally, changes in the viral 
RNA polymerase protein subunits can affect its activity 
in different hosts and affect the temperature sensitivity 

Box 2 | avian (poultry) influenza

the influenza viruses causing disease outbreaks in domestic poultry are the highly 
pathogenic avian influenza a (HPai) H5Nx and H7Nx (where x = 1–9) and the low 
pathogenicity avian influenza a (LPai) H6N1, H7N9 and H9N2 strains228. the major 
global problem for farmers of gallinaceous poultry (for example, chicken, quail and 
turkey) is the emergence of H5 and H7 HPai viruses from LPai precursors that must be 
reported to the world Organisation for animal Health (Oie) and can result in trade 
embargoes. in poultry, the HPai strains are transmitted both by aerosol and faecal 
contamination and cause systemic haemorrhagic disease and death229. Between 2003 
and 2017, the HPai H5N1 strain infected 860 humans and caused 545 deaths230. the 
LPai H7N9 strain that emerged in China in 2013 causes asymptomatic infections of 
quail and chicken231, but from 2013 to 2017, a total of 1,564 laboratory- confirmed 
human infections with this virus were reported in China232. to complicate matters, some 
LPai H7N9 viruses have recently become HPai233. But perhaps the most insidious 
influenza virus in domestic poultry on the basis of its prevalence and ability to reassort 
is H9N2, which emerged in asia in the early 1990s; this virus causes asymptomatic 
infection in poultry, was the donor of six internal rNa segments to both HPai H5N1 and 
LPai H7N9 and was occasionally transferred to pigs and humans234,235.
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of the virus75,76 (the temperature of the human upper 
respiratory tract is ~33 °C, which is lower than that of 
birds and swine); changes in NP can affect susceptibility 
to the host antiviral protein interferon- induced GTP- 
binding protein Mx1 (reF.77), and changes in M1 and 
M2 proteins could alter viral morphology and facilitate 
respiratory transmission in new hosts78. Such functional 
changes that affect transmission could also be acquired 
through viral genetic reassortment, as occurred with the 
emergence of the human pandemics of 1957, 1968 and 
2009 (reF.79).

Genetic adaptations can occur at the interface 
between wild aquatic birds and domestic ducks or geese, 
between aquatic and terrestrial poultry (as occurred 
with the emergence of avian influenza A viruses H5N1, 
H7N9 and H10N8) or within swine (as occurred with 
the emergence of the North American triple reassor-
tant influenza A viruses and of the 2009 pandemic 
influenza A H1N1 virus). Of the influenza A H3N8 
and H7N7 viruses endemic in equine for many dec-
ades, the H7N7 viruses seem to have become extinct, 
whereas the H3N8 viruses have persisted and have been 
transmitted to dogs in the United States50, increasing 
the host range of H3N8 viruses. In another example, 
avian influenza A H3N2 viruses have adapted to dogs 
in Asia51. Recently, species of bat from Guatemala and 
Peru have been found to carry influenza A- like viruses 
with new subtypes of HA and NA (namely, H17, H18, 
N10 and N11), and further influenza virus diversity  
can be detected in bats6,80. Although bat influenza A-like 

H17N10 and H18N11 viruses are unable to reassort 
with conventional influenza A viruses, they can rep-
licate in mammalian species other than bats, raising 
the possibility that they could become adapted to  
other mammals81.

Innate immune responses
Host innate immunity represents a crucial barrier that 
viruses need to overcome to replicate and propagate in 
new hosts, and influenza viruses dedicate several viral 
proteins to overcome these responses. For example, the 
NS1 protein of the virus is an RNA- binding protein 
that prevents the activation of cytoplasmic viral RNA 
sensors, such as retinoic acid- inducible gene I protein 
(RIG- I; also known as DDX58)82. RIG- I recognizes 
the influenza viral RNAs on the basis of the presence 
of a terminal 5′-triphosphate moiety and an adjacent 
double- stranded RNA structure formed by the 5′ and 
3′ ends of the viral RNAs that is required for viral RNA 
replication and transcription83. NS1 binds to the host 
factors E3 ubiquitin- protein ligase TRIM21 and E3 
ubiquitin- protein ligase RNF135 (also known as Riplet), 
which are required for RIG- I activation after viral RNA  
recognition, preventing a signalling cascade that other-
wise leads to induction of interferon and interferon- 
inducible antiviral genes with antiviral activity, such 
as MX1, EIF2AK2 (more commonly known as PKR), 
OAS1, IFITM family members and IFIT family mem-
bers, among others84. Moreover, influenza A virus NS1 
can also prevent host mRNA synthesis, processing and 

Fig. 4 | influenza virus life cycle. Influenza virus enters the cell by endosomal uptake and release, and its negative- sense 
genetic material in the form of viral ribonucleoproteins (vRNPs) is imported to the nucleus for transcription of mRNA and 
replication through a positive-sense complementary ribonucleoprotein (cRNP) intermediate. Viral mRNA is translated into 
viral proteins in the cytoplasm, and these are assembled into new virions together with the newly synthesized vRNPs.  
PB1–F2 is shown here as a dimer, but can also be multimeric. HA , haemagglutinin; M1, matrix protein; M2, membrane 
protein; NA , neuraminidase; NEP, nuclear export protein; NP, nucleoprotein; NS1, nonstructural protein; PB1, PB2 and PA , 
viral RNA polymerases.
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trafficking events, inhibiting host responses to viral 
infection85–87. Interferon signalling events mediated  
by the Janus kinase (JAK)–signal transducer and acti-
vator of transcription (STAT) pathway as well as the 
antiviral functions of several interferon-stimulated 
genes might also be targeted by NS1 to prevent the host 
antiviral response88–90.

In addition to NS1, several other influenza virus 
proteins can dampen the interferon- mediated anti-
viral response. PB1–F2, a viral nonstructural protein 
generated from an alternative open reading frame 
present in the PB1 RNA, suppresses the activation of 
mitochondrial antiviral- signalling protein (MAVS), an 
adaptor molecule located downstream of RIG- I and 
required for interferon induction91. PB2, a component 
of the viral polymerase, also seems to target MAVS 
activation92. PA- x, a recently discovered viral protein 
resulting from ribosomal frameshift of the viral RNA 
polymerase PA mRNA, suppresses host gene expres-
sion by virtue of its RNA endonuclease activity93. The 
multiple ways in which influenza virus counteracts the 

interferon- mediated antiviral response illustrate the 
importance of this host pathway.

Both type I interferons (namely, interferon- α 
(IFNα) and IFNβ) and type III interferons (namely, 
IFNλ) can inhibit viral replication in epithelial cells94. 
Tissue- resident macrophages and dendritic cells can 
also be infected by the virus, but viral production 
seems to be limited in these innate immune cells95. 
Nevertheless, exposure of these cells to viral infection 
results in their activation and the secretion of pro- 
inflammatory cytokines, leading to the recruitment 
of additional innate cells, such as natural killer cells 
and pro- inflammatory monocytes, to the lungs, where 
they can control viral infection by killing infected 
cells. Although these host responses to infection are 
crucial for final viral clearance and induction of adap-
tive immune responses, an exacerbated response can 
lead to immunopathology and severe disease. For 
instance, high levels of neutrophil extracellular traps 
(chromatin- based structures released from neutro-
phils) can lead to lung damage and severe influenza 
virus infection96. Therapies aimed to reduce this so- 
called cytokine storm might be beneficial for patients 
with severe influenza97.

Adaptive immune responses
T  cell immunity. Although mouse models are not 
considered optimal for analysing the pathogenesis 
of viral pneumonia, much of the research into how 
influenza virus- specific T cells work has used such 
systems. However, as the technology for monitoring 
T cell- mediated immunity in humans has improved, 
these basic insights have been validated98–102. In influ-
enza virus infection, CD4+ T cell help is required for 
class- switching of antibodies and for optimal CD8+ 
T cell memory responses103,104. CD4+ T cell help is also 
required for peptide- based (and other) vaccines to pro-
mote optimal humoral and cellular immunity105,106. It is 
less clear whether CD4+ T cells are important effectors 
of direct influenza virus clearance that work via IFNγ 
production99,104, as occurs in infections with large DNA 
viruses such as herpesviruses.

With respect to CD8+ T cells, cytotoxic T lympho-
cyte (CTL) effectors are required for optimal influenza 
virus clearance107,108. In their absence, antibody- 
mediated mechanisms might also work, though less 
rapidly. Prominent antigenic components are the NP, 
matrix protein M1 and the viral polymerases109. Of 
particular interest is the fact that infected cells display 
viral peptides 8–12 amino acids in length that bind 
major histocompatibility complex (MHC; encoded by 
the HLA genes) class I glycoproteins to form the anti-
genic complex (epitope) recognized by T cell recep-
tors on influenza virus- specific CTLs. These peptides 
are generally derived from components inside the 
virus that are less subject to antibody-selected anti-
genic drift and, therefore, are more conserved across 
 distinct influenza virus strains and subtypes. Strong 
evidence supports the idea that established CTL 
memory directed towards conserved viral peptides 
presented by widely prevalent human MHC glyco-
proteins (for example, that are encoded by HLA A2) 
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Pandemic human H3N2

Antigenic shift

Seasonal human H3N2
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Fig. 5 | influenza antigenic shift and antigenic drift. In 1968, co- infections between an 
avian influenza A H3Nx (where x = 1–9) virus and the seasonal human influenza A H2N2 
viruses resulted in the exchange of viral segments (reassortment) and the selection of  
the pandemic human influenza A H3N2 virus, with the RNA polymerase PB1 and 
haemagglutinin (HA) RNA segments derived from the avian virus and the rest of the 
segments derived from the human virus. The lack of pre- existing immunity to  
the antigenically novel H3 HA in humans facilitated human transmission. Similar 
reassortment processes have taken place during other influenza A virus pandemics. Once 
H3N2 became established in humans, the virus began to drift, as is the case with all other 
human seasonal influenza viruses. During drift, small antigenic changes in the HA protein 
generated by mutation are selected to increase immune evasion, although not as 
dramatically as during shift. M, RNA encoding M1, matrix protein, and M2, membrane 
protein; NA , RNA encoding neuraminidase; NP, RNA encoding nucleoprotein; NS1, RNA 
encoding nonstructural protein; PB2 and PA , RNA encoding RNA polymerases.
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can provide a measure of protection against a novel 
influenza A virus that crosses over from an avian res-
ervoir to humans101 (for example, the recent H7N9 
cases101) (Fig. 6). Furthermore, the increased influenza 
virus sus ceptibility of some indigenous populations 
(in Australia and Alaska) correlates with the relatively 
low frequency of such ‘protective’ HLA types within 
these populations100.

Given the unpredictability of influenza A virus pan-
demics and the inevitable lag phase in the production 
of vaccines (which are typically inactivated influenza 
virus vaccines), there is, of course, broad interest in 
possible strategies for cross- protective immunization. 
Live attenuated vaccines certainly have the potential to 
induce CD8+ T cell responses, but evidence to date sug-
gests that they do not promote strong CTL memory110. 
Strategies aimed at maintaining large numbers of influ-
enza virus- specific CTLs in the normal lung may both 
be impractical and have physiological consequences; 
instead, effector CTLs will likely need to be recalled 
from the recirculating ‘resting’ CTL memory pool. This 
approach can give more rapid virus clearance than is 
the case in a CTL- naive individual, resulting in milder 
disease outcomes.

Major questions are what constitutes optimal CTL 
memory, and how is this established. At a basic level, epi-
genetic profiles of the various CTL differentiation states 
(naive, effector and memory) are being defined to better 
understand the processes involved111. Also, as naive CTL 
sets are lost with age, priming influenza virus-specific 
CTLs early is important112. As for many other ques-
tions with CTLs, analysis of influenza virus infections 

will continue to inform the overall understanding of 
protective viral immunity.

B cell immunity. B cell responses are an integral part of 
the immune response to both influenza virus infection 
and influenza virus vaccines. Antibodies contribute sub-
stantially to the protection from infection, as shown by 
early experiments in which sera from an influenza virus- 
immune ferret could protect a naive ferret from influ-
enza disease after challenge113. B cell responses mainly 
target viral HA and NA and, to a lesser degree, other viral 
proteins, including the NP and the matrix proteins114. 
Of note, discrete antigenic sites on the head domain of 
HA seem to be the preferential target of the antibody 
response115; these sites are immunodominant over 
most other B cell epitopes of the virus116,117. However, 
the molecular and immunological reasons for antigenic 
immunodominance remain obscure. Antibodies that 
target the head domain of HA are typically neutraliz-
ing (via blockade of receptor binding) and show inhib-
itory activity in the haemagglutination inhibition assay. 
Importantly, the haemagglutination inhibition titre cor-
relates (imperfectly) with protection and is a surrogate 
marker for vaccine efficacy that is globally accepted by 
regulatory agencies118.

Antibody responses to influenza virus infection in 
naive humans are typically robust and long lasting. For 
example, antibodies raised to strains encountered in 
childhood can usually be detected at reasonable lev-
els in elderly individuals and might protect from virus 
variants with similar antigenicity encountered later in 
life119–122. However, antigenic drift particularly affects 
the HA head domain, which has high plasticity123,124. 
Over the course of a lifetime, individuals might be 
exposed to or infected by influenza viruses several 
times. Interestingly, the first infection in life and its 
immune imprinting might skew antibody responses to 
subsequent exposures. This phenomenon was originally 
described as the original antigenic sin125, but different 
aspects of it have been called antigenic seniority, anti-
genic imprinting and back- boosting126. Typically, 
exposure to a new virus variant (or subtype) might 
also induce antibodies to viruses encountered earlier 
in life, depending on the relatedness of the two antigens. 
An antibody response against a novel virus variant in 
adults might, therefore, be heavily influenced by the 
individual’s exposure history117,127,128, which is an issue 
for vaccine development.

In addition to neutralizing strain- specific antibod-
ies, viral infection can also induce low- level humoral 
immune responses against conserved epitopes of viral 
proteins126. Among these epitopes are the membrane 
proximal stalk domain of HA129,130, the extracellular 
domain of the M2 protein131 and conserved epitopes of 
NA132–135. The broad antibody responses against these 
epitopes might contribute to protection, and they often 
work through mechanisms that rely on crystallizable 
fragment (Fc)–Fc receptor (FcR) interactions (effector 
functions) or — in the case of anti- NA antibodies — 
NA inhibition136–138. However, the antibody responses 
induced by such conserved epitopes through infection 
or immunization (with current vaccines) are weak and 

Fig. 6 | rapid recovery from avian influenza a H7N9 virus infection is associated 
with early CD8+ T cell responses. a | Patients who recovered early from severe influenza 
A H7N9 disease had rapid and prominent CD8+ cytotoxic T lymphocyte (CTL) recall 
responses. These early interferon- γ (IFNγ)-producing CTLs were most likely derived from 
pre- existing memory pools established after seasonal human influenza A virus infection, 
which then cross- reacted with H7N9. CTL responses were followed by antibody (Abs) 
responses 2–3 days later and by CD4+ T cells and natural killer (NK) cell responses101.  
b | By contrast, individuals who succumbed to severe influenza disease had minimal 
cellular or antibody immunity.
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reduce their potential contributions to protection in the 
general population.

As the mucosal surfaces of the respiratory tract are 
the main entry pathway for influenza viruses in humans, 
secreted antibodies play a major part in the prevention of  
infection. Key experiments in the guinea pig model 
of influenza have shown that only mucosal immune 
responses (including immunoglobulin A (IgA)) but not 
systemic immune responses can efficiently inhibit virus 
transmission139,140, which is important considering that 
influenza virus vaccines should prevent both disease in 
the host and transmission.

Diagnosis, prevention and screening
Diagnosis
A diagnosis of influenza is made mostly on the basis  
of clinical presentation and epidemiological likelihood of 
infection. Initially, nonspecific symptoms predominate, 
including fever, chills or frank shaking, headaches, myal-
gia (muscle pain), malaise (discomfort) and anorexia. 
The onset of these symptoms is sudden, and respiratory 
symptoms, particularly a dry cough, sore or dry throat 
(possibly with hoarseness) and nasal obstruction and 
discharge, are usually also present. Cough is the most 
frequent respiratory symptom and can be accompa-
nied by substernal discomfort or burning. Presentation 
in older adults and in individuals with compromised 
immune systems can initially be less dramatic, possibly 
because of a diminished cytokine response, but initial 
mild symptoms can progress to severe lower respiratory 
disease in these patients. The presentation can include 
fever, lassitude (lack of energy) and confusion without 
the characteristic respiratory complaints, which may not 
occur at all. Presentation in children can include febrile 
seizures but other prominent systemic complaints may 
not be present.

During seasonal influenza epidemics, diagnosis on 
the basis of clinical presentation has reasonable accuracy 
in previously healthy young and middle- aged adults, 

in whom the presence of fever with either cough or 
sore throat is associated with influenza virus infection 
in ~80% of patients141. However, as these symptoms are 
similar to those caused by other respiratory pathogens, 
which include parainfluenza virus, respiratory syncytial 
virus, human metapneumovirus, adenoviruses, rhino-
viruses and coronaviruses, specific diagnostic tests are 
required to confirm infection by an influenza virus. 
Confirmation is important for reasons that include  
management of individual patients, public health 
responses and surveillance efforts142–144, but as patients do 
not always present to health- care facilities, the number  
of confirmed diagnoses is under- reported. The type of 
sample submitted for testing is usually a nasopharyngeal 
swab, a nasal wash or a combined throat and nasal swab; 
because the sensitivity correlates with viral load, samples 
obtained within 3 days of symptom onset are preferable.

As influenza- like illness can be caused by many 
viruses, the gold standard laboratory tests used for 
influenza are viral culture and reverse transcription 
PCR (RT- PCR) (TaBle 1). Virus culture is critical for 
detailed characterization of novel viruses, surveillance 
of sensitivity to antiviral drugs and monitoring of anti-
genic drift; it is time consuming, but the length of the test 
can be reduced if shell- vial co- cultures are used, which 
detect virus- positive cells by immunostaining before the 
presence of cytopathic effect145. By contrast, RT- PCR, 
which is a highly sensitive and specific molecular test, 
is quick, can be incorporated into multiplex assays and 
can be used to subtype viruses. The nucleic acid ampli-
fication tests are clearly superior to virus culture in both 
sensitivity and speed in the context of clinical manage-
ment. For both viral culture and RT- PCR, the quality 
of the sample is important, as irregularities in handling 
can lead to degradation and false- negative results. The 
site sampled can also affect the sensitivity of the assay; 
nasopharyngeal swabs are preferred to throat swabs for 
detection of the virus during upper respiratory infec-
tion. As neither of these assays provides a point- of-care 

Table 1 | advantages and disadvantages of influenza diagnostic tests

Diagnostic 
assay

Description advantages Disadvantages

Virus culture Virus detected by the 
appearance of cytopathic 
effect, HA assay or direct 
fluorescence antibody staining

• High specificity ( >95%)237

• Enables characterization of novel viruses
• Enables surveillance of antiviral sensitivity and antigenic drift

• Slow ( >3 days)
• Requires specialized skills and 

equipment
• Lower sensitivity than RT- PCR

RT- PCR Primers to conserved genes can 
be used in combination with 
those for HA

• High specificity ( >99%)238

• High sensitivity ( >99%)238

• Can be multiplexed238

• Can be automated in relatively high throughput
• Moderately fast (hours)
• Can be used to simultaneously type and subtype viruses239

• Expensive
• More prone to false positive results 

(by nucleic acid contamination) than 
virus culture238

Rapid 
antigen test

Immunoassay detection of the 
presence of viral antigen in the 
sample

• Fast (15 min)
• Low cost
• Point of care
• Can detect both influenza A and influenza B

• Low sensitivity (70–50%)240,241

• Prone to false negative results241 
(96% negative predictive value)

• Cannot provide subtype information

Rapid 
molecular 
assay

Based on isothermal nucleic 
acid amplification; requires 
simple heat source and 
fluorescence detection

• Fast (15 min)
• High specificity ( >99%)240

• Good sensitivity (66–100%)240

• Point of care

Expensive

HA , haemagglutinin; RT- PCR , reverse transcription PCR .
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diagnosis, rapid antigen tests have been developed that 
are fast, can be run in a physician’s office and are less 
expensive, although low and variable sensitivity is a lim-
itation. To overcome this limitation, a rapid molecular 
assay has been developed and approved by the US FDA, 
with results comparable to those of RT- PCR except in 
samples with low viral loads146. New point- of-care 
digital immunoassays also have superior sensitivity in 
detecting influenza A and influenza B virus infections 
compared with traditional rapid antigen tests147. Several 
recent point- of-care nucleic acid amplification tests with 
even higher sensitivities147 are now approved in United 
States. Future developments might include the use of 
transcriptomic approaches to diagnose both the cause 
and the severity of respiratory illnesses, for example, 
the presence of secondary bacterial infections and/or 
inflammatory markers148.

Vaccines
After the causative agent of influenza was identified 
to be a virus in the 1930s, attempts were made during 
World War II to develop inactivated virus as a vaccine, 
which culminated in the licensing of the first influenza 
virus vaccine for the civilian population in 1945 in the 
United States. Unfortunately, it soon became clear that 
the vaccine did not protect well against new influenza 
virus strains. Specifically, the 1947 seasonal epidemic 
strain had changed sufficiently that the vaccines made 
with earlier circulating strains had lost their effective-
ness149. All currently available influenza virus vaccines 
are injected intramuscularly, with the exception of 
the live attenuated influenza virus vaccines, which are 
administered intranasally.

Design and manufacture. Although antigenic shift 
and antigenic drift in influenza viruses are recognized 
problems, the procedure to manufacture influenza virus 
vaccines has remained largely unchanged for many 
decades. The manufacture of influenza virus vaccines 

involves growing the virus in embryonated chicken eggs 
and inactivation using formalin (or another alkylating  
reagent). In the 1970s, two changes were introduced. 
First, reassortment of up to six internal RNA segments 
of the high- yielding influenza A/Puerto Rico/8/1934 
strain with RNA segments encoding HA and NA of the  
seasonal vaccine candidates improved the growth charac-
teristics of the virus in embryonated eggs with obvious 
advantages for vaccine production (Fig. 7). Second, the 
whole virus is now subjected to treatment with ether 
or detergent to make subvirion (or split) preparations, 
which are much less reactogenic and are more tolerable 
for the patient (reviewed in reF.150).

In 2003, MedImmune (Gaithersburg, Maryland, 
USA) introduced the first live attenuated influenza virus 
vaccine (LAIV) licensed in the United States. This vac-
cine is based on the backbones of the influenza A/Ann  
Arbor/6/1960 and influenza B/Ann Arbor/1/1966 
strains, through the passaging of the viruses at low 
temperature (25 °C). Cold- adapted influenza virus 
vaccines based on the same principle and devel-
oped by the Institute of Experimental Medicine (IEM,  
Saint Petersburg, Russia) have been successfully used in 
Russia since 1987 (reF.151). Seasonal vaccines are made 
by reassortment of the six internal RNA segments 
of the cold- adapted strain with the HA and NA RNA 
segments of the influenza virus strains specified by the 
health authorities for inclusion in the seasonal vaccines. 
Vaccine strain selection for both inactivated vac-
cines and LAIVs is based on the determination of 
the prevalence of recent human circulating strains by 
multiple laboratories engaged in a WHO-sponsored 
influ e nza surveillance programme (Box 3). LAIVs seem 
to have advantages in inducing mucosal and more 
broadly protective immune responses in infants and 
children than inactivated influenza virus preparations 
(reviewed in reF.150). However, studies with LAIVs in 
the United States have shown poor efficacy against the  
influenza A H1N1 component152.

Fig. 7 | inactivated influenza a virus vaccine manufacture. An antigenically representative circulating strain is 
reassorted with the high- growth influenza A/Puerto Rico/8/1934 (PR8) virus strain by co- infection in eggs, and a vaccine 
virus is selected with the high- growth properties of PR8 (conferred by its RNA segments encoding internal viral proteins) 
and the haemagglutinin (HA) and neuraminidase (NA) derived from the circulating strain. The vaccine virus is amplified in 
eggs, and the allantoic fluid from the infected eggs containing high titres of the virus is harvested; the virus is inactivated, 
treated for splitting of individual viral components and subjected to partial purification to enrich for the HA (and NA) viral 
components in the final injectable vaccine.
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Tissue culture cell- based substrates other than 
embryonated eggs have the advantage of not becom-
ing limiting in cases when vaccine production needs 
to increase, such as during pandemic outbreaks. Cell- 
grown influenza virus vaccines based on Madin–Darby 
canine kidney (MDCK) and Vero cells (from kidney 
epithelial cells of monkeys) were licensed in Europe 
in 2007 and 2009, respectively. However, production 
of the Vero- cell vaccine has been stopped, as the com-
pany that developed them ceased its vaccine production 
portfolio, and the FDA only approved the first MDCK- 
grown influenza virus vaccine in 2012 (reF.153). This 
approval was a major accomplishment after exhaustive 
studies to demonstrate that the cells did not contain 
adventitious viruses that were due to known naturally 
occurring dog viruses, such as oncogenic papilloma 
and retroviruses.

Another breakthrough for influenza vaccines came in 
2013, when the FDA licensed Flublok (Protein Sciences 
Corporation, Meriden, Connecticut, USA), which is 
a product made exclusively using recombinant DNA 
technologies. For the quadrivalent product, four differ-
ent baculoviruses expressing the HA of two influenza A 
viruses and the HA of two influenza B viruses are used 
to infect continuous insect cell lines; the HA proteins are 
then extracted and purified from the infected cells — 
a process that completely avoids the use of influenza 
viruses and of embryonated eggs. Thus, there is now 
a faster start- up possible for vaccine manufacturing in 
cases of vaccine shortages or the emergence of novel pan-
demic strains. Also, there is no need for time- consuming 
adaptations of the vaccine strains to increase yields in 
embryonated eggs or in tissue culture, as the recombi-
nant baculoviruses express different HAs at comparable 
levels in insect cells154.

Addition of adjuvants to inactivated influenza vac-
cines can improve vaccine efficacy and the breadth 
and duration of protection and can have dose- sparing 
benefits in case of years with vaccine shortages. Indeed, 
in November 2009, German regulatory authorities  
approved an MF59-adjuvanted, MDCK-grown influ-
enza A H1N1 pandemic vaccine155. MF59 is a squalene- 
based adjuvant that increases the immunogenicity of 
protein-based vaccines, and MF59-adjuvanted inacti-
vated influenza vaccines are now approved for use in 
people >65 years of age, in whom unadjuvanted inac-
tivated influenza vaccines perform poorly. In 2013, the 
FDA approved an adjuvant influenza vaccine for the pre-
vention of pandemic influenza A H5N1. This vaccine is 

for use in people >18 years of age who are at increased 
risk of infection with avian influenza A H5N1 viruses. 
The adjuvant used, AS03, similar to MF59, is a squalene- 
based oil- in-water emulsion that is combined with the 
H5N1 component before intramuscular injection. AS03-
adjuvanted pandemic influenza virus vaccines have pre-
viously been used in Europe during the 2009 influenza A  
H1N1 pandemic, where they received close attention 
owing to several reported cases of vaccine- associated 
narcolepsy156, a chronic neurological disorder charac-
terized by excessive daytime sleepiness. Contributory 
roles of the pandemic virus or the vaccine antigens in 
these adverse events could not be excluded.

To increase the poor immunogenicity of inactivated 
influenza vaccines in elderly individuals, an unadju-
vanted high- dose vaccine has also been developed and 
is proven to decrease severe influenza virus infection 
outcomes compared with standard- dose vaccines157. 
In addition, some available influenza vaccines are now 
tetravalent, incorporating both influenza B virus line-
ages. Thus, the variety of approved influenza virus vac-
cines has been dramatically increased in recent decades 
globally. However, all these available seasonal influenza 
virus vaccines still necessitate annual reformulations 
to match antigenically circulating vaccines (Box 3). In 
addition, the short duration of immunity is another 
major shortcoming of the current vaccines.

Reverse genetics technologies to generate recombi-
nant influenza viruses with defined genetic sequences 
from plasmid DNA were introduced in 1990 (reF.158). 
These techniques should improve both live and inacti-
vated influenza virus vaccine manufacturing by creating 
vaccine backbones with increased replication properties 
and stability for use in embryonated eggs or in tissue 
culture. Other approaches are aimed at inducing protec-
tive immune responses against the aforementioned con-
served epitopes of various viral proteins. Novel and safe 
adjuvants based on Toll- like receptor- mediated immune 
stimulation and novel modes of delivery may dramati-
cally change the vaccine field in the future. The ultimate 
goal of these approaches is to make an influenza virus 
vaccine that provides lifetime (or at least multi- year) pro-
tection, protects against all influenza antigenic variants 
and establishes a degree of herd immunity. Indeed, con-
sensus is that influenza virus vaccines could and should 
be improved and that efforts to design a long- lasting uni-
versal influenza virus vaccine effective against different 
antigenic variants are worthwhile159,160.

Schedules and vaccination programmes. Vaccine rec-
ommendations vary from country to country, with 
some recommending vaccination in only the high- risk 
groups and contacts. Currently, the public health author-
ities in the United States and the American Academy 
of Pediatrics recommend yearly vaccination with sea-
sonal influenza virus vaccine to all people >6 months 
of age161. Stronger recommendations are given to indi-
viduals in high- risk groups for severe influenza and to 
caregivers and contacts of those at high risk. The WHO 
recommends seasonal influenza vaccination to pregnant 
women (highest priority) and, in no particular order of 
priority, to children 6 months to 5 years of age, elderly 

Box 3 | seasonal influenza vaccine strain identification

Year- round surveillance for human influenza is conducted by >100 designated national 
influenza centres around the world. the laboratories send isolated viruses for genetic 
and antigenic characterization to five wHO Collaborating Centres for reference and 
research on influenza, which are located in the united states, the united Kingdom, 
australia, Japan and China. a wHO committee reviews the results of surveillance and 
laboratory studies twice per year and makes recommendations on the composition of 
the influenza vaccine on the basis of the use of antigenically matched viruses with those 
that are expected to be highly prevalent in the next season. each country then makes 
their own decision about which viruses should be included in influenza vaccines 
licensed in their country.
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individuals (>65 years old), individuals with specific 
chronic medical conditions and health- care workers.

In the absence of a universal vaccine that covers all 
possible strains and subtypes of influenza virus, many 
countries have implemented stockpiling vaccine pro-
grammes to store vaccines against influenza virus strains 
with pandemic potential for emergency first responders 
to alleviate the problem imposed by the rapid spread  
of pandemic influenza. Although preparing for potential 
pandemic threats is sound public health policy, it is not 
compelling to assume that the influenza A H5N1 viruses 
(or the more recently detected H7N9 virus (March 2013)) 
are pandemic precursor strains because they are associ-
ated with the largest numbers of human infections among 
animal influenza A virus strains. First, over the past  
130 years, only viruses expressing an H1, H2 or H3 HA 
have been responsible for seasonal or pandemic strains. 
Avian H5N1 and H7N9 viruses have most likely cir-
culated for at least as long without spilling over into 
humans and starting a new pandemic162. Accordingly, 
these ‘avian’ HA influenza viruses are unlikely to easily 
transmit from person to person. Second, the high case 
fatality rates cited by the WHO for H5N1 and H7N9 
viruses in humans seem to be an artefact of the way they 
were calculated (that is, counting only patients who were 
hospitalized as having been infected by these viruses); 
many more people seem to have been infected by these 
viruses without severe outcomes163,164. Additionally, 
severe disease only results from exposure to large quan-
tities of the virus, which can occur when people are in 
direct contact with diseased poultry. However, trans-
mission of seasonal or pandemic influenza viruses 
requires only small quantities of virus (estimates 
vary between 2–25 virions165 and 50–400 virions166)  
to cause severe disease and transmission.

Efficacy and effectiveness. Despite the availability of 
seasonal and pandemic influenza vaccines, debate is 
ongoing as to the efficacy (as measured by randomized 
controlled trials) and effectiveness (as measured by 
observational studies involving vaccinated and unvac-
cinated individuals) of these vaccines167. Although dif-
ferent methodologies, the variability of the virulence 
of different seasonal strains, the fit or matching of the 
vaccine with the circulating strains and age differences 
of different cohorts can make interpretation of results 
between studies difficult, most studies find a positive 
effect of vaccination on the overall health of vacci-
nated individuals168,169. Nevertheless, many challenges 
still remain, such as the documented lack of efficacy 
of LAIVs in the United States in the past years170, the 
possible reduced vaccine efficacy with repeated annual 
immunizations171 and the problems associated with vac-
cine mismatches172. Assays to monitor antigenicity with 
respect to prior viruses are performed on a regular basis, 
generally by government laboratories. Antigenicity of a 
virus is characterized by infecting naive ferrets with the 
cultured virus and collecting the sera 2–3 weeks later; 
the ability of the sera to inhibit haemagglutination com-
pared against the current vaccine is monitored. Sera 
from an antigenically novel virus will show reduced 
haemagglutination inhibitory activity compared with 

previous virus strains, indicating antigenic drift and a 
potential vaccine mismatch.

Antivirals
Together with vaccines, antiviral drugs play a vital part 
in the prevention and treatment of influenza virus infec-
tion and disease. In a normal influenza season, antiviral 
drugs are primarily used for treating patients who are 
severely ill, particularly those who have a compromised 
immune system. In a pandemic setting, especially in 
the period before a vaccine is available, antiviral drugs 
are essential for both treating patients who have been 
infected and preventing infection in individuals who 
have been exposed. Two classes of drugs are currently 
approved for influenza, namely, the adamantanes and 
the NA inhibitors.

Amantadine and rimantadine are both orally admin-
istered drugs that target the M2 ion channel of influ-
enza A viruses. However, these drugs are globally no 
longer recommended for clinical use because of wide-
spread resistance among circulating influenza A viruses 
(see below). By contrast, NA inhibitors target the enzy-
matic activity of the viral NA protein. Oseltamivir is 
delivered orally as the prodrug oseltamivir phosphate, 
which is converted to its active carboxylate form in the 
liver; zanamivir is inhaled as a powder (limiting its use 
in those with underlying respiratory problems); and  
peramivir is administered intravenously, which is impor-
tant for patients who have been hospitalized173. All three 
drugs have received approval in the United States, Europe, 
Canada, Australia, Japan, Taiwan and Korea and act by 
mimicking the binding of sialic acid in the active site of 
NA on influenza A and influenza B viruses174.

Oseltamivir and zanamivir are effective for prophyl-
axis and post-exposure prophylaxis in individuals175. 
However, the randomized controlled trials of these 
drugs were conducted in patients with uncomplicated 
influenza; accordingly, observational data must be used 
to assess effectiveness in patients who are severely ill and 
have been hospitalized, in whom the need is arguably 
greater. Despite this limitation, study results consistently 
report improved outcomes associated with NA inhibitor 
use, including reduced risk of pneumonia and hospitali-
zation, and reduced risk of mortality in patients who 
have been hospitalized176–178. Another consistent finding 
is that better results are obtained with early administra-
tion of NA inhibitors (within 2 days of symptom onset), 
although later administration can still be beneficial in 
severe cases.

Resistance. The emergence of drug- resistant viruses is a 
major challenge for the antiviral field. Adamantane resist-
ance (conferred by an S31N mutation in the RNA seg-
ment encoding M2) first emerged in influenza A H3N2  
viruses in 2003 and became prevalent worldwide by 2008 
(reF.179). The pandemic 2009 influenza A H1N1 virus,  
which is presently circulating as a seasonal H1N1 virus, is  
also resistant to the adamantanes, as its M RNA segment 
(Fig. 1) was inherited from a virus that carried the S31N 
mutation180. Thus, since 2009, only the NA inhibitors 
have been able to provide protection, with the currently 
circulating human influenza A and influenza B viruses 
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being generally sensitive to oseltamivir and zanamivir 
(TaBle 2). However, emergence of oseltamivir resistance 
is of particular concern for influenza A H1N1 viruses 
because it has happened in the past; in 2007, resist-
ant influenza A H1N1 viruses began to circulate and 
quickly became dominant by the 2008–2009 season181. 
The resistant phenotype is associated with an H275Y 
mutation in the RNA segment encoding NA, and studies 
have shown that, in the background of other permissive 
mutations, H275Y- mutant viruses do not display any 
fitness deficits, which explains their ability to circulate 
so readily182,183. Of note, these viruses remain sensitive 
to zanamivir. Perhaps fortuitously, the oseltamivir- 
resistant seasonal influenza A H1N1 virus was dis-
placed by the introduction of the oseltamivir- sensitive 
pandemic influenza A H1N1 virus in 2009. Since then, 
surveillance efforts have monitored NA inhibitor sensi-
tivity closely and, although oseltamivir- resistant isolates 
of the 2009 influenza A H1N1 virus have been detected, 
these are primarily (but not exclusively) from patients 
undergoing therapy184. Susceptibility to NA inhibitor 
is assessed by measuring NA enzyme inhibition in a 
functional assay using cultured virus. Alternatively, 
RT- PCR capable of detecting single nucleotide poly-
morphisms (or RT- PCR followed by sequencing) is used 
to detect known resistance mutations in NA185, but the 
functional assay may be required if novel mutations 
are present.

There is a higher prevalence of resistant virus in chil-
dren and individuals who are immunocompromised, 
which is believed to be related to higher viral loads and 
prolonged virus shedding in these individuals186,187. Also, 
patients who have been hospitalized are more likely to 
be treated for longer periods, which will increase pres-
sure on the virus and the likelihood that a resistant strain 
will emerge. Although this outcome may be predict-
able, oseltamivir resistance arose in 2007 seemingly in 
the absence of drug pressure; given the correct back-
ground of secondary mutations, the same outcome is 
a possibility for the current influenza A H1N1 virus188. 
Oseltamivir resistance among influenza A H3N2 
viruses and influenza B viruses has also been reported, 
albeit at a much lower frequency than for influenza A  
H1N1 (reF.189).

The elimination of adamantanes as clinical therapy 
combined with the concerns over increasing oseltami-
vir resistance illustrates the need for new influenza 
antiviral drugs. Several candidates are now in clinical 
trial, including additional NA inhibitors that can be 
delivered intravenously, such as intravenous formula-
tions of zanamivir. Another NA inhibitor, laninamivir, 
has been approved for use in Japan; this drug is inhaled 
and long- acting and requires less frequent adminis-
tration than oseltamivir or zanamivir190. Ideally, future 
influenza therapies will involve a cocktail of drugs with 
different mechanisms that should increase the barrier 
to resistance. Thus, drugs other than NA inhibitors are 
being clinically tested; within this pipeline are favipira-
vir (which is a polymerase inhibitor for several RNA 
viruses191), pimodivir (which prevents the cap binding 
required for viral RNA transcription192), baloxavir mar-
boxil (an inhibitor of the cap- dependent endonuclease 
activity of the influenza viral polymerase193) and nita-
zoxanide (an inhibitor of HA maturation194). Baloxavir 
marboxil received approval in Japan in 2018. Favipiravir 
has also been approved in Japan since 2014, but only 
for release from government stockpile in the event of 
a novel strain being unresponsive to current agents. 
Treatment of patients who have been hospitalized with 
immune plasma195 or with hyperimmune immunoglob-
ulin (pooled from plasma of donors with high titres of 
anti- influenza IgG)196 is also being clinically evaluated. 
In addition, several monoclonal antibodies against the 
conserved region of the HA stalk are also under clinical 
development for the treatment of severe influenza infec-
tion197. Many more candidates are in preclinical devel-
opment and will hopefully lead to improved options for 
influenza therapy in the future.

Non- pharmaceutical prevention strategies
In addition to vaccines and antiviral drugs, non- 
pharmaceutical interventions can help to slow the 
spread of influenza illness. These interventions include 
personal measures, such as hand washing and using 
alcohol- based sanitizers198, covering coughs and/or 
the nose and mouth when sick and staying at home 
when sick. Additionally, social distancing by closures 
of schools and places of gathering, quarantine measures 
and frequent cleaning of potentially virus- contaminated 
surfaces, such as door knobs, can also slow the spread. 
Mathematical modelling studies suggest that non- 
pharmaceutical interventions have a substantial effect 
on lowering the attack rate of pandemic influenza before 
vaccines are available199.

Management
Management of acute influenza has traditionally 
relied on supportive measures such as control of 
fever, symptomatic treatment, rehydration and treat-
ment of complications, such as bacterial pneumonia, 
if they occur. Supportive care is still the mainstay of 
management of uncomplicated influenza. However, 
as described above, several antiviral agents have been 
developed for influenza or are in active clinical develop-
ment. Furthermore, given the natural animal reservoirs 
of influenza (Fig. 3), prevention of transmission from 

Table 2 | antiviral resistance of circulating influenza viruses

influenza virus (strain) resistance (% of isolates tested)

adamantanes Oseltamivir Zanamivir

Pre-2009 pandemic

Influenza A (seasonal H1N1) 0.6 98.8a 0

Influenza A (H3N2) 100 0 0

Influenza B N/A 0 0

2015–2016 season

Influenza A (2009 H1N1) 100 0.8 0

Influenza A (H3N2) 100 0 0

Influenza B N/A 0 0

Data are from the US Centers for Disease Control and Prevention surveillance for the 
2008–2009 and 2015–2016 seasons in the United States. N/A , not applicable. aMost seasonal 
influenza A H1N1 viruses were sensitive to oseltamivir until late 2007.
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these reservoirs to humans is key. Water treatment, 
indoor raising and biosecurity are the primary manage-
ment goals; these strategies are followed by quarantine, 
stamping out and the ultimate use of animal vaccination.

Human influenza
People with clinical symptoms of influenza virus infec-
tion should remain home and avoid contact with non- 
infected people until symptoms alleviate. As the level of 
virus replication is correlated with the clinical severity 
of illness, strategies to limit viral replication with anti-
viral agents would be expected to be effective in acute 
influenza illness. However, adults with an intact immune 
system who have had previous influenza infections 
rapidly limit the replication of these viruses without 
intervention, so the opportunity to attenuate viral rep-
lication with antiviral agents is limited. Effective use of 
anti virals for seasonal influenza in otherwise healthy 
adults requires early initiation of therapy, generally 
within the first 48 hours of symptom onset. However, 
decisions regarding treatment should consider the some-
what small benefit demonstrated in clinical trials and 
the overall low risk of complications177. The benefits 
of later therapy in otherwise uncomplicated influenza  
are unclear.

Patients with underlying immune defects, those with 
more- severe disease or those who have a higher risk of 
influenza complications200 may benefit from antiviral 
administration, even if initiated after 48 hours of symp-
tom onset201 if they are still shedding virus. Antiviral 
therapy is strongly considered if the illness is progressing 
and symptoms are worsening, particularly if the patient 
continues to test positive for influenza virus. Indeed, 
prescription of antivirals for high- risk outpatients with 
acute respiratory illness is beneficial202. Furthermore,  
a diagnosis of influenza in patients who have been hos-
pitalized with community- acquired pneumonia should 
be confirmed to increase antiviral treatment rates in 
patients203. Studies suggest that, since the 2009 pan-
demic, the use of antivirals in patients who have been 
hospitalized with influenza has increased204, which is an 
improvement. Complications of influenza virus infec-
tion might require specific treatments, as is the case with 
secondary bacterial pneumonia, which should be treated 
with appropriate antibiotics.

Finally, consideration should also be given to the 
possible use of immunotherapy aimed at controlling 
exacerbated pro- inflammatory responses in patients 
with severe symptoms, especially in combination with 
antiviral therapy. This approach is supported by recent 
clinical studies suggesting beneficial effects when inhib-
itors of cytokine production and leukocyte recruitment 
were added to NA inhibitor therapy205.

Animal influenza
As influenza in wild and domestic waterfowl is pri-
marily spread through contaminated water, water 
treatment (with, for example, chlorine and ultraviolet 
light), biosecurity and indoor raising of animals are the 
main strategies to prevent transmission. Biosecurity 
includes placing poultry houses and piggeries on high 
ground away from high- density and backyard farms, live 

poultry markets and bodies of water to minimize con-
tact with waterfowl and passerine birds. Risk assessment 
and training of personnel to change outdoor clothing, 
dis infect foot baths and treat food and water are also 
important aspects of biosecurity.

After a novel influenza virus has breached bio-
security, a strategy that includes rapid detection and 
stamping out is optimal206. Stamping out is easier when 
animals display signs of severe infection, but these can 
go unnoticed when LPAI infection occurs. After initial 
emergence of HPAI H5 or H7 in poultry, quarantine, 
culling, decontamination and compensation of farmers 
with restricted zones of movement are imposed. This 
classic strategy was successful in the majority of Eurasian 
countries to which HPAI H5N1 spread206. However, 
late detection and widespread dissemination of HPAI 
H5N1 in China, Indonesia, Vietnam, Bangladesh and 
Egypt resulted in endemicity, making virus eradication 
difficult206. One difficulty in eradication is inadequate 
provision of compensation to farmers, who will be 
incentivized to hide infected animals.

Poultry vaccines use inactivated whole virus in oil 
emulsion, recombinant DNA or vectorized vaccines. 
These vaccines can be highly effective at reducing dis-
ease signs and inter- species spread, but they do not 
induce sterilizing immunity and have not resulted in 
eradication from endemic countries. Poultry vaccina-
tion is highly contentious; both the United Nations Food 
and Agriculture Organization (FAO) and the World 
Organisation for Animal Health (OIE) state that long- 
term vaccination without additional measures is not 
recommended207. Although poultry vaccination dramat-
ically reduced human cases of H5N1 in Vietnam in 2006, 
it did not eradicate the virus and likely contributed to the 
antigenic diversity. On the other hand, vaccination used 
in combination with unvaccinated sentinel chickens and 
stamping out can achieve control and local eradication208.

Live poultry markets have been recognized as a breed-
ing ground of influenza viruses. Changes to live poultry 
marketing achieved by implementing so- called clean days 
(that is, days when stalls are cleared of unsold poultry 
and disinfected) and no carry- over (that is, no infec-
tious material remains when the next live birds arrive 
after disinfection) of live poultry improved hygiene and 
reduced virus spread209,210. A definitive solution would 
be the closing of all live poultry markets. Indeed, mar-
ket closure contributed to the reduction of the spread of 
HPAI H5N1 in Hong Kong and H7N9 transmissions to 
humans in China211. Such changes without public training 
risk poultry smuggling from unregulated sources.

The management of influenza in pigs or horses is 
dependent on the use of vaccines. In pigs, influenza 
is a minor disease problem for which biosecurity is 
paramount, and vaccination uses primarily whole 
inactivated virus in oil emulsion. In horses, the problem 
with vaccination is the short- term protection offered, but 
antigenically matched adjuvanted inactivated vaccines 
and LAIVs are efficacious212.

Quality of life
Uncomplicated influenza in otherwise healthy adults  
and children is rarely fatal but can be highly disruptive and  
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lead to substantial absences from work or school. 
Recovery can be prolonged, with persistent fatigue and 
malaise that can last for several weeks after recovery 
from the other symptoms. Influenza is associated with 
decreased job performance in adults213 and reduced lev-
els of independent functioning in older adults214. As a 
result, the loss of productivity by affected individuals 
contributes substantially to the overall economic effect 
of influenza. Mild abnormalities in pulmonary function 
are frequently experienced by healthy adults and also can 
take several weeks to return to normal. In a 2007 study, 
direct yearly medical costs associated with influenza in 
the United States were estimated to be approximately 
$10.4 billion, whereas projected lost earnings owing to 
illness and loss of life were estimated at $16.3 billion215.

One of the unique features of influenza is the some-
what high frequency with which it is associated with 
pulmonary complications such as pneumonia, includ-
ing primary influenza virus pneumonia and secondary 
bacterial pneumonia. However, during an outbreak of 
influenza, many patients do not clearly fit into either 
of these presentations and may instead have mixed 
viral and bacterial pneumonia. Primary influenza viral 
pneumonia was well documented in the 1957–1958 pan-
demic, although many deaths of young healthy adults in 
the 1918–1919 pandemic were also the result of primary 
pneumonia216. Primary pneumonia occurs predomi-
nantly among patients with influenza virus infection 
who also have underlying cardiovascular disease, espe-
cially rheumatic heart disease with mitral stenosis, but 
may occur in a variety of settings. Primary viral influ-
enza pneumonia is characterized by a rapid progression 
of fever, cough, dyspnoea (laboured breathing) and 
cyanosis (low oxygen levels resulting in bluish skin), 
with chest radiographs often revealing bilateral findings 
consistent with acute respiratory distress syndrome.

The classic presentation of secondary bacterial 
pneumonia is that of typical influenza illness followed 
by a period of improvement, which is then followed by 
recurrent fever, cough, sputum production and consol-
idation (fluid build- up in the lungs). Indeed, bacterial 
co- infections were present at high frequency during the 
1918 pandemic217,218. The two pathogens that are cur-
rently most commonly associated with influenza are 
Streptococcus pneumoniae and Staphylococcus aureus219. 
The mechanisms by which influenza infection uniquely 
predisposes to bacterial superinfection are being actively 
investigated. In addition to pneumonia, multiple other 
pulmonary complications of influenza are recognized, 
including bronchiolitis (inflammation of the bron-
chioles) and croup (laryngotracheobronchitis) and 
exacerbations of chronic bronchitis or asthma.

Non- respiratory complications have also been 
reported in association with acute influenza infection220. 
Myositis, with tender leg muscles and elevated serum 
creatine phosphokinase, has been reported primarily 
in children221. Both myocarditis and pericarditis have 
been rarely associated with influenza A or influenza B 
virus infection. Because influenza may predispose to 
super infection with S. aureus, toxic- shock syndrome, 
a clinical illness characterized by hypotension, fever, 
erythroderma (reddening of the skin), desquamation 

(skin peeling) and multisystem involvement, has also 
been observed following influenza, primarily in chil-
dren222. Guillain–Barré syndrome has been reported to 
occur after influenza A infection, as it has after numer-
ous other infections, but no definite aetiological relation-
ship has been established. In addition, cases of transverse 
myelitis (inflammation and myelin loss around the spi-
nal cord) and encephalopathy have occurred rarely in 
association with influenza223. An epidemic of an atyp-
ical form of encephalitis known as encephalitis lethar-
gica (characterized by headache, drowsiness and coma) 
spread around the world after the 1918 influenza pan-
demic and then practically disappeared in 1930, suggest-
ing that this was a sequela caused by the pandemic224. 
However, as acute influenza is a common disease event, a 
temporal association with other disease entities does not 
always indicate a cause and effect relationship.

Outlook
A better understanding of the ecological, viral and host 
determinants permitting inter- species transmission 
and adaptation of influenza A viruses to new hosts may 
facilitate earlier recognition and evidence- based risk 
assessment of influenza A viruses that may threaten 
either animal or human health. Better understanding 
will also provide the basis for implementing interven-
tions aimed at preventing emergence at the source. For 
example, the understanding that domestic ducks serve 
as an interface between the gene pools of wild aquatic 
birds and terrestrial poultry supports the idea that meas-
ures to reduce exposure of domestic ducks to wild birds 
are warranted and the idea that separation of aquatic 
and terrestrial poultry through wholesale and retail live 
poultry marketing chains in Asia is also valid.

Despite the availability of vaccines and antiviral 
agents, influenza continues to be the most important 
cause of viral respiratory disease associated with human 
hospitalizations and deaths. We should not accept such a 
burden for, in theory, a vaccine- preventable disease. The 
current seasonal human influenza vaccine necessitates 
annual administration, is not optimal and varies in effec-
tiveness from year to year. Pandemic years and seasonal 
years when the vaccine is mismatched are especially con-
cerning. Mismatches in vaccine occur not only when the 
most prevalent antigenic strains are missed but also when 
the vaccine becomes antigenically mismatched owing to 
adaptations to egg culture. For example, the 2016–2017 
seasonal influenza vaccine produced in eggs lacked a  
glycosylation site present in the influenza A H3N2 cir-
culating strains. This change was due to egg adaptation 
and led to an alteration of the antigenicity of the influ-
enza vaccine component225. Tissue culture to manufacture  
influenza virus vaccines might be less prone to HA  
adaptations, but it does not completely prevent them. In  
this respect, the aforementioned recombinant baculo-
virus-produced influenza vaccines have an advantage in 
that they do not select for HA adaptive mutations.

The management of both animal and human influ-
enza by vaccination is less than optimal. The devel-
opment of a highly efficacious universal vaccine and 
genetically resistant animals (that have been engi-
neered or that have evolved to be so) are future options. 

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Even the development of new vaccines that provide 
more- durable and more- effective protection against 
circulating viruses would represent major improve-
ments. An exhaustive exploration in humans of adju-
vants, live attenuated approaches, vaccine platforms and 
antigen design is required to identify the best approaches 
to improve immunogenicity without compromising 
safety. Although clinical studies to demonstrate influ-
enza vaccine efficacy are costly and challenging, it is 
imperative that we apply modern science and technol-
ogy to improve the existing influenza virus vaccines. In 
this respect, more studies are needed to improve our 
understanding of the correlates of immune protection 
in humans and to develop immunological, molecular 
and genetic tools for the better use of animal models 
of human influenza. Moreover, although experimental 
human challenges have been developed to quantify pro-
tective responses in patients, these are not yet optimal, 
as in general they require infection protocols that do not 
mimic natural infections226. The same principles apply 
to the development of new influenza antiviral agents. 
Finally, a better understanding of the risk factors, both 
in the host as well as in the virus, that predispose to 
more- severe influenza is also needed.

One hundred years after the devastating 1918 influ-
enza pandemic, we still are not able to optimally pre-
vent and treat influenza. However, substantial scientific 

advances have been made, such that our understand-
ing of the molecular biology, immunology, host 
response, tropism and pathophysiology of influe nza  
has improved, as has our understanding of the influenza 
virus itself. We hope that in the next decade, produc-
tive partnerships will be established between govern-
ment, philanthropic agencies, academia and industry 
to facilitate more scientific discoveries and that these 
discoveries will translate to improvements in treat-
ment and prevention of influenza. In this respect, the  
US National Institute of Allergy and Infectious Diseases 
is, for example, launching new research initiatives 
and strengthening existing research programmes to 
support inter-collaborative research to accelerate the 
development of improved influenza vaccines that pro-
vide durable protection from seasonal and pandemic 
influenza virus strains227 — a promising step towards 
the generation of a universal influenza vaccine. Likely,  
the induction in the respiratory mucosa of effective  
and durable antibody responses against conserved con-
formational epitopes in viral HA and NA and T cell 
responses against conserved viral protein epitopes  
representing the diversity of human HLA will be required 
for the development of such a universal influenza  
virus vaccine.
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