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Influenza A and B viruses are considerable public health threats. Annual
seasonal epidemics are driven by antigenic drift and cause an estimated
3-5million severe cases and 290,000-650,000 deaths annually.

The clinical presentation of seasonal influenza is typically an abrupt,
uncomplicated acute respiratory illness with full recovery; however, it
canleadtosevere, life-threatening complications inindividuals at high
risk. Antigenic shift caused by reassortment of aseasonal influenza A
virus with avian and/or swine influenza A viruses has led to unpredictable
pandemics. The successful cross-species transmission of influenza A
viruses requires key viral adaptations, including changes in receptor
specificity and compatibility with host factors such as ANP32A. Host
defenceinvolves alayered innate response, whichis antagonized

by proteins, such as non-structural protein1, and arobust adaptive
immunity comprising cytotoxic CD8" T cells targeting conserved
internal proteins and B cells producing neutralizing antibodies.
Diagnosis primarily depends on highly sensitive PCR-based methods
and multiplexed rapid antigen tests. Prevention involves annually
updated seasonal vaccines (including inactivated, live attenuated

and protein-based vaccines), while treatment relies on early use of
neuraminidase and polymerase acidic proteininhibitors. Research
prioritiesinclude the development of improved vaccines and a better
understanding of influenza virus transmission from animals to humans.
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Introduction

Inhumans, influenza A (genus Influenzavirus A) and influenza B (genus
Influenzavirus B) viruses are considerable public health concerns, caus-
ing seasonal epidemics and periodic pandemics (influenza A viruses
only). The disease manifests with signs and symptoms such as fever,
cough, sore throat, nasal discharge, muscle aches and fatigue. While
most infections are mild, severe complications, such as pneumonia,
can occur, particularly in individuals considered to be at increased
risk such as young children, older individuals or those with certain
underlying medical conditions.

Seasonal epidemics occur annually because of antigenic drift, which
is caused by the gradual accumulation of mutations in the haemag-
glutinin (HA) and neuraminidase (NA) proteins, the two major viral
antigensonthevirussurface. These changes enable the virus toevade the
immunity gained from previous infections or vaccinations. By contrast,
pandemics are large-scale, global outbreaks that occur unpredictably
whenanewinfluenza A virus emerges that is antigenically substantially
different fromviruses previously circulating in humans and has the abil-
ity for sustained human-to-human transmission. The lack of pre-existing
immunity in the global population enables the virus to spread rapidly
worldwide. Previous pandemics have been caused by wholly avian
influenza A viruses thatacquired the ability toinfect humans (1918 pan-
demic)"?or by reassortments between human and avian (1957 and 1968
pandemics)** or human, avian and swine (2009 pandemic)*” influenza
Aviruses. Avian influenza A viruses, including those of the A(H5Nx),
A(H7Nx) and A(H9N2) subtypes (x indicates different NA subtypes), are
considered to have increased pandemic potential. High-pathogenicity
avianinfluenza (HPAI) A(H5Nx) viruses are aconcern owing toinfections
of mammals and large outbreaks in dairy cattle in the USA®’ (Box 1).

The genome of influenza A and B viruses is comprised of eight
segments of negative-sense, single-stranded RNA that encode the
components of the viral replication machinery (thatis, the polymerase
subunits polymerase basic protein 2 (PB2), PB1, polymerase acidic
protein (PA) and the nucleoprotein (NP)), the aforementioned HA and
NA proteins, structural proteins, including matrix protein M1, the ion
channel proteinM2, and non-structural protein 2 (NS2; now also called
nuclear export protein (NEP)), and proteins directly or indirectly coun-
teracting hostinnateimmune defences (NS1, PB1-F2 and PA-X) (Fig. 1).

Several of these proteins, primarily HA and PB2, are crucial in the host
range restriction and pathogenicity of influenza viruses.

Seasonalinfluenzavaccines are the primary prophylactic defence
againstinfluenza, yet these have moderate effectivenessin preventing
symptomatic infection and severe disease. Antiviral drugs that target
the NA protein (such as oseltamivir phosphate or oseltamivir) or the
PA protein (such as baloxavir marboxil or baloxavir) can shorten the
duration of illness and prevent serious complications when taken
within 48 h of symptom onset.

In this Primer, we discuss the epidemiology and pathophysiol-
ogy of influenza virus infections. We also discuss current strategies
to control these infections and summarize research priorities for the
next several years.

Epidemiology

Humaninfluenza

Transmission. Seasonal influenza A and B viruses circulate among
people worldwide, causing up to1billioninfections globally (-10-15%
of the world population each year)'*" and causing substantial morbid-
ity, mortality, and economic burden”™. Infection spreads from one
personto another through infectious respiratory particles produced
when infected individuals cough, sneeze, talk or breathe, with trans-
mission also thought to be possible via contact with contaminated
surfaces (fomites)®. At the start of a seasonal influenza epidemic, the
virus reproduction number, which indicates the average number of
secondary cases generated by one infected person, is thought to fall
inthe range1.2-1.3, reflecting moderate transmissibility’®. The incuba-
tion period reflects the delay between infection and the appearance of
symptoms, which is short for influenza, usually 1-4 days, with conta-
giousness highest around the time symptoms appear, resulting in rapid
spread through the community”. Asymptomatic or presymptomatic
individuals can also spread the virus, complicating control efforts™®.
Children have a particularlyimportantroleininfluenza transmission,
amplifying outbreaks within communities owing to their higher con-
tact rates and propensity to shed the virus in greater quantities and
for longer durations”, perhaps as a consequence of their less mature
immune systems?’. Transmission occurs in closed (indoor) settings
suchashouseholds, schools, workplaces and other crowded settings.

Box 1| Influenza virus types and subtypes, nomenclature, reassortment and pathogenicity

Types and subtypes

Influenza viruses of two types (type A and type B) are medically
relevant in humans and will be discussed here. Based on their
antigenic properties, influenza A viruses are further divided into

19 haemagglutinin and 11 neuraminidase subtypes. Type B viruses are
further divided into two lineages, Victoria and Yamagata. Viruses of
the Yamagata lineage have not been detected since the beginning

of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic in early 2020 (ref. 25).

Nomenclature

Each isolate receives a unique name comprising the type, origin

of isolation, isolate number and year of isolation. For non-human
isolates, the species of origin is added after the type. The influenza

A virus subtype may also be added. Examples are A/New York/1/2025
(H3N2) and A/chicken/New York/123/2024 (H5NT1).

Reassortment

Reassortment is a hallmark of influenza viruses in which the
segmented genome of influenza viruses can be rearranged in
different combinations in cells infected with two different influenza
A or B viruses. Theoretically, 254 novel gene constellations (26=256,
minus the 2 parent viruses) can be created in each reassortment
event.

Pathogenicity

According to the World Organisation for Animal Health, high or

low pathogenicity in poultry is determined by the “intravenous
inoculation of a minimum of eight susceptible 4- to 8-week-old
chickens with infectious virus; strains are considered to be of high
pathogenicity if they cause more than 75% mortality within 10 days, or
inoculation of 10 susceptible 4- to 8-week-old chickens resulting in an
intravenous pathogenicity index (IVPI) of greater than 1.2,
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Fig.1|Structure and genome organization of influenza A viruses. a, Influenza
virions show a characteristic arrangement of the eight viral RNA (VRNA)
segments, typically with one VRNA segment in the centre surrounded by seven
other vVRNA segments. However, some virions contain fewer than eight vVRNA
segments. Scale bars, 50 nm (upper left and lower left) and 200 nm (right).

b, Schematic diagram of an influenza A virus. The haemagglutinin (HA) and
neuraminidase (NA) glycoproteins are embedded in the lipid membrane,
together with the ion channel M2 protein. Viral ribonucleoprotein complexes

genes

HA

PB1

consist of VRNA, the three polymerase proteins polymerase basic protein 2

(PB2), PB1and polymerase acidic protein (PA), and nucleoprotein (NP).

¢, Genome organization of influenza A viruses (IAVs). The eight influenza A VRNAs
(left panel) encode one or two proteins each (right panel). NS1, non-structural
protein1; UTR, untranslated region. Partais reprinted fromref. 240, Springer
Nature Limited. Part bis reprinted fromref. 241, Springer Nature Limited. Part ¢
isadapted fromref. 242, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).

Transmission reduction. Seasonal influenza vaccination remains
the cornerstone of influenza prevention. Annual influenza vaccines
are formulated based on predictions of dominant strains. Groups
atincreased risk of complications from influenza are prioritized for
vaccination, yet global uptake remains suboptimal, particularly in
resource-limited settings. Antivirals provide options for treatment
and post-exposure prophylaxis, are most effective when administered
early after symptom onset or exposure, respectively, and can reduce
influenza virus transmission**. Non-pharmaceutical interventions,
including hand hygiene, mask-wearing and social distancing, also

reduce transmission, as demonstrated during the COVID-19 pandemic
when influenza activity dropped substantially owing to widespread
public health measures®, with influenza B viruses of the B/Yamagata
lineage becoming extinct?.

Seasonality. Seasonality is a hallmark of influenza epidemiology, with
distinct patterns varying by geographic region. In temperate climates,
such as North America and Europe, influenza activity peaks during
winter months. This seasonality is driven by environmental factors
such as low humidity and cooler temperatures, which enhance virus
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stability and survival, as well as social factors such asindoor crowding
during colder months?®. In tropical and subtropical regions, influenza
often circulates year-round, with less pronounced peaks, sometimes
aligning with rainy seasons.

Disease burden. The burden of influenza s substantial, with estimates
of 3-5 million severe cases and 290,000-650,000 deaths annually*,
primarily among older adults and individuals with chronic condi-
tions such as diabetes mellitus, cardiovascular disease or lung disease.
Influenza-associated hospitalization rates are highest among those
65 years of age and older, in whom complications such as pneumonia
are common. Pregnant women are at increased risk for influenza-
related hospitalization”. Children under 5 years, and especially those
younger than 2 years, also face elevated risks of severe outcomes,
particularly inlow-resource settings®®. An estimated 99% of global influ-
enza-associated deathsin childrenunder Syears occurinlow-income
and middle-income countries®, and ~-82% of in-hospital deaths in this
age group are concentrated in low-income and lower-middle-income
settings®®. This excess death stems from very low influenza vaccination
coverage, higher prevalence of comorbidities and health challenges
(including malnutrition, HIV and indoor air pollution), more frequent
bacterial co-infections, and limited access to timely diagnosis, antivi-
rals, oxygen and intensive care, all of which drive substantially higher
case—fatality ratios than in high-income settings®****.

Animalinfluenza and transmission

Animalinfluenzais caused by various subtypes of influenza A viruses.
Viruses of subtypes HI-H16 and H19, and N1-N9, have been detected in
wild waterfowl®?,and only viruses of certain subtypes are widely preva-
lentamong poultry and animals (Fig. 2). Viruses of three HA subtypes,

A(H5Nx), A(H7Nx) and A(H9N2), have been detected in domestic
poultry, whereas viruses of two HA subtypes, A(H1) and A(H3), have
spreadinpigs across wide geographicareas, including North America,
Europeand Asia®. Viruses of subtype A(H3N8) are frequently detected
inhorses, while canines and felines are often infected by A(H3N2) and
A(H3N8) viruses. Additionally, A(H5NXx) viruses have spread to dairy
cows and various terrestrial mammals, and viruses of types A(H1, H3,
H4,H5, H7,H10 and H13) have also been identified in marine mammals.
The genetic materials of H17and HIS HA and N10 and N11 NA have been
identified exclusively in Central and South American bats®**.

The sseverity of diseases resulting frominfluenza A virus infections
in animals varies according to the host species and the specific viral
strainsinvolved. In poultry, avianinfluenzaviruses are classified as either
low-pathogenicity avian influenza (LPAI) or HPAI viruses according to
standardized pathogenicity criteria®®. Mostinfluenza A viruses are clas-
sified as LPAlstrainsin poultry, capable of spreading undetected among
bird populations without inducing clinical symptoms*. Only specific
strains possessing HA genes of the A(H5Nx) or A(H7Nx) subtypes exhibit
high pathogenicity in poultry. These HPAl viruses have caused numerous
outbreaks worldwide and, since 2005, over 680 million poultry have died
orbeen culled”. A(H5Nx) and A(H7Nx) influenza viruses are, therefore,
posing severe challenges to the global poultry industry.

Migratory wild birds contribute to the cross-border and long-
distance transmission of avianinfluenzaviruses, whereas disease man-
agement strategies and animal behaviour influence local transmission
dynamics and the expansion of the pathogen’s host range. The most
compellingevidenceregarding this aspectisthe spread and prevalence
of the HPAIA(H5N1) viruses bearing the clade 2.3.4.4b HA gene, which
wereinitially identified in the Netherlands and subsequently spread by
wild birds to other European countries and other continents, including

Dairy cows ’ Cats
[Hs| 2 H3
. ‘ H1,[H5,|H7

ey

Domestlc poultry
—~  |H5/H7,H9

H3, H4, H6, H10

Wild birds | 3
H1-H16

Other terrestrial mammals

Marine mammals -
H1, H3, H4,[H5,H7, 10, H13 [/ "\

Sustained transmission
Sporadic or limited infections
—> Established transmission events

Sporadic or limited spillover infections, no evidence of ongoing transmission

Fig.2|Ecology of influenza A viruses. Wild birds

72 Dogs
4 function as the natural reservoir of viruses of the

H3 H1-H16 subtypes. From this reservoir, sporadic
( \L @HQ spillover infections (dashed lines) are observed
across numerous species, including cats, dogs, dairy
cows, pigs and marine mammals. Domestic poultry
serves as another critical host, facilitating sustained
transmission of specific subtypes (H5, H7 and H9)
Horses and acting as a conduit for transmission to other
H3, H7 animals. H5 viruses (outlined in red) are widespread
with sustained transmission in domestic poultry and
dairy cows and sporadic infections of multiple other
animal groups, emphasizing their broad host range
and significant potential for continued cross-species
Pigs spillover.
H1, H3
[H5,|H9
/11 T ‘\

Nature Reviews Disease Primers | (2026)12:51


http://www.nature.com/nrdp

Primer

Africa, Asia, North America and South America®*™*°, where they reas-

sorted with LPAl viruses and formed numerous genotypes*~**. Certain
HPAI A(H5N1) viruses have spread to many other wild and domesti-
cated mammals, including pigs, goats and, most prominently, dairy
cattle®**. The HPAI A(H5N1) viruses infected the mammary glands of
dairy cattle®, and the widespread transmission among dairy cattle may
increase the pandemic potential of HPAI A(H5N1) viruses.

The clade 2.3.4.4b A(H5N1) viruses have caused substantial eco-
nomic losses to the global poultry industry since 2020; these losses
have been less substantial in countries where poultry vaccination
strategies have been adopted®*°. Vaccination of poultry is now being
recommended by the World Organisation for Animal Health and con-
sidered by agrowing number of countries, including the USA, France,
the UK and the Netherlands*’~°.

Mechanisms/pathophysiology

While influenza A and B viruses can cause seasonal epidemics in
humans, only influenza A viruses have pandemic potential owing to
their extensive reservoir in different animals and their larger antigenic
diversity. In this section, we therefore focus on influenza A viruses.

Tropism, pathogenesis and transmission

Tropism, pathogenesis and transmission dynamics of influenza A
viruses vary considerably, not only between host species but also
among influenza A viruses. In aquatic birds, influenza A viruses pre-
dominantly exhibit gastrointestinal tropism and are transmitted via
faecal contamination of water®*, As reservoir hosts, aquatic birds
typically show no overt signs of disease.

In mammals, including humans, influenza A virus infections are
typically confined to the respiratory tract. While primarily a respira-
tory pathogen, some influenza A virus strains can occasionally cause
gastrointestinal symptoms or conjunctivitis in humans, highlighting
the diversity of host responses and viral characteristics®*.

Replication cycle

Influenzaviruses replicate primarily in epithelial cells of the respiratory
tract in humans and other mammals. Infection begins with the bind-
ing ofinfluenza A viruses to host cells via their HA protein (Fig. 3). The
receptor-binding specificity of HA varies by host species: mammalian
influenza A viruses preferentially bind sialic acid linked to the penul-
timate sugar galactose in an a2,6 linkage, whereas avian influenza A
viruses preferentially bind sialicacid in an a2,3 linkage®*°. This dichot-
omy remains a useful generalization but it is now clear that additional
glycanfeatures, such as sugar topology, chain length and modifications
suchas fucosylation, also modulate HA binding specificity and affinity*’.
Influenza A viruses of subtypes H17, H18 and H19 utilize major histo-
compatibility complex class Il (MHC-1I) molecules, but not sialic acid,
for cell entry®**° Some influenza A viruses of the H2 and H3 subtypes
exhibit dual receptor specificity, using either sialic acid or MHC-II for
infection®®®’, Following attachment, influenza A viruses are internalized
primarily via receptor-mediated endocytosis and trafficked through
the endocytic pathway. During transition through the endocytic path-
way, exposure to a low pH triggers key conformational changes in HA
that mediate fusion of the viral and endosomal membranes. For this
fusion activity, HA must first be proteolytically cleaved into HAl and
HA2 subunits. This cleavage is catalysed either by host proteasesin the
secretory pathway of virus-producing cells or by alternative proteases
atthe plasma membrane of newly infected cells®’. Low endosomal pH
also activates the viral M2 ion channel, enabling acidification of the

virion interior, which in turn facilitates the dissociation of viral ribo-
nucleoprotein complexes (vVRNPs) from M1, enabling their transport
into the nucleus via the cellular import machinery®®*,

Onceinthenucleus, the viral RNA-dependent RNA polymerase ini-
tiates transcription of viralmRNAs. A hallmark of influenza A virus tran-
scriptionis ‘cap-snatching’, whereby the polymerase cleaves 5’-capped
fragments from host pre-mRNAs to prime viral mRNA synthesis®.
Unlike most RNA viruses, influenza viruses utilize the host nuclear
splicing machinery for processing a subset of their transcripts — an
adaptation that expands coding capacity but necessitates nuclear
replication®. Translation of all viralmRNAs occurs on host ribosomesin
the cytoplasm. Besides transcription, the viral polymerase also synthe-
sizes negative-sense viral genomic RNA (VRNA) through acomplemen-
tary positive-sense intermediate, known as cRNA. Efficient replication
of VRNA depends critically onthe host protein acidic nuclear phospho-
protein 32 family member A (ANP32A), which facilitates the supply
of NP for the assembly of progeny vRNPs, stabilizes the polymerase
complex, and supports both vVRNA and cRNA synthesis® .

As VRNPs accumulate, they are exported from the nucleus into
the cytoplasm through a process requiring the viral proteins NS2
(also known as NEP) and M1, which mediate interaction with the
cellular nuclear export machinery’®”.. This process is promoted by
virus-induced cell signalling to ensure that ribonucleoprotein export
only occurs in late stages of the replication cycle. The vRNPs are sub-
sequently organized into bundles of typically eight segments and
transported to viral assembly sites at the plasma membrane, a process
thatrelies onthe host factor Rab1l (ref. 72). At the plasma membrane,
the vVRNP bundles are packaged into budding virions, which then bud
fromthe cell surface. NA cleaves sialicacid residues from host cell sur-
face glycoproteins and from the virion envelope, thereby preventing
HA-mediated aggregation and facilitating release of progeny virions”.

In addition to structural proteins, influenza A viruses encode
several non-structural proteins, such as NS1, PA-X or PB1-F2, that
antagonize host immune responses and modulate cellular pathways
to enhance viral replication™ 7.

Adaptation to new hosts
Influenza A viruses have repeatedly crossed species barriers to establish
infections inawide range of new hosts, including chickens, pigs, dogs,
horses, cats, cattle and humans. The virusencodes an RNA-dependent
RNA polymerase that lacks proofreading capability, resultingin a high
mutation rate and the generation of aheterogeneous population of viral
variants — often referred to as quasispecies —within eachinfected host”.
Inaddition, the segmented nature of the influenza A virus genome per-
mits reassortment, whereby gene segments are exchanged whena cell
is co-infected with two distinct influenza A viruses. This process can
giverise to novel viral genotypes with potentially advantageous traits’,
At the cellular and molecular level, numerous studies have char-
acterized the viral genetic determinants that facilitate cross-species
transmission (Fig. 3). One of the key molecular adaptations enabling
avian influenza A viruses to infect mammals involves a switch in
receptor-binding preference, as described above’”*°. Another major
determinant of host range involves polymerase function: avian influ-
enza A virus polymerases must acquire the ability to efficiently uti-
lize mammalian ANP32A proteins to support genome replication in
mammalian cells®. Additional adaptations include changes in NA
activity and stalk length®, pH stability of HA®?, and sensitivity to the
antiviral restriction factors myxovirus resistance protein A (MxA)*
and butyrophilin subfamily 3 member 3a (BTN3A3)%, among others.
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Fig.3|Replication cycle of influenza A viruses and adaptations during
zoonosis. Influenza A viruses attach to host cells by haemagglutinin (HA) binding
to receptor-linked sialic acid, which leads to receptor-mediated endocytosis.
Adropin pHinthe late endosome triggers conformational rearrangements

inHA that enable fusion of the viral and endosomal membranes. In parallel,

low pH-induced changes in M1 conformation enable the detachment of the

viral ribonucleoprotein complexes (VRNPs) from the viral envelope and,
therefore, release into the cytosol, followed by nuclear import. In the nucleus,
viral transcription and replication take place. ViralmRNAs are exported

from the nucleus for translation. In processes that are not well understood,

to engage mammalian ANP32

allcomponents are transported to viral assembly sites where formation and
scission of new viral particles take place. The receptor-destroying activity of and
neuraminidase (NA) prevents virions from reattaching to the producer cells or
to neighbouring virions, enabling release. Well-studied examples of adaptations
indifferent steps of the replication cycle, which are required for zoonotic
influenza A viruses to adapt to mammals, are highlighted in blue. ANP32A, acidic
nuclear phosphoprotein 32 family member A; ER, endoplasmic reticulum; MxA,
myxovirus resistance protein A; NEP, nuclear export protein; NP, nucleoprotein;
NS1, non-structural protein1; PA, polymerase acidic protein; PB, polymerase
basic protein.

Pigs may serve as important mixing vessels for influenza A
viruses. Waterfowl-derived influenza A viruses caninfect swine, as can
human-origininfluenza A viruses, leading to the establishment of novel
swine-adapted lineages. The 2009 A(HIN1) influenza pandemic virus
exemplifies the complexity of such evolutionary events: it emerged
fromreassortmentbetween North American and Eurasian swine influ-
enzalineages and contained gene segments of avian (PB2 and PA), swine
(HA,NP,NA, M and NS) and human (PB1) origin’.

Antigenic shift and drift

Whenanovel HA segmentisintroduced into humaninfluenza A viruses
viareassortment, it results in a major antigenic change. Additional
reassortment with an avian or swine strain that leads to replacement of

the NA segment can further alter antigenicity. This process, known as
antigenic shift, is associated with pandemic emergence. Importantly,
theintroduction of anew HA subtype often leads to the displacement or
extinction of the previously circulating subtype; for instance, the emer-
gence of A(H2N2) in 1957 led to the disappearance of A(HIN1) viruses
from the human population for 20 years®. However, co-circulation of
subtypesis possible, asevidenced by the re-emergence of A(HIN1) virus
in1977, which co-circulated with A(H3N2) virus®® until it was replaced by
the 2009 pandemic A(HIN1)pdmO9 virus, which continues to circulate.

Reassortment between avian influenza A viruses and human or
swineinfluenza A viruses could generate amammalian-adapted virus
with novel antigenicity. However, reassortment alone is insufficient
for the emergence of pandemic viruses, as adaptations to mammals,
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including human-type receptor-binding specificity, HA stability and
high polymerase activity in mammalian cells, are also considered
crucial. Once a new subtype is established in the human population,
the virus undergoes continuous evolution to evade host immunity.
This process, known as antigenic drift, involves the selection of viral
variants with amino acid changes in HA or NA that confer a fitness
advantagein the presence of neutralizing antibodies. While antigenic
changes resulting from drift are more incremental than those result-
ing from shift, they can accumulate over time to produce substantial
antigenic divergence®*®, To monitor and respond to antigenic drift,
the WHO has coordinated global surveillance efforts. These include
the collectionand sequencing of circulating strains as well as antigenic
characterization. The generated data guide® the annual update of
seasonal influenza vaccines, which remain a key tool in reducing the
number of cases and limiting the public health burden of seasonal
influenza A and B viruses.

Innate immune responses

The innate immune system provides the first line of defence against
influenza A virus infections. Multiple layers of innate defences act to
preventinfluenzavirusentry, replicationand spreadin the respiratory
tract. While timely activation of innate responses is critical for early
viral control, excessive and uncontrolled activation can cause severe
tissue damage and immunopathology (Fig. 4). Influenza A viruses
utilizes several evasion strategies to counteract innate defences and
establishinfection.

Physical barriers. Mucins, collectins and other proteins in airway
secretions serve as the primary physical and biochemical barrier
against influenza A viruses’*’'. Mucins secreted by goblet cells are
richiin sialoglycans, which act as decoy receptors and physically trap
virus particles. To evade this, NA cleaves sialic acid moieties to help
virus particles penetrate the mucin layer and reach epithelial cells®.
Collectins (collagen-containing C-type lectins), such as surfactant
protein A (SP-A) and SP-D, produced by respiratory epithelial cells, bind
to carbohydrates on viral glycoproteins HA and NA and agglutinate
virus particles®. Together, they create a protective shield that serves
toinhibitinfluenza A virus entry.

Cell-autonomous immune responses and viral antagonism.
Upon successful viral entry, several host-specific factors can restrict
or support influenza A virus replication’*. Viral RNAs are detected
by host-encoded pattern recognition receptors, initiating cell-
autonomous (intrinsic) immune responses®. Retinoic acid-inducible
genel (RIG-I) is the primary cytoplasmic RNA sensor, broadly expressed
inall cell types, that detects 5’-triphosphorylated viral genomic RNA”".
In addition, Toll-like receptors (TLR7 and TLR8), expressed in the
endosomes of B cells and plasmacytoid dendritic cells, recognize
single-stranded viral RNA®. Triggering of these RNA sensors initiates
signalling cascades that activate transcription factors, such as inter-
feronregulatory factor 3 (IRF3) or IRF7, nuclear factor-kB (NF-kB) and
activator protein1(AP1), resultingin the transcriptional upregulation of
cytokines and chemokines, including type land type lllinterferons®'°.
Secreted interferon signals via interferon receptors in an autocrine
and paracrine manner, inducing the transcription of hundreds of
interferon-stimulated genes. Several of these interferon-stimulated
genes directly inhibit distinct steps of the influenza A virus life cycle,
including IFITM3 (blocks viral fusioninendosomes), MxA (traps VRNP
complexes), PKR (shuts off protein translation), and OAS-RNase L

(degrades viral and host RNA)'*". Not surprisingly, human polymor-
phismsin these innateimmune genes, such asthose encoding IFITM3,
MxA, RIG-I, IRF7, IRF9, OAS and IFNL, have been linked to increased
susceptibility toinfluenza A viruses'*>'°*. To counteract these defences,
influenza A viruses encode NS1, a major interferon antagonist that
suppresses RIG-I signalling through interactions with TRIM25 and
RIPLET, blocks PKR and OAS-RNase L activation, and shuts off host
gene expression by disrupting mRNA processing'®*'%, Other influ-
enza A virus proteins contribute to host antagonism: PB2 and PB1-F2
associate with MAVS to disrupt RIG-I signalling, while PA-X (endonu-
clease) degrades host RNAs'*. In addition to interferon responses,
the NLRP3 inflammasome is activated during influenza A virus infec-
tion, leading to the production of cytokines IL-13 and IL-18 and the
recruitment of innate immune cellsinto the lungs'”. Intracellular ionic
changes caused by M2 and mitochondrial stress induced by PB1-F2
primarily drive inflammasome activation. Together, cell-autonomous
immune responses act to restrict influenza A virus replication
and spread.

Controlled inflammation versus immunopathology. Once infec-
tion is established, resident macrophages and dendritic cells are
activated, either by direct infection or sensing of the extracellular
milieu. Together withinfected respiratory epithelial cells, they secrete
pro-inflammatory cytokines (IFNa, IFN(, IL-6, IL-18, TNF and IL-1B)
and chemokines (CXCLS8 (IL-8), CCL2 (MCP1), CCL3 (MIP1a), CCL5
(RANTES), CXCL9 (MIG) and CXCL10 (IP10)), which recruit various
innateimmune cells, including monocytes, macrophages, neutrophils
and natural killer cells, to contain viral infection®. These cytokines are
also essential for efficient priming of adaptive immune responses by
respiratory dendritic cells'*%1°°,

Innate inflammatory responses induced by infection with influ-
enzaviruses canvary greatly. In healthy individuals, human-adapted
influenza A viruses (seasonal influenza A viruses) primarily replicate
in the upper respiratory tract, causing mild disease with controlled
inflammation. However, the 1918 pandemic influenza A(HIN1), HPAI
A(H5Nx) and A(H7Nx) viruses infected the lower respiratory tract.
These viruses also activate various innate immune cells, generating
excessive amounts of viral pathogen-associated molecular patterns and
overstimulating host pattern recognition receptors™", This can trig-
ger excessive and sustained production of pro-inflammatory cytokines
and chemokines (‘cytokine storm’), leading to massive recruitment of
pathological inflammatory monocytes and neutrophils that worsen
disease severity and cause immunopathology™.

Adaptiveimmune responses

Adaptiveimmunity, mediated by Tand B cells, is crucialinviral clearance
and long-term protection (Fig. 4). Respiratory dendritic cells serve asa
bridge between innate and adaptive responses and orchestrate the
activation of T and B cells*.

T cellimmunity. Upon activation, CD103*CD11c" and CD11b" respira-
tory dendritic cell subsets migrate to the draining lymph nodes and
activate naive CD8" and CD4" T cells by presenting viral peptides on
MHC-I and MHC-II, respectively™. Activated cytotoxic CD8" T cells
migrate to the lungs and eliminate infected cells via cytolysis, thereby
limiting viral replication™. CD8" T cells primarily recognize epitopes
in conserved internal viral proteins such as NP, M1 and polymerase'.
Activated CD4" T cells provide helper functions for the differentiation
ofactivated B cells and signals critical for efficient priming of memory
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Fig. 4 |Innate and adaptiveimmune responses to influenza A virus
infection. (1) Influenza A viruses (IAVs) penetrate the mucin barrier using viral
neuraminidase and reach the surface of epithelial cells. (2) Host cells sense

viral RNA through RIG-I, and TLR7 and TLR8, and initiate cell-autonomous
immune responses, leading to activation of nuclear factor-kB (NF-kB), activator
protein1(AP1), interferon regulatory factor 3 (IRF3) and IRF7, and subsequent
production of type linterferon and pro-inflammatory cytokines and chemokines.
Viral proteins non-structural protein 1 (NS1), polymerase basic protein1frame 2
protein (PB1-F2), polymerase basic protein 2 (PB2) and polymerase acidic X
protein (PA-X) antagonize host interferon responses. (3) Pro-inflammatory
cytokines and chemokines recruit various innate immune cells to the site of

infection. In addition, respiratory dendritic cells (rDCs) become activated and
migrate to the draining lymph nodes to initiate adaptive immune responses.
(4) rDCs present viral antigens via major histocompatibility complex class |
(MHC-I) and MHC-II to activate CD4"and CD8" T cells, respectively. B cells are
activated by viral antigens and undergo differentiation into memory B cells and
antibody-secreting plasma cells within germinal centres. (5) The viral infection
iseliminated through antibody-mediated neutralization and the cytolytic
activities of effector T cells. IAV-infected cells are shown in red. 5’ppp-vRNA,
5’-triphosphorylated viral genomic RNA; BCR, B cell receptor; CTL, cytotoxic
Tlymphocyte; ISGs, interferon-stimulated genes; RIG-1, retinoic acid-inducible
genel; ssSRNA, single-stranded RNA; TCR, T cell receptor; TLR, Toll-like receptor.

CD8*T cells'”.Inaddition, activated CD4" T cells produce cytokines and
chemokines that augment innate responses by natural killer cells"®.
Studies from the 2009 HIN1 pandemic showed that memory CD4*
T cell numbers correlated with reduced symptoms and mild disease,
underscoring a protective role for CD4" T cells against heterologous
influenza A viruses"*'?°, During primary influenza A virus infection,
virus-specific Tlymphocytesin the lungs peak around days 7-10 after
infectionand subsequently contract after viral clearance. A portion of
these activated T cells differentiate into tissue-resident memory T cells
in the respiratory tract and central memory cells in secondary lym-
phoid organs. Importantly, memory T cells that recognize conserved

epitopes provide cross-protection against antigenically drifted and
heterologousinfluenzaA viruses'”. Tissue-resident memory T cellsare
particularly important as they provide rapid protection during recall
responses, which occur within 2-3 days post-infection.

B cellimmunity. B cells are activated in the lymph nodes by viral parti-
clesorantigensreleased from dying dendritic cells. Initially, activated
B cells differentiate into plasmablasts that mostly produce low-affinity
IgM and IgG antibodies, limiting viral spread starting at -day 7 (ref. 122).
In the lymph nodes, some activated B cells enter germinal centres,
where they undergo affinity maturation and antibody class switching
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with help fromfollicular CD4" T cells, a process that occurs later in infec-
tion (-2-3 weeks)'’. Asubset of these high-affinity B cells differentiates
intolong-lived plasma cells and memory B cells, which home either to
therespiratory tract as tissue-resident memory B cells or to lymphoid
organs. Tissue-resident memory B cells, especially IgA-secreting cells,
are crucial in neutralizing virus during re-infection. The majority of
antibody responses target immunodominant or variable epitopes in
the HA1 subunit (head and receptor-binding domain)'**. These HAI-
specific antibodies efficiently neutralize homologous virus particles
but are less effective against antigenically drifted strains and ineffec-
tive against heterologous strains. By contrast, antibodies targeting
conserved epitopes in the HA2 subunit (stem and fusion domain),
albeitlimited innumber and less potentin neutralizing, confer broader
protectionacrossinfluenzaA viruses within the same HA group (group 1
and group 2)'*"*, In addition, these HA2-specific antibodies mediate
antibody-dependent cellular cytotoxicity by natural killer cells or
phagocytosis by neutrophils'”.
Diagnosis, screening and prevention
Diagnosis
As the clinical signs and symptoms of influenza are non-specific (see
‘Clinical course’ section) and can overlap with other co-circulating res-
piratory pathogens (for example, other respiratory viruses: severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), respiratory syncytial
virus (RSV) and human coronaviruses), aclinical diagnosis may be inac-
curate; therefore, influenza testing can inform clinical management.
Influenza diagnostic tests availablein clinical settings include antigen
detectionand molecular assays that canrespectively detectinfluenza
A and B viral antigens and influenza virus nucleic acids in respiratory
specimens (Table 1). Molecular assays have higher sensitivity to detect
influenza A and B viruses in respiratory specimens than rapid antigen
tests (that is, false negative results are more common with antigen
tests'?®). PCR-based methods with different detection methods, such
asreal-timereverse transcription PCR, digital PCR and loop-mediated
isothermal amplification, are the ‘gold standard’ molecular assays for
influenza diagnosis'?*"*°, Both antigen detection and molecular assays
have very high specificity, so false positive results are uncommon.
Point-of-careinfluenzarapid antigen tests and rapid molecular assays
that produce timely results to guide clinical management may be avail-
able in healthcare facilities, depending upon resource setting. Some
molecular assays may require several hours or longer to yield results
iftherespiratory specimens are tested offsite at a clinical laboratory.

Nasopharyngeal specimens (aspirates or swabs) have the highest
yield for detection of seasonal influenza viruses from non-hospitalized
patients, followed by nasal swabs (or combined nasal-throat swabs),
followed by throat swabs™""*?, Testing of sputum, endotracheal aspirate
or bronchoalveolar lavage fluid specimens from patients with lower
respiratory tract complications can detect influenza virusesin casesin
which aspecimenfromthe upper respiratory tractis negative; however,
these specimens are not approved for all tests', Multiplex antigen
assays that can detectinfluenza A and B viruses and other respiratory
viruses (for example, SARS-CoV-2 and RSV) and some multiplex molecu-
lar assays that can detect influenza and other respiratory viruses (for
example, SARS-CoV-2and RSV), influenza A(HIN1) and A(H3N2), influ-
enzaBvirus,and somebacterial respiratory pathogens, are becoming
increasingly used and are generally available at hospitals and larger or
public healthlaboratories.

Rapid antigen tests or molecular assays that can detect influenza
viruses in upper respiratory specimens may be available for use in

non-clinical settings (for example, home use) in some countries'*.

Properinterpretation of influenzatest resultsisimportant, particularly
negative rapid antigen test results during periods of high influenza
activity, because their lower sensitivity can result in false negative
results. Serology does not inform clinical management of patients
with influenza because results from a single serum specimen do not
reliably diagnose acute influenza virus infection and require paired
acute and convalescent sera collected -3 weeks apart and tested at a
public health or research laboratory.

Several other promising diagnostic methods are under develop-
ment, including those based on CRISPR, nucleic acid sequence-based
amplification, microarrays and various personal biosensors'.
Next-generation sequencing (NGS) has rapidly advanced and has sev-
eraladvantages over conventional diagnostic methods if ametagenom-
ics approachis adopted. A metagenomics NGS approach can provide
anunbiased, broad-spectrumidentification of known and novel patho-
gens, and can alsoidentify resistance markers and virulence factors'®.
Alternatively, NGS hybrid capture methods can be used for a more
focused detection of all respiratory pathogens'”. While current limita-
tionsinclude longer turnaround times and higher costs, these are likely
todecreaseinthe coming years.

Influenza virus surveillance

Public health laboratories conduct surveillance for influenza viruses
utilizing molecular assays such as real-time reverse transcription PCR
(rRT-PCR) to confirminfluenza A and B virusesin respiratory specimens
and for subtyping of influenza A(H1) and A(H3) viruses"™®. National influ-
enzacentres participatingin the WHO Global Influenza Surveillance and
Response System and WHO Influenza Reference Laboratories caniso-
late influenza viruses from respiratory specimens using embryonated
eggs or tissue cell culture, and perform antigenic characterization of
viruses using reference sera (for example, against influenza vaccine
strains), sequencing and phylogenetic analyses. The data are then used
toinform the biannual influenza vaccine strain selection process™>**,
Use of specific primers and probes combined with sequencing can
identify novelinfluenza A viruses of pandemic potential. Some national
influenza centres and WHO Influenza Reference Laboratories perform
in vitro and functional assays to assess virus susceptibility to antivi-
ral drugs. As part of pandemic risk assessment, WHO and specialized
research laboratories also perform pathogenicity and transmission
studies of novelinfluenza A viruses using animal models (for example,
mice, ferrets or non-human primates)™'*,

Influenza vaccines
The goal of a universal influenza vaccine to protect humans against
all seasonal and novel influenza A viruses of zoonotic origin has yet
to be achieved; hence, the available seasonal influenza vaccines must
be updated regularly because of ongoing antigenic drift in influenza
viruses'?. There are, however, awider range of seasonal influenza vac-
cines now available (Fig. 5) that have been licensed for different age
groups. Theseincludeinactivated split-virus vaccines, live attenuated
vaccines and recombinant protein-based vaccines, with othersindevel-
opment such as mRNA vaccines™*. Globally, wide regional variation
existsinthekinds of influenza vaccines available, recommended prior-
ity groups for annual influenza vaccination and vaccine coverage by tar-
getgroup'. Infour WHO regions, reported influenza vaccine coverage
was highestin healthcare workers, older adults and pregnant women.
The most widely used influenza vaccines are still those that are
produced by adapting and growinginfluenza virusesinembryonated
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Table 1| Influenza diagnostic tests in clinical settings

Methodology

Available tests

Accuracy and sensitivity

Time to results

Considerations

Influenza
viral antigen
detection in
respiratory
specimens

Rapid antigen test

Rapid multiplex antigen test (may detect
influenza A and B viruses, SARS-CoV, and
RSV antigens in a single assay), usually
based on lateral flow devices
Immunofluorescence assay

(rarely used today)

Most accurate <4 days
from symptom onset

Low to moderately high
sensitivity (false negative
results can occur) and
very high specificity (false
positive results are rare)
compared with RT-PCR

~10-15min
Immunofluorescence
assay may require up
to4h

Optimal upper respiratory tract specimens
for detection of seasonal influenza

A or B viruses are nasopharyngeal

swabs or aspirates, or nasal swabs

Provides influenza A or B virus type
identification only

Does not provide information, identify or
distinguish among seasonal influenza A virus
subtypes and novel influenza A viruses of
animal origin

Some tests may be available for use in
non-clinical settings such as lateral flow rapid
antigen tests for home use

Influenza viral
nucleic acid
detection in
respiratory
specimens

Rapid molecular assay

Other molecular assays, including
RT-PCR

Multiplex molecular assays (may detect
nucleic acids from influenza A and

B viruses, SARS-CoV and RSV, other
respiratory viruses and some bacterial
respiratory pathogens)

High to very high
sensitivity (false negative
results are uncommon)
and very high specificity
(false positive results

are rare) compared with
standard RT-PCR or viral
culture

<30min to 6-8h

Optimal upper respiratory tract specimens
for detection of seasonal influenza A

or B viruses are nasopharyngeal swabs

or aspirates, or nasal swabs

Can also use combined nasal swab and
throat swab specimens

Some assays can be used to detect influenza
viral nucleic acids in lower respiratory

tract specimens (for example, sputum,
endotracheal aspirate and bronchoalveolar
lavage fluid)

Can detect influenza viruses for longer
periods after symptom onset than antigen
detection tests

Many assays only provide information on
influenza A or B virus type; a few multiplex
assays can identify influenza A(H1) and A(H3)
subtypes

Detection of influenza A virus does not
provide information or distinguish among
seasonal influenza A virus subtypes and
novel influenza A viruses of animal origin —
specific primers and probes are needed

to detect influenza A subtypes and novel
influenza A viruses

Has also been used to test non-respiratory
clinical specimens (for example, conjunctival
swabs, cerebrospinal fluid, whole blood,
serum or plasma, faeces and urine) but most
assays are not approved or validated for
these clinical specimens

Virus isolation
from clinical
specimens
(respiratory)

Viral culture using tissue cell culture
or embryonated eggs at public health
laboratories (not used as a diagnostic
test)

High specificity but lower
sensitivity than molecular
assays

3-7 days

Shell vial culture can
produce cytopathic
results in 1-2 days
Does not produce
timely results to inform
individual patient
clinical management

Can be used for upper and lower respiratory
tract specimens

Has also been used to test non-respiratory
clinical specimens (for example,
cerebrospinal fluid, whole blood, serum and
plasma)

Enables antigenic and other viral phenotypic
characterizations at public health
laboratories

RSV, respiratory syncytial virus; RT-PCR, reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

hen’s eggs, which are then purified, inactivated and detergent-split
to obtain an inactivated, split influenza virus vaccine. These vac-
cines contain HA and NA from each of the three currently circulating
human influenza viruses (A(HIN1), A(H3N2) and B/Victoria) along
with other viral proteins and trace amounts of egg proteins, and are
oftenreferred to as ‘standard-dose influenza vaccines’. Unfortunately,
they are only moderately effective, with pooled vaccine effectiveness
estimates of 30-83%, depending on the vaccine and age group*¢**’.

Efforts to improve egg-based inactivated influenza vaccines include
the addition of adjuvants to improve responses in adults >65 years of
age (for example, MF-59)"*¢ or responses to pre-pandemic vaccines
(for example, AS03)*, or fourfold higher amounts of HA for use in
adults =65 years of age (high-dose vaccine)*°. The transition from
egg-based vaccines to cell-based vaccines™, orincreased use of recom-
binant protein-based vaccines (which contain three times the antigen
content of standard-dose inactivated vaccines), has been slow, with
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only afew manufacturers making the shift, although these cell-based
vaccines showed increased effectiveness over egg-based vaccines
(owing to the lack of unwanted egg adaptations) in some years" >3,
In a multi-year study, cell-based quadrivalent influenza vaccine dem-
onstrated superior effectiveness to egg-based quadrivalent influenza
vaccine in the prevention of test-confirmed influenza. Following the
use of mMRNA vaccines for COVID-19 (refs. 154-157), several compa-
nies are developing mRNA influenza vaccines, mostly incorporat-
ing influenza with other respiratory pathogens such as SARS-CoV-2,
RSV, human metapneumovirus or other combinations®™®. The first
of these, a dual mRNA vaccine targeting influenza and SARS-CoV-2
developed by Moderna, was given marketing approval for persons
50 years of age and older by the EMA on 22 April 2026 (ref. 159). The
flexibility of mRNA vaccines has been demonstrated by the incorpo-
ration of HA antigens from all known influenza A virus subtypes and
influenza B virus lineages into a nucleoside-modified mRNA-lipid
nanoparticle vaccine. This vaccine elicited high levels of cross-reactive
and subtype-specific antibodies in mice and ferrets that reacted to all
20 encoded antigens'®. While no mRNA influenza (influenza-only) vac-
cines are currently licensed for human use as of July 2026, a phase 11l
study showed favourable safety and immunogenicity results'®. A tri-
valent version of this seasonal influenza mRNA vaccine (mRNA-1010)
containing mRNA encoding HAs from two influenza A strains and one
influenza B strainalso demonstrated superior relative vaccine efficacy
compared with a licensed standard-dose seasonal influenza vaccine
in adults aged 50 years and older'®. This enhancement was like that
reported for high-dose inactivated influenza vaccine compared witha
standard-dose vaccine in people aged 65 years and over™’. Further
advancements include self-amplifying mRNA, which offers potential
advantages over conventionalmRNA vaccines by enabling lower doses
of mRNA, thus reducing reactogenicity, while enhancingimmunogenic-
ity, duration and cost-effectiveness'®’. Despite these advances, there
is still substantial room for improvement with influenza vaccines in
effectiveness, coverage and duration’*,

Management

Clinical course

Thessignsand symptoms of seasonal influenza canvary by age,immune
status and underlying medical conditions. Fever is not always present
among people of any age with influenza, particularly in adults aged
>65years'®, Systemic symptoms such as chills, headache, myalgia and
malaise can occur with respiratory symptoms suchasnon-productive
cough, nasal discharge and sore throat. Gastrointestinal symptoms,
such as nausea, vomiting, diarrhoea and abdominal pain, canoccurin
children but are less common in adults. Frail older adults can experi-
ence malaise, anorexia, dizziness, weakness and residual cough for
prolonged periods. Ocular symptoms and rashes can occur but are
uncommon. Most people with influenza experience abrupt onset
of uncomplicated acute respiratory illness and return to baseline
health after several days without seeking medical care or receiving
specific treatment. However, persons at increased risk of influenza
complications'® and, infrequently, otherwise healthy people, can
experience severe influenza.

Influenza virus infection of the upper respiratory tract can result
in complications ranging from moderate (managed athome) to severe
(requiring hospitalization) or fatal, and may involve one or more organ
systems (Box 2). Like other respiratory virus infections, infants and
young children with influenza can experience respiratory complica-
tions such as bronchiolitis, croup and otitis media. In children and
adultswho are otherwise healthy, the most common severe respiratory
complication of influenza is pneumonia, which can be caused by influ-
enza viral pneumonitis or community-acquired secondary bacterial
(for example, Staphylococcus aureus or Streptococcus pneumoniae)
co-infection'”'*®, Non-respiratory complicationsin otherwise healthy
peopleinclude cardiac disease (myocarditis or pericarditis), musculo-
skeletal inflammation (myositis or rhabdomyolysis), gastrointestinal
abnormalities (hepatitis or pancreatitis), kidney disease (acute kidney
injury or renal failure) and neurological complications (transient to
fulminant acute necrotizing encephalopathy, meningoencephalitis,

Types of influenza vaccines (injectable or intranasal delivery)
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transverse myelitis, acute demyelinating encephalomyelitisand, rarely,
Guillain-Barré syndrome)'®. In persons with chronic disease, particu-
larly uncontrolled comorbidities, influenza can exacerbate underlying
cardiopulmonary (forexample, chronic obstructive pulmonary disease,
asthma, coronary artery disease or heart failure), metabolic (for exam-
ple, diabetes) and neurological (for example, cerebrovascular) disease.
Community-acquired co-infections with other respiratory viruses (for
example, SARS-CoV-2)"*""! bacterial or fungal pathogens that colonize

Box 2 | Influenza complications

Complications are organized by organ system or underlying
condition. Complications can vary by age, immune function and
underlying medical conditions

Systemic
Sepsis, septic shock, systemic inflammatory response syndrome,
toxic shock syndrome

Respiratory
Upper respiratory tract
Laryngotracheobronchitis (croup), otitis media, sinusitis

Lower respiratory tract

Pneumonia (viral pneumonitis, secondary community-acquired
bacterial co-infection, ventilator-associated bacterial or fungal
pneumonia), bronchiolitis, bronchitis, reactive airway disease,
tracheitis, respiratory failure, acute respiratory distress syndrome,
exacerbation of asthma or chronic obstructive pulmonary disease

Cardiac
Myocardial infarction (persons with underlying coronary artery
disease), myocarditis, pericarditis, exacerbation of heart failure

Gastrointestinal tract
Hepatitis, hepatic failure, pancreatitis, severe abdominal pain

Musculoskeletal
Myositis, rhabdomyolysis, compartment syndrome

Kidney
Acute kidney injury, kidney failure

Central and peripheral nervous system

Seizures, transient to fulminant encephalopathy, meningoencephalitis,
bacterial meningitis, cerebrovascular accident (persons with
cerebrovascular disease), transverse myelitis, acute demyelinating
encephalomyelitis, Reye syndrome (with salicylate exposure),
Guillain-Barré syndrome

Pregnancy
Premature labour, fetal loss

Other
Exacerbation of chronic disease (for example, diabetes, sickle cell
disease), parotitis

the respiratory tract can result in severe illness, especially in severely
immunocompromised patients”>”>, However, influenza virus infection
can precipitate sepsis, septic shock, respiratory failure and multi-organ
failure with or without bacterial co-infection'®"*, Critically ill patients
with influenza who are intubated are at risk of ventilator-associated

pneumonia from multidrug-resistant bacterial or fungal infections'”.

Infection prevention and control

Seasonalinfluenza A and B viruses are typically spread through the air
vialarge and small infectious particles from a person with infection to
asusceptible individual in close proximity™". In healthcare settings,
patients with suspected or laboratory-confirmed influenza should be
isolated in a single room or area. Recommended infection prevention
and control (IPC) measures include standard (preventative measures
for all patients, such as hand hygiene and use of personal preventive
equipment based on exposure risk) and droplet precautions (use of
facemasks) for 7 days after illness onset or until 24 h after fever and
respiratory symptoms have resolved, although longer duration of IPC
measures might be indicated for certain patients such as young infants
and severely immunocompromised patients who might be infectious
for prolonged periods, and airborne precautions are recommended for
aerosol-generating procedures'”. Influenza testing of serially collected
respiratory specimens caninformduration of isolation and IPC measures.

Antiviral treatment and prophylaxis
Antivirals canbe prescribed for treatment and/or prophylaxis of influ-
enzabutavailability depends uponregulatory approvals, cost, and rec-
ommendations from clinical and public health organizations (Table 2).
The most widely used antivirals for early treatment of uncomplicated
influenza A and B are the NA inhibitors (NAls) oseltamivir, zanamivir,
laninamivir and peramivir, and the cap-dependent endonuclease
inhibitor baloxavir. The M2-inhibitor adamantanes, amantadine and
rimantadine, only have activity against influenza A viruses and are not
recommended for treatment of seasonal influenza A owing to high
prevalence of resistance among seasonal influenza A(HIN1)pdmO9
and A(H3N2) viruses'*’8, Clinical trials have shown that initiation of
treatment within 1-2 days after symptom onset with NAls or baloxavir
canreduce the duration of illness and risk of some complications® "%,
Baloxavirhad greater clinical benefit againstinfluenza B than oseltamivir
inone clinical trial®*. Whether early initiation of antiviral treatment can
reducetherisk of progressionto severe disease is unclear because suf-
ficiently powered clinical trials are lacking. Since severelyimmunocom-
promised patients with influenza can have prolonged viral replication,
antiviralmonotherapy canlead to the emergence of antiviral-resistant
viruses'”>. Early initiation of antiviral treatment with an NAl or baloxavir
isrecommended, particularly for patients atincreased risk of complica-
tions and severe influenza'®, Single doses of baloxavir have also been
reported to reduce influenza virus transmission to close contacts®.
Clinical trial data on antiviral treatment of hospitalized patients
withsevereinfluenzaare limited'®* but two international adaptive plat-
formclinical trials are assessing antivirals in patients hospitalized with
influenza'*'®, Observational studies have reported clinical benefit of
oseltamivirin reducing duration of hospitalization and progression to
severe disease outcomes when treatment was started at hospital admis-
sion compared with later or no treatment***'¥’, and clinical guidelines
recommend oseltamivir treatment as soon as possible in patients hos-
pitalized with influenza'*”'**, Determining optimal antiviral treatment
and treatment duration for severely ill patients with influenza remains
a gap. An adaptive platform clinical trial reported that oseltamivir
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Table 2 | Antivirals for treatment and prophylaxis of seasonal influenza

Mechanism of action Drug and administration

Considerations

Neuraminidase inhibitor

Inhibits viral neuraminidase to block release
of viral particles from infected cells

outpatients)

Laninamivir (single-dose inhaled powder
administered using inhaler device for treatment of

outpatients)

Peramivir® (single-dose, administered
intravenously for treatment of outpatients)

Oseltamivir phosphate? (twice daily for 5 days

for treatment of outpatients; oral capsule, oral
suspension or can be administered enterically)
Zanamivir (inhaled powder administered twice
daily using inhaler device for treatment of

Oseltamivir may have decreased effectiveness against
influenza B viruses

Adjust neuraminidase inhibitor dose and frequency for
reduced creatinine clearance

Oseltamivir is recommended for prompt treatment of
influenza in outpatients and hospitalized patients
Oseltamivir is recommended promptly as post-exposure
prophylaxis for controlling institutional influenza outbreaks;
typical dose frequency is once daily

Zanamivir may be effective against some
oseltamivir-resistant influenza viruses

Laninamivir is only approved in Japan for treatment of
influenza

Polymerase inhibitor

Cap-dependent endonuclease inhibitor
within the polymerase acidic protein subunit
of influenza viral polymerase; blocks viral
replication

Baloxavir marboxil® (single-dose oral tablet)

Single dose is equivalent to 5 days of twice-daily oseltamivir
treatment

Greater clinical benefit against influenza B compared with
oseltamivir

Significantly greater reduction in upper respiratory viral RNA
levels compared with oseltamivir

Treatment has modest effect in reducing transmission to
household members

Single dose can be given promptly for post-exposure
prophylaxis

Risk of emergence of viruses with reduced susceptibility;
higher risk in young children

Not recommended as monotherapy for severely
immunocompromised patients

M2 ion channel inhibitor

Blocks proton channel activity of the M2

protein of influenza A viruses Rimantadine® (oral tablet)

Amantadine® (oral capsule or tablet)

Not recommended for treatment or prophylaxis of seasonal
influenza A viruses owing to high prevalence of resistance
among circulating seasonal influenza A(HIN1)pdm09 and
A(H3N2) viruses

*Dose varies by approved age and weight in children. ®Only active against influenza A viruses.

treatment of critically ill patients with influenza was associated with
increased 90-day mortality’®’. A post hoc analysis of clinical trial data
in a subset of patients hospitalized with severe influenza caused by
influenza A(H3N2) virus infection reported that combination antiviral
treatment with aNAl (nearly all oseltamivir) and baloxavir significantly
reduced 28-day mortality compared with oseltamivir monotherapy in
patients with immunosuppression, diabetes or chronic lung disease
(2.17% (2/92) versus 11.76% (6/51); P= 0.02)"*°.

In addition to antiviral treatment of symptomatic persons and
implementation of many other non-pharmaceutical interventions,
post-exposure antiviral prophylaxis with oseltamivir is used to control
institutional influenza outbreaks and canbe considered for persons at
very highrisk of severe disease who may not respond to influenza vac-
cination (for example, severelyimmunocompromised individuals)'’.
Along-acting injectable antiviral (CD388) is under investigation in a
phaselll clinical trial for prevention of influenza over an entire season
(NCT07159763)"".

Management of complications
Influenza can exacerbate chronic disease, and targeted management of
the underlying disease processisindicated (for example, exacerbation

of asthma or chronic obstructive pulmonary disease, heart failure,
myocardial infarction, status asthmaticus or diabetic ketoacidosis).
In patients with influenza and pneumonia requiring respiratory sup-
portive care (for example, oxygen delivered via high-flow nasal cannula,
non-invasive ventilation or invasive mechanical ventilation), diagnostic
testing may be indicated for community-acquired co-infections for
which antimicrobial therapy is available (for example, SARS-CoV-2,
S. aureus or S. pneumoniae). Critical care for sepsis, septic shock,
acuterespiratory distress syndrome and advanced organ support (for
example, renal replacement therapy or extracorporeal membrane oxy-
genation) may be required for multi-organ failure and severe acute
respiratory distress syndrome, and neurocritical care is essential for
paediatric patients with acute necrotizing encephalopathy™? Corticos-
teroids have been administered to patients with influenza and severe
pneumonia but observational studies have reported that high-dose
corticosteroids may increase the risk of ventilator-associated pneumo-
niaand mortality'’. Corticosteroids and otherimmunomodulatorsare
under investigation in adaptive clinical platform trials in hospitalized
patients with severe influenza’®*'®, Otherimmunomodulators and drugs
with anti-inflammatory effects have been studied for the treatment
of severe influenzabut further data from clinical trials are needed™*.
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Management of novel influenza A virus infections
NovelinfluenzaAviruses of avian or swine origin have infected humans
sporadically, resulting in a wide clinical spectrum of disease severity
fromasymptomaticinfection, mild uncomplicated upper respiratory
tractillness or localized disease (for example, conjunctivitis) to severe
disease (for example, pneumonia, encephalitis, respiratory failure,
sepsis, septic shock or multi-organ failure)'”. Some avian influenza A
virusinfections are associated with high mortality (for example, HPAI
A(H5NXx), A(H7Nx) and LPAIA(H7N9)), although mildillness can occur
with these virus infections'”. Risk factors for avian influenza A virus
infections are recent (for example, in the past week before symptom
onset) direct or close exposure to sick or dead poultry or other infected
animals (for example, dairy cattle in the USA) or visiting a live poultry
market"*"%, Limited, non-sustained human-to-human transmission
has been reported in households and in healthcare settings'’ 2. For
some cases, the source of infection was not identified. Most human
infections with variantinfluenza A viruses of swine origin have resulted
in clinically mild illness in children with recent exposure to swine,
although severe disease and fatal outcomes have occurred?® 2%,

Clinical treatment of patients with novel influenza A virus infec-
tions differs from that of patients with seasonal influenzainafew ways.
Inadditionto standard, contact (for example, use of gown and gloves)
and droplet precautions, patient placement in an airborne infection
isolationroomand airborne precautions (fitted N95 particulate filter-
ing respirator or equivalent level of respiratory protection) and eye
protection (goggles or face shield) are recommended for healthcare
personnel caring for patients with novel influenza A virus infections
associated with high mortality because of the potential for human-to-
human transmission'”*2°>2%,_ Although there are no clinical trials of
antiviral treatment of patients with novel influenza A virus infection,
observational studies have reported that initiation of oseltamivir treat-
mentin patients with HPAIA(H5NXx) virus infection shortly after symp-
tom onset has clinical and survival benefits*”. Since the emergence
of oseltamivir-resistant viruses can occur during or after oseltamivir
monotherapy®’®, combination treatment with antivirals with different
mechanisms of action, including oseltamivir and baloxavir, has been
used in some patients with HPAI A(H5Nx) virus infections®** 2", Moder-
ateand high-dose corticosteroids are not recommended because of the
association with prolonged viral shedding and mortality in patients
hospitalized with LPAI A(H7N9) virus infection?*?"®, Supportive care
and advanced organ support, including renal replacement therapy,
extracorporeal membrane oxygenation, vasopressors and interven-
tions such as external ventricular drainage of cerebrospinal fluid and
plasmapheresis, have been reported for critically ill patients with avian
influenza A virus infections.

Quality of life

Most people recover from seasonal influenza and return to baseline
healthwithin a week; however, people with chronic medical conditions
exacerbated by influenza and older adults may have prolonged illness
orloss of function of activities of daily living. A German study reported
that post-influenza symptoms were less frequent than post-COVID
symptoms but persistence of symptoms at 3-6 months was similar®*,
A Canadian study reported that adults aged =65 years who were hos-
pitalized for influenza complications had lower baseline function of
activities of daily living and greater frailty than patients of the same
age whowere hospitalized for other causes of acute respiratory illness;
in this study, those who survived hospitalization with influenza had
significantly higher 30-day post-discharge mortality than those

hospitalized without influenza (12.1% versus 6.2%; P <0.01)*. A study in
Singaporereported that the risk of any post-acute diagnosis in patients
>30 days after hospitalization for COVID-19 (Omicron variant) was
significantly lower thanin patients hospitalized for influenza (adjusted
hazard ratio 0.82 (95% C1 0.74-0.92; P <0.001))*°. In one study in the
USA of older adults at high risk of influenza complications who were
hospitalized with influenza, nearly 20% were discharged to a skilled
nursing facility, and the 30-day readmission rate was 14%>". In this
study, all-cause hospital mortality was 5.1% but increased to 9.3% within
30 days of influenza diagnosis. In a Canadian study of adults aged >65
years hospitalized withinfluenza, baseline frailty and increase in frailty
were associated with poor recovery after discharge”®. Inanother study
in the USA of patients hospitalized with influenza over nine seasons,
5.5%died during hospitalization or within 30 days of discharge; 48% of
deaths occurred in persons who survived hospitalization at amedian
of 9 days after discharge, and nearly 60% of the deaths were in persons
aged 85 years and older”. Astudy in Austriaamong hospitalized chil-
drenreported that there was no significant difference in the duration
of hospitalization for COVID-19 versus influenza but the risk of hospital
readmission was significantly higher for influenza®°.

Outlook

Animportant research priority for the coming years should be the
development of more effective, long-lasting and broadly protective
influenza vaccines, the development of which may require a better
understanding of mucosal immunity. Other areas of priority are the
development of antiviral treatments and other therapies, such asimmu-
nomodulators, that are effective during the late stages of infection, a
better understanding of the antigenic evolution of human influenza
viruses (which may aid the development of longer-lasting vaccines) and
of influenzavirus transmission among humans with the goal of imple-
menting effective control measures and of influenza virus transmission
from animals to humans (to inform interventions to reduce zoonotic
transmission), and improving pandemic preparedness and response.

Vaccine development

The currentseasonalinfluenza vaccines, which are reformulated annu-
ally, typically offer an effectiveness that is lower than desired®”. This
limited protection is in part owing to the virus’s propensity for anti-
genicdriftand the resulting difficulty in predicting which viral strains
will dominate upcoming influenza seasons. Here, future research is
expected to continue identifying and targeting highly conserved
regions of the influenza virus such as the HA stalk domain*. The NA
protein has also been investigated as a vaccine antigen®”**** and future
research is anticipated to test it as a second vaccine component in
combination with HA. While the antibody titre measured by the hae-
magglutination inhibition assay is an established correlate of protec-
tion for inactivated influenza vaccines®”, this marker does not fully
explain the protection conferred by vaccination, and other immune
mechanisms arelikely to be involved?. Several studies have associated
protection with measures of antibodies against NA and antibodies
against the conserved stalk region of the HA protein®’?* and these
markers are promising targets for vaccines. Novel vaccine platforms,
such asmRNA vaccines, can present multiple antigens directed against
awider range of influenza subtypes and strains; these may include HAs
presenting different subtypesor clades, or combinations of HAand NA,
asmentioned above. Recognizing that secretoryIgAand T celland B cell
immune responses are involved in protection against influenza virus
infection®°2%, intranasal orinhaled vaccines which promote mucosal
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immunity could also provide broader and more durable protection
against infection*”, Collectively, these approaches represent a sub-
stantial paradigm shift from the strain-specific, HA-targeted vaccines
thatarein use today.

It is now well established that prior exposure to influenza virus
antigens shapes future immune responses. A key to the development
of more efficacious, longer-lasting and broadly protective influenza
vaccines will provide abetter understanding of the effect of imprinting
onBcelland T cell responses to infection and vaccination. Serological
studies, the analysis of B celland T cell populations, and the characteri-
zation of monoclonal antibodies fromindividuals with infection and/or
who are vaccinated®* are expected to shed light on the magnitude,
kinetics and specificities ofimmune responses to influenza viruses.

Inrecognition of the need forimproved influenza vaccines, the US
NationalInstitute of Allergy and Infectious Diseases funds several major
programmes aimed at better understanding immunity to influenza
exposure and developing next-generation influenza vaccines, includ-
ing the Collaborative Influenza Vaccine Innovation Centers (Www.
niaidcivics.org), the Vaccine and Treatment Evaluation Units (https://
www.niaid.nih.gov/research/vaccine-treatment-evaluation-units-
services), and the Dissection of Influenza Vaccination and Infection
for Childhood Immunity** programme, which investigates how initial
encounters withinfluenza viruses shape lifelong immunity.

Mucosal immunity

Influenza vaccines that are administered intramuscularly primarily
induce asystemicimmune response characterized by the production
of circulating antibodies. While these antibodies can neutralize the
virus and prevent severe disease, they are less effective at preventing
infection in the upper respiratory tract, which would require robust
mucosal immunity with the production of secretory IgA antibodies
thatneutralize the virus. Abetter understanding of mucosalimmunity
isthusvital for developing improved vaccines that can block transmis-
sion. Live attenuated influenza virus vaccines were developed toinduce
both mucosal and humoral immunity and are licensed in some coun-
tries. Researchinthis areaalsoinvolves developing new adjuvants and
delivery systems that can effectively stimulate mucosalimmune cells

without causing inflammation or other adverse effects**.

Virus transmission

Understanding the human-to-human transmission of seasonal influ-
enzaviruses is crucial for public health. These viruses spread primar-
ily through respiratory droplets from coughing, sneezing, talking or
breathing, while fomites also contribute to virus spread. However, a
detailed understanding of the biophysical properties of influenza virus
transmission among humansis still lacking. Such data will be important
for public health to develop efficient intervention strategies.

An even less understood but equally important aspect is the
avian-to-human transmission of potentially pandemic influenza
viruses. Although an area of active research, the genetic and molecular
determinantsthat enable these viruses toinfect humans and adapt to
them are stillincompletely understood.

Global disease burden

Reducing the marked global disparities in influenza burden remains
acrucial priority for the coming decade. Excess deaths and increased
case—fatality ratios stem from very low seasonal vaccination cover-
age, an increased prevalence of comorbidities, health challenges,
including malnutrition, HIV infection and indoor air pollution, more

frequentbacterial co-infections, and limited access to timely diagnosis,
antiviral treatments, oxygen and intensive care for those with severe
disease. Although seasonal influenza vaccine manufacturing capacity
has increased substantially since 2006, estimated global production
capacity has beenrelatively unchanged since 2013, and nearly all vac-
cine productionfacilities are in high-income and upper-middle-income
countries?”. Governments in low-income and middle-income countries,
in partnership with international organizations, including the WHO
and Gavi, should prioritize integration of influenza vaccination into
routine childhood and maternal immunization programmes, with
targeted strategies toreach groups at highrisk, such as young children,
pregnant individuals, older adults and people with chronic medical
conditions®****, Concurrent investments are needed to strengthen
laboratory and surveillance capacity, expand access to affordable
point-of-care diagnostics and antivirals, improve critical care infra-
structure and train frontline healthcare workers. Doctors, public health
professionals and national programmes can drive progress through
advocacy, context-specific operational research on local epidemiol-
ogy and influenza vaccine effectiveness, community engagement to
increase uptake, and integration of influenza prevention and control
with broaderrespiratory disease and pandemic preparedness efforts.
International collaboration to ensure fair technology transfer, sus-
tainable financing, and development of thermostable or otherwise
low-income and middle-income country-appropriate influenza vac-
cines and availability will be essential to narrow these preventable gaps
and reduce the overall global burden of influenza.

Insummary, research over the next decade is expected to focus on
the development of more effective influenza vaccines and improving
prevention and control of seasonal influenza worldwide, which will
also strengthen pandemic preparedness and response.

Published online: 06 August 2026
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