
Seasonal influenza viruses infect 5–15% of the human 
population each year, resulting in ~500,000 deaths 
worldwide1. The annual recurrence of seasonal epidemics 
is attributed to the continued evolution of seasonal influ‑
enza viruses, which enables them to escape the immu‑
nity that is induced by prior infections or vaccination, 
and to the ability of those viruses to be transmitted effi‑
ciently from human‑to‑human via respiratory droplets, 
direct contact and fomites. Influenza virus vaccines are 
effective in preventing the spread of seasonal influenza 
virus epidemics, but they must be updated regularly to 
keep pace with the evolution of the circulating viruses.

Influenza viruses belong to the Orthomyxoviridae 
family of viruses that have negative-sense, single-
stranded, segmented RNA genomes. The vast major‑
ity of the seasonal influenza virus burden is associated 
with two types of influenza viruses: A and B (type C 
viruses also circulate in humans but cause less severe 
disease2). Influenza A viruses in humans originate from 
birds and swine3. Their introduction and subsequent 
adaptation to humans has caused global pandemics (for 
example, the 1918 ‘Spanish flu’ and 2009 ‘Swine flu’ 
pandemics) followed by their continued circulation 
in human populations as seasonal influenza viruses. 
Influenza A viruses are further classified into subtypes 
based on the combination of haemagglutinin (HA) and 
neuraminidase (NA) glycoproteins on their surfaces 
(FIG. 1a). There are currently 18 HA subtypes and 11 
NA subtypes4, most of which circulate in wild birds, but 
only three combinations are known to have circulated 
widely in humans: A/H1N1, A/H2N2 and A/H3N2. Of 
these, A/H1N1 and A/H3N2 subtype viruses currently 
cause seasonal influenza virus epidemics. The influ‑
enza B viruses (BOX 1) have no known animal reservoir 

and have circulated in humans since at least 1940 (REF. 5) 
(when the first influenza B virus was isolated), though 
they have probably circulated in humans for much 
longer. The influenza B viruses fall into two major lin‑
eages (B/Victoria and B/Yamagata) that diverged from 
each other in the 1970s6,7.

The influenza A and B virus genomes comprise 
eight gene segments, including polymerase basic 1 
(PB1), polymerase basic 2 (PB2) and polymerase acidic 
(PA), which encode the viral RNA-dependent RNA 
polymerase (RdRP) and other proteins that have been 
proposed to induce cell death (for example, PB1‑F2 
(REF. 8)) and to modulate viral pathogenicity (for exam‑
ple, PA-X9); nucleoprotein (NP), which encodes the viral 
nucleoprotein; matrix (M), which encodes the virus 
matrix protein (M1) and a virus surface protein (M2) 
that acts as an ion channel; nonstructural (NS), which 
encodes both the nonstructural 1 (NS1) protein that 
is involved in immune evasion and the nuclear export 
protein (NEP; also known as NS2), which mediates the 
nuclear export of viral ribonucleoprotein complexes; 
and HA and NA, which encode the viral primary surface 
glycoproteins (FIG. 1a). HA is responsible for cell attach‑
ment and entry through the binding of sialic acid on 
the surface of sialylated cells and for subsequent mem‑
brane fusion. NA enables the release of new virions from 
infected cells by cleaving the bonds between HA and 
sialic acid and by facilitating virus movement through 
mucus10. Owing to the misincorporation of nucleotides 
by the viral RdRP during genome replication and the 
segmented nature of their genomes, influenza viruses 
evolve through the gradual accumulation of mutations 
and genome reassortment11, which are also known as 
antigenic drift and antigenic shift, respectively.
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Abstract | Despite decades of surveillance and pharmaceutical and non-pharmaceutical 
interventions, seasonal influenza viruses continue to cause epidemics around the world each 
year. The key process underlying these recurrent epidemics is the evolution of the viruses to 
escape the immunity that is induced by prior infection or vaccination. Although we are beginning 
to understand the processes that underlie the evolutionary dynamics of seasonal influenza 
viruses, the timing and nature of emergence of new virus strains remain mostly unpredictable. 
In this Review, we discuss recent advances in understanding the molecular determinants of 
influenza virus immune escape, sources of evolutionary selection pressure, population dynamics 
of influenza viruses and prospects for better influenza virus control.

Epidemics
Infectious disease outbreaks 
involving a large number of 
people in a defined geographic 
location over a defined period 
of time.

Fomites
Surfaces or objects that can be 
contaminated by pathogens.

Pandemics
Global infectious disease 
epidemics.
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Within each virus subtype, the gradual accumulation 
of nucleotide mutations and amino acid substitutions 
in the HA and NA surface glycoproteins periodically 
results in the emergence of new antigenic variants (often 
referred to as strains, particularly in the context of vac‑
cine design), a phenomenon called antigenic drift12–14. 
These punctuated antigenic changes, particularly in HA, 
result in escape from the immunity that was induced by 
prior infection or vaccination, thus allowing the virus to 
reinfect individuals who were once immune to the virus 
and necessitating reformulation of the seasonal influenza 
virus vaccine15–17. The punctuated nature of antigenic 
evolution makes graphical depictions of antigenic vari
ation of the viral glycoprotein structures appear clustered 
and gives rise to the concept of antigenic clusters12.

One important consideration regarding the clustered 
appearance of antigenic evolution is that most antigenic 
variation is measured by haemagglutination inhibition (HAI) 
assays. These assays are unlikely to identify all forms 

of antigenic change, as they rely on antibodies that 
block sialic acid binding. Other mechanisms of anti‑
body-mediated response (such as antibody-mediated 
or complement-dependent cellular cytotoxicity and 
antibody-dependent cellular phagocytosis) could have 
important roles during infection18–22, and the reliance 
on HAI assays might therefore occlude some forms of 
antigenic variation from being identified that could 
give antigenic evolution a less punctuated appearance. 
Indeed, even using HAI assays, there are occasional 
examples of modest, gradual antigenic changes that 
occur outside of periods marked by more substantial 
antigenic cluster changes, where a newly emerging 
antigenic variant replaces existing antigenic variants.

New antigenic variants of A/H3N2 viruses appear 
every 3–5 years, whereas new antigenic variants of 
A/H1N1 and influenza B viruses appear less frequently 
(2–5 years for A/H3N2 viruses compared with 3–8 years 
for A/H1N1 and influenza B viruses)12,23–25. Given that 

Genome reassortment
A form of genomic 
rearrangement where two or 
more influenza viruses infect 
the same cell and exchange 
genomic segments, resulting 
in a genetically novel virus.

Antigenic clusters
A set of influenza virus variants 
with similar antigenic profiles.

Haemagglutination 
inhibition (HAI) assays
Experimental assays used to 
antigenically characterize 
viruses based on the ability 
of host serum to inhibit the 
virus-induced agglutination 
of red blood cells.

Figure 1 | The influenza A and B virion. a | The influenza A and influenza B virus genomes are composed of eight viral 
ribonucleoprotein (vRNP) complexes, encoding at least ten proteins and multiple polypeptides. The surface of the virus is 
dominated by the haemagglutinin (HA) and neuraminidase (NA) glycoproteins. HA is required for cell attachment and 
entry and is the primary target of the anti-influenza antibody response; NA is responsible for cell egress and mucus 
penetration. HA is the primary target of anti-influenza antibodies, particularly the globular head of the HA1 domain. The 
virus surface protein (M2) acts as an ion channel and the nuclear export protein (NEP) mediates the nuclear export of vRNP 
complexes. b | HA is a trimeric protein with each monomer being composed of two domains: HA1 (orange) and HA2 (blue). 
HA1 makes up the majority of the globular head and contains the receptor binding site (RBS) (yellow) for cell attachment. 
HA2 makes up the majority of the protein stalk domain. c | The five classical antigenic sites of H3 HA (denoted A–E) 
identified by monoclonal antibody selection and protein crystal structure considerations are shown, all of which have 
been observed to evolve in nature34–36. d | Immune escape substitutions (red) responsible for the majority of antigenic 
change in the influenza A virus with H3 HA and NA subtype 2 glycoproteins (A/H3N2) from 1968 to present are shown37–39. 
e | Substitutions shown to facilitate the escape of the H3 subtype of HA from broadly neutralizing anti‑HA antibodies 
within the protein stalk domain (amino acids 387 and 391) are highlighted in green48. M1, matrix protein 1.
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seasonal influenza viruses cause epidemics worldwide, 
infecting hundreds of millions of people each year1, and 
that each human is likely to be infected multiple times 
over their lifetime26,27, it is surprising that new anti‑
genic variants appear so infrequently. In this Review, we 
explore why influenza viruses evolve so slowly, a con‑
cept that challenges the preconception that influenza 
viruses evolve rapidly. We discuss recent advances in our 
understanding of the processes that determine the rate of 
antigenic drift, including the molecular basis of antigenic 
evolution, within-host selection, between-host transmission 
and population-level epidemics. Throughout this Review, 
we focus on how different evolutionary and ecological 
mechanisms impede the generation of the genetic diver‑
sity that underlies virus evolution28, thus making the 
number of opportunities for evolutionary selection to act 
on new variants rare. We then discuss the prospects for 
improved control of influenza virus through vaccination 
and the potential to predict patterns of viral evolution.

Molecular basis of antigenic drift
The HA protein is the primary target of the human 
adaptive immune response to the influenza virus and 
the key component of influenza virus vaccines. HA is a 

homotrimeric protein, with each monomer containing a 
globular head (HA1) and a stalk (HA2) domain (FIG. 1b). 
The majority of the antibody-mediated responses to HA 
are directed against the globular head29,30, but antibodies 
that are directed against the stalk occasionally develop in 
older individuals31–33.

Identifying the precise molecular determinants of 
antigenic drift has been a research priority for decades. 
Seminal work in the 1980s used monoclonal antibodies 
and HA protein structures to identify five broadly defined 
antigenic sites, each composed of multiple amino acid 
residues on the globular head34–36 (FIG. 1c). These studies 
suggested that at least one amino acid substitution in each 
of these sites was required to give rise to a new antigenic 
variant. At the time, a separate study hypothesised that 
one of these sites could be immunodominant35, but only 
recently has a more precise definition of the molecular 
determinants of antigenic drift emerged.

A recent study showed that just seven amino acids 
around the HA receptor binding site (positions 145, 
155, 156, 158, 159, 189 and 193 in H3) were the primary 
determinants of antigenic change in A/H3N2 viruses from 
1968 to 2003, as measured by HAI assays, plaque assays 
and microneutralization assays37 (FIG. 1d). Single amino acid 
changes in one of these seven positions in HA can be suf‑
ficient to generate new antigenic variants, but in strains 
from some genetic backgrounds, two or three mutations 
are required to generate new antigenic variants. Antigenic 
variants of A/H3N2 viruses that have been identified since 
2003 have been similarly associated with changes at these 
seven positions38,39. The importance of a small numbers of 
amino acid positions immediately adjacent to the recep‑
tor binding site in shaping antigenic evolution has also 
been shown for avian A/H5N1 viruses40, swine A/H3N2 
viruses41,42 and equine A/H3N8 viruses43. However, 
substitutions that are distant from the receptor binding 
domain of HA, including substitutions that are not char‑
acterized in the most widely used antigenic assays, may 
have important roles in immune escape18. A recent study 
that used deep mutational scanning to identify substitutions 
in HA leading to immune escape found similar evidence 
for escape being determined by single amino acid sub‑
stitutions44. Interestingly, deep mutational scanning also 
showed that the extent of escape from immune recogni‑
tion by specific antibodies was dependent on the specific 
amino acid residue at each amino acid position.

Antibodies that target the stalk of the HA protein are 
much less prevalent than those that target the globular 
head and are more commonly isolated from older individ‑
uals31–33. Stalk epitopes are more inaccessible to antibodies 
than those on the globular head, which reduces their 
exposure to the immune system; thus, multiple infections 
are required for the generation of stalk antibodies33,45,46. 
These antibodies are of substantial interest, as the stalk 
region of HA tends to be conserved among subtypes, and 
antibodies that target the stalk could therefore poten‑
tially offer inter-subtype protection47. Antigenic escape 
from antibodies that target the stalk has not been widely 
reported, but this could be caused by a lack of selection 
pressure on the HA stalk due to the inaccessibility of the 
stalk region to antibodies and thus the rarity of antibodies 

Within-host selection
Evolutionary selection that 
occurs at the level of an 
individual host, generally 
pertaining to virus fitness or 
virus interaction with the host 
immune response.

Immunodominant
A property of an antigen, 
causing it to be the primary 
focus of the immune response. 

Plaque assays
Experimental assays that 
measure virus growth rates.

Microneutralization assays
Experimental assays that 
measure the ability of host 
serum to neutralize specific 
antigenic strains.

Box 1 | Influenza B viruses

The majority of influenza virus research has focused on influenza A viruses, owing to the 
diversity of species that they infect, their ability to cause global pandemics in humans, 
their burden to reared livestock populations and their substantial contribution to the 
public health burden of seasonal influenza viruses. Influenza B viruses have circulated 
in humans since at least 1940 (REF. 5), contributed substantially to the human disease 
burden and constitute one-third and one-half of the viruses in the trivalent and 
quadrivalent seasonal influenza virus vaccines, respectively. However, they have been 
studied to a lesser extent than influenza A viruses because they cause fewer and 
smaller epidemics, evolve less rapidly than influenza A viruses and are thought to 
primarily infect children.

A number of key questions remain concerning the evolutionary and epidemiological 
dynamics of influenza B viruses. Importantly, why do influenza B viruses evolve more 
slowly than influenza A viruses? Multiple hypotheses have been proposed for why 
influenza B viruses evolve at a slower rate, including a less error-prone viral 
RNA-dependent RNA polymerase (RdRP) than influenza A viruses69, a lower 
immunogenicity than influenza A viruses160 and a relatively lower receptor binding 
avidity for sialic acid compared with influenza A viruses24,61. Similarly, population-level 
processes could have an important role, with smaller and less frequent epidemics 
allowing fewer opportunities for the virus to evolve and with children likely exerting 
less evolutionary selection pressure on the virus owing to a lower exposure history 
compared with adults.

A practical challenge for influenza B virus vaccine strain selection is anticipating 
which of the two influenza B viruses (B/Victoria or B/Yamagata) will dominate in the 
forthcoming influenza virus season. The majority of influenza vaccines used worldwide 
are a trivalent formulation consisting of one representative A/H1N1 virus, one A/H3N2 
virus and one B/Victoria or B/Yamagata virus. From 2000 to 2010, the influenza B virus 
lineage of the vaccine virus matched the dominant circulating strain in only 50% of 
seasons161, with substantial consequences for vaccine efficiency162. Quadrivalent 
vaccines that include both influenza A viruses and influenza B viruses have recently 
been introduced to circumvent this problem, but they are currently less widely used 
than the trivalent formulation. Another issue for the influenza B virus components of 
the trivalent and quadrivalent vaccines is the reliance on eggs for growing vaccine 
viruses. Since at least 2004, growing influenza B viruses in eggs can result in the loss of a 
glycosylation site in HA that alters virus antigenicity and thus affects the efficacy of the 
vaccine163. This problem still exists today, as evidenced by the poor reactivity of ferret 
antisera raised against egg-grown viruses when tested against cell-grown viruses38,39.
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to this region. However, in in vitro experiments, escape 
from stalk antibodies can be achieved through single 
amino acid substitutions (particularly through the 
Q387K substitution in A/H3N2 viruses)48 (FIG. 1e).

Antibodies are also raised against influenza virus 
NA during infection and have been shown to reduce 
viral replication and disease severity in mice49 and in 
humans50. However, NA antigenic variability has been 
studied to a lesser extent than that of HA owing to the 
immunodominance of HA, the greater neutralizing 
potential of anti‑HA antibodies and the challenges that 
are associated with phenotypic assays of NA antigenicity. 
Similar to that of HA, the antigenic evolution of NA is 
clustered13,14, but the timing of emergence of new NA 
antigenic variants is asynchronous with antigenic drift in 
HA14. Influenza virus vaccines that are currently licensed 
include immunogenic quantities of NA, but the contri‑
bution of NA to vaccine efficacy is not known51, and the 
immunogenicity of the NA within vaccines could be 
compromised by the low thermostability of NA during 
vaccine production52.

Constraints on viral evolution
Given that only a small number of amino acid substi‑
tutions are required to generate new influenza virus 
antigenic variants, it is surprising that new variants are 
observed only every few years. Over the past decade, 
a number of hypotheses that concern host–virus inter
actions have been proposed to explain the frequency of 
emergence of new antigenic variants53–60.

The identification of the seven amino acid positions 
that are responsible for antigenic change in A/H3N2 
viruses and their close proximity to the receptor binding 
site37 gives rise to a hypothesis about a key constraint on 
immune escape. Escape from antibodies that target the 
receptor binding site may require a delicate balancing 
act: mutations in these positions must cause antigenic 
change without disrupting receptor binding function. 
Thus, at any one time, only a minor subset of possible 
amino acid changes in each position can retain receptor 
binding function while causing antigenic change. This 
hypothesis could explain an interesting evolutionary 
event in the history of seasonal A/H1N1 viruses where 
between 2006 and 2007, viruses in three antigenically 
similar but geographically segregated HA genetic lin
eages each acquired the same amino acid substitution 
to become the same new antigenic variant24. This sub‑
stitution, K140E, is immediately adjacent to the receptor 
binding site and structurally equivalent to the sites that 
were identified for A/H3N2 viruses (FIG. 1c).

Receptor binding avidity for sialic acid could also 
have an important role61 in limiting the rate of antigenic 
evolution, particularly if the extent of the antigenic simi
larity between old and new variants is associated with 
the extent of receptor binding disruption caused by the 
acquisition of antigenicity-altering substitutions around 
the receptor binding site. As sialic acid binding is essen‑
tial for viral entry, HA subtypes with lower binding avid‑
ity for sialic acid could be less able to tolerate amino acid 
substitutions near the receptor binding site than viruses 
with higher receptor binding avidity for sialic acid. 

This balance of receptor binding and immune escape 
might effectively limit antigenic drift, thus explaining 
the relative uniformity of antigenic differences between 
successively circulating antigenic clusters12.

The genetic strain in which an amino acid substitu‑
tion appears is likely to be a major determinant of the tol‑
erance of that substitution. Experimental work on NP62 
and NA63 has shown that even closely related viruses can 
vary in their ability to tolerate particular amino acid sub‑
stitutions. A theoretical study that used dynamical models 
of influenza epidemiology and evolution53 showed that 
the rate of antigenic change could be constrained by the 
need to acquire multiple genetic mutations in order to 
acquire those substitutions that alter the antigenicity of 
the protein with little or no impact on the fitness of the 
virus. A more recent theoretical modelling study pro‑
posed that mutations that had a deleterious effect on 
viral fitness could limit antigenic change by requiring 
that substitutions that alter the antigenicity of HA confer 
a benefit to the fitness of the virus that offsets the cost of 
the accumulation of deleterious mutations54.

Even in the absence of these constraints, the opportu‑
nities for immune selection to affect an escape variant are 
likely to be rare, perhaps because antigenic drift variants 
need to reach a sufficient density for selection to operate. 
A hypothetical assessment of the factors shaping with‑
in-host virus evolution suggests that the acute nature of 
influenza virus infections combined with the probabili‑
ties of mutant virus emergence and the restriction of the 
innate immune response (see section on ‘Selection pres‑
sures’) should make the emergence of antigenic variants 
driven by within-host selection a rare event64–66 (though 
more probable in prolonged infections of immuno
compromised individuals67). For example, the mutation 
rate of the influenza A virus RdRP is in the range of 
~2.0 × 10−6 to ~2.0 × 10−4 mutations per site per round 
of genome replication68–71; thus, the probability of gen‑
erating a specific antigenic drift variant through a single 
nucleotide mutation is ~2/105 (the inverse of the mean 
of the two rates listed above) per round of replication. 
In an infected cell that produces ~104 virions72, even if 
the variant arises in the first round of replication, it will 
be vastly outnumbered by all the other progeny that are 
generated in that cell. After exiting the cell, virus pro
geny must survive the mucociliary clearance system before 
antibody selection can operate. This immune barrier is 
likely to substantially reduce the population of newly 
generated variants, with only a minority of virus progeny 
successfully infecting other cells (FIG. 2).

Selection pressures
Evolutionary selection pressure on influenza virus anti‑
genicity primarily stems from immunity that is induced 
by prior infections or vaccinations. The extinction of old 
antigenic variants upon the emergence of new ones is evi‑
dence that immune selection on influenza virus occurs12; 
however, the mechanisms of within-host selection that 
account for this observation are not well understood. 
Indeed, a recent study65 showed that vaccination and 
prior infections had minimal effects on the emergence 
of new antigenic variants in the 166 individuals studied. 

Deep mutational scanning
An experimental protocol for 
assessing the mutability and 
effect of amino acid 
substitutions at specific 
positions or across entire 
proteins.

Epitopes
The parts of an antigen that 
are recognized by the host 
adaptive immune response.

Antigenicity
The quality determining the 
appearance of an antigen 
to the immune system.

Avidity
The strength of binding 
between an antigen and a 
receptor based on multiple 
chemical bonds.

Dynamical models
A mathematical abstraction of 
the time-dependent behaviour 
of an object or system.

Mucociliary clearance 
The removal of pathogens by 
the movement of mucus in the 
upper respiratory tract by 
ciliated cells. 
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Understanding how within-host immune selection could 
influence virus evolution requires careful consideration of 
the temporal and spatial features of influenza virus infec‑
tion and of the respective roles of innate and adaptive 
immunity in naive and previously exposed individuals.

Innate immune selection. In individuals who have not 
been previously exposed to influenza virus antigens 
(naive individuals), infection is largely controlled by 
the innate immune response. Upon initial exposure to 

the virus, the mucosal barrier creates a layer of mucus 
rich in sialic acid, which acts as a decoy by binding to the 
viral HA protein and thus traps a substantial portion of 
viruses, effectively reducing the infectious dose10,73. After 
the virus has infected host cells, Toll-like receptor sig‑
nalling and interferon-mediated responses are triggered, 
resulting in the rapid establishment of an antiviral state 
that limits the permissivity of nearby cells to virus repli‑
cation74,75. The efficiency of innate immune selection is 
dependent on infectious dose76, virus immunogenicity 

Figure 2 | Bottlenecks in influenza virus diversity. a | An illustration depicting within-cell and within-host factors that 
reduce virus diversity, including the frequency of de novo mutant generation, innate and adaptive immune capture and 
subsequent infection of available host cells. Mutants are likely to be produced in each infected cell owing to the error-prone 
nature of the virus polymerase complex. Though most variants inside a donor cell are likely to be unfit, some will be fit. After 
exiting an infected cell, a substantial portion of free virus will be trapped in mucus. In previously infected individuals, free 
virus populations will be further reduced by the adaptive immune response. These virus population bottlenecks reduce 
both virus numbers and the newly generated mutant diversity that can propagate in recipient cells. b | The factors for 
between-host and population-level spread of influenza viruses include donor host excretion, recipient host infection and 
epidemic seeding. Most virus diversity generated within an infected host will be lost during transmission to a new host, as 
only a small number of virus particles are likely to establish the infection in the new host. This same process occurs at the 
population level, as long-term virus survival requires that the viruses from an epidemic manage to start epidemics in new 
locations. Much like the between-host transmission bottleneck, the between-epidemic bottleneck is likely to similarly 
reduce virus diversity. vRNP, viral ribonucleoprotein.

Infectious dose
The number of pathogen 
particles that initiate an 
infection.
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that leads to a pro-inflammatory state77,78 and host 
genetic factors that affect the strength of innate immune 
reactivity79–81. Overall, the innate immune response 
constrains virus evolution by decreasing the availabil‑
ity of cells that are permissive to virus replication and 
by reducing the virus diversity on which selection can 
operate28, independent of the antigenic phenotype.

Adaptive immune selection. The recurrent nature of 
influenza virus epidemics and repeated vaccination 
results in a complex mosaic of immune selection pres‑
sures from antibodies and immune memory cells. For an 
individual, the strength of the immune selection depends 
on the history of virus or vaccine antigen exposure82, the 
similarity of the antigen from the infecting virus to anti‑
gens from previous exposures27 and the extent of immune 
waning, which can lead to reduced selection pressures 
despite previous exposures83.

In naive individuals, viruses that escape the innate 
response are able to replicate, leading to a peak in virus 
titre 24–72 hours after infection, depending on the infec‑
tious dose84 (FIG. 3a). However, the time that is required 
for the de novo generation of virus-specific antibodies 
is 7–10 days after infection85, leading to minimal with‑
in-host antigenic selection on the virus during primary 
infection. In addition to the low selection pressure on 
the virus during primary infection, the acute nature 
of influenza virus infections leads to transient expo‑
sure of virus antigens to the adaptive immune system, 
which requires the prolonged presence of an antigen to 
develop highly specific adaptive immunity86. Thus, naive 
individuals would likely require more than one infec‑
tion or vaccination to generate highly specific antibodies 
that are able to confer protection87. This potential need 
for more than one exposure to generate immune selec‑
tion pressure means that, despite the high prevalence, 
infections in young children could have a limited role 
in virus evolution.

After primary infection, subsequent exposures 
to previously encountered antigenic variants induce 
mucosal immune responses to previously encountered 
virus epitopes. Such mucosal responses are largely 
mediated by immunoglobulin A (IgA) antibodies in 
the upper respiratory tract, which are able to cross the 
epithelial barrier from the blood to the upper respiratory 
tract lumen in order to bind to and neutralize influenza 
viruses, thus preventing the infection of host cells88 
(a process referred to as ‘immune exclusion’ (REF. 89)). 
As long as highly specific antibodies to the infecting 
virus were generated after a previous exposure, an 
infection can be rapidly contained with limited addi‑
tional immune activation, which explains the reduction 
in serological responses after each subsequent infection 
with homologous influenza virus strains26. However, this 
response is likely to strongly select for any new antigenic 
variants that are present in an infecting inoculum and to 
be a key source of selection pressure for virus evolution 
at the human population level.

Secondary infections with partially cross-reactive 
antigenic variants typically lead to incomplete early anti‑
body neutralization and infection90,91. As most influenza 

Figure 3 | Models of host immune selection during primary and secondary 
infections with influenza virus. The left y axis of each panel represents the relative 
contribution of each type of host immune response (innate response, mucosal 
response, recall adaptive response and novel adaptive response) to the magnitude of 
immune response against influenza virus. The red line corresponds to the right y axes, 
which represent the relative influenza virus titre. These panels were generated from 
basic immunological principles of primary and secondary infections assuming an 
average duration of influenza virus infection. However, dynamics could differ 
substantially in immunocompromised individuals165,166. a | Primary influenza virus 
infection in an individual who is immunologically naive to influenza virus is shown. 
Induction of interferon response correlates with influenza virus replication167,168 and 
dominates the early immune response169. This time course of generation of novel B cell 
response is consistent with dynamics of antigen-specific germinal centre reaction, 
which takes place approximately six days after antigen exposure170. A low degree of 
mucosal immune response can be present as a result of antigen-independent 
induction of natural immunoglobulin M antibodies171. b | In the case of secondary 
infection with a variant with partial cross reactivity to previous antigenic variants, 
immune selection is based on cross-reactive serological and memory B cell 
responses155, which have competitive advantages relative to naive B cell responses172. 
As in part a, the generation of specific adaptive immunity occurs after the peak of virus 
replication. However, the generation of antibodies to drifted strains is limited by the 
activity of cross-reactive antibodies, which bind to the HA head and reduce the 
amount of influenza antigen available to trigger a specific response94,95. c | In the case 
of secondary infection with a new antigenic variant with low cross reactivity to 
previous influenza viruses, neutralization of the virus by prior immunity is minimal, 
and the virus replicates to titres similar to those in primary infection (as in part a). 
This allows for sufficient antigen exposure to generate novel B cell responses 
specific to the new variant, but these typically occur 5–6 days after infection169. 
Thus, increasing antigenic distance between strains favours the generation of novel 
immune responses147.
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virus infections result in the recall of some immune 
memory27, individuals typically have the highest cumula‑
tive antibody titres against viruses that were encountered 
earlier in life27,92–94. This immunological backboosting gives 
rise to so-called antigenic seniority of antigenic variants 
that were encountered in the first decade of life95 and 
is consistent with the hypothesis of ‘original antigenic 
sin’ (REF. 96), where the recall of previously generated 
immunological memory compromises the generation 
of a highly specific antibody response to the new anti‑
genic variant (reviewed in REF. 19). During infections 
in which the immune response is dominated by a recall 
of immune memory (FIG. 3b), there is the possibility of 
immune selection pressure for new antigenic variants 
arising de novo, but this will be limited by the acute 
nature of typical infections, the predominance of existing 
antibodies with sub-neutralizing activities and the poten‑
tially reduced virus population size on which selection 
can exert its effects.

Infection with an antigenic variant that has a substan‑
tially reduced cross reactivity to previously encountered 
antigenic variants is primarily subject to restriction and 
clearance by the innate immune response independent 
of its antigenic profile, as it only weakly elicits a memory 
recall response and is unlikely to be neutralized by exist‑
ing antibodies. Similar to naive individuals, selection that 
is mediated by virus-specific antibodies is likely to occur 
only upon secondary exposure owing to the asynchrony 
in the generation of novel adaptive immune response and 
peak virus titre (FIG. 3c).

Measuring immune selection. Anti-influenza virus 
antibody levels and cross reactivity with new viruses 
are routinely used to assess potential protection against 
new influenza virus infections97. When combined with 
characterizations of virus genomic diversity, serologi‑
cal assays can provide insight into immune-driven virus 
evolution40,98. However, because the majority of influ‑
enza infections are restricted to the upper respiratory 
tract, in order for antibodies to apply selection on newly 
infecting variants, they need to be present in the lumen 
of the upper respiratory tract at the point of infection. 
Not all antibodies from the serum have access to this 
site of infection owing to differences in their capabilities 
to cross epithelial barriers, an ability that is mostly limi
ted to secreted IgA antibodies (and IgG antibodies in 
the lungs at a much lower rate). This means that high 
immune activation and elevation of serum antibody 
levels do not directly reflect the antibody-mediated 
selection applied to influenza viruses at the site of infec‑
tion, as only a small subset of these antibodies will have 
access to this site. Recent studies have shown that serum 
antibody titres can be a weak correlate of immune 
reactivity upon infection51,99,100 (reviewed in REF. 101), 
suggesting that serum antibody levels overestimate the 
strength of immune selection pressure. An improved 
understanding of the development and the maintenance 
of tissue-resident immune memory cells that are spe‑
cific for influenza virus is required to assess the involve‑
ment of mucosal immunity in recall responses and its 
potential role in driving virus evolution.

Between-host and epidemic dynamics
New antigenic variants are likely to be lost upon trans‑
mission to subsequent hosts unless they are able to rep‑
licate to high levels within an individual who is infected. 
The virus population bottlenecks that occur during virus 
egress from the donor host, ingress into the recipient 
host and penetration of innate immune barriers are 
each likely to be substantial, resulting in major losses 
of newly generated viral diversity64,102–105 (FIG. 2b). The 
extent of these bottlenecks varies with route of transmis‑
sion, with respiratory droplet transmission imposing a 
stronger bottleneck than contact transmission102,103.

Similar to within-host and between-individual 
transmission processes, larger-scale epidemic dynam‑
ics also impose strong bottlenecks on influenza virus 
evolution. The seasonal nature and short duration of 
influenza virus epidemics combined with the large 
viral diversity in an ongoing epidemic mean that newly 
emerged variants, even when they are more fit than the 
dominant variants, have little time to compete with 
existing variants, to replicate to high levels and to seed 
subsequent epidemics.

The timing of seasonal influenza virus epidemics 
varies globally, with the majority of influenza virus 
infections in temperate regions occurring in the winter 
months and during the rainy season in tropical regions 
(though epidemic timing is variable in some tropical 
countries)106–108 (FIG. 4a). Experimental work in animal 
models has shown that respiratory droplet transmission 
of seasonal influenza viruses occurs most efficiently in 
lower temperature and lower relative humidity envi‑
ronments compared with higher temperature or higher 
humidity environments109. This could explain the 
seasonality of influenza virus epidemics in the temper‑
ate regions of the Northern and Southern Hemispheres. 
However, in many parts of the tropics, influenza virus 
epidemics coincide with local rainy seasons, during 
which temperatures and relative humidity are both 
high. This implies that in the tropics, influenza virus 
transmission that occurs via direct contact or fomites 
could have a more important role than respiratory drop‑
let transmission. If true, the larger population bottle
necks that are associated with contact transmission 
could facilitate more rapid evolution in tropical envi‑
ronments than the possibly respiratory droplet dom‑
inated transmission in temperate environments. The 
onset of epidemics has also been linked to fluctuations 
in absolute humidity110,111.

Winter epidemics in temperate regions and rainy 
season epidemics in the tropics could also be linked to 
changes in human behaviour, for example, by increases 
in time spent indoors. Host mixing in confined spaces 
can have an important role in viral transmission, as 
evidenced by summertime outbreaks of influenza 
virus in elderly care homes and prisons112–114 and by 
the effect of school closures on limiting viral transmis‑
sion115. Additionally, seasonal fluctuations in human 
immunity, particularly during the winter months in 
which pro-inflammatory responses are upregulated116, 
could also have a role in the seasonality of influenza 
epidemics.

Antigenic distance
A measure of antigenic 
similarity derived from 
quantitative representations of 
haemagglutination inhibition 
assay data.

Immune waning
The process by which antibody 
titres or general immune 
reactivity declines with time 
in the absence of stimulation.

Immunological 
backboosting
The recall of previously 
acquired immune memory 
upon infection or vaccination 
with a partially cross-reactive 
antigen.

Antigenic seniority
The phenomenon of having 
higher antibody titres to 
influenza virus variants 
encountered earlier in life 
than to more recent viruses.

Bottlenecks
Contractions in population 
diversity associated with 
reductions in population size.
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Global dynamics
Owing to the acute nature of influenza virus epidem‑
ics, the long-term circulation of influenza viruses in the 
human population is driven by the global movement of 
viruses. The extent to which viruses move internation‑
ally versus persisting locally between different epidemics 
has been of interest since at least the 1800s117,118. Various 
hypotheses have been proposed to explain the global 
movement of viruses, including back and forth migra‑
tion between the temperate regions of the Northern and 
Southern Hemispheres due to differences in the timing 
of winter, continual seeding of epidemics in temperate 
regions from the tropics and seeding of viruses from 
China. The hypothesis based on the seeding of viruses 
from China originates from the perceived historical 
importance of China as a source of pandemic viruses119 
and the sheer magnitude of the human population 
in China.

Phylogenetic analyses of virus genome data sets from 
New York, United States, and South Island, New Zealand, 
and Australia representing the Northern and Southern 
Hemispheres, respectively, provided evidence against the 
local persistence of A/H3N2 viruses between epidemics120. 
Subsequent studies on the global dynamics of A/H3N2 
viruses provided further evidence of local extinction 
of viruses between epidemics and identified East and 
Southeast (E–SE) Asia as the global source of A/H3N2 
viruses24,121–126. The advent of influenza virus surveillance 
data from India (BOX 2) led to the discovery that the global 
source region for A/H3N2 viruses also includes India in 
addition to E–SE Asia24 and confirmed previous hypoth‑
eses121. In E–SE Asia and India, A/H3N2 viruses become 
locally extinct between epidemics, but variation in local 
climates enables viruses to continuously circulate by 
passing from epidemic to epidemic in the region.

Recently, the global circulation pattern of seasonal 
influenza was shown to vary with the rate of antigenic 
evolution of different virus types and subtypes24. Unlike 
A/H3N2 viruses that spread globally from E–SE Asia 

and India each year, A/H1N1 and influenza B viruses 
sporadically persist locally between epidemics in 
multiple regions of the world, giving rise to multiple 
co‑circulating genetic lineages. These co‑circulating lin‑
eages occasionally resulted in divergent antigenic vari
ants, suggesting a need for region-specific influenza B 
virus vaccine components21.

The differences in the global dynamics of seasonal 
influenza viruses are likely a result of differences in 
the rates of virus evolution, potentially leading to the 
observed variations in age distributions of infection24; 
that is, viruses that evolve rapidly to escape immunity 
can infect people of all ages more often than viruses that 
evolve at a slower rate, which primarily infect children 
and only sporadically infect adults. For example, anti‑
genic regions of the HA glycoprotein of A/H3N2 viruses 
evolve at a faster rate than A/H1N1 virus and influ‑
enza B virus antigenic regions127, and these differences 
in rates of evolution lead to larger and more frequent 
A/H3N2 virus epidemics (which could, in turn, drive 
evolution128), resulting in people of a wide variety of ages 
becoming infected. A/H1N1 and influenza B viruses 
tend to cause smaller and less frequent epidemics and 
to infect younger individuals. Combined with the more 
frequent global travel of adults than young children, 
these differences in the distribution of age of infection 
provide a mechanism for A/H3N2, A/H1N1 and influ‑
enza B viruses to follow similar patterns of movement 
around the world but at the same time provide a mech‑
anism for A/H3N2 viruses to spread more rapidly than 
A/H1N1 and influenza B viruses (FIG. 4b).

Options for the control of influenza
Vaccines are the primary tool for preventing and con‑
trolling seasonal influenza virus infections. The effect of 
vaccination on virus evolution is likely to be small com‑
pared with the effect of influenza virus infection, as <10% 
of the world population is routinely vaccinated against 
influenza virus129. However, the impact of virus evolu‑
tion on vaccine efficacy is substantial130,131. Accordingly, 
the formulation of influenza virus vaccines is re‑assessed 
twice annually (in February in the Northern Hemisphere 
and in September in the Southern Hemisphere) to try 
to ensure that the viruses in the vaccine match circu‑
lating viruses that are most likely to cause future epi‑
demics38,39,132. These decisions are made approximately 
nine months before the vaccines are intended to confer 
protection in order to accommodate the time that is 
necessary for producing, distributing and administer‑
ing the vaccine. The long vaccine production process is 
largely caused by the use of chicken egg-based vaccine 
production technologies, and this duration creates a 
window of opportunity for new virus variants to emerge, 
often resulting in decreased vaccine efficacy133. Egg-
based vaccine production also has the potential to cause 
unintended antigenic change to the vaccine virus when 
the human-adapted virus is evolved to replicate effi‑
ciently in eggs134. New vaccine production methods could 
reduce these inefficiencies (TABLE 1), potentially leading to 
more efficient vaccine production processes and more 
effective vaccines. Influenza virus vaccines can now be 

Figure 4 | Global dynamics of seasonal influenza viruses. a | The mean influenza virus 
epidemic activity by month based on virologically confirmed samples of influenza A 
virus with haemagglutinin (HA) subtype 3 and neuraminidase (NA) subtype 2 
glycoproteins (A/H3N2), A/H1N1, B/Victoria, and B/Yamagata viruses from 2000 to 2015 
(REF. 164) is shown. The 2009 A/H1N1 pandemic caused outbreaks with atypical 
seasonality around the world. To avoid biasing the estimates of seasonality, A/H1N1 
viruses collected in 2009 were excluded. For countries for which data was not available 
for all years from 2000 to 2015, data for years available was used. The number of 
virologically confirmed cases reported in FluNet164 were calculated for each month for 
each country and converted into mean case frequencies per month by dividing each 
monthly total by the total number of cases recorded for that country. Colours represent 
the relative level of influenza virus activity for that country during that month: dark red 
represents high influenza prevalence; dark blue indicates low prevalence. b | Estimates of 
virus migration rate between regions based on phylogenetic inferences of influenza HA 
genetic sequence data are depicted by arrows. Line thickness indicates the mean 
number of virus migration events per year. Arrowheads indicate the strength of 
directionality of virus migration. The circle area for each region indicates that region’s 
contribution to the global ancestry of viruses. Circles are coloured to differentiate 
regions of the world but do not otherwise affect the interpretation of the figure. Africa 
could not be included in these inferences owing to the substantially lower levels of 
surveillance in Africa relative to the rest of the world. Lat, latitude. Part b adapted with 
permission from REF. 24, Macmillan Publishers Limited.
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produced using cell-based culture manufacturing and 
recombinant technologies without culturing the virus in 
chicken eggs (reviewed in REFS 135,136), thus allowing 
the use of viruses that are genetically closer to wild-type 
viruses in vaccines and reducing the risk of viral evolu‑
tion during laboratory passage136–138. Recombinant tech‑
nologies have the added benefit of substantially reducing 
production times compared with egg-based and cell-
based technologies, as production can begin once a virus 
genome has been sequenced rather than starting with a 
live virus136. If the majority of influenza virus vaccines 
were produced using recombinant technologies, the vac‑
cine strain selection decisions could be made closer to 
the time of intended vaccine use, thus reducing the win‑
dow of opportunity for the emergence of new antigenic 
variants in the human population.

A complementary approach to improve influenza 
virus vaccine production is to attempt to predict future 
patterns of influenza virus evolution. The ability to pre‑
dict how influenza viruses will evolve would substan‑
tially improve options for vaccine development and 
efficacy. To date, the accurate prediction of future anti‑
genic change to influenza viruses has been hindered by 
a limited understanding of how changes in viral geno‑
type affect viral phenotype and of the interplay of factors 
governing the rate of antigenic evolution.

Recent efforts have made progress in predicting 
influenza virus genetic evolution by analysing genetic 
sequence data and phylogenetic branching patterns 
to predict the success of genetic lineages139,140 and may 

become useful for predicting which virus lineages are 
likely to survive or to become extinct. Attempts to inte‑
grate antigenic data into these predictions have resulted in 
improvements in prediction accuracy141. These methods, 
combined with tools that track the real-time evolution of 
influenza viruses, like NextFlu142, are helping to integrate 
different types of surveillance data, particularly antigenic 
data, and have the potential to help determine the vaccine 
strains that are included in influenza virus vaccines.

There is also a need to improve how vaccines are 
used to maintain immunity. The annual re‑vaccination 
designed to maintain protection against influenza 
viruses can have a negative effect on vaccine effi‑
cacy, owing to the repeated recall of previously gener‑
ated immune memory with a limited stimulation of 
novel immune responses143–146. This decline in vaccine 
efficacy associated with vaccination history is thought to 
be the result of a decline in boosts of antibody titres with 
each repeated exposure to similar viruses and antigenic 
differences between the vaccine virus and circulating 
viruses147,148. There are four broad strategies for com‑
batting this problem: generating broadly neutralizing 
responses to conserved epitopes to reduce the need for 
revaccination (that is, creating a universal vaccine)47,149; 
better stimulating mucosal immunity to improve the 
breadth of cross-protection150,151; vaccinating with 
viruses that are sufficiently antigenically dissimilar to 
previously circulating viruses to leverage backboosting 
for protection against circulating strains27,152; and improv‑
ing the adjuvant composition of vaccines to enhance the 
generation of novel immune responses153,154.

In addition, influenza virus vaccine efficacy could 
likely be improved by better vaccine strain selection 
strategies132. Vaccine strain selection is largely based on 
the antigenic characterization of circulating viruses by 
use of antisera in binding assays that are produced dur‑
ing primary influenza virus infections in ferrets. These 
assays can overlook the complexity of the immunity that 
results from multiple infections and vaccinations18 and 
might not accurately reflect protection in individuals who 
have been exposed multiple times, particularly in elderly 
people. Emerging technologies for immune phenotyping 
and next-generation sequencing of antibody repertoires 
to improve our understanding of protection could facil‑
itate a more strategic selection of vaccine strains to elicit 
better protection in individuals who have been previously 
exposed to influenza viruses through infections and 
repeated vaccinations155–157.

Conclusions
In this Review, we have discussed how processes that 
operate at the level of the virus, host and human popu‑
lation act in concert to determine the rate of influenza 
virus evolution and, in turn, shape the global dynamics 
of seasonal influenza viruses. Despite the high number of 
influenza virus infections each year, the opportunities for 
evolutionary selection pressures to act on are likely to be 
rare. The factors that limit these opportunities are inher‑
ent to the biology of the virus (owing to the limited num‑
ber of mutations that can be accommodated by the virus 
without substantially decreasing fitness), immunological 

Adjuvant
A pharmacological agent that 
affects the breadth and/or 
strength of the immune 
response.

Antisera
The antibody-containing 
portions of the blood, which 
are specific for a given 
pathogen.

Box 2 | Surveillance of seasonal influenza viruses

The evolution of seasonal influenza viruses is monitored by the World Health 
Organization (WHO) Global Influenza Surveillance and Response System (GISRS), 
which includes the National Influenza Centres, the WHO Collaborating Centres for 
Reference and Research on Influenza and the Essential Regulatory Laboratories. 
Collectively, the GISRS oversees influenza virus surveillance in >110 countries around 
the world and tested >2 million clinical samples in 2015164.

Seasonal influenza virus surveillance is crucial for evaluating and designing seasonal 
influenza vaccines and is also important for monitoring the emergence of resistance to 
antiviral drugs, detecting and responding to potential pandemic threats and generating 
valuable data for influenza virus research. The long-term, intensive nature of influenza 
virus surveillance has generated a wealth of data that have facilitated our 
understanding of the large-scale population dynamics of seasonal influenza viruses, 
including studies that showed that virus evolution is continuous but changes in 
antigenicity are clustered12 and that the global circulation patterns of seasonal 
influenza viruses vary with rates of virus evolution24.

Despite the fact that seasonal influenza viruses are among the most monitored 
pathogens in the world, there is still scope for improving their surveillance. Historically, 
seasonal influenza virus surveillance was lacking in major parts of the world including 
South America, India and Africa. However, in the past 10–15 years, surveillance 
activities have increased substantially in many parts of South America and India. 
Increased surveillance in India revealed an important role for the country in seasonal 
influenza virus evolution and in seeding epidemics around the world, comparable in 
importance to China24. Despite important progress in developing surveillance 
infrastructure in Africa, many countries there remain under-surveyed or lack influenza 
virus surveillance programmes altogether. This can be clearly seen in FIG. 4a and FIG. 4b, 
where most of Africa has not been included owing to insufficient data to reliably assess 
patterns of seasonality and the role of African countries in global virus circulation. 
Importantly, there is still substantial scope for improving surveillance worldwide to 
detect rare events such as the emergence of new antigenic variants and the 
cross-species transmission of viruses from animals to humans.
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(owing to the way complex exposure histories limit the 
generation of novel immunity) and epidemiological 
(owing to the acute nature of infections and epidemics).

Studies of these evolutionary processes will bene‑
fit from the increasing resolution of next-generation 
sequencing tools, which can be used to identify muta‑
tions during within-host and between-host processes, 
particularly with regard to the de novo generation of new 
mutants and the selective advantages that mutants con‑
fer to escape stochastic extinction. Similarly, there is a 
growing need for better computational and mathematical 
modelling frameworks for integrating different data 
sources about processes occurring within and between 
hosts. Moreover, standardizing practices across different 
laboratories and the sharing of primary virological data 
beyond genetic sequence data, particularly antigenic 
data, is crucial for heightening our understanding of the 
evolution of seasonal influenza viruses.

Immune repertoire sequencing for profiling immune 
responses during infection and vaccination could lead 
to the identification of markers of the host immune 
response that are shared among individuals and thus 

provide opportunities for the systematic characterization 
of within-host and population-level selective pressures 
that affect virus evolution158. These common immune 
markers could be used for predicting the efficacy of vac‑
cines during the design stage159. However, the use of such 
large-scale sequencing approaches in influenza virus vac‑
cine design requires an understanding of how changes in 
viral genotype affect specific immune phenotypes, which 
is currently lacking.

Improving our understanding of influenza virus evo‑
lution and our ability to predict patterns of viral evolution 
will lead to better influenza virus control. However, as 
influenza virus is a global pathogen, new measures for con‑
trolling influenza virus will need to be implemented world‑
wide. Currently, global seasonal influenza virus vaccine 
production is ~500 million doses per year129 for a human 
population of >7 billion people. Reducing the global bur‑
den of influenza virus will require substantial increases in 
vaccine production and increases in access to influenza 
virus vaccines, antiviral drugs and non-pharmaceutical 
interventions. This is particularly important for areas 
where the public health infrastructure is poor.

Table 1 | Advantages and disadvantages of strategies for influenza virus vaccine production

Vaccine Advantages Disadvantages Refs

Licensed

Egg-grown 
vaccines

Well established; relatively inexpensive 
compared to other vaccine production 
methods

Prone to mutations and changes in antigenicity 
during egg adaptation; long production time; 
dependent on egg supply, which might be 
limited in the case of pandemics

173,174

Mammalian 
cell-grown 
vaccines

Faster start‑up and scale‑up than 
egg-based vaccines, as cells can be 
frozen in advance; production in sterile 
environment without the use of antibiotics; 
no risk of egg-adaptation mutations

Require live virus to begin production 175–177

Recombinant 
vaccines

Rapid production and scale‑up; 
production can be initiated from virus 
genetic sequence without live virus; no risk 
of mutations from laboratory passage

Reduced immunogenicity requires the use 
of adjuvants or high haemagglutinin (HA) 
concentrations; potential differences in 
glycosylation between mammalian and  
insect cells

178,179

Live- 
attenuated 
vaccines

Administration via natural route of 
infection; broader immunity with better 
activation of mucosal immunity

Low risk of virus reversion to wild type; 
observed decrease in efficacy after repeated 
vaccination; temperature-sensitive; produced 
in eggs with all associated disadvantages

180,181

Emerging technologies

Viral vectors Rapid production and scale‑up; easy to 
introduce multiple antigens on a single 
vector; vector-induced innate immunity 
removes the need for adjuvants

Efficacy can be affected by pre-existing 
immunity to the vector

182,183

Insect 
cell-grown 
virus-like 
particles 
(VLPs)

Rapid production and scale‑up; do not 
require live virus during production 
process; no risk of mutation from 
laboratory passage; not reliant on 
egg supply; allow for simultaneous 
introduction of multiple antigens; 
stimulate innate and adaptive immunity

Previous exposure can interfere with 
immunogenicity; low efficacy of production 
of VLPs of large antigens (for example, the 
envelope protein of human immunodeficiency 
virus and influenza virus HA); require prior 
knowledge of epitope immunogenicity; 
differences in glycosylation between 
mammalian and insect cells

184

Broadly 
acting 
vaccines 
(‘universal 
vaccines’)

Rapid production and scale‑up; 
based on recombinant technologies 
without the need for live virus; provide 
cross-protection across influenza strains; 
do not require annual re‑vaccination

Require further assessment of short-term and 
long-term efficacy; unknown whether viruses 
would evolve to escape broad neutralization 
once vaccine is in widespread use

90,185, 
186

Immune repertoire 
sequencing
Targeted genetic sequencing of 
the B cell or T cell receptor 
genes.
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