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a b s t r a c t

The influenza viruses are characterized by segmented, negative-strand RNA genomes requiring an RNA-
dependent RNA polymerase of viral origin for replication. The particular structure of the influenza virus
genome and function of its viral proteins enable antigenic drift and antigenic shift. These processes result
in viruses able to evade the long-term adaptive immune responses in many hosts.
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. The influenza viruses

The influenza A, B, and C viruses, representing three of the five
enera of the family Orthomyxoviridae, are characterized by seg-
ented, negative-strand RNA genomes. Sequencing has confirmed

hat these viruses share a common genetic ancestry; however, they
ave genetically diverged, such that reassortment—the exchange
f viral RNA segments between viruses—has been reported to
ccur within each genus, or type, but not across types. Influenza
viruses are further characterized by the subtype of their sur-

ace glycoproteins, the hemagglutinin (HA) and the neuraminidase
NA). Influenza viruses have a standard nomenclature that includes
irus type; species from which it was isolated (if non-human);
ocation at which it was isolated; isolate number; isolate year;
nd, for influenza A viruses only, HA and NA subtype. Thus,
/Panama/2007/1999 (H3N2) was isolate number 2007 of a human

nfluenza A virus taken in the country of Panama in 1999, and it
as an HA subtype 3 and an NA subtype 2. While many genetically
istinct subtypes—16 for HA and 9 for NA—have been found in cir-
ulating influenza A viruses, only three HA (H1, H2, and H3) and

wo NA (N1 and N2) subtypes have caused human epidemics, as
efined by sustained, widespread, person-to-person transmission
1].
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. Virion structure and organization

By electron microscopy, influenza A and B viruses are virtually
ndistinguishable. They are spherical or filamentous in shape, with
he spherical forms on the order of 100 nm in diameter and the fila-

entous forms often in excess of 300 nm in length. The influenza A
irion is studded with glycoprotein spikes of HA and NA, in a ratio of
pproximately four to one, projecting from a host cell-derived lipid
embrane [1]. A smaller number of matrix (M2) ion channels tra-

erse the lipid envelope, with an M2:HA ratio on the order of one M2
hannel per 101 to 102 HA molecules [2]. The envelope and its three
ntegral membrane proteins HA, NA, and M2 overlay a matrix of M1
rotein, which encloses the virion core. Internal to the M1 matrix
re found the nuclear export protein (NEP; also called nonstruc-
ural protein 2, NS2) and the ribonucleoprotein (RNP) complex,
hich consists of the viral RNA segments coated with nucleopro-

ein (NP) and the heterotrimeric RNA-dependent RNA polymerase,
omposed of two “polymerase basic” and one “polymerase acidic”
ubunits (PB1, PB2, and PA). The organization of the influenza B
irion is similar, with four envelope proteins: HA, NA, and, instead
f M2, NB and BM2. Influenza C virions are structurally distinct from
hose of the A and B viruses; on infected cell surfaces, they can form
ong cordlike structures on the order of 500 �m. However, influenza

virions are compositionally similar, with a glycoprotein-studded
ipid envelope overlying a protein matrix and the RNP complex. The

nfluenza C viruses have only one major surface glycoprotein, the
emagglutinin–esterase-fusion (HEF) protein, which corresponds

unctionally to the HA and NA of influenza A and B viruses, and one
inor envelope protein, CM2 [1].
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Table 1
The genomic segments of influenza A/Puerto Rico/8/1934 (H1N1) virus and their encoded proteins

Segment Segment length in
nucleotides

Encoded protein(s) Protein length in amino acids Protein function

1 2341 PB2 759 Polymerase subunit; mRNA cap recognition

2 2341 PB1 757 Polymerase subunit; RNA elongation, endonuclease activity
PB1-F2 87 Pro-apoptotic activity

3 2233 PA 716 Polymerase subunit; protease activity
4 1778 HA 550 Surface glycoprotein; major antigen, receptor binding and fusion activities
5 1565 NP 498 RNA binding protein; nuclear import regulation
6 1413 NA 454 Surface glycoprotein; sialidase activity, virus release

7 1027 M1 252 Matrix protein; vRNP interaction, RNA nuclear export regulation, viral budding
M2 97 Ion channel; virus uncoating and assembly

8 890 NS1 230 Interferon antagonist protein; regulation of host gene expression
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he PB2, PA, HA, NP and NA proteins are each encoded on a separate RNA segment
1 alternate reading frame (kindly provided by Megan L. Shaw).

. Genome structure

The influenza A and B virus genomes each comprise eight
egative-sense, single-stranded viral RNA (vRNA) segments, while

nfluenza C virus has a seven-segment genome (see Table 1). The
ight segments of influenza A and B viruses (and the seven seg-
ents of influenza C virus) are numbered in the order of decreasing

ength. In influenza A and B viruses, segments 1, 3, 4, and 5 encode
ust one protein per segment: the PB2, PA, HA and NP proteins. All
nfluenza viruses encode the polymerase subunit PB1 on segment
; in some strains of influenza A virus, this segment also codes
or the accessory protein PB1-F2, a small, 87-amino acid protein
ith pro-apoptotic activity, in a +1 alternate reading frame [3]. No

nalogue to PB1-F2 has been identified in influenza B or C viruses.
onversely, segment 6 of the influenza A virus encodes only the NA
rotein, while that of influenza B virus encodes both the NA protein
nd, in a −1 alternate reading frame, the NB matrix protein, which
s an integral membrane protein corresponding to the influenza A
irus M2 protein [4]. Segment 7 of both influenza A and B viruses
ode for the M1 matrix protein. In the influenza A genome, the
2 ion channel is also expressed from segment 7 by RNA splicing

5], while influenza B virus encodes its BM2 membrane protein in
+2 alternate reading frame [6,7]. Finally, both influenza A and B

iruses possess a single RNA segment, segment 8, from which they
xpress the interferon-antagonist NS1 protein [8–10] and, by mRNA
plicing, the NEP/NS2 [11,12], which is involved in viral RNP export
rom the host cell nucleus. The genomic organization of influenza

viruses is generally similar to that of influenza A and B viruses;
owever, the HEF protein of influenza C replaces the HA and NA pro-
eins, and thus the influenza C virus genome has one fewer segment
han that of influenza A or B viruses.

The ends of each vRNA segment form a helical hairpin, which
s bound by the heterotrimeric RNA polymerase complex; the
emainder of the segment is coated with arginine-rich NP, the net
ositive charge of which binds the negatively charged phosphate
ackbone of the vRNA [13–15]. Each vRNA segment possesses non-
oding regions, of varying lengths, at both 3′ and 5′ ends. However,
he extreme ends of all segments are highly conserved among all
nfluenza virus segments; these partially complementary termini
ase-pair to function as the promoter for vRNA replication and tran-
cription by the viral polymerase complex. The noncoding regions

lso include the mRNA polyadenylation signal and part of the pack-
ging signals for virus assembly.

A segmented genome enables antigenic shift, in which an
nfluenza A virus strain acquires the HA segment, and possibly the
A segment as well, from an influenza virus of a different sub-
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Nuclear export of RNA

2 and NEP are both expressed from spliced mRNAs, while PB1-F2 is encoded in a

ype. This segment reassortment can happen in cells infected with
ifferent human and animal viruses, and the resulting virus may
ncode completely novel antigenic proteins to which the human
opulation has no preexisting immunity. Pandemic influenza arises
hen antigenic shift generates a virus to which humans are suscep-

ible but immunologically naïve. Antigenic shift likely produced
he influenza A (H1N1) virus that was the causative agent of the
918–1919 “Spanish flu,” whose lethality was unparalleled in mod-
rn times. Characterization of the reconstructed 1918 influenza
irus indicated that its unique constellation of genes was respon-
ible for its extreme virulence, with the HA, NA, and PB1 genes all
ontributing to its high pathogenicity [16,17]. The global spread of
he pandemic was almost certainly enabled by the acquisition of
ntigenically novel surface proteins, to which much of the world’s
opulation was immunologically naïve [18].

. The influenza virus replication cycle

.1. Virus attachment

Influenza viruses recognize N-acetylneuraminic (sialic) acid on
he host cell surface. Sialic acids are nine-carbon acidic monosac-
harides commonly found at the termini of many glycoconjugates.
hus, they are ubiquitous on many cell types and in many ani-
al species. The carbon-2 of the terminal sialic acid can bind

o the carbon-3 or carbon-6 of galactose, forming �-2,3- or
-2,6-linkages; these different linkages result in unique steric con-
gurations of the terminal sialic acid. The sialic acid moiety is
ecognized and bound by the HA spikes on the surface of influenza
iruses, which have a preferential specificity for either �-2,3- or
-2,6-linkages. In human tracheal epithelial cells, �-2,6-linkages
redominate, while �-2,3-linkages are more common in duck
ut epithelium. Sialic acids with terminal �-2,3-linkages are also
resent in human respiratory epithelium, though in less abundance
han those with �-2,6-linkages [19,20]; consequently, humans and
ther primates can be infected by avian influenza viruses, albeit
ith overall less efficiency than by human strains [21–23].

The differential expression of sialic acids in the mammalian
espiratory tract may help to explain the low infectivity but high
athogenicity of some avian strains. In humans, �-2,3-linked sia-

ylated proteins, while less abundant overall, are most prevalent in

he lower respiratory tract (bronchioles and alveoli). The lungs are
ot as accessible to airborne virus particles as is the upper respira-
ory tract (nasopharynx, paranasal sinuses, trachea, and bronchi);
o avian virus infection is relatively rare in humans. However, when
vian strains do infect the human lung, a severe and rapidly pro-
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Fig. 1. Ribbon diagram of an uncleaved hemagglutinin monomer from the 1918
influenza A virus (H1N1), the causative agent of the “Spanish flu” pandemic. The
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ead contains the sialic acid receptor-binding site, which is surrounded by the five
redicted antigenic sites (Sa, Sb, Ca1, Ca2, and Cb). The stem comprises helices A
nd B and the fusion peptide, as shown. (Adapted from a figure, kindly provided by
ames Stevens and Ian Wilson, in [1].)

ressive pneumonia may result; in this clinical setting, fatality rates
xceed 60% [24].

The crystal structure of the HA molecule is a trimer with two
tructurally distinct regions: a stem, comprising a triple-stranded
oiled-coil of �-helices, and a globular head of antiparallel �-sheet,
ositioned atop the stem [25]. The head contains the sialic acid
eceptor binding site, which is surrounded by the predicted variable
ntigenic determinants, designated A, B, C, and D in the H3 subtype
26] and Sa, Sb, Ca1, Ca2, and Cb in the H1 subtype (see Fig. 1) [1].
uring virus replication, the HA protein is cleaved by serine pro-

eases into HA1 and HA2; this post-translational modification is
ecessary for virus infectivity. The HA2 portion is thought to medi-
te the fusion of virus envelope with cell membranes, while the HA1
ortion contains the receptor binding and antigenic sites (reviewed

n [27]). Antibodies to HA neutralize virus infectivity, so virus strains
volve frequent amino acid changes at the antigenic sites; however,
he stem-head configuration of the HA molecule remains conserved
mong strains and subtypes. These relatively minor changes accu-
ulate in a process called antigenic drift. Eventually, mutations in
ultiple antigenic sites result in a virus strain that is no longer

ffectively neutralized by host antibodies to the parental virus, and
he host becomes susceptible again to productive infection by the
rifted strain.

.2. Virus entry

Following attachment of the influenza virus HA protein (or the
EF protein of influenza C virus) to sialic acid, the virus is endo-
ytosed. The acidity of the endosomal compartment is crucial to
nfluenza virus uncoating in two ways. First, low pH triggers a
onformational change in the HA, exposing a fusion peptide that
ediates the merging of the viral envelope with the endosomal

embrane, thus opening a pore through which the viral RNPs are

eleased into the host cell cytoplasm (reviewed in [28,29]). Second,
ydrogen ions from the endosome are pumped into the virus par-
icle via the M2 ion channel. The M2 protein, a transmembrane ion
hannel found only in influenza A virus, has portions external to the
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iral envelope, along with the HA and NA. The M2 protein is the tar-
et of the amantadine class of anti-influenza drugs, which block ion
hannel activity and prevent virus uncoating [30,31]; also, because
t is a surface protein, it has been proposed as a vaccine compo-
ent [32,33]. Internal acidification of the influenza virion via the
2 channel disrupts internal protein–protein interactions, allow-

ng viral RNPs to be released from the viral matrix into the cellular
ytoplasm [34].

.3. Synthesis of viral RNA

Once liberated from the virion, RNPs are trafficked to the host
ell nucleus by means of viral proteins’ nuclear localization sig-
als (NLSs), which direct cellular proteins to import the RNPs and
ther viral proteins into the host cell nucleus (reviewed in [35]). The
ucleus is the location of all influenza virus RNA synthesis—both of
he capped, polyadenylated messenger RNA (mRNA) that acts as the
emplate for host-cell translation of viral proteins, and of the vRNA
egments that form the genomes of progeny virus. The viral RNA-
ependent RNA polymerase—a component of the RNPs imported

nto the nucleus—uses the negative-sense vRNA as a template to
ynthesize two positive-sense RNA species: mRNA templates for
iral protein synthesis, and complementary RNA (cRNA) interme-
iates from which the RNA polymerase subsequently transcribes
ore copies of negative-sense, genomic vRNA.
Unlike host cell mRNA, which is polyadenylated by a specific

oly(A) polymerase, the poly(A) tail of influenza virus mRNA is
ncoded in negative-sense vRNA as a stretch of five to seven uracil
esidues, which the viral polymerase transcribes into the posi-
ive sense as a string of adenosines that form the poly(A) tail
36–38]. Messenger RNA capping occurs in a similarly unique man-
er, in which the PB1 and PB2 proteins “steal” 5′ capped primers

rom host pre-mRNA transcripts to initiate viral mRNA synthe-
is; this process is called “cap snatching” (described further in
39]).

Once polyadenylated and capped, mRNA of viral origin can be
xported and translated like host mRNA. Nuclear export of vRNA
egments, however, is mediated by the viral proteins M1 and
EP/NS2 [35]. M1 interacts with both vRNA and NP, and is thus

hought to bring these two components together within the RNP
omplex; M1 also associates with the nuclear export protein NEP,
hich mediates the M1-RNP export via nucleoporins into the cyto-
lasm.

.4. Synthesis of viral proteins

The envelope proteins HA, NA, and M2 are synthesized,
rom mRNA of viral origin, on membrane-bound ribosomes
nto the endoplasmic reticulum, where they are folded
nd trafficked to the Golgi apparatus for post-translational
odification. All three proteins have apical sorting sig-

als that subsequently direct them to the cell membrane
or virion assembly. Although comparatively little is known
bout the translation and sorting of the non-envelope proteins,
1 is thought to play a role in bringing the RNP–NEP complex

nto contact with the envelope-bound HA, NA, and M2 proteins for
ackaging at the host cell membrane [1].

.5. Packaging of RNA and assembly of virus
Influenza virus is not fully infectious unless its virions contain
full genome of eight segments (or seven segments, for influenza
virus). Previously, vRNA packaging was thought to be an entirely

andom process, in which vRNA segments are haphazardly incor-
orated into budding virus particles, and only those ending up with
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complete genome become infectious; however, newer evidence
uggests that packaging is a more selective process, in which dis-
rete packaging signals on all vRNA segments insure that a full
enome is incorporated into the majority of virus particles [40–43].

.6. Virus budding and release

Influenza virus budding occurs at the cell membrane, probably
nitiated by an accumulation of M1 matrix protein at the cytoplas-

ic side of the lipid bilayer. When budding is complete, HA spikes
ontinue to bind the virions to the sialic acid on the cell surface until
irus particles are actively released by the sialidase activity of the
A protein. The NA is a mushroom-shaped tetramer, anchored to

he viral envelope by a transmembrane domain [44,45]. It possesses
eceptor-destroying activity, cleaving terminal sialic acid residues
rom cell-surface glycoproteins and gangliosides to release progeny
irus from the host cell. In viruses with inactive or absent NA, or in
he presence of neuraminidase inhibitors, virus particles clump at
he cell surface and infectivity is consequently reduced. The NA also
emoves sialic acid residues from the virus envelope itself, which
revents viral particle aggregation to enhance infectivity [46,47].
he NA is also thought to aid virus infectivity by breaking down
he mucins in respiratory tract secretions and allowing the virus to
enetrate through to the respiratory epithelium, and it may play a
ole in virus entry into respiratory epithelial cells [48]. Host anti-
odies to the NA, as well as neuraminidase inhibitors, prevent virus
elease from infected cells and thus inhibit viral replication.

. Influenza viruses and vaccine development

The influenza viruses are relatively simple, RNA-containing
iruses with strongly immunogenic surface proteins, especially
he HA. However, their segmented genomes and their error-prone
NA-dependent RNA polymerases enable these viruses to undergo
ntigenic shift and drift, which in turn results in an evasion of
he adaptive immune responses in a range of mammalian and
vian species, including humans. Because of their adaptive ability,
nfluenza viruses continue to confound efforts to produce long-
asting vaccines against the disease.
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