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Abstract

Influenza a serious illness of humans and domesticated animals, hasdtedied intensively for
many yearslt therefore provides an example of how much we can learn from detatladiesof an
infectious disease, and of how even the most intensisientificreseach leaves further questions to
answer.Thisintroductionis writtenfor researchersvho have become interested in one of these
unanswered question®ut who maynot have previously worked on influenZBo investigate these
guestions researchers must notly havea firm grasp ofelevantmethods and protocolghey must
alsobe familiar withthe basic details abur current understanding ahfluenza. This article

therefore briefly covershe burden of disease that has driven influenza research, summarses
our thinking about influenza has evolved over time, and sets out key features of influenza viruses by
discussing howve classify thenandwhat we understand of their replicatioft does not aim to be
comprehensive, asny researcher will read deepigto the specifiareas thathavegrasged their
interest. Insteaclit aims toprovide a general summary of how we came to think about influenza in
the way we danow, in the hope that the read€2a  NBwillHélpNEKunderstandit better.
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1 The Needor Methods and Protocols

Methods and protocols are toofsr asking questiongot ends in their own rightAbook like this
should only exist and can only be worth your atitéion ¢ if you havea need to apply those tools.
For influenzaviruses as with most pathogenshe need to keen asking questions comes from
three sources.

Firstly,there is your own interest. Influenza viruses, like anything else when observedlbarefu
enough, are fascinating and, in their own whgautiful. If you are reading this book at, llis likely
that you are grappling with at least one unknown aspect of influenza virus biology, a puzzle that
drives you into work and stays with you whemnleave. Currently none knows what is going on
there, and you want to find out. Hopefully the contents of this book may help you with this.

Secondlythere is the wider relevance of solving any problem in biology. Science igorthywhile
because weihd ways to takeur isolatedfindings, made in asmall number of systems on a small
number of occasions, and uigem to say smething that is generally applicabl@ biology his is
particularly true when studyingolecular parasitesuch awviruses[1], astheir replication and
transmissiorrequirethe exploitation offeatures ofthe host that we might otherwiséail to notice.

In the case of influenza, understanditig biology of thevirushashelped us to understandspects
of the biologyof the hostincludingthe identification of interferong2,3], the concept ofriginal
antigenic sirj4,5], details ofnuclear import{6] andglycan distribution in the respiratory traff]. In
addition, our accumulated understandingf influenzameansthat the virus and its derivatives have
provided a wealth of tools for studyir@her biological problems, fronnfluenzaspecific tetramers
as a tool to analyse immune responses and immunological mef8@}y to the widelyused HA
epitopetag forprotein detection an biochemical purificationgL0]. Even if influenza itself does not
capture your attention, it can be the key to the problem that does.

There is of course a third reason why we need methods and protocols for understanding influenza
viruses, and why goverrents and charitable bodgeare often prepared to fund owvork. Influenza
killsand sickesvast numbers of people and domesticated animals, laasbeen doing so for

hundreds of years.

2 The Mded to Understand Influenza

You will be familiar with this. Not only because of your interest in influenza viruses, but because it is
verylikely that influenza has already infected you at least once. The normal course of an influenza
infection in a healthy adult is not pleasabtt nor is it particularly dramatic.He symptoms that you
probably experienced includingsudden onst of fever, muscle pajrheadaches and exhaustign

were for the most part collateral damage caused by your own immune response, and experienced
only once he replication and shedding of the virhad been brought under contr¢l1]. After an
unpleasant weekyou most likely made a fulecovery.

Despite its uncomplicated normal courseia points in particular makkeumaninfluenza more than
an inconveniencdrirstly, influenzais an extremelycommondiseaseig.1A), and the cumulative
economic effects of influenzaelated absenteeismto say nothing of the cumulative unhappinéiss
causesare considerable. Secondly and more troublingly, influenza cagseus illness in small
proportion of casesThiscan be a direct effect of viral pneumorbat is oftenthrough indirect



effects, particularhsecondary bacterial infectioredthe exacerbatbn of underlying cardiovascular
and respiratory illnes@ig.1B) Influenza can and does cause seritlagssin previously healthy
individuals, but it is most like to cause problems in aisk groupsg infants, older adults, the
immunocompromised and the pregna(iig.1C) Amorg these groups, particularly oldadults
influenzarelated deaths are a major cause of excess winter mortéfity.1D)

Influenza in this form is an ongoing public health issagsingseasonal epidemics each winter in
temperate countries angvith a more complex patterim the tropics[12]. A more unpredictable

threat arises from influenza pandemics, which occur every few decades whenariam of the

virus adapts to transmit efficiently between humamsg.1E). Such pandemics are unpredictable not
just in their timing but in the severity. The pandemic of 2009 caused an extra influenza sgason
resultingin hundreds of thousands of excess deaths gIobaIIy, but on alyesase basig was no

more severe than seasonal influera8]® Ly O2y (N} adzX KSgWDimtllly & Ly Tt d
caused such severe disease that within 18 months it had killed around one in thirty of the global
population[14]. The prospect of another pandemic of this magnitude is a cause of great concern, as
notedin a recent assessment by the UK/gonmentwhich ranked pandemic influenza as the most
likely civil emergency risk in its most severe impact catefidly

For all this, influenza is not primarily a disease of humans, and its effects on domesticated animals
are also severe. Epizoot@nimal) outbreaks of influenzavererecorded for as long as human
epidemics though changes in the ways we use animals have changed the impacts of epizootic
influenza[16]. Equine influenza, which caused major infrastructure problems when horses were
widely ugdworking animal$16], is now a notable problem for higralue horses in the racing
industry[17]. Swine influenza has been an ongoing problem satdeast1918, though it is unclear
whether it caused swine epizootics before tfig,18] Thehistorical incidence of influenza in
poultry is unclear, but in recent decades frequent outbreaks have been reported, includhiggHn
densityfarms and live bird markets which allow for the rapid spread of the yirGs Troublingly, a
number of recentavian influenza strainsotably of the HSN1 and H7N9 subtypeaye been
capable of causing severe disease in humans.

For all these reasons, there has long been a pressing need to understand influenza, and to turn every
method at our disposal to that task

3 Failingto Understand Influenza

The problem of influenza has been both urgent and readily identifiable for an extremely long time
[16]. As suchour attempts to understand influenza mirror developments in how we think about
diseaseAs with all attenpts to understand natural phenomena, our thinking about influenza is a
progression of flawed and incomplete ide&sw oftheseare without anyvalue but none ofthem,
includingany of our current ideasare likely to be completely correct.

Initially, influenza was described in rather general terasoutbreaks ofan acutefebrile respiratory

illnesswith high incidence in all groups of society but little mortality except among the infirm

[19,16] It was recognisethat the diseas@appearedsporadicallyandit gained its name from the

correct assumption that this was due to the action of some external fagkoy” WA y6F, indzS y 0SQ
ltalian,anWfluenzaQ o6 ¢ KS C NBigpE&KQ (Fepidy Wi 2 &SALH8NBa AyadSl R
experience of thesymptoms) The alignment of the stars wasmetimesblamedg andalthough we

do notnow think that this is causativenfluenza is due to an external cause dhdre is truth in the



idea thatinfluenza is strongly season&l.noxious change e environmentwasalso suspected
andwhile influenza is not causedirectly by a change in the quality of the,atstransmissionis
indeedinfluenced bytemperature anchumidity [20,21] Despite difficulties in clearly distinguishing
influenza from other diseasels was recognisethat animals suffered from a similar illnessd

there were suggestions that human and animal outbreaks might follow each other closely in time
[16,22]

During the nineteenth centurythe germ theory of disease provided a radical reeyplanaton for
howthe physical world could influenaiisease; through the action of invisibly small living beings.
Epidemiological studigsrovided strong evidence that influenza waaused byhe transmission of

an infectiousagentrather than by the emergencef harmful miasma§23]. During this time

technical improvements in medical diagnosis allowed influenza to be discussed in terms that are
more familiar to modern readers, though there wasteongeremphasis on the psychological and
neurological effects of the disease, with great popualad medicalnterest in reports of psychosis,
suicide and depression following attacks of influef2zt.

Followingthe enormous successes of nineteerntury micobiologists, it wasjuite reasonably
assumed that influenza was caused by a bacterinm892a causativdbacterium was even
identified by Richard Pfieffec Bacillus influenzagrWt ¥ A S ¥ T SINIyEaemophus f  dza
influenzag [22]. Despitesubsequat work showngthat thisis not the primary cause of influenza
this finding is still importantA retrospective study of lung tissue sections suggésat severe
secondary bacterial pneumonia was a consistent feature of fatal cases in the 1918 influenza
pandemid25], and even ioday, duringseasonal influenza outbrealksecondary bacterial
infections are a major cause of influerzdated illnessThe interactions between influenza viruses
and ceinfecting bacteria are nown area of active resear¢g6).

At the end of the nineteenttcentury a new idea about microbéggan to gairfavour¢ that certain
infectious diseases were caused not by bacteria but by something which could pass through the
finest of filters¢ perhapsa contagious living fluid oas the idea developedomeexceptionally

small particulate materigR7,22] This became thmodernconcept of a virus (from the Latiirus

2 NJ WY DJAmoagthe @arliest animal diseasedi® associated with a virugas fowl plaguewhich

was shown to be caused by a filterable agent as early as 1901, though it was only identified as a form
of avian influenza virus some fifty years la22]. In 1931 swine influenza was shown to be caused

by a virug28], a finding which prompted thilentification of human influenza as a viral disease in
1933[29,30]

Once identified, thenfluenza virussproved to be particularly easy to propagate. At first this was
done in experimental animals such as ferretsosen because of superficial simii@s between the
symptoms of influenza and canine distemper, which was known totpdesretsfrom dogs Snall
rodents such as mice that could be easily reared for laboratory werk also popular experimental
hosts, as werembryonated chicken eggahich hadong used by physiologists and embryologists
as they could be opard to examinethe living embryd31]. Once tissue culture systems were
developed it was found that influenza viruses thrived in them. Particular use has been made of
Madin Darby @nine KidnefMDCK}ells,a cocker spaniel carcinoma cell Iwbich, despite bearing
no relation to the natural site of infectigproved particularly permissive to the replication of a wide
range of influenza virusg82-34].

The isolation and propagati of the primary causative agent bimaninfluenzain 1933laid the
groundwork foreighty-five years of intensive studyt acceleratedur efforts to understand



influenza, giving us @escriptionof the disease which is richly detailedhoughstill, inevitably, rich
in unanswered guestions.

4 ABasic Understanding of Influenza

4.1 Classificationf Influenza Viruses

4.1.1 Family

Improvements in understanding influenza have allowed us to classify influenza vidog®s so
captures a great deal of our current understandinghait evolution, ecology and host interactions.

The diseasenfluenzais causedy members of th@rthomyxovirusfamily. As well as four genera of

influenza virusesnamed A D (Influenza A virus irhe genusAlphainfluenzavirudnfluenza B virus

in the genusBetainfluenzavirusetc.), the Orthomyxovirida&lso includeshe Thogotovirusisavirus
andQuaranjaviruggenera[35]. Originally, influenza viruses were assigned to the {g@funct

myxovirusfamily of negativesense RNA virusgsamed frommyxax DNB S| F2 NJ WY dzOdza = Q
ability of thevirionsto bind to and degrade mucir86,37] the same property that allowed their

detection through a haemagglutination asq48@]. However this familywas divided in two when it

was discovered thanfluenza viruses had marked structural, biochemical and genetic differences

from the other known myxovirusg89]. Many of these differences can now be attributed to the fact

that orthomyxovirusesuch as inflenza viruses have a segmented genome (eight segments for the
influenza A and B viruses, sever the influenza C and D w#es) which replicatem the nucleusin

contrast,i KS 3ISy2YSa 27F (KS NIBichdsylmpsdirusghedsidslvinsane 2 3 A NHza S
the human paranfluenzaviruseg are formed from a single molecule BNAandreplicatein the

cytoplasm.

4.12 Types

The four known genera 2 NJ Yk idfluésza Girises are genetically isolated from each otRiy. (
2), and have accumulated Isstantial differences which are reflected in the antigenic properties of
their nucleoproteingNP)and matrix proteingM1) [40,35] The influenza A virusesethe ancestral
genus angropagatefor the most part in waterfowl, particularithose in the orderg\nseriformes
(including ducks and swanandCharadiiformes (ncluding waders and gu)lgl6,41] Influenza A
viruses are extremely common in these biralswhich theyoften cause enteric infectionsith no
apparent diseaseWaterfowlcan excreteconsiderable quantitiesf virusinto mud andwater, in
which itcan remain &ble for some timg42,41] Recentlya divergent group of influenza A viruses
wasdiscoveredn New World leafhosed batsapparentlyalsocausing enteric infectiai43,44]

The avian influenza A viruses have an unusual facility for cross species transmission, and have been
found circulating in a wide range of wasinooded vertebrate hostéFig.2). Crossspecies

transmission of the viresappearsto be strongly encouraged by the domestication of animals
Influenza A viruses have é&e found in domesticated birdaptably chickengurkeys,ducks, and

guail, and mammalsjotably pigs and horsd46,41] It is presumably through these routes that
influenza A viruses first infected humans, amffuenza pandemics continue to result from cross



species transmissioevents involving farmed animdil]. After emerging as pandemig strains of
influenza A virus continue circulagyin human populations fodecades as seasonal epidem(Esy.
1E)

Some of these epideminfluenzaviruses circulated in human populations for long enough to evolve
into distinct generaKig.2). The influenza B viruses cause annual seasonal human epidemics as well
as occasiondl infecting sealsThe influenza C viruses have diverged still further from the influenza A
viruses(Fig.2). They infect humansnd pigsandwhile quite common in humans thetypicallydo

not cause severe diseapth]. Recentlya novelinfluenzaClike virus was detected circulating in
cattle[46]. These viruses wemlfficiently differentfrom other influenza C viruses to assign them to

a newgenus the influenza D virusd85]. Influenza D viruses appear to cause only mild disease in
cattle[47], and while many humans are seropositive for the viruses it is not knowtnisifis due to
infection or merely to exposuri8].

4.1.3 Subtypes

Each influenza genysr type)contains oneonly species, but they affarther differentiated into
subtypes andineages While thesedistinctionswere originally immunological observatigrhey are
best understood in terms of the molecular anatomy of the influenza virdrich in the case of
influenza A virions is assembled froamtviralproteins, eight segmentsf viral RNA (VRNA), and
proteins and lipids derived from the host cetig.3A) [49].

Importantly for understanding subtypede virion is bounded by @ense fringe ofiral

glycoproteinsFor influenza A and B viruses these agerhagglutininif UK Bglish;in US English
WKSYI 33t daitimérnaibdYor Its!aliility to agglutinate red bloodlisein an experimental
setting,and neuraminidase (NAA tetramernamed for its enzymatic activitynfluenza C and D

viruses have a single haemagglutiesterasefusion protein (HEF) that fulfils the functions of both

HA and NAFor all influenza virusektSa S WalLA 1 SQ It 2O02LINRPISAYya | NB
virion, are required for viral entry and exit, and extend further out from the surfhae pther, less
abundant viral transmembrane proteins (the ion channel M2 andritsologuesin all genera, and

the NB protein of the influenza B viruses). For these reasons, spike glycopesteithe major

targets for neutralising antibodieend the mgor focus of interest when designing vaccines

Slection to avoichdaptiveimmunity caussthe spike glycoproteint undergo rapid diversificatian

¢ KAAa WIyiA 3 StyelefRctiReNdsstotiaftibddiBsRaigédSriresponse to a previous
exposureor vaccination necessitatingrequentreformulation of influenza vaccinever time, the

HA and NA genex the influenza A virusdsavediversified enough to form multiplantigenically
distincta N2 dzlsldbtypeddBadh containing a wide range of varia(HA subtypes are shown kig.

2). Antibodiesagainstthe glycoproteins in one subtype offer little if any protection against viruses of
another subtypeDue to their importance in understanding antiviral immunttye HA and NA
subtypesare recordedn an abbreviated fornwhen naming a influenza Avirus for exampleH1N1,
H3N2 or H5N1Currentlycirculatingseasonal influenza A viruses are of the HIN1 or H3N2 subtype,
and both subtypes are included in vaccines.

4.14 Lineages



While no other influenzairus genes have diversified to the same degree as the HA and NA genes of
influenza A virusall genes of influenza virusesn rapidly acquire mutations amdanyhave evolved

into distinctlineages. Of particular notie theinfluenza B virus HA gene, ish separated intawo

distinct cocirculating lineages in the early 19888-52]. Due to theémportance of HA as an antigen

the divergence of these lineages, referred to as Victoria and Yamagata after the reference strains
B/Victoria/2/87 and B/Yamagata/16/88ashadan impact on the design of seasonal influenza
vaccines. At the time of writinghere is an increasing tendey¢o move from trivalent vaccines

(H1N1, H3N2 and singleB) to tetravalent vaccines (HLN1, H3N2 and both lineages of B).

4.1.5 Reassortment

Due to the segmented nature of the influenza gengrwnfection of a celvith two or more

influenza viruses can create reassortant progeagryinga mixture ofgenome segments from more
than one parental virudt is becoming increasingly clear that reassortment between clasddyed
variants of the virus plays a major role in thermalreplication of influenza viruses withasingle

host, allowing virions carrying only a partial set of functional genome segments to contribute to an
infection through complementatiofb3].

Reassortmenbf gene segmentbetween genera does not appear to begsible However if a cell is

coinfected bytwo influenza A viruses, orsdapted to humans anthe otherfrom a norhuman

host, progenycanarisewhichacquiremost of their genes fronthe humanadapted virus butarry

the glycoprotein gersofasubtypey 2 i OdzNNBy (i f & OANDdzZ I GAy 3 shy KdzYl
anovelinfluenza A virus which is weapted to human growth but to which humans have no prior

immunity. Most influenza pandemics appear to arise in this ydy.

Reassortment is alsased in vaccine development, where HA and NA genes (and sometimes the PB1
3SyS0 FNRY NBOSydG OftAyAOFft Aaztl GdSa IINBE O2YO0AYSF
strain adapted for high growth in chicken eggs and low pathogenicity in hufbdss].

4.1.6 Naming Conventions

The classificationf an influenza virustrainis encoded in its full namea) the form:

[GENUF [HOSTOF ORIGIM [GEOGRAPHICAL ORIGISEQUENTIAUMBEFOF ISOLATIQN
[YEAR OSOLATIONither as two or foudigits] ([SUBTYPE, IF AN INFLUENZA A]JIRUS

Some conventions apply tbe naming of host$40]. If the host was a humathe host descriptions

omitted. If the hostwasan animalits common name is givefowercaserather than the Latin

binomial named S ® 3 ®. Ctaidz@he? have gained prevalence in the literature, for example
WSHdAYSQ F2NJ Aa2tlFGSa FTNRY K2NERS&X WagAySQ T2NJ A
Finally,if the virus was isolated from ndiving material this ispecifiedinstead of the hoste.g.
WELF1S.6F0G§SNDO

For example

1  A/duck/Guangxi/53/200ZH5N1) is the fiftythird influenza A virus strain isolated from ducks
in Guangxi in 2002 and is of the HS5N1 subtype.



9 B/Florida/04/2006is the fourth influenza B virugrainisolated from a humaim Florida in
2006

C/Paris/1/67 is the first influenza C virus isolated from a human in Paris in 1967.
D/bovine/Mississippi/C00046N/2014 as influenza D virus isolated from a cow in
Mississippi in 2014. In this case, a moomplex sequential numbering system has been
used by the reporting laboratory.

= =4

Abbreviations are sometimes usedsimainnames, particularly after the first use, for example A/BEL
for A/Bellamy/1942(H1N1) ok/HK/156/97for A/Hong Kong/156/97(H5N1n addition, ssme
widelystudied strains have common abbreviations, notably

1 PR8A/Puerto Rico/8/1938H1N1) a number of variants of this extensively studied strain
exist with somewhat different propertiefs6].

9 Udorn:A/Udorn/307/72(H3N2) A laboratoryadaged strain that, unusually, retains the
filamentous virion morphology of clinical isolates (Fig. 3B).

T WSN: A/IWSN/33. A virus isolated in 1933 by (W)ilson (S)mith and colleagues which
subsequently underwent intracranial mouse passage to become (N)eurofafjidnlike
most lowpathogenicity strains of influenza virus, WSN does not require the addition of
trypsin to cleave and activate HA, as it has acquired mutations in NA that can bind
plasminogen and in HA that allatg plasmirnmediated cleavagfs8-61].

T X-31 PR8 with the HA and NA genes frévichi/2/68(H3N2) The firstexample of
developing areggadaptedinfluenza vaccineandidateby reassortmentas well as a
commonly used strain for laboratory stuf?2,55]

4.2 Replicatiof Influenza Viruses

4.2.1Entry

Despite their differences, all of the influenza viruses have a similar replication Eyrke (eviewed

in [63]). In mammals, influenza virus is typically acquired via respiratory droplets or contact with
fomites, after which itinfects the respiratory epithelia. Imvaterfowl, the virus replicatsin the
intestinal epitheliaand can be acquired by contact with fae¢é4]. In all casegp establish an
infection an influenzairion must diffuse through the mucus layetich protects epithelial cells and
then bindto a receptor.In most cases thiis sialic acidanegatively charged monosaccharide, chiefly
N-acetyheuraminic acidpresent at the terminal position of glycaos glycoproteinsand glycolipids

at the apical cell surfacén exception to this is the highly divergent bat influenza A viruses, which
do not recognise sialic acid and whose receptor has yet to be idenitfdd

Binding is the first step in entry, which encompasses virus binding up to import of the viral genome
into the nucleusThere are multipldorms ofsialic acids and different influenza viruses have

different binding preferencednfluenza A and B virions bind lbacetylreuraminic acidhrough

their HA proteins, whilénfluenza C and D virions bitml N-acetyl9-O-acetylneuraminic acid through
their HEH45]. Sialic acids in the human respiratory tract are predominantly linked to glycans
0§KNR dzZaAK |y h uZiothefakiah \ntestrsklic acidSakpiedominantly H Enked,

and the binding predrences of human and avian influenza viruses reflect{th@s,67] Pigs present

F6dzyRFyld &AFEAO FOARE 6AGK 620K "HZo FYR huZc

infection with viruses from a wide range of hofi3].

t A



Bindingtriggers recepor-mediated endocytosis of the virigmllowing it to enter early endosomes
[68]. As endosomes mature their pH falls and the concentration of potassium ions[@8gs
triggering two changes in the virions

Firsty, an influx of hydrogen and potassium gotirough theviralion channel M2Kig.3A) weakens
the interactions between the matrix protein M1 and the ribonucleoproteins (RNPs) which
encapsidate the viral genonj@0]. The importance of this process meant that M2 whaes target for
the first generation ofnfluenza antiviratirugs, theadamantinederived ion channel inhibitors
(amantadine and rimantadine). Unfortunately, the evolution of resistance mutations means these
drugs are now essentialbbsolete[71,72]

Secadly, the decreasing pH of the endosome caugastonation of the stem of HAdestabilisingts
tertiary structure This leads to an irreversible conformational change, releasygli@phobic
fusionpeptide thatinserts into the endosomal membrane. The $t&m then folds back on itself,
drawing the viral and endosomal membranes together bridging aboumembrane fusior73].
Membrane fusioris followed bymatrix disassemblwhich, aided by host mechanisms, allows the
releaseof the viral genome into theytoplasm[74,75,69,76,77]There,t binds tocellularnuclear
import factors and gains entry to the nuclelr8].

4.2 .2Transcription and Replication

Influenza viruses have a negative sense RNA gerfeReA) which is not a substrate for cellular
transcription or translation. They must thereforese aviral polymerase foprimary transcriptiorof
the incoming genomegs well as all subsequent transcription and replication of the gen@®ie
The viral polymerase, a trimer of three subunkig(3A), is therefore an attractive target for
antiviral drugs, though at the time of writing none have been licensed for routine use cri@im

of the viralgenomere A Sa 2y WOl L) a4yl GO0OKAY3IZQ AYy GKAOK I &K?2
host mMRNA and usto prime transcription of a segment of the viral genarRelyadenylation of
BANI £ Ywb! 200dz2NE GKNRdAAK adGdzidSNAy3I 2y | aK2NI

VRNA. As noted above orthomyxoviruses transcribe their genomes into theuspale unusual
strategy among the RNA viruses, and as a result influenza virus mRNA can undergo splicing.

Viral mMRNAs are translated by host ribosomes, and polymerase and NP proteins are then imported
back into the nucleus to encapsidate fldhgth uncaped transcripts of the viral genome inteew
RNPgFig.3A). This allows replication of the viral genommitially into positive sense

complementary genomes (CRNA) and then, following a second round of replication, into new
negativesense (VRNA) genomadewly-synthesised RNPs interact with M1 and with the viral

Nuclear Export Protein (NErmerly known as N§2which allows them to be exported from the
nucleus through interactions with the nuclear export factor C{idRO1)78].

In addition to priming tanscription, cagsnatching depletes mRNA transcripts of host geares so

contributes to host shubff. This is one of the large number of mechanisms, many mediated by the

Ydzft GAFdzyOQOliA2y Lt b{m LINRPGSAYI GKAOKQD2YVINWAMGHz( S (02
response (reviewed if80,81). While weladapted influenza viruses are normally highly effective at

limiting the host immune response, some highly pathogenic strains of the virus can instead trigger
excessive immune activation, causing a-féF t I YY I 12 NBE WO (G21AyS ad2N¥Q ¢
[82,83]



4.2.3Assembly and Egress

Once RNPs have entered the cytoplasm they interact with Rpbditive membranes. Rabll is a
regulator of exocytic and recycling processes, and this interaction trangberRNPs to the apical
plasma membrane of the c4B4-89]. The transGolgi network transportsiral transmembrane
proteinsto the same siteAt the cell surfacghe transmembrane proteins, RNPs, M1, and NEP
assemble into virionglso taking ugost praeins and NS1, whidh highly abundant in the
cytoplasn49].

Newly formed virions emerge with dense fringe aflAor HEFwhich tethesthem to sialic acid on

the cell surface. Like many viruses, influenizasestherefore have receptorcleaving activy,

catalysed by the NA enzyme for influenza A and B viruses and the esterase function of HEF for the
influenza C and D viruseSialieacid analoguesiotably oseltamivir (Tamiflu) and zanamivir
(Relenza)act as neuraminidase inhibitors aade the mainclass of drug currently licensed to treat
influenza infectionsWithout NA inhibition or antibody binding, newly formed virions are shed into
the mucusto spread within and between hosts.

5 ImprovingOurUnderstanding olinfluenza

Despiteall of thesedevelopments in understanding influenzhere emain many unanswered
guestions and new discoveries reshape our understanding of the virus on a regular baséke
just two examplesat the time of writing thestructure of theviral polymerasd90-93] and the
existenceof the influenza D genyd6] are both very recent findings

Other questions haveemained unanswered for decades. Thearge fromguestions of basic
biology¢ such as why clinical isolates of influenza form virions with a variety oflmtogies
including highly elongated filamentgi@.3B, reviewed inf94]) ¢ to fundamental questions about
whichfactors determine viral transmissioMore practical questions algemainunanswered What
affectsthe likelihood of a new pandemic straimerging and can effective pr@pandemic

monitoring forestall thisZould new classes of antividdugsavoidthe problems of drug resistance?
Can vaccines be produced in a timely fashion laaavell-matched toboth seasonal and pandemic
strains of the vius, and is longasting immunity through a universal vaccine possible?

This is by no means a comprehensive &sid it is not intended to be onés a reader of this book,
youwill hopefully beparticularly interested in improving our understanding of sopagticular

aspect of influenza. To answer questions that have not been answered after-fightyears of
intensive research you will require toajdoth wellestablished resources, and thatest cutting

edge developments that have not previously been applied to your probYem.will need to know

what can be done and, in order to go out and do it yourself, you will need protocols that are clearly
written and do not leave you to reinvent esyeminor detail for yourselfdopefully, the methods and
protocols describedh this bookwill help youwith this.



Figures

Figure 1The Burden of Human Influenza
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Influenza causewidespreadlliness and severe disease in a small proportion of thoases. Data
from the USA shoA,B)recent estimates of the burden of influenaad (C,D) the burden of
influenza for different age groups in the 202616 influenza seasoihesefigures compare
estimatesof casesmade bythe USCeners for Disase Conil, to the total resident population size,
using data from the US Census Burg#h]. Figures for deaths refemly to deaths caused directly by
pneumonia andrifluenza deaths, and do not include deaths from cardiovascular or respiratory
complicationsor cases where influenza was not tested. fire true number of influenzselated
deaths is estimated to be-2 fold highe{95]. Estimatesare shown with 984 confidence intervals

or, for the deaths in (D), 9% credible interval§E) Historical deathfrom influenza in the UK,
calculated from thecauses of deathecorded indeath certificates and adjustedr total population



size (data from the UK Office for National Statig@&s98]). This will underestimate the true number

of influenzarelated deahs for similar reasons B,D) InfluenzaA viruspandemicsand the subtype
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Figure 2: Taxonomy and Ecologynfluenza
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A phylogenyof influenza viruses, constructed by neighbgaining from a multiple sequence

alignment of a full length HA sequen@ndomly selectedor each influenza A virus subtyder the
Yamagata and Victoria lineages of influenza B virusaralfulHlength HEF sequence of influenza C
virus and influenza D virus. Silhouettes of representative hosts are indicated around the phylogeny.



Figure 3: Molecular Anatomy ai &nfluenzavirion

(A)The structure of an influenza A virion, modelled using data frefifd9]. The viral proteins are

shown individuallyn the right hand side of the image, along with membrane and RNA. In addition,

the virion containsiaumeroushost proteins, which are coloured in different shades of orariBg.

Cryoelectron tomogram showing unfixed virions of the pleomorphic Udorn §88inand an artistic
NELINBASY(lIGdA2y 2F GKNBS OflraasSa 2F GANRZ2Y Y2NLK?



the full range of morphologies can be observedlinical isolates, laboratorgidapted strains of
influenzatypicallyform only spherical and bacilliform virion¥iion mages provided byNaina Nair,
undera Creative Commons Attribution 4.0 International Licer284.7)



Figure 4: Thénfluenza ViruReplication Cycle

Schematic overview of thiefluenza virugeplication cycle, with viral proteins coloured as in Figure
3A. A virion enters the cellia the apical plasma membraa¢top left and new virions emergigom

the apical plasma membrarsg top. The cell is given structure lagtinfilamentsand microtubules

and its surface carriesialic aciebearing proteins andlpids thatact asviral receptors Endocytosis is
mediated by clathriror by macropinocytosis, after which the virus travietsm early to late
endosomes where it fuses, uncoats, and VRNPs penetrate into the cytosol. Transport of RNPs
through nuclear pore complexes is mediated by amims and the exportin CrmIXPQOJ, and
microtubuledependentmembrane traffic foRNPexport isfacilitated by Rabl1Proteins are
translated from mRNA by ribosomeshilé some are imported into the nucleus others are inserted
into membranes at the endoplasmic reticulum, diffuse through the cytoplasm or, in the case of the
polymerase subunit PB2, & the mitochondrial matrix100]. For further details see text.
Abbreviations: cRNA: (posithgense viral) complementary RNA; Cyt: Cytoplasm, EE: Early
Endosome, ER: Endoplasmic Reticulum; GC: Golgi Complex; LE: Late Endosome, mRNA: (viral)
messenger RAI Mt: Mitochondrion; MTOC: Microtubule Organising Centre; Nuc: Nucleus; VRNA:
viral (negativesense) RNA.



