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Abstract

The influenza virus #tcauses hundreds of thousands of deaths globally, on top of morbidity

and associated economic burdeie are currently at théneightof efforts surrounding the
RSOSt2LIYSYyld FyR SYLX28YSyid 2F WdzyAOSNARIEQ O
commencing on the most promising candidatBespite this, the influenza virus poses more

of a threat to human life than it ever has previously, with multiple subtypes of pandemic
potential circulating around thglobe. Thekey to current efforts lies in # priming of the

immune system towards generating long lasting defences against conserved epitopes and
conferring heterosubtypic immunity against the surface glycoprotein haemaggluifiile

vaccine strategies have expanded rapidly over recent yearsiwkhS | RSy i 2F WK
constructs as well as those derived from consensus, mosaic or chimeric sequeces,
serological techniques to te$iow effective these vaccines areave advanced less rapidly

Classical serological assays have been shown tadftective at detecting the antibodies
GKAOK Y2RSNY WdzyAQGSNEIFIfQ @I OOAYSa &a0UNRTFS 1+
combined with mouse models measuring vivo protection. In this thesis, an alternative

method for the detection ofheterosubtypic antibodies is used in depth across multiple
platforms. Influenza pseudotypes have been employed using chimeric haemagglutinin
constructs in acomprehensiveproject aimed at dissecting head and stalk directed
antibodies present in human serunCharacterised broadly neutralising monoclonal
antibodies have been tested on panels of influenza pseudotypes including divergent bat
influenza viruses which hitherto have not been encountered in humArfsrther aspect of

influenza immunity has been cered in the detection of anti neuraminidase antibodies

which have an important role to play in influenza heterosubtypic immuninally,

influenza pseudotypes bearing the glycoproteins fromléss studiednfluenza B virus have

been assayed in a largeale project aimed at correlating pseudotype assays with classical

approaches.
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Chapter 1¢ Introduction

Chapter 1 : Introduction

1.1 Influenza virus basics and disease

Influenza is a respiratory syndrome caused by three of six genera in the orthomyxoviridae
family, influenza A, B and @ putative fourth genus (Influenza D) has recently been
charaderised and proposed(Hause et al. 2014)Iinfluenza Avirus (IAV) is the most
widespread, its various subtypes are classified according to their antigenically variable
surface glycoproteins:de@magglutinin (HA, HH18) and naraminidase (NA, NN11).The

virion consists of a segmented negative sense genome encapsidated within
ribonucleoprotein complexe¢vRNP) which are surrounded by a matrix shell and lipid
envelope containing the two surface glycoproteins and the M2 iomobhInfluenza A is

the primary source of the seasonal form of the disease, responsible for up to 500,000
deaths per annum as well as deaths caused by pandemics such as those occurring in 1918,
1957, 1968, and 200QVHO factsheet N°211, 2014ifluenza B is also of importance, with
two antigenically distinct lineages -@irculating worldwide causing 280% of global
morbidity (Ambrose and Levin 2012; Glezen et al. 2013; Maxukt al. 2004)Vaccines
against influenza need to be regularly updated to match predicted circulating strains that
are constantly escaping from vaccine protection through a mechanism known as antigenic
drift. Influenza A is primarily associated withld fowl/birds in the case of the majority of
subtypes and can reassort with human strains through antigenic shift to yield human

compatible viruses with previously tancountered surface epitopesRigs are usually

considered to be the mixing vessel f{&F 8 82 NI YSy (G | & GKS&83&h&ELINB A A

h-2,6 sialic acidinkageswhich are the preferred receptor for avian and human influenza
viruses respectivel{Skehel and Wiley 200@esearch on influenza viruses is often hindered

by the requirement for expensive bio safdgyvel (BSLprecauions, especially in the case of

the Highly Pathogenic Avian influenza (HPAI, e.g. H5N1, H7N1) or pandemic strains.
Symptoms caused by influenza virus infection range from afebrle upper respiratory

tract illness to severe or fatal pneumoniBhe majaoity of infections have been reported to

be selflimiting fevers with respiratory symptoms and many cases have been

indistinguishable fronthe common cold.(Komiya et al. 2009; Liang et al. 2009; Ong et al.
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2009; S. I. Park et al. 2010; Plessa et al. 20i@yever as many as one third of the infected
are thought to be asymptomati¢Carrat et al. 2008; C. J. Williams et al. 20lN@\vertheless,
the WHO estimates suggest that influenza A and B seasonal epidemics cause between 3

million sevee cases of influenza disease arit20 500,000 deaths per annufdHO 2003)

1.2 Influenza virus molecular biology

The influenza A virus is contains a segmented genome consisting of 8 genes, coding for up to
14 proteinswhich are describetriefly here, and iffurther detail in the following sections
Segments 1, 2 and 3 form the components of the viral RNA polymerase which associates
with the VRNP, and the influenza negative sense RNAssRNA)in complex with
nucleoprdein (NP).Segment 4 is thélA glycoprotein Wwich is the main focus of this thesis.
Segment 5 codes for the NP and segment 6 the NA glycoprotein which is involved in
destruction of the HAeceptor sialic acids on infected cells, allowirelease of nascent
virions.Segment 7 codes for the M1 matrixgpein, also involved in nuclear export of newly
synthesised VRNPs, and the M2 ion chanB8elgment 8 codes for nestructural proteins

NS1 and theNuclear Export Protein (NEP)These various genes are shown in schematic

format in Figure 1.1.

Haemagglutinin

M1 (Matrix) ~ Neuraminidase

Viral Polymerase
(PB1, PB2, PA) VRNP (-ssRNA + NP)

Cell membrane M2 (lon channel)

Figurel.l. Schematic representation of the influenza vir8sirface glycoproteindA NAand M2
are embedded in the cell membrane, the latter taken from the host Tak. Matrix protein forms
the core or the virus which encapsidates the viral ribonucleoproteingpbexed with viral RNA
polymerases, on each segment of the mphiirtite genome.
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The influenza virus infects target ciliated epithelial cells in the respiratory tract through the
binding and fusion protein HA, which will bind to terminal sialic acidsyaogloteins or
glycolipids on the surface of its target cdBuBois et al. 2011Binding initiates endocytosis

of the influenza virus and acidification of the resulting endosome, allowing pH mediated
conformational changes in the HA trimer and facilitating fusion of the viral and host
endosomal membranes, releasing the viral core into the cytopldamilocytosis has been
shown to occur both by clathrimediated and clathrin/caveolin independent pathways
(Lakadamyali et al. 2004; Matlin et al. 198The viral core then dissociates after M2
mediated acidification of the viral corallowing the release ofRNR coding for the genes
which make up the influenza viryslolsinger et al. 1994; Yoshimura and Ohnishi 1984)
VRNPs are transported to the nucleus via interaction with impértin I y R A YaLJ2 NAIRA Y
resulting translocation through nuclear porgkisfeld et al. 2014)The negative sense
genome segments are then transcribed into mMRNAs by the transmrippmplex associated

with evey VRNP/ | LJ ay I GOKAyYy3a GKSYy 200dz2NBRxX O2yairaia
cellular mRNAs, including the cap, to the influenza mRNWs allows viral mRNgtability

and transcrption after export from the nucleugDias etal. 2009; Fechter and Brownlee
2005) Polyadenylation of these mRNASs occurs as a result of transcription from the vRNA.
Viral mRNAs subsequently form a template for the production of negative sense viral gene
segments as well as being exported to théopyasm for translation via the nuclear export
protein (NEP) and matrix protein (MIBui et al. 2000; Eisfeld et al. 2014; Martin and
Helenius 1991) Viral proteins are translated and trafficked through the endspi&
reticulum (ER)and golgi apparatus, mediating correct folding and exposure to proteases for
posttranslational cleaving where necessary (HA pro{@rgakman et al. 1991; Doms et al.
1993; Skehel and Waterfield 1975j)iral glycoproteinsre thentargeted to the surface of

the cell, gatheringon lipid rafts and promoting the fomation of mature viral particles
exiting the celD. P. Nayak et al. 2009; Rossman et al. 2@0) is facilitated by the action

of NA, destroying HA receptors on the surface of the cell and allowingseelea viral

particles.A life cycle diagram is shovim Figurel.2.
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u
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complex

Figurel.2. Life cycle diagram for the influenza vira$ Attachment to target cells is mediated by the
HA glycoprotein interaction with terminal sialic acid molecules on the cell surface. 2) Virus
internalisation, pH dependent fusion mediated by the HA glycoprotein and influenza virus core
acidification medited by M2 enable release of VRNPs into the cell cytoplasm. 3) Influenza genome
replication and protein production is initiated after vVRNP nuclear import. 4 -Parsslational

processing of proteins and packaging occurs, producing progeny viruses. H)dofidrogeny is
facilitated by influenza proteins, allowing viral egress which is further enabled by NA mediated
cleavage of surface sialic acid molecules. 6) Cleavage of HA glycoproteins, within the cell or at the
cell surface allows maturation of newriens. Figure adapted fronfKrammer and Palese 2015)

1.3 HA
The trimeric attachmenand fusion protein HA is the principal constituent of the influenza
virus envelope, alongside NA and MAttachment to sialic acid residues on target cell

membranes triggers endocytosis and pH dependent exposure and engagement of the fusion

peptide, mediaing entry of the virugWiley and Skehel 1987)his process is the basis on

4
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which influenza neutradation assays are founded the exploitation of attachment and
entry for the study of HAlirected antibodies and their neutraing ability. Sequence
analysis has permitted classification of influenza A subtypes into two distinct groups: group
1 containingHAsubtypes 1, 2, 5, 6, 8, 9, 11, 12, 13, 16, 17 and 18 and group 2 containing 3,
4, 7, 10, 14, and 15Fouchier et al. 2005; Tong et al. 202013) Subtypes within each
group are often subdivided into clades withrther sequence dissimilarityA phylogeny of

current influenza HAypes and subtypes arghown in Figure 1.3.

&
N
R\X - 12 G
4 9’6 e
2 «\0 AV
Y o\ 0
& o

N nfluenza D
R ‘

Figure 13. Phylogeny of current influenza HA subtypiedluenza A subtypes form two distinct

groups, group 1 consists of subtypes 1, 2, 5, 6, 8, 9, 11, 12, 13, 16, 17 and 18 while group 2 contains
subtypes 3, 4, 7, 10, 14, and 18fluenza B lineages Yamagata and Victoria, Influénaad

influenza D showlivergencefrom influenza Aased on this phylogenetic analysis. Figure from

(Carnell et al. 2015)

1.3.1 Structural and antigenic properties of HA
Thereare four primary antigenic sitggroximal to the binding site of thEIA trimer, to which
neutralising antibodies are generally directeor HIN1, sites Sa, Sb and Cb are found on a
single protomer of the HA trimer, and Ca (Cal and Ca2) are fiouactleft between two
receptor binding domains (RBBrownlee and Fodor 2001; Caton et al. 1982; DuBois et al.
2011; Wileyet al. 1981) These are extensively reviewed and in great detail by Skehel and
Wiley (Skehel and Wiley 2000} has been reported in these cited articles that single amino
5
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acid mutations in these antigenic sites will give rise to drift mutarts.H3N2, the antigenic

site A consists of a &p of amino acids from residues 14@6, B consists of the outside
residues of art-helix between residues 18796, site C is reported from a bulge between
cysteine residues 52 and 277 which are linked by a disulphide bridge and the subject of
techniques © produce chimeridor hybrid) HAs ¢hapter 3).Site D is reported between
residues 207 and 22Wiley et al. 1981)Aside from these, there are other epitopes on the
HA trimer, most nothly in the stalk region such as the F domain (Fusion peptide) and
membrane proximal stenfCorti et al. 2011; Ekiert et al. 2012; T. T. Wang et al. 2Q10gr

sites include Pa and Pb on the HA trimer stAlkWu et al. 2010)t would seem that while
head proximal antibodies would be involved in obstian of the RBC, making them
haemagglutinatio inhibition HI) competent antibodies, stalk antibodies work by
preventing unfolding of the HA trimer and neutralising the action of HA in this fashion.
These antibodiesvould not be detected by the IHassay. Despite the notion that high
densities of glyaproteins can obscure this stalk region, research has suggested, at least in
the case of pndemicH1IN1 (pH1N1)that HA are not packed so tightly as to evade stalk
reactive antibodies completelyThis is partly due to the fluid nature of the influenza
envebpe in which HA, NA and M2 are embedded5% of HAs were shown to be bound by
bnmAb C179 at the membrane proximal stegh. K. Harris et al. 2013ee Figure 1.4 for a
schematic representation of the HA trimer alongside neut@fi and fusion pH

conformations, discussed (Y. Zhou et al. 2014)

1.3.2 Proteases used for cleavage of HA proteins

As HA is produced and trafficked through the secretory pathway it requires proteolytic
cleavag in order to become fusion competerRroteolytic cleavage is mediated by certain
host cell proteases and subsequently restricts certain subtypes to epithelial cells where
these required proteases are expressigwly folded HAO precursos are cleaved bytrypsin

or serine proteases (E.g. Human Airway Trypsin) into HA1 and HA2 sBuBésram et al.
2010; Bottcher et al. 2006; Chaipan et al. 2009 Cleavage is necessary for fusion
competence of the HAnd its resulting role irand viral infectivity(Klenk et al. 1975; Klenk

and Rott 1988; Lazarowitz et al. 1973; Lazarowitz and Choppin.1975)
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A) B) Membrane

anchor

\ Fusion

peptide

Globular
head domain

loop-to-
helix
transition of
B loop

Stalk domain Neutral pH

Fusion pH

Fusion / ‘ 4 I

Viral envelope peptide

Membrane

Haemagglutinin trimer anchor

Figure 1.4 Schematic representation of an HA trimer. A) Globuacdomain, Stalk domain and region proximal to the viral envelope are shown. B) The
conformational changes each HA monomer undergoes are shown, from Neutral pH to Fusion pH whereupon membrane fusiondsognetfiateigure
adaptedfrom Y. Zhou et al. 2014
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1.4NA

The NA protein is an enzyme composed of founta&l monomers, each 470 amino acid
residues in length. They forrm homotetramer of which the Nerminal regions form a
transmembrane region anchoring the glycoprotein in the membrane and associating with
the viral core (matrix, sectioft.5). Each influema virus typically contains 50 NA tetramers
on its surface, often arranged in clustefd. Harris et al. 2006)There are 11 known
influenza NA subtypes, arranged into two distinct phylogroups based on nucleotide
sequence analysi®N10 and N11, derived from newly described bat species of influenza are
divergent with a currently uncharacterised substrate and are discussed in furthuh de
chapter 7.The Nterminal region forms a cytoplasmic tail which is highly conserved among
all NA subtypes of influenza A, but divergent in influenZ&Hyrya et al. 2009NA has a
globular, mushroom shapedhead domain containing the enzymatic active sitestled
within a pocket in the space within each NA monopsrown in Figures 1.5 and 14 thin

stalk region extensl this head outwards from the virus envelopeNA is an exosialidase,
cleavng sialic acid fronthe surffa& Y2t SOdz Sa 2F Ay TS ckétSidic OSt f &
linkage between sialic acid and its adjacent sugar mole@tdeghese and Colman 1991)
This dbws release of new viriongrom the cell surfacgLentz and Air 1986; Palese et al.
1974) Sialidase function also aids the viruseirading the heavily sialylated glycoproteins
present in the mucus of the respiratory tract, allowing the virus to reach its target cells
(Cohen et al. 2013; Matrosovich et al. 200l) a simiar fashion, sialic acid residues on
infected cells are cleaved, preventing superinfectibrC. Huang et al. 2008)he active site

of NA is pictured in Figure @,.located at the Nerminal end of central parallel strands

f 20F SR @AKIKSAlYy UYitdNSPot i1 INA Sroidd{Colman 1994)The active site

is conserved among all influenza A and B NAs, with only small differencesetbbetween
divergent sequencegRussell et al. 200G)he length of the NA stalk has been associated
with pathogenicity in certain highly pathogenic avian influe(tdRAl) strainsThese viruses
with NAs containing truncated stalk regions showed enhanced replication and shedding in
avian species but not other animals test@lumenkrantz et al. 2013; T. W. Hoffinmaet al.
2012; Y. Li et al. 2014urther studies have confirmed the relationship of NA stalk deletions
with pathogenicity outside of the avian model, showing an increase in lethality to mice

resulting from infection by pH1N1 with a truncated K&\ Park et al. 2017)
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Figue 1.5.Schematic representation of influenzgM?) tetramer. Each monomer is arranged
symmetrically around a central axis. Amino acid ribbon structures coloured from blue to red from N
to G terminal positions. Figure frorfLaver and Garman 2002)

Figure 1.6 Schematic representation of influenza A (N2) NA in complex with 2,3 linked sialic acid
(black), with the functional amino acid residues of NA shown in red. Figurg(8btyrya et al. 2009)
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In recent years a binding property of NA has been characterised after discovery that
treatment of influenza virus with NA inhibitors reduced its infection efficiency by 1/4 and
1/8 in Madin Darby Canine Kidney MDCHR and A549 cells respectivel@huchi et al. 2006)
Mutations (such as D151G and G147R) within the NA of H3N2 viruses have been reported,
that increase the receptebinding activity of NA, alscompensating for weaker affinity of

the HA glycoproteirior its receptor Despite this, these NAs still carry out their function in
releasing HA from sialic acids in order to mediate release of new parfid@sper and
Bloom 2013; Y. P. Lin et al. 2010has been shown that in the presence of Ammctional

NA, mutations can arise in the HA to reduce its binding affinity, allowing release of viral
particles. This shows that HA and NA affinities are carefully balanced to enable the

continuation of the influenza life cyc{itnaul et al. 200Q)

NA is the target for various antiviral drugs which are widely used. Zanaosgltamvir and
laninamivir are antiviral which block the action of NA/lmimicking its substrate. The latter

two are prodrugs, taken in by ingestion or inhalation respectively; these drugs are converted
into the active form of the drugs in the liveogeltamivir) or respiratory tractigninamivir).

Until January 2008 the consensus was that misuse of NA inhibitors would not lead to the
rise of resistance mutations, until the first instance occurred with the H274Y mutation
conferring resistance to oseltamr but not zanamivir(Yen et al. 2007)The 2009 pH1N1
strain entering circulation and replacing currently circulating seasonal strains was found to
be susceptible to oseltamiviShtyrya et al. 2009)However, a recent mutation (H275Y) has
arisen, conferring oseltamivir resistance to pH1N1 strains, despite it still being susceptible to

zaninamivir andaninamivir(Kamali and Holodniy 2013; Pinilla et al. 2012)

1.5M1

The matrix protein (M1) of the influenza virus forms there which acts as a shell
interacting closely with the plasma membrane, acting as a bridge between internal proteins,
VRNPs and the transmembrane proteins HA, NA and M2, the latter of which interacts with
M1 via cytoplasmic tail domain(&omezPuertas et al. 2000; K. Zhang et al. 20M) pH
dependentdissociation of the influenza virus core, releases VRNPs into the cell cytoplasm
upon M2 mediated acidification. M1 is also involved in nuclear import and accumulation of
viral structural proteins, and the nuclear export of vVRNWgarsu et al. 2003; Whittaker et

al. 1996) M1 is a 242 amino acid long protein with a flexiblee@ninal domain which may

10



Chapter 1¢ Introduction

be responsible for the proteins multiple roles in virion shape/stability and interactions
within the viral life cycle(GémezPuertas et al. 2000; Shtykova et al. 2018p date,
attempts to determine itdull structure have been unsuccesstuho high resolution model

has been determined for the entire protein.

1.6 M2

The M2 ion channel is responsible for acidification of the influenza virus core after
internalisation by endocytosis, mediating the dissooiatof influenza proteins and release

of VRNPs into the cell cytoplasm after HA based fudiamb et al. 1985Yyeviewed in detall

by Pinto & Lamb 2006It is also responsible for regulation of the pH within the Golgi
apparatusor endosome stabilising the pH sensitive HA protein while it is trafficked to the
cell surfacg(Ciampor et al. 1992M2 is composed of four monomers, each of which is 96
amino acids in lengthThis resultinghomotetramer is a transmembrane protein with an
extracellular Neerminal domain 23 amino acids in length, a 19 amino acid transmembrane
domain and a cytoplasmic tail 54 amino acids Ifregmb et al. 1985; Pinto et al. 199Zhis
protein is not only essential for release of VRNPs through its action as a proton channel, but
it is also involved in the mediation of virus budding through the action of an amphipathic
helix located within its cytoplasmic tailhis 17 amino acid long helix has been shown to be
essential for membrane scission, promoting membrane curvature in a chobéste
dependent mannelRossman et al. 2010It is also associated with the M1 protein in its
involvement in viral packaging and budding. Mutations in the cytoplasmic region of M2 have
been shown to leado incomplete incorporation of genomc RNA into new viruses, as well as
defective budding of new particlg®8. J. Chen et al. 2008nai et al. 2004, 2008; McCown
and Pekosz 2006; Rossman and Lamb 2018 pore located in the space within the M2
homotetramer contains two essential potiming residues which are important for proton
selectivity, allowing unidirectional conductancétbe M2 ion channe(Y. Tang et al. 2002;

C. Wang et al. 1995)12 is a target for influenza antiviral drugs, discussed in sectidn 1.

1.7 vRNPand polymerase
The genetic material of the influenza virus is packaged into aight ribonucleoprotein
complexes (VRNP) wdh consist ofviral RNA packaged imultiple nucleoprotein NP

segments andh single trimeric polymerase complex. VRNPs are transported into the host

11
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cell nucleus via nuclear pore complexes (NPC), allowing transcription and genome
replication to occur.The NP protein is 498 amino acid residues in length with a positive
charge at neutral pHNg et al. 2009)It bindsto the negative sense single stranded RNA (
ssRNA) gene segment as well as interacting with other NP proteins, argblyreerase
basic 1 and 2RB1 and PB2arts of the viral polymeras@iswas et al. 1998; Eisfeld et al.
2014; Poole et al. 2004)

The viral polymerase complex is composed of PB1 and BBgsale the Polymerase acidic

protein (PA) in influenza A and B, or Polymerase 3 (P3) in influe(ad@ 2013; Resa

Infante et al. 2011; te Velthuis and Fodor 2Q16)s complexed to each individual genome
segment within the influenza virus, allowing transcription and replication of each vVRNA after
translocation to the nucleugArea et al. 204; Fodor 2013; Hutchinson and Fodor 2013)
Transcription occurs in a pim& S LISY RSy i YIF yYSNE LINRPRdzOAYy 3 Yy
poly(A) tail(Plotch etal. 1981 ¢ KS OF LJ A a Way | hyéckos Bithe FBSR ¥ K 2
capbinding domain, that allows the cap to be cleaved8nucleotides downstream by PA

or P3(Dias et al. 2009; Gligay et al. 2008; Yuan et al. 2009he resulting cap and
nucleotides are used to prime synthesis of mMRNA transcripts for influenza gene segments.
Replication of influenza gene segments is primer independent, new VRNAs being produced

via a replicativecomplimentary RNA (cRNA) intermediate. The polymerase complex is
intimately linked to host specificity, Nucleoproteins have been shown tevadve with the

other proteins making up the VRNP complex, possibly as a resélinctional restrictions

between proteins (Naffakh et al. @08) Incompatibility between VRNP proteins is a likely

hurdle impeding the ability of reassortant influenza viruses from crossing species barriers,
limiting interspecies transmissiofCauldwell et al. 2014; Long et al. 2013; Obenauer et al.

2006)

1.8 NEP

The Nuclear Export Protein (NEP), previously knowNa@s Structural Protein 2 (NS2) is
another key protein involved in the cellular functions of the life cycle of the influenza virus.
Aside from facilitating the export of VRNPs from the host cell nucleus, NEP also has roles in
regulating VRNA, viral mMRNAdoRNA accumulatiofinglis et al. 1979; Lamb and Choppin
1979; Lamb and Lai 1980)his role igmportant as mutations in NEP have been shown to

compensate for lack of viral polymerase efficiency when infecting cultured human cells with
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avian HPAI viruses (H5NManz et al. 2012; Robb et al. 2008)EP has also been shown to
have a role in the budding ofrpgeny viruses through recruitment of a cellular ATPase to

the cell membrane for this purpog&orai et al. 2012)

1.9NS1

NS1 is the key influenza protein involved in host cell interactions where it@eatgtagonize
antiviral responses mediated by interferqiN)(Hale et al. 2008)It is expressed at high
levels in the nucleus of infected cells where it carries out its primary function in the blocking
of cellular innate immunityKrug and Etkind 1973)n Influenza A viruses, NS1 is typically
230 amino acid residues in length, with distinct genetically divergent clades named A and B,
and a third clade for the bat influenza subtypes H17N10 and H1§Ndrdg et al. 2013)
Clade B NS1 is mainly found in avian strains whereas Clade A NS1 are the most frequently
encountered. Influenza B and C viruses have their own respective NS1 (281 and 246 amino
acid residues respectively) variarftdamgir et al. 2000; Yin et al. 2Q0RS1 is a homodimer
composed of two distinct structural domains, connected by a flexible linker ré@iam et

al. 1994) An RNAvinding domaimmakes up the first 73 amino acids and an effector domain
(ED) completes the protein from residues-880. The RNAbinding domaincontains six
helices which are involved in the binding of double stranded RNASNAXCheng et al.
2009) NS1 acts as an IFN antagonist by preverf@egnoic acid inducible gene (RIGI)
activation, preventing the triggering of antiviral responses by recognised viral dsRNAs
(Mibayashi et al. 2007; Rehwinkel et al. 2010; Schmidt et al. 200850 acts to block the

RIGI signal transduction pathway through itgeraction with TRIM25 and Riplet as well as
preventing RIG ubiquitination (Gack et al. 2009; Rajsbaum et al. 2012F1 has been
shown to abrogate activation of the protein kinase PKR, preventing thiseiuattivation of
cellular defensive pathway$. Li et al. 2006; Lu et al. 1995; Min et al. 2007; Min and Krug
2006) Further capabilities of this dynamic protein include reducing theesgon of type |

IFN system proteins (such as MxA), delaying or reducing its antiviral €fBsntsiaSastre et

al. 1998; Haye et al. 20Q09)

1.10 Alternative splicing of Influenza mRNAs
Various novel prains have been discovered in recent years, produced from alternative

splicing of influenza virus mMRNA2B2S1 is spliced from Segment 1 mRNA, producing a
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protein localized to the mitochondria which acts to inhibit the Rk&pendent interferon
signalling pathway (Yamayoshi et al. 2015)Segment two contains two further nen
structural genes, PBE2 and N40, the latter which is currently poorly characterigdsitF2

is involved in induction of cell death in immune cellsl dogether with N40 these proteins
are beneficial to viral replication, but not essential for the viability of influenza virus, as
determined by mutational studie@V. Chen et al. 2001; H. M. Wise et al. 2009)

Segment 3 codes for three further netructural genes, PAN182, PAN15S and PX. All
three proteins are important for viral replication buiot essential, as their absence only
reduced the efficiency of viral replication and lowered pathogeni€i¢X plays a role in the
regulation of host mMRNA degradationoss of PAX was shown to increase inflammatory,
apoptotic and flymphocyte signallingathway kinetic{Jagger et al. 2012; Muramoto et al.
2013)

Segment 7 codes for a further ion channel M42 which has an antigenically distinct
ectodomain to M2.This protein replaced M2 in an M2 natiutant virus, through a

compensatory mutation inducing an upregulation in M42 synth@sidM. Wise et al. 2012)

A schematic diagram of all the genes listed ingihevious sections is shown in Figure 1.7.

Segment 1 , Segment 7
HO-3 5 Segment 4 Ho-3'—{INMI— 5
HO-3'—| HA F5 e L M2
,{'i: <3<‘-:]- u H: 'i_'__l IM42
HO-3' — NS1 ——5'
S enave |
Ho-3'—{INATI - 5

Figure 1.7 Schematic diagram showing the eight gene segments of the influenza virus. Segment 1, 2
and 3 code for PB1, PB2 and PA, the components of the viral polym8eggaent 4 and 6 code for

the glycoproténs HA and NA while segment 5 codes for the nucleoprokinand M2 are coded for

by segment 7 and NS1 and NEP coded for by segm&cah@matic adapted from Viral Zone, Swiss
Institute of Bioinformatics.
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1.11 Epidemiology of Influenza virus

1.11.1 Seasonalinfluenza

Seasonal influenza is the term given to the constant spread of influenza virus around the
globe, peaking in seasons each year between September and March in temperate countries.
Seasonal influenza viruses arerrently composed of human straing ¢the virus in the H1

and H3 subtypesVaccination remains the most effective way to reduce mortality and
morbidity against seasonal influenza virus&ébe WHOGIobal Influenza Surveillance and
Response System (GISRS), a network of laboratories worldwadtks towards biearly
update of vaccine strains to predict and match wiating strains as they evolv@VHO
2003) Due to the dynamics surrounding the circulating strains of influenza, the multiple
circulating subtypes and lineages and the time requiregrimduce stocks of vaccine, there

are often mismatches in circulating strains and current vacc{desJong et al. 2000; Dos
Santos et al. 2016; Hoa et al. 2016his problem is compounded by the elicitation of HA
head reactive antibodies (Also IHcompatible antibodies) by the traditional inactivated
influenza vaccinesused globally The predisposition of the viral polymerase to inducing
mutations in progeny influenza virions, alongside the selective pressut@Vscaused by
natural infection, drives antigenic drift in this hyper variable head region, leading to the
need for constant updates of the vaccine strdin Du, Zhou, et al. 2010; Mossad 2007,
2008; Tosh et al. 2010pespite this, studi® have shown that repeated vaccination or
exposure to seasonal influenza can lead to an increase in cross protective antibodies

(Pichyangkul et al. 2014)

1.11.2 Pandemic influenza

Upon global spread of a novel strain of influenza to which the human population is naive or
lacking immunity to, a pandemic strain is designated. There have been several influenza
pandemics in recent human history, the first of note beihg H1N1pandemic (pH1N1)

WA LI YA&aK Tt dzak estinsted UR millonddzthS Rvorldwide (WHO 2003)

{dz6 4S1ljdzSy i LI yRSYAO0&a IINRAS FNRY | HbuI (GKS

AYTFEdSyi I Q 2F wmdpcy | yR Pademie influghza ishggnRriSily A O W

brought about through antigenic shift, a process by which a virus with novel characteristics

but the ability to infect humans resultfsom coinfection of two or more strains/subtypes
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within the same celllt has been repord that infection with pH1N1, whether the 1918 or
2009 strains, leads to increased titres of stdilected antibodies which have a role in the
pH1N1 strain replacing currently circulating seasonal sti@ita et al. 2012; Thomset al.
2012) Also, crosgprotection against the 2009 strain was provided by previous infection
with the 1918 strain(Medina et al. 2010)This phenomenon has been attributed in part to
protection providedby the Fc region(FcR)of stalk antibodies and subsequent protection
through antibody dependent cefhediated cytotoxicity(ADCC)Tete et al. 2016)The
heterosubtypic nature of antibodies elicited by pHIN1 viruses lead to an increased
protection against seasonal strains among the elderly, it has been shown that dominant
heterosubtypic antibody responses against the Hilkstorrelate with absence of memory B
cells providing immunity against the HA heddherefore exposure to a pH1N1 strain early
2y AYy I LI GASydQa AYYdzyS KAaAG2NR asSsSvya G2

immunity (Thomson et al. 2012)

The 2009 pandemic virus is a triple reassortant influenza virus with internal gene segments
from Eurasia and North American Swine, Classic Swine and H3N2 triple reassortant viruses
which were circulating in North Ameri¢&arten et al. 2009; G. J. Bmith et al. 2009)The

virus itself emerged in Mexico and the United States, spreadapgdly worldwide and
becoming pandemicThe virus itself has since evolved, the current WHO recommended
vaccine strain originating from the 2009 pandemic beingMishigan/45/2015 (H1N1)
pdmO0%like virus.However, this current strain has only 13 amino acid differencébe HA

gene with the 2009 strain A/Texas/06/2009, shown in the multiple sequence alignment

generated using Clustal Ome(fgievers et al. 2011%ee Figure 8.
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CLUSTAL 0(1.2.4} multiple seguence alignment

AfMichigan/45/2815(HINL) MEATLWLLYTFTTANADT LCIGYHANNSTOTVDTWLEKNY TWTHSWNL LEDKHNGK LCK
AfTexas/as/ 2889 HIN1 ) MEATLWLLYTFATANADT LCTGYHANNSTDTVDTWLEKNYTWTHEWVNLLEDKHNGKLCK
FEEFFREEFRREE  REEEFRREFFERE IR X EFEE SEEERDEFEEREFE R REEE DR E R REE

AfMichigan/45/2815(HINL) LREGWAPLHLGKCNIAGWILGNPECES LS TASSWSY IVETSNSDNGTCYPGDF INYEELRE
AfTexas/as/ 2889 H1IN1) LAGWAPLHLGKCNIAGWILGNPECES LS TASSWEY IVETS S SDNGTCYPGDF IDYEELRE

H$$$HH$$HHH$$HH$$$HH$$$HH$$HHH$$HH$$$HH$I$HH$$HHH$$HH:$$HH$$
AfMichigan/45/2815(HINL) QLSSVESFERFEIFPE TSSWPNHDSNEGYTAACPHAGAKS FYENL TWLVE KGNS YPELNG
AfTexas/ae/2889{H1N1) QLESVESFERFEIFPE TSSWPNHDSNEGWTAACPHAGAKS FY ML TWLVEKGNS YPELSE

H$$$HH$$HHH$$HH$$$HH$$$HH$$HHH$$HH$$$HH$$$HH$$HHH$$HH$$$HHI:
AfMichigan/45/2815(HINL) SY INDKGKEVLVLRGIHHPST TADQQSLYQNADAYWFVGT SRYSKKFKPEIATRPEVRDQ
AfTexas/ae/2889{H1N1) Sy INDEGKEVLVLRWGIHHPST SADQOS LY ONADAYWFVGESRYSKKFKPETAIRPEVRDQ

H$$$HH$$HHH$$HH$$$HH$:$HH$$HHH$$HH$$$HH:$$HH$$HHH$$H FEkkaEEdg
AfMichigan/45/2815(HINL) EGRMNYYWTLVEPGDK ITFEATGHNLVVPRYAFTMERNAGEGIIISOTPVHDCNT TCQTPE
AfTexas/as,/ 2889 H1N1 ) EGRMNY YT LWVEPGDE ITF EATGHNLVVPRYAFAMERNAGEGIIISOTPVHDCNT TCQTRE

xxFd e rrdirrrdt ek radd s sxrdakkkirrk e e e F ek F L.
AfMichigan,/45,/2815(H1NL) GAINTSLPFONIHPLT IGKCPEYVESTEKLRLATGLRNVPSIQSRGLFGATAGF IEGGWTG
AfTexas/as,/ 2889 H1N1 ) GATNTSLFFQNIHPLT IGKCPEYVES TELRLATGLRNVPSIQSRGLFRATAGFIEGENTG

R R i e e S e e e e R S LS L s
AfMichigan/45/2815(HINL) VDG EYHHONEQGS G AADLKSTONAIDE TTHE VNSV IEKMNTQF TAVGKEFNHLEKR
AfTexas/as/ 2883 H1IN1 ) VDG EYHHONEQGS GY AADLKSTONAIDEITHE VNSV IEEMNTQF TAVGKEFNHLEKR

R e i e e et sttt P st s
AfMichigan,/45,/ 2215 (HINL) IENLNKEVDDGF LDINTYMAELLVLLENERTLDYHDSNWVENLYEKWRNQLENHAKELGNG
AfTexas/ a6/ 2883 (H1N1) IENLNKEVDDGF LDIWNTYMAELLVLLENERTLDYHDSNVENLYEKVRSQLKNNAKELGNG

R e S s s s s

AfMichigan/45/2815(HINL) CFERYHECDNT CMESVENGTYDY PR SEEAKLNREK IDGVELESTRIVOILAIYS TWASS

AfTexas/as/ 2883 (HIN1 ) CFERYHKCDNTCMESVEMNGTYDY PR Y SEEAKLNREEIDGVELESTRIVQILALY S TVASS
EEEFREEFRRBEIREEEZR REXFRDE XXX DFHRDE L FRRFFFRREFX R REEXDEE R RS

AfMichigan/45/2815(HINL) LVLWWSLGATSFUMCENGELQCRICT

AfTexas/as/ 2883 (HIN1 ) LVLVWWELGAISFUMCSNGSLQCRICT

EEFEEEEES SRR EFFEE B EFF R EE

Figurel.8. Multiple HA amino acidequence alignment between pH1N1 strains A/T&&2009

and A/Michigan/45/201513. Amino acid differences ardisplayed Amino acid Agnment carried out
using Clustal Omed&ieves et al. 2011)

1.12 Innate immunity to Influenza virus

After the influenza virus reaches the respiratory mucosa, it must overcome the protective
layer of mucus which lines the respiratory tradthe first defence of the innate immune
system, influenza wiises will be caught up in the mucociliary escalator and evacuated into
the stomach for disposaSome viruses will manage to penetrate this layer, avoiding the
heavily sialylated mucins present in the mucus through the action oNtA¢Cohen et al.
2013; Matrosovich et al. 2004Pnce the virus has finally encountered its target cell and
initiated an infection, the other aspects of the host cell innate immune system are the next
line of defence.Upon initiation of replication, single stranded RNA (ssRNA) and double
stranded RNA (dsRNA) will be produced as the virus carries out its life Oyete will be

recognised as pathogen associated molecular patterns (RAMMPNgside other influenza
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life cycle productsby pathogen recognition receptors (PsRRAkira et al. 2006; Medzhitov
and Jaeway 2000; Thompson et al. 2011)

1.12.1 IFN

There are four IFN families of which type | is the most important in regards to the influenza

virus, activating key pathways of the innate and adaptive immune system after activation of
PRRqTakeda and Akira 2004Jype | IFN is a muigene cytokine family composed of

multiple IFNN & dzo (1 @ LIS & & d2oyliSe LOSChF YR a4 S 3OS WRestka e2 @l.K SNJ 3
2004) Type Il IFN consists of lRM/hich is produced by T cells and Natural Killer (NK) cells,

acting on cells which contain the HNeceptor(Schoenborn ad Wilson 2007)Type Il IFN

consists of IFNL IFN<2 and IFNG and IFK ®mh Q. NA Sy S [|-Olssonetamn T t N.
2013) These act in a similar manner to Type | IFN cytokines, but are restricted in activity due

to their receptoronly being found orepithelial cells surface@Vitte et al. 2010) Type | IFN

are able to induce an antiviral state infected and bystander cells, interfering with viral
replication(Yan and Chen 20123Ilmost dlcell types are able to produce I'N 2 NJ LICab |

result of stimulation of PRRs by PAMRsvariety of sensors are present in cells for the
detection of different PAMPS, recognising ligands or DNA/RNA in different conformations
(McNab et al. 2015)Toll like receptor (TLRs) activation also leads te'IfNLi C bLINRE RdzO (G A 2
of which the relevant TLRs are described in this sedfi@ber et al. 2008; Pandey et al.

2009) As well as inducing an antiviral state, IFN also has a direct antiviral action, by
increasing the xpression of IFITM3, MxA and PKR genes described in subsequent sections,
among others such as the Ribonuclease L and 1ISG15 ubidketipathwayqJulkunen et al.

2000; Anthony J. Sadler and Williams 2008)pe | IFBlare extensiely reviewed byMcNab

et al. 2015 the remainder of thisinnate immunity subsection will be devoted to the

receptors relevant for innate immunity and influenziaus.

1.12.2 TLR7 and TLRS8

TLR7 recognises ssRNA influenza genomes within endosomes, resulting in nucleaBactor
(NF B) or interferon regulatory factor 7 (IRF7) activati@iebold et al. 2004; Lund et al.
2004) These transcription factors stimulate further expression of -ipf@ammairy
cytokines and type | IFN respectively, blocking viral replicgtifmmda et al. 2005; Lande et

al. 2007; Sasai et al. 20101 R8 also recognises ssRiNin endosomesand is invéved in
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the innate immune response to viruses such as @H¥Iil et al. 2004)It is expressed in
human monocytes and macrophages, producikd2 yoon stimulation by ssRN@wasaki
and Pillai 2014)

1.12.3 RIG

RIGI is a protein that is crucial for viral detection as well as the production of type | IFN in
infected cell{Kato etal. 2005 i NB O23yAaSa pQ UNARLKZ2ALKIFGS ¢
start of viral replication(Baum et al. 2010; Hornung et al. 2006; Pichlmaillet2006;

Rehwinkel et al. 2010)RIGI comes into contact with VRNASs in antiviral stress granules,

where it colocalises with viral RNA and interferon stimulated gene (ISG) products such as
PKRIts encounter with vVRNA leads to activation of thetochondrial antiviral signalling

protein (MAVS). This results in the production of prlammatory cytokines downstream

of NF B, and also the production of type | IFNs and ISGs through its activation of IRF3
(West et al. 2011)

1.12.41SG

Genes stimulated by IFN which control influenza virus infection include MxA, PKR, IFITM3
(and otherlFITM proteins) as well as TRIM22, Viperin and several other genes, reviewed by
lwasaki & Pillai 2014The Mx proteins were among the first ISGs with -@amiluenza roles
discovered(Ichinohe et al. 2009)MxA is present in the cytosol, acting against influenza A
and other virusegHefti et al. 1999; Pavlovic et al. 1995; Turan et al. 2008)events post
transcriptional events in the cytoplasm as well as interacting with NP and the influenza
polymerasgHaller et al. 209; Pavlovic et al. 1992)

IFITM3 acts to block virdsost cell membrane fusion following endocytosis in the first stage

of infection. It is expressed constitutively in epithelial and endothelial cells as weh as
macrophagegBrass et al. 2009; Desai et al. 2014)

The protein kinase PKR blocks translatioh influenza genes through its action in
LIK2ALIK2NEBEFGAY3 GKS h adzdzy Al IRako abtivzates tN 2 (G A O
NF B pathway and stabilises IFN | y R  LY@Bhlachandran et al. 2000; Kumar et

al. 1994; A J Sadler and Williams 2007)

The tripartite motif 22 (TRIM22) is located in the nucleus and its mMRNA and protein levels

are highly unregulated upon influenza virus infection in epithelial cHllgiteracts with
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influenza NP and this results in NP polyubiquitination and degradation throhgh t

proteasome pathwayDi Pietro et al. 2013)

1.13Cell based immunity

Innate cell based immunity comes in the form of alveolar macrophages, monocytes,
neutrophils, and NKells Alveolar macrophages secrete chemokines and cytokines in order
to recruit further innate cells, as well as initiating an adaptive immune respfigeathi et

al. 2015) These, together with monocytes and neutrophils are recruited to the site of
influenza infection and, with macrophages, aid in the clearance of-infasted cells by
recruited phagocytegY. Hashimoto et al. 20Q7)Neutrophils have been shown to produce
reactive oxygen species which are responsible for part of the pathology associated with
influenza virus infection, through tissue dama@&ipathi et al. 2015)Efforts have been
made to reduce this damage, such as investigation of the compound apocynin, which acts to
inhibit the NADPH oxidase system involved in neutrophil mediated tissue dafvikedm®s et

al. 2011) NK cells act to destroy infected cells alongside the activation of cytotoxic T
lymophocytes.They also regulate the production of HNand interleukin2 (IL:2). The
presence of preexisting influenza virus specific T cells has been shown to increase NK

mediated innate immunityHe et al. 2004)

1.14 Adaptive immunity

Adaptive immunity is instigated by antigen presenting cells (APC), in particular dendritic cells
(DC)which stimulate T cells. DCs encounter viral antigens either through phagocytosis of
infected cells, or by being infecte@ubsequently, DCs will present viral antigens/peptides
on the major histocompatability complexes | or Il (MHC | and II) and migydtestymph
nodes, allowing interaction with CD4+, CD8+ T lymphocytes as well as B lymphocytes
(Mildner and Jung 2014The peptideMHC complexes will be presented to T cells via the T
cell receptor (TCR), mediating their activation.

CD4+ T cells induce the prolifea@tiof CD8+ T cells and B cells, the effectors of the adaptive
immune systen(Sant et al. 2007)Once activated in the lymphatic system by APC antigen
presentation, CD4+ T cells contribute to viral clearance through induction of IFN pathways,

described in section 12. CD4+ cells can differentiate into two different functional classes of
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helper T cells (1L, T:2). Tyl cells secrete IFN ¢ K& $e&etedinterleukin 4 (4) which is

critical for the initiation of humoural immunitgSmiley and Grushy998)

CD8+ T cells are activated upon presentation of viral antigens in complex with MHC I,
allowing their migration to the site of infectiofCerwenka et al. 1999)Memory CD8+ T cells
present in the lymphatic system from a previous exposure to influenza virus will-be re
activated, allowing a more rapid protective response to a previously encountered,
antigenically similar viru¢Tamura and Kurata 20Q4These antigemxperienced CD8+ T
cells have been shown to immediately degranulate upon recognition ofinfloenza
infected cell, killing them, whereas naive cells have a cytotoxeceffithout immediate

degranulation(Wolint et al. 2004)

Upon activation, B lymphocytes differentiate into plasma cells and begin to produce antigen
specific immunoglobulin (Ig, antibodies). Depending on the epitope or specific protein to
which an antibody has been produced, these will either neutralise the action of said protein
or act as a primer for the induction of célirected immunity, for example througkc
mediated activation leading toADCC(Zhong et al. 2016)Alternatively, complement
mediated cytotoxicity can be induce@@uinran et al. 198Q)

The humoral immune response at the level of the mucosa involves IgA, which is produced
locally and transported to the upper respiratory tract via the mucosal epithe(iRalladino

et al. 1995; Renegar et al. 200Bh)e lower respiratory tract is where IgG is primarily found,
this class of Ig has been found to diffuse into the blood where it can be collected and
analysed as serum. As mentioned previously, the outcome of the production of antibodies is
dependent on the epitope and protein presented to B cells.

Antibodies directed gainst the HA glycoprotein either act to neutralise the virus through
masking its R8 or by preventing its ability to unfold and mediate membrane fusion
(Brandenburg et al. 2013Anti HA antibodies are further detailed in section 1.18 with
multiple examples.

Antibodies against the NBAave been shown to block viral replication through the inhibition

of viral release at the cell surface. Anti NA antibodies therefore have a similar mechanism of
action to NA antivirals which do not prevent infection but limit symptoms and further

transmission of the virugVarcelin et al. 2011, 2012; Wohlbold and Krammer 2014)
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Antibodies against the M2 channel have been associated with poor protection against
infection, but represent a promisg target due to the conserved nature of this pgot in
comparison to other hum@l immune targetgB. Nayak et al. 2010; Schotsaert et al. 2009;

Treanor et al. 1990)

Anti NP antibodies have been shown to aid cellular immunity agairisemda(Carragher et

al. 2008) This conserved protein has been targeted alongside other influenza proteins that
are conserved between strains, with safety ahdell mediatedmmunogenicity reported in

an NP + MIMVA vaccine produceand tested in phase | clinical trialy Berthoud et al.
2011

5dzS (2 (KS o driit Aiddzahi®t, evadirlg thumi@ld@mmiline responses, efforts have
been made to study the effect of immunological memory against the influenza.vihe
Memory B cell populations plays an essal role in prevention of rénfection against
similar strains(Ellebedy and Ahmed 2012;-X. Y. A. Huang et al. 2014; Quan et al.
2007)However this immunological memory puts the viral proteins under pressure, driving
mutational selection ora global scale and rendering efforts to produce effective vaccines
fruitless. A further aspect to consider is the phenomenonooiginal antigenic sin, in which
exposure to an antigen leads to the generation of a sub optimal immune response to a
related antigen, such as a from a previously encountered influenza s{d®nSt.Groth and
Webster 1966a, 1966b; Francis 1960; Pan 20Dl to the worldwide circulation of
multiple subtypes and strains of influenza, characterisation of the effect®rigfinal
antigenic sin on immunity, whether naturat mduced by vaccination, is crucial to the future

of influenza virus research.
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1.15 Influe nza virus vaccines and antivirals

Influenza vaccinesre availablein many forms.Inactivated influenza virus vaccines have
been producedn trivalent (TIV) or quadrivalent forsr{QIV).In general the TIV will contain

one strain from seasonal HIN1 and H3M2uses as well as the predicted dominant
influenza B lineage strain, whether Yamagata or Victoria. The QIV will generally contain a
representative from both influenza B lineagédternative vaccines include live attenuated
influenza vaccines (LANjvalable commercially agluMist or Fluenz, consisg of a live

and functional influenzavirus attenuated for virulence, often through coladaptation
(Glezen 2004) Protein based vaccines are produced by recombinant technolggy
production of HA immuoagens or truncated versions of HA, often in bactefnally,
reverse genetics based systems utilise cells to grow viruses with desired characteristics

(Neumann et al. 2012)

There are various antivirals available against the influenza virusceggng the virus in its

life cycle at various pointd\A inhibitors such as oseltamivir and zanamivir prevent the
action of the NA enzyme, reducing the ability of nascent viruses to escape infected cells and
thereby slowing down infection and associatggnptoms. These are extensively reviewed
by De Clercqg, 2004 and Moscona, 20Bwever, there are NAnhibitor resistant strains of
Influenza circulating, with amino acid changes such as E119V or RRIB& NA gene
resulting in decreased sensitivity to the inhibitbtowever, some ferret modedtudies show

the drug is still working as intended by reducing spread between fe(k¢slocher et al.
2002, 2004; Yen et al. 2005M2 inhibitors are also available, such as amantadine,
rimantadine and adamantanamine, which share common featufidsese block the M2
protein, preventing its action in acidification of the viral core, preventing dissociation and
release of VRNP&Shuck et al. 2000)arious other antivirals are in the process of being
characterised and are reviewed e Clerg, 2006 While this field is currently neglected,
research continues to produce novel M2 inhibitor candidates as well as working efforts to
overcome resistance mutations in circulating strains of influenza vir(iseki et al. 2016;

Sulli et al. 2013)

1.16 Universal vaccines and Heterosubtypic immunit y: HA
Universal vaccines aim to induéeng lasting immunity, generally bsliciting antibodies

againstconserved regiosof the influenza virusThese regions include the HA stalk region in
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order to create parsubtype or pargroup/multi-lineage vaccines, or conserved epitopes
between seasonadtrains to produce mukseasonal vaccing§&raham, WHO reportpue to

the constraints involved with theactive machineryof the HA glycoprotein and its
requirementto change conformation to allow membrane fusion, this target is less amenable
to antigenicdrift and therefore likely less able to evolve around a targeted stalk immune
response However, it is possible that the immunodominance of the head region drives its
evolution, and that conservation seen in the stalk is a resultioKS A GQa NBRc
immunogenicity.

Various methods have been employed in order to desigd test universal vaccinesn@©of

the most exciting developments in theniversal vaccine section of influenza virus research

is the progress being made on wgdtion of chimeric HAGHA based vaccines, reviewed by
Kramer and Palese over recent yegkgammer 2016; Krammer and Palese 2013, 2014,
2015) These vaccines emplogHA originally developed and published by Hai and
colleaguegHai et al. 2012; Krammer et al. 20E3)d developed by this group since 2012 in

B NA2dza | NI AOf Sa akK2gAy3a (GKAA& | LILINRBI OKQa |

mouse models. Cryo EM tomography on these cHAs has shown them to be staligtu

(@]

different to native HAs, with a 60° rotation between stalk and head regibnis. leads to a

Y2NB W2LISYyQ | NN y3aISYSyl | fDespitég thesadifferenceS, dha 2

cHA is still functional andiruses bearing ihas been shown tbe infectious in the reverse

genetics systenfTran et al. 2016)Early work aimed to characterisech build cHAs and

utilise them as a serological platform through the production of(Asi et al. 2012)This

was followed by a study utilising H6/H1 and H9/H1 cHAs to test fobdimAserum from

H5N1 vaccine clinical trialfNachbagauer et al. 2014The H5N1 vaccine elicited b\

which were effectivein a mouse passive transfer moddl. similar approach to the cHA

system was evaluated Hyggink et al., 2014utilising hyperglycosylation as a tool to shield

epitopes in the HA head, dampening the immune response elicited against the

immunodominant head and redirecting imunity to the stalk region. Mice vaccinated with

hyperglycosylated HA vaccines were better protected against mortality and morbidity than

those vaccinated with thavild type W) HA.¢ KA &4 RIGF f SyYyR& ONBRSYyO!

g OOAYSQ ARSIIT 0dzAf RAY3 dzlJ SOARSYOS GKIFG aid

for. cHAs were further evaluated to be used as vaccines in a system employing head regions

from multiple subtypes and stalkE N2 Y GKS &l YS I m &adzondelLlSs | A
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immune system to the stallA panel of influenza viruses were produced bearing cHAs with
intra or intergroup head/stalk combinations and examined for growth kinetics and the
preservation of epitopes. ok were shown to behave in a similar fashion to WT HAs,
maintaining stalk epitope¢C-J. Chen et al. 2016 A vaccine regimen was designed by
Nachbagaar et al. whereupon a three stage vaccine regimen using Halived bycHAs
with H5 and then H8 head domains and the same H1N1 Sthk.vaccine regimen induced
higher stalkneutralisingantibody titres than the seasonal vaccine, with long lasting eross
reactivity observed alongside protectiamvivo(Nachbagauer, Kinzler, et al. 2018imilarly,
a more recent study achieved the same results, this tim@g cHAs with influenza A head
domains(H5/H7/H8) and an iituenza B stalk, mice were protected from lethal challenge
post vaccination to a diverse set of influenza B stréifrsnler et al. 2017)The cHA system
has also been employed as a vaccine through the use of VSV vectors, administered via
intramuscular and intranasal routesinducing protective heterosubtypic immunity in mice
(Ryder et al. 2016)
Adifferent approach has focuse®ly G KS RS@St 2LIYSyid 2F WKSI Rf Sa
vaccines allowing the host to produce an immune response against the conserved stalk
region in the absence of the immunodominant globular heatlis approach has been
followed by several researchaups with varying levels of succe$sallajosyula et al. 2014;
Steel et al. 2010; Valkenburg et al. 2Ql16)eadless HAs, otherwise known as stem
constructs or mini HAs were born from early work describing the ability to remove the HA1
region of the influenza HA through acid treatmef@raves et al1983) The ability to
remove the head of the HA trimer allowed access to the stalk and when used as an
immunogen, generang crossreactive antibodies.Steel et al produced a headless HA
construct and used it to immunize mice, eliciting immunity with broader reactivity than the
full length HA testedThey also showed full protection from mortality, and partial protection
from morbidity in a lethal challenge experimie(Steel et al. 2010)H1 stem headless HAs
designedby the Crucell Vaccine Insiie showed structural and briAbinding properties
similar to the full length HA teste@@mpagliazzo et al. 2015This construct was used to
vaccinate mice, inducing complete protection @ lethal challengeexperiment using
heterologous and heterosubtypic strain¥his immunogen was also shown to reduce
morbidity after sublethal challenge in a primate mod&lfurther headless HA immunogen
designed at the National Institutes of Health (NIH) conferred heterggibtprotection in
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mice and ferretsThis design employed a stabilised H1 stem with conserved epit@es
conferring protection through serum transfer in micérassine et al. 2015%imilarly to
previously citedexamples, broadly neutralising, yet group 1 specific antibodies were
generated by an H5 headless HA generated by Valkenburg@hed. again, passive transfer

of serum protected mice tested from influenza challerfgalkenburg et al. 2016)

1.17 Other universal vaccines

Influenza vaccine research grougs projects have had success in the elicitation or
detection of heterosubtypic immunity to influenz&Vhile seasonal vaccination has been
shown to primarily induce head directed antibody responses, some level of heterosubtypic
immunity has also been show(Ding et al. 2011)It is impor&ant to note differences
between age groups infected with influenza viruses and the immune complement
depending on previous exposure historyhe elderly are known to have higher stalk
directed antibodies due to sequential exposure to strains over the yearspposed tohe
youngwho may have a more heatbminated responseThis data was further validated by

a recent studyNachbagauer, Choi, et al. 2016gequential sH1N1 vaccination has also been
shown to induce heterosubtypic immunity, in a simifashion to the cHA system utilising
divergent HA head¥irchenbaum et al showed that sequential vaccination of ferrets with
sH1N1 lead to protection from pH1N1 challenge and resulted in poor transmission between
ferrets (Kirchenbaum et al. 2015 2010, heterosubtypic immunity was elicited through a
bivalent H1/H3 vaccine, allowing recipients to produce albwhich was able to neutralise

an H5 strain(Corti et al. 2010)This group isolated 20 heterosubtypreAbs which were able

to bind group 1 influenza viruses, including the recent pH1N1 stbaiAbs were found to

bind the acid sensitive epitopes in the stalk. Attempts at using exotic HSN1 strains as
vaccine candidates has also given rise to heterosubtypiibodies, for examplén the use

of a HS5N1 DNA vaccine candidate followed by an inactivated vattoyee et al. 2016)A
different approach utilising an MVA delivered recombinant vaccine using a mosaic H5N1
was also successful in generating protection to the matched H5N1 subtype as well as HIN1

(Kamlangdee et al. 2016)

Several recent articles have recently shown that natural infedip®2 subtypesH3 or H7
lead to increases in heterosubtypic antibodies in patiert8N2 infection was reported to

elicit more crosgreactive antibodies than through inactivated virus or HA DNA vaccination
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(Margine et al. 2013; Moody et al. 201 8imilarly, mtural infection to H7N9 influenza virus
has been reportedd induce both G1 and G2 specifitAbs(L. Liu et al. 2017)

Attempts to induce antibodies against the conservd@ protein ectodomain (M2e) are
ongoing, with vaccines in clinical developm@Ramos et al. 2015)Vhile the M2 protein is
poorly immunogenic, being shielded by HA and NA glycoproteins on the surface of the
influenza virion, this protein is present in higher numbers on infected cells and may induce
immune responses in the form of AD@@chbagauer and Krammer 2017; Schotsaert et al.
2009) Vaccines against the M1 and NP proteins are also aimed at eliciting heterosubtypic
immunity due to their conserved nature betweatrains.While these proteins are usually
shielded from antibodies, they can provide protective immunity in the form -@ell
epitopes (M. Zheng et al. 2014)accination with NA or NA + M2e VLPs from 2009pdm
influenza protected micefrom subsequent challenge by H3N2 influenza through CD8+
reactive T cell responses, while this was not observed in HA vaccinated $cicetsaert et

al. 2016) Part of the effectiveness of whole virus vaccines can be attributed to NA targeting
antibodies, which have been shown to also contribute to heterosubtypic immunity
(Eichelberger and Wan 2014; \@. Liu et al. 2015Yarious universal vaccines are discussed
by Nachbagauer & Krammer 20With clinical trial information reported. Figure 1.9 shows a

variety of universal vaccine approaches.

1.18 Stalk antibodies

Much of the work in identification of influenza HA epitogess been carried out using mAbs
and associated crystal structure§ mAbsbound to their epitopes, via-ray crystallography.
This section will describe some of the main stdilected mAbs discovered over recent
years.CR9114 was produced by the Cruceltaine Institute (now Janssen Pharmaceutical
Companies of Johnson and Johnson), binding at the HA stem and was shown to protect mice
from lethal challenge with Influenza A and B stra(igeyfus et al. 2013)This mAb
competed with CR62L which binds to the membrane proximal stem of &Both of these
antibodies therefore act on HA by preventing conformational changes required for the
fusion procesgEkiert et al. 2009)The F16 mAb was characterised in 2011Chbyti et al.,
2011, binding to the F sub domain of the fusion peptide of influenza HA, neutralising all 16
subtypes of influenza A tested. Another important mAb of note is C179, generated after

mice were immunized with Akuda/l957 (H2N2) by a group in Japdiis mAb recognises
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group 1 influenza viruses, binding two monomers of the HA trimer in the stalk region
(Okuno et al. 1993Finally, yet another stalk binding mAb was i@werised, F10. This mAb
bindsi 2 KE@RNRLIK260AO WLIRO|1SGaQ dkpid s mkvias | !
shown to neutralise a broad range of group 1 influenza virydeshua Sui et al. 2009)
Interestingy, part of the immunity provided by stalk directed mAbs has bessoeaiated
with protection throughpromotion of ADCC through the Fc portion of the lmAne study
managed to enhanc&cengagement, leading to increased cytotoxidiBiLillo et al. 2014)
Alternative approaches have employed nanobodiederived from camelids (reviewed by
Muyldermans, 2018¢ in a similar fashion to mAbs. Nanobodies which bind to HA stalk
regions in ovdapping epitopes with CR6261 and F10 (fusion peptide) have been
characterised and employed successfully in binding and neutralisation g€3aigto and
Hufton 2016)

HA-head -classical vaccine induced
o A * strain specific
antibodies - neutralizing M2e D —_p
= X * non-nautralizing
antibodies -aocc activity

HA-stalk -broadly cross-reactive
. . * neutralizing
antibodies - aocc activity s . ———

~\

M1 -SPECiﬁC - broadly cross-reactive N P'SpeCiﬁC - broadly cross-reactive
T cells  “cytotoxic Tcells -oviotoxe

\ J \ I J

Figure 1.9 Various universal vaccine approaches to the influenza virus. A) ¥atargeting the HA
head are strain specific and neutralising while those targeting the stalk arerelasts/e as well as
inducing ADCC based immunity. B) M2 ion channel vaccines targeting the M2 ectodomain-are non
neutralising but may induce ADCEDBEVI2e, M1 and NP vaccine approaches confer broadly €ross
reactive immunity due to the conserved nature of these protekigurefrom (Nachbagauer and
Krammer 2017)
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1.19 Serology

1.19.1 Basic intr oduction

Serologytakes the form of many different assays when dealing with influenza virus
immunity. The primary protein to which antibodies are generated (HA) is used in the
majority of assays aimed at detecting immune responses to the viBesological
experiments forinfluenza have been reviewed in depth Byombetta et al., 2014TheHI
assaywas designed basl on the ability of influenza virusés agglutinate erythrocytes (red

blood cells, RBC) through action of iBR forming a lattice of RBCs in lieu of a pellet when
added to a Voottom micro titre well.! RRAGA2Y 2F | 1y206Yy elkYo SNI 2
micro titre plate with serial dilutions of serum allowed measurement n&gutralising
antibody titres to diffeent strains of influenza virusThis assay is still widely used to
measure immunogenicity of vaccines and immunity after natural infection; however several
caveats have arisen since its inceptiém HI titre above 40 has been shown to be a good
correlate of protection in adults, but not children, the latter of which have a reduced
capacity to mount an immune response leading to elicitation of HI competent antib(abes

Jong et al. 2003; Hobson &k 1972) Currently there is an issue with the type of red blood

cell used; with viruses derived from different hosts giving dissimilar results based on the
AGNIAY AYy LI NIOAOdzE I ND&a | GARAGE As ddllasitiisS G NR
certain human seasonal strains within the H3N2 subtype have changed their avidity to RBC
receptors ove the years. For example, H3N2 straires/e lost the ability to bind to chicken
RBCs used in the 1990s, but since 2003 have reg#ieeability to bind hem (Gulati et al.

2013; Kumari et al. 2007; Yi Pu Lin et al. 2012; Medeiros et al. 2001; Nobusawa et al. 2000)
Research suggests amino acid changes in residues 190 and 226 in the HA tSnersRB
involved in the reduction of HI ability of these virugbtedeiros et al. 2001; Nobusawa et al.
2000) Various groups have also shown that alongside a reduction in binding affinity of the
H3 HA over recent years, the NA has compensated and become involved in the infection
process by reduced ability to cleave sialic acids and subsequent change in the balance
between receptor destroying and receptor binding properties of NA or(HAP. Lin et al.
2010) The balance between HA and NA binding and affmiteas further reaching

implications, anti NA antivirals are now required to test for HA antigenicity using the Hl
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assay, in order to prevent false positives arising from NA mediated haemaggluti(étién

Lin et al. 2010)

Viral neutralisationor microneutralisation (MN) enables a direct observed response against
the cytopathic effect (CPE) of the influenza virus tested (Méutralisation is obseed by

all antibodies which block viral entry and therefore will include stalk as well as head directed
antibodies.For this reason this assay is an excellent tool for the detection of antibodies.
However, due to the requirement for live virus, this experimhmust be carried out under
higher BSLconditions when using highly pathogenic bazardousstrains of influenza,
reducing the ease at which data can be generatagthermore, viruses must be grown for

this experiment and therefore must be amenable towgth in eggs or cell based systems.
recentstudy was carried out in order to compare MN protocols and reslilt a large scale
study(Laurie et al. 20155ingle Radial ldenolysis was developed in 1974&ilising antibody
diffusion within an agar gel and complement mediated haemolysis induced by dgibo
antigen complexe&Sdild et al. 1975)This forms zones of haemolysis that can be measured
and thus compared between se(Morley et al. 1995; Schild et al. 19A8aerman, J 1981)

The Enzymdinkedlectin assay (ELLA) is an ELISA based assay aimed at detecting NA activity
through NAmediated digestion of Foetal bovine serum (FBS) derived Fetuin, which-is pre
coated on compatible microtitre plated.his assaysithe focus of Chapter 5 where it is
described in further detail. ELISA based approaches are used regularly in influenza virus
research Microneutralisation ELISA combines the elements of viral neutralisation and ELISA
detection, by detecting NP producedter viral infection, which can be knocked down using
serum(de Boer et al. 1990; Rowe et al. 1999; WHO 20Q1her uses of ELISA include using
HA or inactivated virsi to coat wells as capture antigens for antibodies, with subsequent
ELISA colorimetric readout. TAM®CC assayeasures the effect of the antibody regionR-c

role in cellular cytotoxicity through its relationship with MKlls In this way, antibodies
which do not neutralise influenza in the traditional assays can be assayed ifovamrole

in protection through ADC(@Greenberg et al. 1978; G. Hashimoto et al. 1983a, 1983b;
Jegaskanda et al. 2014, Vella et al. 1980; Zhong et al..28dé)Figure 1.10 for a life cycle
diagram of the influenza virus alongside each point in tiantibodies can neutralise the

virus.
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Figurel.10 Simplified lifecycle diagram for the influenza virus with methods of neutralisation
highlighted by bound antibodies. 1) NA targeting antibodies can prevent release of incoming or
outgoing influenza virses from mucins. 2) HA mediated binding of influenza viruses to target cells
can be prevented by HA targeting antibodies. 3) HA fusion with endosomal membranes can be
prevented by HA stalk targeting antibodies. 4) Nascent influenza viruses can be sedtdaiiing

egress from the cell. 5) Maturation of HA through proteolytic cleavage can be prevented by HA stalk
bound antibodies. &) Influenza directed antibodies can pricA®CQhrough FcR interactions as

well asNKcells and complement cascade. Figumf (Krammer and Palese 2015)
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1.20 CONSISE

The consortium for the standardization wffluenza seroepidemiology (CONSISE) is a group
of laboratories with the goal of standasitig serological techniques in order to inform
public health and improve the consistency of intra and inter laboratory det@ CONSISE
group will be mentioned ihapter 5 where ELLA was attempted with PV in accordance to

CONSISE approved protocols.

1.21 Introduction to influenza virus and pseudotypes
In this section, the methods used for the production and use of PV will be described in the

context of the current publiskd literature utilising them, detailed ifCarnell et al. 2015)

1.21.1 Influenza pseudotypes

PVI NE OKAYSNAO W@ANHzZASAQ O2yaradAy3da 2F | &dzN
with the surface glycoproteins of another virus, such as ByA\.removing the genetic

element of the virus being studied and replagiit with a suitable reporterthese viruses

can be studied in this safer, single cycle systéhe comparative safety ¢?Vcircumvents

the need for restrictive, expeinge and widely unavailable B&lcilities, increasing access to

research groups interested in highly pathogemidhazardouwiruses.

PVare defined as a replication deficient viruses containing a viral core from one species and
bearing glycoproteins from another that are not represented in the genoimeespect to

this thesis

1.21.2 Cores and reporters

The core and & associated genome containing a reporter are the backbone ofPtie
system which can be used to study the properties of selected agiyrgoroteins. The use

of cores from lentiviral Human Immunodeficiency VidugHI\(1) and gammaretroviruses
such as Mune Leukemia virus (MLV) predominate in the influenza pseudotype literature.
Recent use of systems involving rhabdoviruses, in particular the vesicular stomatitis virus
(VSY hasalso been used to produce pseudotype cores with promising refhsresiz et

al. 2014)
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1.21.3 Retroviral coresand vectors

Retroviral (including lentiviral)vectors are complex systems which will be explained in

simple terms specific to the production and use of pseudotypes. Core and vector systems

have been reviewed igreat detail (Blesch 2004; Sakuma et al. 201Pheprimary genes

provided by retrovirabr lentiviral systems argagand pol. In the case of HI\gag provides

the structural proteins p18, p24 and pl15, whergad provides the integrase and reverse
transcriptaseenzymesn conjunction with the p10 proteasrequired for maturation of each

distinct protein from their respective polypeptide chajingelman and Cherepanov 2012;

Jacks et al. 1988Reporter constructs are associated with their respective cores based on

the packagingsignalelement (Psi,A Gincorporated in the vector design process, making

them specific to the surrogate species used.-Hidores are derived from several different

origins between laboratory groups$:irst generation pNL-8 vectors are well representeid

the literature, the pNL43-Luc.ER variant is the most commonly usd&tephanie Bertram

et al. 2012; M. W. Chen et al. 2008, 2011; Labrosse et al. 2010; Pappas et al. 2014; Zmora et

al. 2014) This replication deficient proviral HiV clone is derived from the pNL precursor

but hasinhibitory frame shifts in thenvandvpr genes as well as a luciferase reporter gene

cloned intothe nefgeng the entire construct is incorporated into progeny pseudotyfés.

life cycle mimics that of HIY, using then St S Y Sofviencaépgidatio® ¥ G KS WwW3aSy 2y
into nascent P\And Long Terminal Repeat (LTR) regdi32 Y A A aGAy 3 2F 0Q | YK
regions U3/U5 and transcription regulatory regionbearing the U3romoter, which with

the aid oftat, permit the expression of the viral proteins after integration into the host
genome.The rev responsive element (RRE) allows nuclear export of viral mRNA, including

the reporter gene transcript which is the measure of output for this systBuoe to the
incorporation of the HIV core genes into the same integrated construct as the reporter,
transduced cells may possibly produce luciferase containing cores alongside its transcribed
enzyme which could potentially interfere with luciferase actiatyput. Another commonly

used HIVIO2 NB @SOG2N) A& LY la/tan wywwHED | ¢ NBOK (R RN {2
vif, vpr, vpuand nef genes(Ding et al. 2011; Hashem et al. 2010; Wei Wang et al. 2008; S.

Zhang et al. 2008; F. Zhou et al. 2012; Zufferey et al. 1997)

A further approach uses the second generation HIV vector p8.91 that originates from pCMV

nwy ®dn wEyaklini et al. 1996; Zufferey et al. 199@hich is the vector used in the
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projects reported in this thesisThe p8.91 vector is a modified HI\Vclone, lacking the

sequence as well as thenv, vif, nef, vpand vpr genesand is widely useth the published

literature (Ahmed et al. 205; Smith et al. 2013; Molestit al. 2014; Benfield et al. 2015)

The human cytomegalovirus(hCMV)promoter is used in lieu of LTR based promotion,
meaning that p8.91 provides the necessary genes for the production of the core but the
LINEGANI € FyR LI O1F3IAy3a StSYSyida o[¢twaz ww9:
bearing the reporter genelhus tle reporter construct wilbe incorporated into nascent PV

YR AYyGS3INIGSR Ayd2z (GKS GNI¥yaRdzOSR OSftftQa 3.
enhance expressiotn the case of the commonly used firefly luciferase or green fluorescent

protein (GFP)ontaining plasmids pCSFLW or pCSGW, a safety component is incorporated
GKNRdzZAK F RStSiA2y Ay (G(KS 0Q [ ¢ w-indctivatingLINR Y 2 (
(SIN) vectorgE. Wright et al. 200; Zufferey et al. 1998Third generation vectors have also

been used, in this instance HIVstructural and accessory genes are separated frem

which is providedn cison an additional plasmidlhe third generation Invitrogen ViraPower

Lentivird Expression Systerhas been usedn published research articlesjsing the

plasmids pLP1 and pLE&awoo et al., 2014; McKay et al., 2006; Finer et al., 1994; Farrell et

al., 2002)

MLV cores are less widely used but provide singkg and pol elements to HIVL vectors
(Hatziioannou et al. 1999; Haynes et al. 2009; I. C. Huang et al. 2011; Oh et al. 2009; Tao et
al. 2013; Wallerstrom et al. 2014;-%. Wang et al. 2009Dne availableMLV core used
consists ofjagand pol under the effect of a CMV promotéBock et al. 2000; Soneoka et al.
1995; Towers et al. 2000 this instance theector originates fronMLV expression vectors

pCl G3 N, B or NB which are differentially restricted in certain murine cells based on the
mouse resistant gene alleles P\and FvE (Hartley et al. 1970)The reporters used in this
system are drived from CLONTECH vectors LNCX and pEREIZBock et al. 2000;
Towers et al. 2000)Another described MLV plasmid, pkatgagpolATG originates from
ecotropic Moloney MLV and strain 407QWei Wang et al. 2008 Minor differences have
been observed when pseudotyping HIV or MLV cores with influenza glycoproteins
(Temperton et al. 2007 Therefore the question of which core to use to produce
pseudotypes is often down to choice, preference and availalfiByrcia and Lai 20113ee
Figures 111-1.14 for schematic diagrams tfie types of P\tores, as well adl\*1 and MLV
packaging constructs and reporters compared to retroviral proviruses.
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A) HIV Core B) MLV Core C) VSV Core
(Recombinant virus)

|N P[m
HA, NA, Reporter

AV Neuraminidase <@

Reporter with integrase .
and reverse transcriptase Hemagglutinin <@

Figure 1.11Schematic representation of different PV cor&domponents of influenza pseudotypes

can be varied according to nedéseudotypes have been produced with HA, NA, and M2 influenza
envelope proteins, with a range of core packaging constructs (HIV, MLV, VSV shown) as well as
different reporters. Figure fron(Carnell et al. 2015)

1.21.4 VSVPV

Recombinant VSV viruses are produced expressing GFP in lieu of the resident VSV envelope
glycoprotein (VS¥5G).In certain cases, HA and NA or simply HA are also add#uk tdSV
genome.These additions produce a replicatioompetent virus which will promote GFP
production in infected cell§Zimmer et al. 2014)As these recombinant viruses are not
limited to a single cycle of replication, they lack the safelement found within other
pseudotypes. A safer VSV based alternative involves transfection of surface protein
encoding plasmids (HA/NA) into cells and subsequent infection with a recombinantnvSV.
this way one can produce VSV pseudotyped with infhaesurface proteins which lack

entry-glycoproteins in its resident genome, rendering the second generation of virus

infection incompeten{Cheresiz et al. 2014)
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HIV-1 provirus

First generation HIV packaging construct

LTR

Figure 112. Schematic diagram comparing thi#\/1 provirus with first generation HI¥ packaging
constructs. First generation packaging constructs are composed of the ptiirus with a
disrupted glycoprotein gene and often an inserted reporter geénehis system, the HF¢ genome
depicted ismcorporated into PV and transduced into target cells.

"MLV provirus

LTR LTR

Wy

MLV packaging construct

" Retroviral (MLYV) vector (reporter)

Pro Reporter gene

L 4

AU3

Figure 113. Schematic diagram @n MLV provirus and examphMLVpackaging systentsenes are
separated into two plasmids to allow packaging geg@gand polto be expressed and a separate
retroviral vector containing a reporter gene incorporated into PV.
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Second generation HIV packaging construct

rev

Third generation HIV packaging construct (2 plasmid)

rev polyA

Figure 114. Schematic diagram of secoadd thirdgeneration HIV packaging construcihese
differ from first generation packaging constructs as-tliynes have been separated into two
plasmids, allowing the expressiongdg and pol structural genesn ciswhile the genome
incorporated into PV (shown in figure 1.6) lacks completelHj¥nes. The third generation
separategevinto a third plasmid, prevating the incorporation ofevinto PV.

Lentiviral vector (reporter)

S

* Advanced self-inactivating lentiviral vector (reporter)

Pro Reporter gene
::: . 4

Figure 115. Schematiaiagram of lentiviral vectors used with second or third generationHIV
packaging construct¥/ectors enable the expression of the reporter gene in transduced cells, while
limiting the invdvement of HIVL genes in the use of PVIRp vector includes HIYLTR regions
involved in replication and integration. Lower vector prevents replication through deletion of the U3
region of the LTR, producing s&iactivating

Pro Reporter gene

AU3
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1.21.5 Reporter systems

The output of thePV system is based on the incorporated reporter which mimics the
genome of the surrogate virusn the case of HNL or MLV surrogatesthe reporter will

often be incorporated into the pseudotype in RNA form, which upon transductiorbeill
reverse transcribed, translocated to the nucleus and integrated into the host cell genome.
The reporter will then beranscribed and translatetly the host cell andts actionused to
measure transduction efficiencythe primary reporter used in influea pseudotypes is
firefly luciferasg(Mullarkey et al. 2013; Lingwood et al. 2012; Su et al. 2B@8; et al. 2010;
Loureiro et al. 2011; Wei et al. 2012; Ledgerwood et al. 2013; Wei et al. 2008; Wang et al.
2014) Relative iminescence units (RLU) or relative luciferase activity (RLA) are used as
output, measured by lysing transduced cells and addiubstrate for the luciferase enzyme,

the signal from which is then read using a luminome®EP is also commonly used, in
which case transduction efficiency is determined by counting the number of fluorescing cells
via epifluorescence microscopy ordhescenceactivated celscannefFACS)Ao et al. 2008;

J. Wu et al. 20100ther reporters such agcZ (Ao et al. 2008; Hatziioannou et al. 1998;
Konishi et al. 2008; McKay et al. 20@8) well asGaussia(Hai et al. 2012and Renilla
(Ascione et al. 2009; B. Su et al. 200@jferase are also used to a lessxtent in the

published PV literature

See Figure 1.16 for a comparison of puldhnfluenza strains used in the production of PV
in comparison to the total number of HA sequences in NCBI GenBank. Figure 1.17 shows the

variousPV productiorparameters ged in the published studies using PV.
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Strains of influenza described against
strains pseudotyped
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Figure 116. Comparison of influenzlA strainglescribed againgtublishedHA strains incorporated

into PV Qut of a total of 60693 HAequences extracted from NCBI GenBank, the vast majority come
from subtypes H1, H3, H5 and influenz&Bnversely, the current number different subtypes and
strains of HA used to produce pseudotypes isT8#& majority oPVstrains come from subtypes H1

H3 and especially HEigure from(Carnell et al. 2015)
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Figure 1.7. Pseudotype production method¥arious parameters including method of HA cleavage
(A), PV releas@),retroviral cores used (C), reporter used (D) and transfection reagent used (E) for
the production of influenz®V. Figure from(Carnell et al. 2015)
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1.21.6 Titration methods

With luciferase reporterPVthe RLU can be used as a secondary measure of pseudotype
guantity within a sample, but this is dependent on many variables surrounding the cells and
the particular luminometer used. Pseudotypes aypically 2-fold serially diluteddown or
acros96-well plates from a starting 100 uL of harvested supernatAfter an ircubation of

48 or 72 hours, RLU can be measured by lysing the transduced cells and adding luciferin
(luciferase substrate)his can then be used to calculate the RLU per well and the RLU/mI of
the original sample. Reverse transcriptase quantative PCRJHRR) has also been
employed in order to estimate tradsicedgenecopies as well as messenger RNA (MRNA)
copies in cells. This method is often used in conjunction with others described in this section
in order to have comparative measurements of pseudotgpantity (Wu et al., 2010; Zhang

et al.,, 2010; Du et al., 2010Qbln manystudies, PMnput is normalized via enzyrdmked
immunosorbent assay (EBA) detection of the principal component of the Hl¢ore, p24
(Sawoo et al. 2014; Du et al. 2010; Su et al. 2009; Zhou et al. 2012; Ao et al. 2008;
Schmeisser et al. 2013; Wang et al. 2010; Wang, Xie, et al. 2010; Wei et al. 2011; Chaipan et
al. 2009; Wang et al. 2008hao et al. 2011; Nefkens et al. 2007; Bosch et al. 2001; Basu et
al. 2014) However, as core budding is independent of surface HA, this method will also
detect cores lacking envelope glycoproteins as well as cores belongingplication
competent psedotype viruses.PV HA has also been detected using ELISA and used to
normalize pseudotype inpufYang et al. 2014; Wang et al. 2013; dti al. 2011)
Quantification throughHl assayas also been used frequenilai et al. 202; Whittle et al.

2014; Yang et al. 2014; Zheng et al. 2012; Zhang et al. 2009; Tisoncik et al. 2011; Zhang et al.
2010; Hultberg et al. 2011; Sawoo et al. 2014; Yang et al. 2007; Wu et al. 2010; Wei et al.
2011) Western blotting is used in some casegdetermine the amount of glycoprotein or

HI\:1 p24 in a P\sample(Du et al. 2010a; Su et al. 2009; Wang et al. 2015 also used in

a wider range of studies to ascertain glycoprotein or-Hp24 expressiofN. Du et al. 2010;
Sawoo et al. 2014; Wei Wang et al. 2008; J. Wu et al. 2010; Y. Zhang et al. 2010)
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1.21.7 Cell Input

The vast majority of studies involving neutsation assays titrate and transduce in-aell
plates with 1x10 cells(HEK293, HEK293T/17 or MDCK) per \Melvever, the amount of
cells can range from 5xi@ 1x1C. In some instances, 293A and MDG¥don cells are
also used, whereas BF cells arerequently used for VSWased pseudotype infection
due to their comparative susceptibiliffHanika et al. 2005; Wei et al. 2011; Kong et al. 2006;
[ SRASNB22R SO ftd® wnmMHT hQ52yyStt SiG fd HA
et al. 2008) Specialised cellsverexpressing' H -linked sialic acid (MDGBIAT) havalso
been used and compared to parental cells in the presence of solub(@at®y et al. 2012)

The importance of pseudotype input in batch to batch variation is highlighte@arcia et

al. 2010 this study suggests that using an Ribput of at leas 10° per well should be used

to ensure that antibody titer is independent of pseudotype input.

1.21.8 Substrates

SteadyGlo and BrightGlo (Promega) are the most common sources of lucifetime
substrate required by the luciferase enzyme to produce ligthilg expensive, these two
substrates also serve a secondary purpose of lysing cells and releasing any expressed

luciferase enzyme.

1.21.9 High-throughput approaches

P\& are amenable to higithroughput approachesand this has been used to evaluate
antiviral compoundeffects on pseudotype transduction, testing a wide range of unique
compounds in a single assay performed with 96 or-@@4 plates(Wang et al. 2013; Basu
et al. 2014) Highthroughput assays have also been used RdMsbearing the glycoproteins

of different viruses, such as for the identificatiof l6I\¢1 inhibitors or other BS& viruses

(Basu et al. 2010; Garcia, Gao, et al. 2009; Talekar et al..2012)

1.21.10 Increased transduction efficiency

Polybrane and polyfect (Qiagen) are used in several studies in order to increase transduction
efficiency(Krammer et al. 2012; Hai et al. 2012; Lin &r©en2002; McKay et al. 2006; Pica

et al. 2012; Sandrin & Cosset 2006; Tsai et al. 2009; Wang et al. 2008; Yang et all 2014)

pg/ml, 8 pg/ml or 16 mg/ml of polybrens added to virus or virus/antibody mixégfore
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the addition of cells in titration ah neutralsation assays or during incubation. In two
studies spinoculation was used to increase transduction, centrifuging cells and pseudotype
at 1250RPM for 2 hours or 3000 RPM for 1 h¢Qheresiz et al. 2014; Chaipan et al. 2009)

1.22 Pseudotype based neutrali sation assays

1.22.1 Protocol

Pseudotypebased neutralisation assays (pMN) are usually carried out inv@8l white
plates. A measured amount of antibody is incubated with a set amount of quantified virus in
a total volume of medium, usually at a 1:1 virus: media rdtieubation is carried out at
between 20 and 37°C for between 30 minutes to 2 hd@arcia et al. 2010; Mallajosyula et
al. 2014; Schmeisser et al. 2013; Shelton et al. 2013; Temperton et al. 2007; LeZheng
2011) 1x10' target cells are then added to each well, subsequently the plate is left to
incubate at 37°C in 5% ¢for 48 or 72 hoursA cell only control as well as known positive
and negative sera standards should be used as benchmarkhdoneutralsation assay
(Wei, Boyington, Dai, et al. 2010; Zhao et al. 20%&p Figure 18.for a depiction of the
pMN assay.

1.22.2 PV input

The quantities ofPV used in neutralation assays which were normalised based on p24
ELISA ranged from 6.25 to 50 ngfWei Wang et al. 2008RLU or RLA values of between
10,000and 1,000,00(@er well (96well plate)have been used in the influenza PV literature
sometimes in conjunction or normalized with p24 or gPCR metlibldétberg et al. 2011;
Mather et al. 2014; Wei Wang, Xie, et al. 20H}timates of copy number per set volume of
original viral supernatant can also be uséds important to note that RLU based values are
affected by the makeaup of the plasmid bearing the HA gene, as well as a multitude of
factors from the luminometer used to cells transduced and substrate adé@eturther
method for quantification of PV involves the dilution expected for the infection &b %5
cells (TCIg, Reed and Muench 1938)hich can be used with GFP PV.

1.22.3 Serum/antibody dilutions and start points
Antibody input varies depending on availability, especially when taking into account the
possibility of repeats and reiphtes. Antibodies are primarily diluted-ld in Dulbecco's
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Modified Eagle Medium (DMEM), with or without FBS, across-wed6plate, with the
occasional three, four or fivenld dilution experimentpublished (Alberini et al. 2009;
Cheresiz et al. 2014; Ding et al. 2011; Hai et al. 2012; Mahallawi et al.. 2Uh8je
mentioned, startingconcentration of virus and media ranges between 1:4 and 1:40

respectively.

Serial dilutions of serum/antibodies Add known quantity of
pseudotype

d T /\\@ @@@@

Pl e ;
©

i ‘\ Centrifugation
= Incubation: 37°C, 5% CO2, 1 hour

524 IRV

‘ ‘\ ‘\ Addition of 10,000 cells per well
Y Incubation: 37°C, 5% CO2, 48 hours

. @

kﬁ» - Measure output
| - @

| 2l

Figure 1.8. Pseudotype based neutralisation assay (pMbéxial dilutions are carried out down-96
well microtitre plates, whereupon a known quantity of PV is addrdtes areentrifuged to
consolidate well contents and incubated for 1h at 37°C, 5% &proximatelylx10' HEK293T/17
cells in 50 pl of DMEM are added per welates are incubated for 48h at 37°C, 5% Iafore
reporter-specific plate readout-igure from(Carnell et al. 2015)

1.22.4 Incubation times and time periods

When stated, serum inactivation varies from 30 minutes to 1 hour at $6dCcia et al.
2010; Tsai et al. 2009pPVv-antibody incubation times are generally consistent between
studies, at 37°C for 1 hour. Transduction times vary in 24 hour increments at 24, 48 and 72
hours, after which output is measured. The total lengtreathneutralisation assays varies,

especial regarding measurement methodologieSutput is measured at 48 or 72 hours
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posttransduction yet occasionally output is measured 48 or 72 hours after the first wash or

medium replenishment.

1.22.5 Controls

Positive sera or specific commercial antibodies r@guired as positive controls which can

be compared to tested sera and used to norsmalbetween assaysé¢esection 1.2.11 on
standardsation). Reference sera from the National Institute foroBigical Standards and
Control NIBSC), Office Internationdés Epizooties (OIE), Animal and Plant Health Agency
(APHA, previously AHVLA) dof Food and Drug Administration (FDA) are regularly used as
controls (Hultberg et al. 2011; Molesti et al. 2013; J Sui et al. 2009; Wei Wang et al. 2011;
Wei Wang, Castelavega, et al. 2010; Wei Wangde Xet al. 201Q)

1.22.6 Neutralising antibody titer determination

Antibody effect is displayed using one of many inhibitory concentrationg ([&o, 1Go, and

IGs). The numerical value relates to the percentage point each particular study is
calculatingfor example the 1§ value can represent the concentration of an antibody that
reduces RLU reading by 50%, when compared to 100% and 0% transduction ¢Qurds

et al. 2011; Kanekiyo et al. 2013; Rao et al. 2010; Tsai et al..Z0@&e controls are
essential to the calculatim 100% inhibition can be benchmarked by a cell only control and

0% by incubation of cells and virus in the absence of sera.

1.22.7 HI assay

HI assays usingVutilise the same procedures as wWNTvirus.Viral samples are diluted in
phosphate buffered saline ia 96well plate, to which 50 pbf a 0.51% chick/turkey red
blood cell suspension is addedfiter between 30minutes to 1 hour, the HI plates are scored
for agglutination.PV input is adjusted according to WHO guidelines &tl4inits and sera is
treated with receptor destroying enzyme to inactivate nonspecific inhibition of agglutination

(Yang et al. 2014; Haynes et al. 2009)

1.22.8 Post-attachment neutralisation assay

The postattachment neutrakation assay is used to identify antibodies that neusalHA
after it has bound to sialic acid. G#t al. 2010 modified the postattachment assays,
originally developed byEdwards & Dimmock 20010 allow WT influenza virus to be
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replaced by influenz#®V. In this assayPVare incubated at 4°C with cells to enable the
synchronisation of thetéeachment of virus to sialic acid on the cell surface and to block viral
endocytosis. Diluted sera is then added, and following another 4°C incubation, plates are
incubated at37°C to permit transduction (Oét al. 2010). Transduction is then measured
using the same approach as that taken in a neutralisation agsatybodies detected by this
assay have neutralng activity via their ability to impede the endocytosis step and
subsequent HA conformational changes necessary for-eindesome fusior{(Edwards and
Dimmock 2001; Hsuehing et al. 2010)Antibodies that have neutralng activity through
impeding viral attachment will produce negative results in this asBhg. postattachment
assay is useful for evaluating the neutralising capacity dk-gieected antibodies that do

not inhibit viral attachmen{Cati et al. 2011; Hsueling et al. 2010)

1.22.9 Reproducibility

Reproducibility is a major issue in the field of serolaggrum samples are often finite,
leading to an inability to reproduce experiments or results in the same context as they were
originally published. However, by standardihg methods for production, titration and
neutralisation and the use of common reference standards it is possible to minimize
variation between experiments and research groupse members within the laboratories

of the CONSISE groupéction 1.D) havecarried out several studies aimed at reducing or at
least measuring the amount of variation between laboratories utilising the same techniques
They have also established CONSISE consensus protocols for ELISA and othar assay
effort to further improve inter and intrdaboratory correlation of data generated using
these same assaytaurie et al. 2015; Van Kerkhove et al. 208&ilar dforts should be

made to standardise PV based assays worldwide.

1.22.10 Correlation with other serological assays

Comparisons have been made between pMN assays and traditional serological assays with
mixed resultsSeveral articles report increases of between%tand 200% in HPVIGo
antibodytiters in comparison to MN based resulisth WT virugBuchy et al. 2010; Garcia,
Pepin, et al. 2009Buchy et al. 2018how a correlation between H8Vand MN (spearman

0.79, p<0.001), whictvas also reported bpu et al., 2010and W. Wang, Xie, et al. 2010

the latter presenting 7 values of 0.9802 for A/Vietnam/1203/2004, 0.8193 for
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A/Anhui/1/2005 and 0.5244 for Alturkey/Turkey/1/2005 strains. Alberini et al. 2009
compared pMN assays to HI, SRH and MN assays using 226 different serum sa@heples.
Pearson corriation test showed significant correlation (p<0.001) between the antibody
titers calculated from each assayhe correlation coefficients between pMN and HI, SRH
and MN assays were 0.73, 0.70 and 0.78 respectielgthermore the correlation between

H5 ard H5 pMN allowed the establishment of a threshold from which pMN titerdctbe
based.pMN data was then analysed based on the threshold which showed protective titers
in patients of 3843%, 54% and 79% after adjuvanted vaccination, second dose and booste
respectively(Alberini et al. 2009)Qiu et al 2012showed a range of correlations between Hl
and pMN using different HA subtype®/Moscow/10/1999 (H3N2) correlates well
(r=0.8454, p<0.0001), A/Brisbane/59/2007 (H1N1) and A/Japan/305/57 (H2N2) poorly (r=
0.1171, p=0.7472 and r=0.1171, p=7472) wlas A/Viet Nam/1203/ 2004 (H5N1)
correlates (r=0.7921, p=0.0029 an additional study, HI and pMN 4dCcorrelate well in

Qiu et & 2013in the case of A/ Shanghai/4664T/2013 (H7N9) (spearman r=0.88, p<0.0001)
as well as itWhittle et al. 2014(r’=0.6491, p<0.0001A significant caelation (p=0.002) of

65% (r= 0.65)vasalso been reported between SRH and pMN in equine influéhzand a
further study shoved the relationship between RLU and HA contéatott et al. 2012; C. Y.

Su et al2008)

1.22.11 Approaches towards validation and standardi sation

Approaches towards the standasdition of pMN should follow the procedure that was
required for MN standardation. Standardisation of MN in general has focused on the use
of pooled serum sampleas reference standards. A/California/7/2009 (H1N1) pdm standard
was established by the WHO in 2010 with an assignment of potency of 13000 International
Units (IU) per ml. A second pooled sera reference standard for H5N1 exists and has
successfully been uddan a number of studiefAlberini et al. 2009; Stephenson et al. 2009)

A cut off value fo positive and negative H5N1 neutralising sera exists for this set of HSN1

reference standardéAlberini et al. 2009)

1.22.12 cHA
There has been considerable reseancto the stalk region of the HA in relation to vaccine

design and immunity to itdenza.Various stalldirected mAbssuch as CR6261 have been
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charactersed, opening up thaise ofcHAto test for the presenceof similar antibodies in
serum samplegEkiert et al. 2009; Throsby et al. 2008)alk directed antibodies were first
identified in 1994 wherthe crossreactive C179 mousenonoclonal antibody(mAb) was
identified and found to inhibit fusion of several HA subtyf@&uno et al. 1994ince then
mary studies have focused on stalk directed antibodies and their nesdtin of multiple
diverse subtypes of influenZ&orti et al 2010, 2011; Ekiert et al. 2012; Throsby et al. 2008;
Wrammert et al. 2011)However this range of heterosubtypic immunity is dependent on
the characteristics of the epitope of each antibody tested, which will influence which
subtypes, clades and wheth they neutralse group 1 or 2 influenzairus HAsThe stalk
region of HA is more conserved than the variable globular head, to which the vast majority
of neutralsing antibodies are directed/Vhile residues in the head mediate attachment of
the virus to target cells by binding to sialic acid, the fusion peptide in the stalk of HA is just
as crucial to the HA functio@ianhua Sui etla2011; Wei, Boyington, McTamney, et al.
2010) In order to test for neutrating stalk antibodies, studies have employed a variety of
cHA constructs bearing stalks and heads from different subtyjpés. concept behind this
revolves around the usef HA heads which are largely naoeactive to the antibodies used

in the assayln this way a neutrading response can be detected in the absence of head
directed neutralgation. Classical serological assays are insensitive to the detection of stalk
directed mAbs when compared to pMN.In order to more efficiently test for stalk
neutralising antibodies, some studies haeenployed a variety of HA constructs bearing
stalks and heads from different subtypes. Several hybrids have been constructed and
pseudotyped sing HIVL cores, these are generally constructed through PCR amplification
and incorporation of complimentary restriction sites, allowing ligation of different segments
of HA genegsogether in one plasmidThe presence of a conserved disulfide bond ligkin
cysteires 52 and 277 in influenza A HAs (H3 Aichi numbgsegarating the globular head
from the stalk region, make production of these cHAs relatig#igtight forward (Ferrara
2015; Hai et al. 2012However, when cHAs are ghaced with influenza B components, the
52-277 delineation is not present, making efforts to produce influenza B cHAs more difficult.
One approach successfully swappgateires with alanines from a similar location in the
influenza B HA (5366), producing functional cHAs with an influenza B stalk and influenza A
head (Ermler et al. 2017)However this study employed the cHA in the production of RG

viruses as well as recdnmant protein, their use in PV system would require optimisatidn.
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wider variety of different cHAhave been used in reverse genetics approaches towards
development of wild type virus bearingltAs(Krammer et al. 2013; Krammer, Hai, et al.

2014; Krammer, Margine, et al. 2014)hese cHA are also promising calades for

Wdzy A OSNELF £ Q @1 00AySas RiadledtzispléyR theSreghodisiaddNI A y

subtypes usd in the construction oEHASN the listed literature

Table 11 Examples ofHAsoriginating from divergent subtypes and used for pseudotype
production. Article source and composition of ca& detailed.

Avrticle Head Stalk

Hai et al. 2012 H5 A/Vietnam/1203/04 H1 A/Puerto Rico/8/1934
H1 A/California/04/09 H1 A/Puerto Rico/8/1934
H7 A/mallard/Alberta/24/01 H3 A/Perth/16/2009
H5 VN/05 HA H3 A/Perth/16/2009

Pica et al. 2012 H6 A/mallard/Sweden/86/02 H1 A/Puerto Rico/8/1934
H9 A/guinea fowl/Hong H1 A/Puerto Rico/8/1934
Kong/WF10/99
HA1 HA2

Wang et al 2011 A/Brisbane/59/ 2007 A/New Caledonia/20/1999
A/New Caledonia/20/1999 A/Brisbane/59/ 2007

1.23 The future of influenza PV

pMN offers the safety of using pseudotypes and the sensitivitthefMN assay. Further
validation and standardation of the assay is requiredout once established, th assay
should offer a robust and sensitive means of interrogating influenza vaccine trials for head
and salk targeting antibodies.The production of vaccines that elicit ai-targeting
antibodies may in time lead to a universal vaccine, preventingitbetality and morbidity
resultingfrom seasonal influenza and the emergence of pandemic strains, most recently the
pH1IN1 which caused an estimated 284,500 deathsits first 12 months of circulation
(Dawood et al. 2012)pMN currently offers the opportunity to batch test vaccines or
commercialized antibodies in the absence of standatibn. Furthermore, the ability of
pPMN assay to includBVs bearingHA NA and M2 allows the pMN to be usededgplain the
pathogenicity of seasonal and pandemic influenza strains and perhaps elucidate the
antigenic evolution of influenza further. Such information will prove useful for the

generation of future vaccines.
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1.24 Other uses ofinfluenza PV

1.24.1 Gene therapy

Asthe field of gene therapy progresses, influenza pseudotyping will benefit from the design
of even safer and more effective vectofss more sophisticated systems are developed they
may become more easily standasell and comparable t&WT virus. One aspecf gene
therapy which may benefit from the field of influenza is the use of viral entry proteins to
target delivery of nucleic acids into specific cellse study used influenzZaVto transduce

the respiratory epithelial cells of mice after nasal adntmison with promising results
indicating that the method could be used in the treatment of cystic fibr¢gBatel et al.
2013)

1.24.2 PV asVaccines

PV based vaccines are also becomimgre widespread, with several candidates already
cited in thisthesis Baculovirus pseudotyped with V®/has been used successfully to
express HAyenesin mammalian cells and provided an efficacious vaccine when tested in
chickens and mic@Q. Wu et al. 2009)The VS\G glycoproteinenabled entry of baculovirus

into target cells whereupon the delivered HA gene was expred&éde originally a popular
vector for transgene expression insect cells, VS8 has been showto be a useful tool for
vaccine production in mammalian cefldofmann et al. 1995)n Wu et al. 2009 delivery was
achieved through VS incorporation into baculovirus under the effect of the polyhedron
promoter and HA under the effect die CMV promoter in order to achieve expression in
insect cells andubsequentinfection and expression of HA mammalian cellsThis is an
interesting system which could be used as a method for the introductidA\tdenes into

cells through a VS® bearing baculovirus in lieu of cytotoxic transfection reagemts
bearing P\have been tested in mice as candidate vacsimdiciting high levels of arHA
antibodies as determined by HWice that were vaccinated survived despite weight loss of
approxmately 12.821.1% whereas the newaccinated group lost approximately 2.5
26.2% of their bodyweight andied 6 days after H5N1 virus challenf& Zhang et al. 20Q8)

A further PV vaccine has been developed which contains a modified HA gene, allowing
expression in transduced cells but lacking the viral RNA sequences required for replication.

This yields a particle bearing the desi glycoproteins, in this case A/Puerto Rico/8/1934
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(H1) that consequently induces a robustdll response when given to mice via inhalation.
Reduction in the severity of symptoms was also seen in mice infected with a different
subtype: H3N2 X31(Powell et al. 2012)nfluenza P\¢tould also be used in vaccine design
through the use of integrase defective lentiviral vector technoloDgfective lentiviral
vector technologyallows transduction of target cells through maintenance of an episomal
reporter construct without integration into the genomé&his approach may bring benefits

by reducing the chance of interrupting host genes and the evemtlision of the delivered

gere (Banasik and McCray Jr 2010; Farazmandfar et al. 2012)

1.25 Thesis aims and objectives

The aim of the projest reported in this thesis were primaritp make use of HA and NA
bearing PV as surrogates for neutralisation assays aimed at the detectimbg This was

to be achieved through the use of panels of human sera as well as mAbs on a library of PV
bearingglycoproteins from a range of G1 and G2 influenza subtypes, including divergent
subtypes such as H1Furthermore, the cHA system was to be employed using PV in a
comprehensive study in collaboration with the Jenner Institute Laboratories, University of
Oxford.This study was aimed at firmly establishing and making use of the pMN cHA system
to detect HA stalidirected antibodies which may be elicited from universal vaccibDeg. to

the nature of the pMN assay and its requirement of a functional glycoprdi® mediate
membrane fusion, this assay should hold advantages over the commonly used ELISA based

approaches and pave the way for the detection of binding and neutralising antibodies.

Due to the importance of the viral NA in the viral life cycle andinasg efforts were made
to establish PV as a source of NA using the ELLA system, allowing comparison of ELLA and
pMN data using the same antigen sour@ée aim of this project was to enable correlation
between HA and NA responses detected using PV systbats of which only provide
positive data in the absence of function of the HA and NA proteins: neutralisation of HA or
inhibition of NA.

1. Development of cHA with pandemic HIN1 2009 stalk
Utilisation of cHA to detect bnAbs in human sera

Establishment opB_LA
Correlation of gold standard assays (HI and SRH) pktN

a M v

Production ofH17bat influenzaPV and neutralisation with bnAbs.
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Chapter 2 : Materials and Methods

General materials and methods will be reported in this chapter, with sources, catabtl
accession numbers where necessary. Deviations of these protocols in regards to variables

and reagents changed will be detailed in each individual results chapter thereafter.
2.1 DNAMethods

2.1.1 Plasmids, vectors and genes

A variety of differenfplasmidswere used in the projects reported in this thesis, all of them
were used for the production of PV and fall within three different types of plasFirdgt,
eukaryotic expression plasmids were used in order to express relevant influenza genes (HA,
NA, M2) fo incorporation into PV. Second, lentiviral vectors were used to provide a PV core
and genome with desired reporter output. Lastly, accessory plasmids designed to express
various different proteases in PV producer cells were used, depending on the reguieem

of each HA used in PV productiorhe primaryeukaryoticexpression plasmid used in this
project, pl.18 was derived from influenza DNA vacaiegearch(Cox et al. 2002)This
plasmid containan hCMVimmediate early promoterlE)and ntron A, a CMV erdncer

region whichenhance expression in eukaryotic cell$his region precedes the multiple
cloning site (MS) which containsites for DNA cloning via restriction digestion. A CMV
terminator sequence is located after the MCS allowing polyadenylationRi¥lAs produced

from genes expressed #te MCS regionThe plasmid also contains a standard pUC origin of
replication (Ori) |y Rlactamase gene allowing selection of bacteria transformed with this
plasmid for molecular biology purposes. The expressioll €A & ISy S A a- LINR Y2
lactamase promoter; both of these are antisense to the eukaryotic region containing CMV
genes and MCShe plasmid backbonf@ insert)is~4.3 kb in length, depictech Figure2.1.
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Figure2.1. Simplified schematic of the &aryotic expression plasmid pl.IBhis plasmid contains a

K/ ax LINRPY2GSNJ 6K/ azxzb0 |f2y33ARS (GKS K/ a*x WLYUGNRYy
genes in eukaryotic cellBacterialOril Yy Ractamasearealso present to allow transformation and

selection of bacterial transformant$his Plasmid is ~4,3kb in length.

A second eukaryotic exprasn plasmid was used, phCMVIhis was used due to the
acquisitionof a variety of cloned HA ges&om Dr Davide Corti at the Institute for Research

in Bianedicine, Bellinzona, Switzerlandhis plasmid contains BRCMV promoter todrive
expression ofgenes cloned into the MCS, and bacterial transformants can be selected
through akanamyciftneomycin resistance cassettehCMV1 is also ~4.3kb in length, see

Figure 22 for a simplified schematic of this plasmid.
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Figure2.2. Simplified schematic of the eukaryotic expression plasmid phCWVh\4 plasmid contains
ahCMV+ alongside adrifor transformation into competent bacteri&election of transformants is
possible through a Neomycin/Kanamycin resistance cassette.

2.1.2 HIV-1 packaging construct

HMVM RSNAGSR LI O1F3Ay3a LIXFaYAR LlPafespow@rdgthm 6 LI
Towers University College London, originating from the laboratory of Dr Didier Trono
(Naldini et al. 1996; Zufferey et al. 1997his lentiviral packaging plasmid contains the
relevant genesdag, pol, tat,and rev) for the production of H\ packaging proteins
required for PV production. These are produced as a single transcript under the control of a
hCMV promoter, which will then be exported in various spliced states in anrl HIV
dependent manner. This yields &ble ratios of proteins for the production of particles
containing core proteins frongag (pl7, p24, p7, p6) and enzymes frqmol (protease,
reverse transcriptase, integrase, pl5). Other elements included in this plasmid allow
replication (Ori) and seleicin of bacterial transformants ¢(lactamase ampicilin resistance).

See Figure 2.3 for a simplified schematic of the p8.91 plasmid.
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Figure2.3. Simplified schematic of lentiviral packaging plasmid p8l®is plasmid containgag, pol,

tat andrevgenesall other HIV1 genes arelisruptedthrough deletions anfbr insertions HI\A1

genes are under the control of a hCMV promoter (hCMV+) and a polyadenylation site is present
downstream to allow stable functional MRNAS to be transcrifé® RRE remains irtain order to

allow export of unspliced mMRNA from the nucleus. An Orilabhdctamase gene are also present for
transformation of competent bacteria and ampicillin based selection of transformants.

2.1.3 Luciferase containing vector constructs

A firefly lucifeasebearing lentiviral vector was used as a mock genome for incorporation
into PVs in order to quantify PV based on RLU.{Tliel a YA R LY { D2 o{ eyz2ye
cPPTSE & pHISINCSGW) was obtained from Dr A Thrasher (Institute of Child Health,
London, UK) antias beencharacterised in detaiDemaison et al. 2002Yhe eGFP gene
was replaced witHirefly luciferaseby Novartis vaccines, Italy, now GlaxoSmithKline, Italy,
giving us plasmid pCSFLWhis lentiviral vector contains a truncatéti\1 genome and is
designed to be incorporated into PV via the PSI packaging signal, and to exprés=flthe
luciferase gene after incorporation into the target cell genomefter PV mediated

transduction. Thefirefly luciferasegene is under the condt of the spleen focu$orming
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virus (SFFVLTR promoter and is enhanced by the Woodchuck hepatitis-negstiatory

element WPREL. ¢ wa | NB LINBaASyld 6AGK | RSEtSGAZ2Y AY
0KAAa @SOYI2Obd AU 955y t@ Possike yeplidaon. Other elements of this

plasmid enable replication in bacteria through the Ori and selection throughithe

lactamasegene (Amp resistance) and its relevant bacterial promdeeFigure2.4.

ol "

Figure2.4. Simplified schematic of the lentnal vector pCSFLWhis construct contains a truncated
HI\:1 genome withfunctionalLTRs anérefly luciferaseunder the control ofSFF\LTR promoter and
enhanced by the WPREcorporation into PV is enabled by the presence of the packaging signal
(PSI)
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2.1.4 Protease encoding expression plasmids

In order to mediate maturation of the HA protein, a protease element is required for strains
lacking the HPApolybasiccleavage site. It appears that HEK293T/17 cells do not have
adequate proteases or protease concentrations within the cell to mediate this cleavage to a
sufficient degee to produce high titre PV herefore, proteaseencoding plasmids have
been employedn order to mediate maturation of the translated HAO to HA1 and HA2
subunits, a functional HA proteiVarious proteases have been used in PV production and
some of this work has been publishé@errara et al. 2012; Sawoo et al. 2014; Scott et al.
2012; Wei Wang et al. 2008Type 2 Transmembrane protease, iser 3 (pcDNA3.1
TMPRSS3) and Type 2 Transmembrane protease, serine 4 {fdyjdM MPRSS4 (ECD)
myc, (Jung et al. 2008)ere obtained from Prof. Stefan Péhimann (Infection Biology Unit,
German Primate CenterGermany). pCAGGHAT was obtained from Eva Boéttcher
Friebertshauser, Institute dfirology, Philipps University, Marburg, Germanhlge HAT gene
was extracted by RPCR from @veek old cell cultures of human airway epithelial cells
(BottcherFriebertshauser et al. 2013; Bottcher et al. 2006, 2088) the sake of simplicity,
the pCMVTag3-TMPRSS4 (ECOmyc plasmidwill be referred to as pCMYMPRSS4 in the

remainder of this thesis.

2.1.5 HA/NA/M2 gene containing plasmids

A library of expression plasmids bearing the HA and NA genes has been established by the
Viral PseudotypéJnit for use in the production of PVable 2.1 shows the current list of
functional plasmids which were used in the projects that form this thédiés table also
includes information such as the accession nurslier each gene, the plasmid in which it

has keen cloned and the source.
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Table2.1. List of HA, NA and M2 genes used in this thesis, alongside accession numbers, plasmid in

which gene has been cloned and source.

Subtypé
Gene

Hl
H1
Hl
H1
Hl
H1
Hl
H3
H3
H5

H5
H7
H11

N10
M2

Strain

A/California/7/2009
A/New Caledonia/20/1999
A/Brisbane/59/2007
A/South Carolina/1/1918
A/Solomon Islands/3/2006
A/Puerto Rico/8/34
A/Texas/05/2009
A/Texas/50/2012
A/Udorn/307/1972

A/Vietnam/1194/2004
A/gyrfalcon/Washington/41088
6/2014

A/Shanghai/2/2013
A/duck/Memphis/546/1974
A/Little shouldered
bat/Guatemala/060/2011

B/Bangladesh/3333/2007
B/Brisbane/60/2008
B/Yamagata/16/1988
B/Victoria/2/1987

B/Hong Kong/8/1973
B/Florida/4/2006
A/Puerto Rico/8/34
A/California/7/2009
A/Udorn/307/1972

AlTexas/50/2012
AJLittle shouldered
bat/Guatemala/060/2011

A/Hong Kong/156/97

Accession
CY121680.1
EU103824.1
CY163864.1
AF117241.1
EU124177.1
AF389118.1
GQ457487.1
KC892952.1
DQ508929.1
EF541402

KP307984
KF021597
AB292779

CY103892.1
CY115255.1
KX058884.1
CY018765.1
ABL77244.1
K00425
EU515992
CY033579
KU933487.1
M879361.1

KC892281.1

CY103894.1
AAC32091.1

2.1.6 Nucleic acid quantification and purity

Plasmid concentration and purity data is required prior to transfection of HEK293T/17 cells,

Plasmid
pl.18
phCMV1
pl.18
phCM\
pl.18
pl.18
pl.18
pi.18
pi.18
pl.18

pl.18
pl.18
phCMV1

pl.18
pi.18
pi.18
phCMV1
phCMV1
phCMV1
phCMV1
pl.18
pl.18
pl.18
pl.18

pl.18
pcDNA3

Source
SynthesisedGenscript
Dr. Davide Corti

Dr. Kajia Hoschler

Dr. Davide Corti

Prof Sarah Gilbert
Viral Pseudotype Unit
Prof Sarah Gilbert
SynthesisedGenscript
Viral Pseudotyp&nit
Viral Pseudotype Unit

SynthesisedGenscript
SynthesisedGenscript
Dr. Davide Corti

SynthesisedGenscript
Viral Pseudotype Unit
Viral Pseudotype Unit
Dr. Davide Corti
Dr. Davide Corti
Dr. Davide Corti
Dr. Davide Corti
Viral Pseudotype Unit
SynthesisedGenscript
Viral Pseudotype Unit
SynthesisedGenscript

SynthesisedGenscript
Prof. Wendy Barclay

production of PVTo this end, prified nucleic acidsvere analysed using a Nanodrop 2000

Obl y25NR LIS

¢ KS N2

CAAKSNI {OASYGATAOQM Syl ot

as well as puty via absorbace values at 260/280 and 260/230 nifhe Nanodrop 2000

was first cleaned withr £ 2

SGKFIy2ft =z

Iy R pliofetingt di4har EBOUMBIR Q & A

(Qiagen) depending on plasmid extraction DNA elution solution USeksequently, Jul of

plasmid containing solution (in EB buffer or,@Hl was pipetted onto the Nanodrop 2000

reader, and nucleic acid concentration and purity measured.
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2.1.7 Primers for PCR, mutagenesis, cloning and sequencing

A range of primers were designed and ordefedthis study Project specific primers will be
reported within relevant chaptersGeneric primers used fosequencing of pl.18 and
phCMV1 genes were designed by previous students in the laboratory, located on either side
of the MCS site, allowing amplification and sequencing of the gene of interest for each
plasmid, regardless of nucleotide differenc&@beseprimersare listed in Table 2.2

Table2.2. Primers used for the amplification of cloned genes within expression plasmids pl.18
(Int_pl.18 Fwd and Rev) and phCMV1 (phCMV1 Fwd and Rev).

Primer name Sequence NT position
Int_pl.18 Fwd pR¢/ ¢D/ ! D¢/ V/ ]/ D¢/ / ¢ ¢ 11341153
Int_pl.18 Rev pQ D¢l ¢! /11 ¢! D¢eD! / D@ 14301449
phCMV1 Fwd pQ ¢! v ¢!t/ DI/ ¢/ V] ¢! ¢! 759778
phCMV1 Rev pQ ¢! ¢D¢ce¢cc¢c/ ! DD¢ ¢/ ! DO 9861003

2.1.8 Sanger sequencing

Sequencing was outsourced GATC Bioteche utilisedtheir LIGHTrun option, using~

100ng of target DNA with 10 pmoles of prim@ihese were sent to their facility and
sequences mailed to us or stored on their web server for downléadlysis was carried out
using the BioEdit softwaréHall 1999) whereupon sequences from forward and reverse
reactions were checked and compiled into one gene sequeBabsequently a BLAST was
carried out or alignment using Clustal Omd8§a- Altschul et al. 1997; Stephen F. Altschul et
al. 1990; Boratyn et al. 2012; Camacho et al. 2009; W. Li et al. 2015; Madden et al. 1996;
McWilliam et al. 2013; Morgulis et al. 2008; Sieversle 2011; States and Gish 1994; J.
Zhang and Madden 1997; Z. Zhang et al. 2000)

2.1.9 Polymerase chain reaction (PCR)

PCR reactions were carried ousing severabnzymes orkits, depending on availability
StandardPCR was carried out using AccuPunifx (Thermo Fisher Scientific22.5 pl of
AccuPrimex PfxSuperMixwas added to a microcentrifuge tube with 1 pul of DNA template
(~200ng) and forward and reverse primers (200nM final concentration) in a total volume of
25 pl. The microcentrifuge tube wasién briefly centrifuged to consolidate the materials at
the bottom of the tube. Reactions were thearried outaccording to the parameters listed

in Table2.3, in aMastercycletthermal cyclerép GradientEppendorf)
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Table2.3. Polymerase chain reaoti parameters fo! O O dzt Nel BNpolymerase.

Step Temperature Time period

Initial denaturation 95°C 5m

35 Cycles Denaturation: 93C 15s
Annealing: 55%5°C 30s
Extension: 6&C 60 s per KB

Samples held at°€

For the production of IdA plasmids Sol CHM and CS CHMusion® Higkidelity DNA
PolymeraséNew England Biolabs) was usédthis case, 4l of 5X Phusion Buffer, O of
10mM dNTPs, 1l of Fwd and Rev primers each, 0.21 of Phusion DNA polymerase and
~200ng of template DN#vas added to amicrocentrifugetube and made up to 2@l using
dH,O. The microentrifuge tube was then briefly centrifuged to consolidate the materials at
the bottom of the tube.Reactions were then performed as shown in TaRlg, in a
Mastercycler ep Grient (Eppendorf) thermal cycler

Table2.4. Polymerase chain reaction parameters for Phusion®-Higglity DNA Polymerase.

Step Temperature Time period

Initial denaturation 98°C 30s

25-35 Cycles Denaturation: 98C 10s
Annealing: 4572°C 30s
Extension: 72 30 s per KB

Final extension 72°C 5m

Samples held at°€

Gradient PCR was performed usPigusion® Higkidelity DNA Polymerase, under the same
parameters as listed previously, with one exceptiSaveral microentrifuge tubes were set
up as previously, and thdastercycler ep Gradiergarameters altered to provide a gradient

of annealing temperatures for each tube.

2.1.10 DNAdigestion

DNA digestion was carried out using FastDigestriction endonucleasesbtained fom
ThemoFisher ScientifieCR products or plasmide&re incubated under various parameters
listed inTable 2.5. Kpnl, Hindlll, EcoBhd BamHIwere allused indiagnostic digests for the
plasmid pl.18 as well as diagnostiigests for all cHAs produced (Chapter 3)These

diagnostic tests were carried out to ensure the corrgeine was present in the sample
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tested, whether PCR product or existing plasmid after DNA purificdimnPlasmid DNA, 1

pl of FastDigesHindlllenzyme was mixed with ~1g DNA, 2ul 10X FastDigest Buffer and
made up to 20ul with dHO. The reaction was incubated for 15 minutes at@in a
Mastercyclerthermal cycler and then the enzyme was inactivated &3fbr 10 mFor PCR
products, 0.2ug DNA was used anHindlll digestion carried out for 20 m. Fdfpnl
digestion, all parameters remain the same except the digestion time which was 5 m for both
plasmid and PCR DNWRpnlwas inactivated after digestion at 8D for 10m. SeeTable 2.5

for a table of restriction digestioreaction conditions

Table2.5. Parameters for the use of FastDigest enzymes in single digestions of Plasmid or PCR
products.

Enzyme Reaction Temperature Digestion timgm) Thermal inactivation
Kpnl 37°C 5 80°C,5m
Hindlll 37°C Plasmid: 15 80°C, 10m
PCR product: 20
EcoRlI 37°C Plasmid: 15 80°C,5m
BamHI 37°C Plasmid: 5 80°C,5m

Double digests were also performed using FastDigest enzymes, Plasmid DNA was incubated
with 1 pl ofBamHland EcoREach, 4ul of 10X FastDigest Bufferug of plasmid DNA and
made up to 4Qul with dHO. The mixture was incubated at 37°C for 15 m iastercycler

thermal cycler and heat inactivated at 80°C for 5 m.

2.1.11 DNA gel electrophoresis

DNA gel electrophoresis wasrried out throughout the DNAhases of eaclproject, in

order to determine the size of PCR products and plasmids (digested and in various coiled
states).In general, 1% agarose gels weised. These were producelly dissolving agarose
powder (Fisher Scientific, cat: BP1356) in 0.5xAcetateEthylenediaminetetraacetic acid
EDTA (TAE buffer). This was carried out in a 250 ml conical flask and the mixture was
encouraged to form a solution by heating for 1 m intervals in a microwave with mixing in
between heating steps Once dissolved, the 1% agaeosolution was left to cool,
whereupon Ethidium Bromide was added to a final concentration of 0.1 pdfmdeveral
experiments SYBR safe DNA gel Stain (Thermo Fisher Scientific, cat: S33102) vessamsed
alternative with 5 pl used for every 100 ml afarose.Gels were cast and allowed to set

with appropriate moulds and well inserts as to allow an adequately thin gel to be produced.
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DNA samples were loaded into wells after being mixed with 5X loading dye (QIAGEN, Cat:
239901) at a 5:1 ratioGeneRulerlkb DNA Ladder Mix (Thermo Fisher Scientific, cat:
SMO0311) was used to flank sample wells and provide a molecular weight to compkue to.
PCR products deemed suitable for DNA extraction, samples werenreising 1%

P OGNt dzZNBu ! 3+ NRSES00). Gels @eraiaNalysk$ fgr DNAOmigia¥on asing

a transilluminator (UVltec, cat: B6.MX)with G:Box Chemi XT Imaging Sys{&yngene)

and gels were visualised using GeneSnap software (Syngene).

2.1.12 DNA gel extraction

In cases when PCR reactions did giote rise to the desired fragment exclusively, DNA
extraction was carried out from excised fragments of agarose gel, using the QIAquick Gel
Extraction Kit (cat: 28704Appropriate segments were excised from agarose gels after gel
electrophoresis, ensurgto carry over as little agarose as possible to the DNA extraction
step. Excision was performed using a scalpel on a transilliumin&ach excised fragment

was insertednto a preweighed 1.5 ml micreentrifuge tube, and weighed volumes of PB
buffer was then added per 100 mg of gel and tubes were incubated @@ &ir 10 m or until
agarose was completely dissolved. 1 volume of isopropanol was then added per volume of
gel used and the solution passed through a QIAquick column by centrifugation an13,00
RPMfor 1 m.For larger volumes this step was repeated until all of the solution was used up.
Flow through was discarded and 0.5ml buffer QG was add&mlumns were then
centrifuged at 13,00(RPMfor 1 m.Subsequently, 0.75 ml of buffer PE was addedaoche
column and they were further centrifuged at 13,0(®PMfor 1 m. Flow through was
discarded and columns centrifuged again under the same conditidfisally, DNA was
eluted using 5Qul of buffer EB or dyD (70C) by centrifugationPurified fragments wre

then used in further gel electrophoresis in order to confirm the correct size fragment was

excised, or used in downstream experiments.
2.2 Bacteria methods

2.2.1 Antibiotic stocks, liquid and solid media
Ampicillin (amp) sodium salt (Fisher Scientific, cat: BBQ) andkanamycin(kan) silphate

(Fisher Scientific, cat: BP906) were dissolvedHi20. Each powder was weighed on a
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sensitive scale and madup withdH20O to a concentration of 10@ig/ml @mp) or 10mg/ml

(kan). These were sterile filtered through ad®.um filter (Merk Millipore, cat: SLGPO33RS).

Amp was used a concentration ofL00 ug/ml in LB broth and 20Qg/ml in LB agar plates.

Kan was used a& 50 pg/ml concentrationin both applicationsLuria Bertani (LB) agar

(Fisher Scientific, cat: BP142ahd LB Broth (Fisher Scientific, cat: BP1426) were employed

for solid and liquid culture of bacteria respectivefach reagent, ippowder form, was

dissolved irdH,0, adheringo Y I y dzF I O dzNBE N & rHl dgarRrii L A5¢/S0@nl 6 mc I K |
broth) in autochavable media jarsSuper Optimal Broth with Catabolite repression (SOC)

medium was obtained from Invitrogen (cat: 155@34).

2.2.2 Transformation of Escherichia coli (E.coli) cells

tfFraYAR &ai201a ©SNBS LINER dobd(&Wrogad, say BB26BKS 51 ph
51 ph OSffa -XN aliqudsLal 25 Huliransformation was carried out by
FRRAGAZ2Y 2F dmnn y3I 27F Livith gevitle Rixing.BHe misitére p  « f
was then incubated on ice for 20 minutes whereupbe cells were heat shocked for 30
4SO02yR& dzaAy3d Iy 1 00dz £ 201« 5A3IR140AGI30 \H.NBE . | {
Tubes were then incubated on ice for 2 minutes whereupon 2006f 5OC medium, pre

warmed to room temperature (RWas added.This mkture was then incubated at 37°C,

HHpPp wta AY | bS¢ . NiHzyasgAOin {OASYUAFAO [ Hp
removed to be plated onto agar plates with a relevant antibid®lates were thermplaced in

an incubator(Genlab, cat: INC/75) at 37°C owveit, whereupon colonies werassessed

andanalysed.

2.2.3 Plasmid extraction from bacterial cultures

tfFAYAR &ad2014a& ¢ SNBolduNdd dpOwnRup i Yiquid brgihh withd @
relevant antibiotis. Plasmids were extracted using QIAprep spin minigaegQiagen, cat:
HTMAcoO 2NJ v0L! D9b tflF&aYAR aARA YAG o0OMhdY MHM
QIAprep spin miniprep kit was used for the majority of plasmids, while the QIAGEN Plasmid

Midi Kit was used for production of pCSFLW, HAT, TMPRSS2, TMPRSS4, mHA and
bearing plasmids pl.28S CHM or pl.18ol CHM. Bacterial transformants were pitksom

the agar plates resulting froiSection 2.2.2representing one plasmid clone per colo@ne

colony was picked and inoculated intel® ml of LBoroth with appropriate antibiotic (or
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200500 ml for MIDI prep) using a pipette tip, and incubated oigithat 37°C and 225
RPM.LBbroth containing bacteribtransformantswas then centrifuged at 2500 RPM for 10

minutes in a Sorvait Legendt RT centrifugein order to form a pellet of bacteria.
{dzoaSljdzSyidtez GKS YI ydzFl OG dzNSschekak pelletywad NHzO G A
resuspended in buffer P1, then buffer P2 was used to lyse bacteria, and the solution was
then neutralised using buffer N&olutions were then centrifuged for 10 minutes at 13,000

RPMin a tabletop centrifuge (Thermo Fisher Scientifiaf: c10524723)whereupon the
supernatant was decanted into QIAprep 2.0 spin colur@@umns were centrifuged for 60

sat 13,000 RPM and flow through discard®iiffer PB was then added; tubes centrifuged

again for 60 s at 13,000 RPM and flow through dedrBuffer PE was then added; tubes
centrifuged for 60s at 13,000 RPM and flow through discardédnally, tubes were
centrifuged for a further 6@ at 13,000 RPM and DNA eluted from the QIA membrane using

50 ul of water at 70°@r EB bufferEluted DNAs I & G KSy |yl fe&aSR dzaAy3
{LISOGNRLIK2G2YSGSNI 6bl y25NRLIM t NERdzOGAZ ¢ KSNY

2.3 PVmethods

2.3.1 PV production

Firefly luciferasd’Vs were produced by transient-t@ansfection of HEK293T/17 cells using
branched Polyethylenimine (PEI, Sigma, cat: 40800ML) in 6 St f b dzy On LJX | (G S3
Scientific, cat1011981). A DNA mix (Tabl2.6) comprising of the various plasmids/genes
required for each PV was produced depending on the number of wells eivall Glate
required for transfectionTo this, 100 ul of OptiMEM® was added per well, and a further
100 pl added to a separate tube with 17.5 pl of PEI (1 mgpet) well The PEI tud
contents were then added to the DNA mix tube whereupba tontents were incubated at

RT for 20 minutes with frequent mixingAfter incubation, éwell cell culture media was
changed (2 ml/well), and the transfection mix was added drop wise to each eveliining
60-80% confluent HEK293T/17 cells seeded the day before (approxindately cells per
well). 6-well plates were lightly swirled to ensure even dispersal of the transfection mix,
plates were then incubated aB7°C, 5% COfor 48 h, with media beig replaced
approximately 12h after transfection to remove traces of Ftpernatants were harvested

ny K LkRaid NI yafTSOGAzy dzaAy3a | AGSNARES aé&NR)
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filter (Fishe Scientific, cat10460031).Supernatants were kdpt -80°C alongside aliquots

for titration in micro centrifuge tubes.

Other transfection reagents were used in thssudy, including, Endofectin Max and
Endofectin Lenti (GeneCopoeia,imat: EFM10041/02 and EFOOHF002)In both of these
cases,tranE SO A2y 61 & OFNNASR 2dzi | OO2NRAPHA (i2 Y
mix of the relevant plasmids was prepared (E.g. Tab®, and diluted in 200 pl of
OptIMEM® per well of a-@ell plate.A second tube was prepared with a further 200 pl of
OptiMEM® and 2 plfaEndofectin for every pg of plasmid DNZontents of each tubwere

then mixed, incubated at Rfor 25 m and then added to a ®0% confluent HEK293T/17
monolayer with 10ml of DMEM (In lieu of 8 mBupernatants were then harvested 48

L2ad GNIXyaFSOlA2y |yR FAEGSNBR dzaAy3a | adsShn
membrane filter to clarify cell debris. Endofectfex transfections were performed using
antibiotic free medium, with cells cultured in the absence of antibioticgtie passage prior

to transfection.Endofectin Lenti transfections were performed with standard DMEM +10%

FBS 1% P/SThe plasmid quantities listed in Tahk6 represent the general optimised
guantities for PV production for all PVs producd®V bearingglycoproteins requiring

different parameters are listed in the relevant chapter methadé bearing plasmids can be

replaced by the addition of exogenoudA (exNA, Sigma, cat: N2876) after media
replacement, 12h post transfectio®eeHgure 2.5for a sclematic representation of the PV
production process.

Table2.6. DNA mix plasmid quantitiesStandard quantities of plasmids required for the production
of HA and NA bearing PYWA plasmid can be substituted by addition of exogergAd.2h post
transfectian.

Plasmid Plasmid quantitfng/well)
p8.91 500

pCSFLW 750

pl.18HA 500

pl.18NA 250

Protease encoding plasmid 50-500
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A) Plasmid co-transfection B) Pseudotype packaging C) Budding

Basic plasmids

[5]
Gag/Po
Core
)

Additional plasmids

o — N
ow  [[Protease|

vz |

Neuraminidase @@

Cam M2 |

Hemagglutinin <@

o
Reporter with integrase Protease action
and reverse transcriptase

Figure2.5. Production ofinfluenzaPVby cotransfection of multiple expression plasmids into
HEK293T/17 cellBasiglasmids coding for the constituents of the desired PVs are transfected into
HEK293T/17 cells alongside additional plasmids, if requtE&293T/17 cells transcribe and
translate the relevant HRY core genes and influenza glycoprotgiahich are then pakaged at the

cell surface and bud off in an HIMlependent mannerarticles are released through the NA
glycoprotein or exNA added 12h post transfectiBigure from(Carnell et al. 2015)

2.3.2 Pseudotype titration protocol

Titration of firefly luciferase PV was carried out by transduction of susceptible cells
(HEK293T/17 for the majority of influenza PV) inw@l white plates (Thermo Fisher
Scientific, cat: 136101100 ul of PV containing supernatant is addedow A for each test
sample.One row is left empty at this stage for cell only control and one is used for 100 pl of
VSVG PV as a transduction contréD pl of DMEM+10% FB, 1% P/S) is added to all other
wellson the plate, and a 1:2 serial dilution is carried out from row A to row H, with the final
50 pl discardedThis leaves a plate withdilution series of PVh 50 pl of DMEM, to which
1x1¢f target cells in a volume &0 pl are addedPlates are then incubated &7°C, 5% GO

for 48 h. Tl liquid contents of each well arthen removed using a Vacusip portable
aspiration system (Integra Biosciences Itd, Surrey, United Kingdom), and 25 pl of a 50:50 mix
of BrightD f 2 wifefasdz Assay System and RB8n Biotech, cat: PEB6500)added per
well. Platesare thenincubated at R for 5 mwhereupon resultsare recorded using a
GloMax 96 Multi detection system luminometer (Promega)nalysiswas performed by

multiplication of RLU values per well with tlwerrespondingdilution factor, providing a
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result in RLU/mI which is used for comparison of RLU t{ffable2.7). Care is taken at this
stage to ensure a linear relationship is present betweenas dilution and luminescence
output. The effect of multiplication of a nefunctional PV preparation can give false
positive results due to the nature of the multiplication effect (example shown in yellow,
Table2.7).

In the projects reported in thishesis, titrations were carried out with several controls, to
which test variables were compared. VS\bearing PV were used as a transduction control,
due to their use of a ubiquitous receptor, LOHmkelftein et al. 2013) VSWG PV produce

very high RLU/mI counts (>1)Bvhen produced using the standard protocol outlined in
section 2.3.1. Testing these alongside other PV allows confidence to be attributed to the
results, as a high V8¥titre shows lhat cells are correctly producing luciferase and that the
substrate is not compromised. Other controls used include PV bearing the HA from
A/Vietnam/1194/2004, which is a high titre influenza PV. A negative production control was
employed in some instansg where PV were produced using p8.91 and pCSFLW plasmids
only, creating Delta Envelopa Env). These PV sometimes succeed in transducing cells to
some degree (titres 1ELOE RLU/mI), despite a lack of glycoprotein, and can be used as a

benchmark for RU/ml titres.

2.3.3 Pseudotype based microneutralisation assay (pMN)

The pMN assay was the primary assay used in this project and performednall9&hite
plates as in the titration assaylThe pMN assay is carried out using 8 and 12 channel
multichannel pipettes and plate centrifugation carried out in an ELMI6OM centrifuge
with 6MO04 rotor.The antibody source (Serum, mpis first transferred into thevells of row

A at the desired stantig quantity/concentration with rows assigned for virus only, cell only
and positivénegative neutralisation controls.Wells containing the antibody source are
made up to 100 pl, all other wells (rows B to H) are filled with 50 ul of DK4EBP6 FBS, 1%
P/9. Serial 1:2 dilution is then carried out with frequent mixing from row A to row lé
final 50 pl is discarded:his results ira 96well plate with serial dilutions of test samples at
known dilution or concentration; in total volumes of 50 ul. Plates are centrifuged at this
point to ensure all sampteremainin the liquid portion of eachwvell. Subsequently, the PV
of choice for ach experiment is diluted in order to give approximately H@0U per 50

based on previous titration result0 pl of this is then added to each well on the\wéll
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plate with the exception of cebnly control wells and plates are centrifuged again
ensure all added virus is present in the liquid portion of each.Wdie plates are then
incubated at 37°C, 5% g€r 1 h in order to allow antibody time to bind to theral
glycoproteins The final step involves addition of 1X1@rget cells per wll in a volume of 50

pl. Plates are then incubated &87°C, 5% CQor 48 h.After this, te liquid contents of each

well arethen removed using a Vacusip portable aspiration system, and 25 pl of a 50:50 mix
of BrightDf 2 [ dzOA FSNJ aS | aré &dded ped wdh Blafesdreythen t . {
incubated at RTor 5 m whereupon resultsre read using a GloMa®26 Multi detection

system luminometerSeeHgure 2.6 for a schematic representation of the pMN assay.

Various controls are employed in the pMN assaytstFPV only and cell only wells are
assigned pe®6-well plate in order to ascertain the actual input (rather than expected input)
of PV RLU used in the assay. The cell only wells act as a background value and
contamination control. PV only and cell [pnRLU values represent 0% and 100%
neutralisation respectively when data is analysedells with serial dilutions of serum are
then normalised based upon these 100% and 0% neutralisation thresholds (detailed in
section 2.3.4). Each set of experimentdl wiso have positive and negative serum wells
acting as controls for the neutralisation of the PV used. Due to the nature of the HA
glycoprotein, the most matched antiserum standard or positive serum sample would be
used as a positive control, based upprevious experiments. Negative serum used iS FB
which is used in a similar quantity to other serum test wells.some cases, mAbs were

used as controls in the absence of a suitable positive serum sample.
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Table2.7. Example data analysis of Bivation results.Raw data luminescence values (RLU) are
multiplied up to RLU/mI (highlighted green), and RLU/ml values averaged to give an Average RLU/mlI
value.Care must be taken to ensure a linear relationship between RLU and PV dilution, as
multiplication can lead to high RLU/ml titres which will artificially inflate Average RLU/ml titres

(highlighted yellow).

Multiplication factor H1 PV VSVGPV Virus X

20 5.58E+05 7.17E+08 3.05E+03
40 2.90E+05 5.63E+08 1.10E+03
80 1.43E+05 3.79E+08 6.29E+03
160 6.17E+04 2.16E+08 8.80E+02
320 3.10E+04 1.36E+08 5.43E+03
640 2.41E+04 6.18E+07 3.39E+03
1280 7.15E+03 3.06E+07 1.96E+03
2560 3.62E+03 1.44E+07 3.33E+03
RLU/ml 1.12E+07 1.43E+10 6.11E+04
RLU/mI 1.16E+07 2.25E+10 4.40E+04
RLU/mI 1.14E+07 3.03E+10 5.03E+05
RLU/ml 9.87E+06 3.46E+10 1.41E+05
RLU/ml 9.91E+06 4.35E+10 1.74E+06
RLU/ml 1.54E+07 3.96E+10 2.17E+06
RLU/ml 9.16E+06 3.92E+10 2.51E+06
RLU/ml 9.26E+06 3.69E+10 8.54E+06
AverageRLU/mlI 1.10E+07 3.26E+10 1.96E+06

2.3.4 pMN analysis

The data collected with the pMN assayas analysed usingsraph Pad Prism software
(Version 7). Mn-linear regression analysigas performed, with each data point normalised
between 100% and 0% neutralisation based on cell only and virus only conitulh
represent 100% and 0% neutralisation respectivdlgese normalised valuesere then
plotted alongside their corresponding dilution factor (and log10 dilution factor), wivieste

used to plot a standard curve and extrapolate agy, ((Dhibitory concentréion 50%) value

for the comparison of different serum samples against the samelR¥ 1G, represents the
reciprocal dilution or concentration requirgfdr an inhibitorto reduce the PV input (1x£0

to 50% (5x1%). This 50% value is frequently used asrtise serological field, representing
the linear (hill slope) section of a neutralisation curve where the serum is the variable factor.
For data generated using serum, dilution factor was used for the analysis, and the hill slope
of the generated curves vgaconstrained to be <0. For mAbs/nanobodies at a known
concentration, concentration was used for the analysis, hill slopes were then constrained to
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>0. Correspondinglyneutralising antibody titres (IG, or other percentile)generated
through pMN againsserum samples are given as a reciprocal dilution factor (e.g.sA0fIC

500 requires a serum sample to be diluted 1:500 to neutralise 50% of the PV used), whereas
neutralisingantibody titres for mAbs are given in concentration (e.g. A €500 ng/ml

requires a concentration of 50 ng/ml of mAb to neutralise 50% of the PV used.)

Serial dilutions of serum/antibodies Add known quantity of
pseudotype

SR\
p gy @@

Centrifugation
Incubation: 37°C, 5% CO2, 1 hour

%« ¥

Addition of 10,000 cells per well
Incubation: 37°C, 5% COz2, 48 hours

4

Measure output

Figure2.6. Schematic of the Pseudotype based neutralisation assay (pMi) assay isgpformed

by serial dilution of serum or mAls 96-well white plates followed by adidon of a known quantity

of PV based on previous titration results. Approximately 1 xIK293T/17 cells are then added and
plates incubated for 4& at 37C, 5% CPOData is collected after 48 h depending on the reporter
used, in the case of firefly lderase, cells are lysed and luciferase substrate is added in the form of
BrightGlat and results collected using a GloMax 96 luminomdtagure from(Carnell et al. 2015)
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2.3.5 Pseudotype based ELLA

PV based ELLA was performed largely according to standard methods preshacddtailed

by the CONSISE gro(iichelberger et al. 2016; Gao et al. 20B8) containing swgrnatants
were serially diluted in 120 pl of sample diluent from a starting well of 240 ul PV
supernatant in clear 96well plates (Sigma, cat: M944GCS)50 ul of each dilution point
was then transferred to 50 pl of sample diluent in a@éll maxisorp fate (Thermo Fisher
Scientific, cat: 439454)reviously coated in fetuifSigma, cat: F3385)n duplicate.These
plates were then incubated for 1838 h in a humidified incubator at 37°C, 5%,CO
Subsequently, plates were washed 6 times with wash buffegn 100 ul of PNAIRPO
(Sigma, cat: L775@)luted (1:500 or 1:1000) in conjugate buffer was added pelt. Wiates
were incubated at R in the dark for 2 h whereupon plates were washed 3 times with wash
buffer to remove traces of PNARPO100 ul of OPBubstrate(Sigma, cat: P828d)ssolved

in citrate buffer(Sigma, cat: P492%jas then added and plates were incubated at RT in the
dark for 10 minutesReactions were stopped by the addition of 10QNIH,SQ and plates
were read using alecan Sunrise gdcon) ELISA plate readet 4%2nm for 0.1sec.

Background results were subtracted from sample wells and plotted using PRISM GraphPad.

For inhibition assays, 34 of serum (in 24Ql) was diluted across a 98ell clear plate50 pl

of these dilutions werghen transferred to a 96vell maxisorp plate, previously coated in
fetuin, in duplicate A set amount of virus, as calculated from the titration ELLA, yielding a
desired Oy, per well, was then added and plates left to incubate overnighe remaining
steps are identical to the titration ELLExogenous neuraminidase (exNA) was used as a
fetuin digestion control for ELLA titrations. Antisera or positive serum samples suitable for

the PV strain used were employed as positive or negative controls in ib& Bhibition

assay.
2.4 Cell work
2.4.1 Cell lines

Multiple cell Ines were used in this project for various experimeiisgeneral, HEK293T/17
cells were used for the production of PV as well as a target cell for transduction in titration
and pMN assaysMDCK IMDCK llrat intestinal epitheliall495 (RIE 1495¢ells were used

as target cells for titration and pMN using H17 bearing Rdman embryo kidney cells
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(HEK293T/17) were obtained from Dr Davide Corti, Institute for Research in Biomedicine,
SwitzerlandMDCK cells used originate from two sourckOCK | cells were obtained from
Prof Sarah Gilbert, University of OxfoMDCK landrat intestinal epithelial cells (RIE 1495)
were obtained from Dr Martin Schwemmle, Institute of Virologyivdrsity of Freiberg
GermanyAll cell lines were cultured in DMEM (Pan Biotech, cat:02®10) with 10% heat
inactivated FBS (Pan Biotech, BA®O0HI) and 1% penicillin/streptomycin (Pan Biotech,
cat: P0607100).

2.4.2 Cell subculture

Cells were subcultured-2 times per week ependingon project requirements.Cells were
diluted in differing volumes dependent on the rate of growth of each cell HEK293T/17
Cells were subcultured 1:4 on Mondays and Wednesdays and 1:8 on Fridayscirf 10
Nuy” O dishes(Sigma, cat: 150318Lel monolayers were washed once withnil Trypsin
EDTA (Pan Biotech, cat: FG4010Q and then incubated with 2nl TrypsiREDTA for 5
minutes, allowing the cells to detacBells were then resuspended withnd DMEM $10%
FBS, 1% PYSgiving a total volumef 8 ml.Resuspension waserformedvigorously in order
to ensure the majority of cells wemrispersed and not clumpedror the purposes of future
cell culture, 1 or 2 ml of the resuspended cells were added to fresh 4@isimescontaining

8 ml of DMEM in order to give 1:4 or 1:8 dilutions of cells for subsequent vikmk.
pseudotype virus production, 200 pf cell suspension was us@ar well of a éwell plate
(approx 4x18cells). For other cell lines, two washes were perforthasing PBS in lieu of

TrypsinEDTA.

2.4.3 Freezing/thawing of cell lines

In order to maintain stocks of low passage cells, cells were frozen and stof@@d°&t upon
acquisition from each stated sourc@fter initial cell culture and several passages in the
laboratory, confluent cell monolayers were washed and trypsin was added as in previous
cell culture methodsDetached cells were then resuspended, centrifuged (ELMIGRIVI
centrifugewith 6M Rotor, Spectra Services) at 300 rpm for 5 minutes in 15 ml falabegs
(Greiner BieOne, cat: 188271) using a b4 tube attachment. Media was then decanted,

and cell pellets resuspended in FBS with 5% DMSO (VWR International, cat: 282164K).

of this cel/[FEEDMSO mix was then aliquoted per 1.5ml cryotube (Corniady, 430915)
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and placed inside a Mr Frosty (Fisher Scientific, cat: ®00Q) in order to be brought te
80°C at 1°C/minute, minimising cell death during the freezing proddsisiple aliquots of

low passage cells were produced for each cell line obtainestind 1x18cells were frozen

per 1 ml.When currently iruse cells had reached a passage number of over 30, aliquots
were removed from the80°C freezer, rapidly thawed by hand and liquids were transferred
to a 10cnf dish or T75 flask containing 10 5 ml of DMEM +10% FBS 1% RI&dia was
replaced after overnight incubation at 37°C, 5%, @Qorder to remove traces of DMSO.
Cells were subcultured at least two times after this step before being usedimoduction

or pMN assays.

2.4.4 Justification for us e of non standard Bright -Glo quantities

A preliminary test was carried out using the Brigdltn reagent, in order to maximise its
use in the projects detailed in this thesiBhe Promega Brighelax manual suggests that
addition of 50ul of BrightGlax directly into the wells of 94vell plates post 48 incubation.
However, due to the difference in DMEM volumes for titration (L0&nal) and pMN (150

pl final), addition of 50ul of Brightglon leads to a difference in concentration of the
luciferase abstrate and cell lysis agent between assaliis discrepancy in volumes of
media could lead to anomalous results; therefore this preliminary test was carried out in
order to evaluate the removal of DMEM from-9&ll plates prior to addition of a mix of
pre-diluted BrightGla.

Two PV bearing the influenza HA frodv/gyrfalcon/Washington/4108&/2014 (H5,
henceforth referred to as Gyr) wittVT or human codon optimised (Opt) sequences were
tested alongside VS8 PV and cell only conteolThree 96well titrations were carried out,
with Gyr (WT) and Gyr (Opt) titrated in quadruplicagééongside VSG PV ancell only
being titrated once each per plat&ach plate was titrated according to the standard
method described irsection 23.2 with 100 pl of PV contaiing supernatant diluted 1:2
down a 96well plate.All three plates were incubated for the standard 48 h at 37°C 5% CO
in a humidified incubator, whereupon the contents of each well were removed using a
Vacusip50 pl of a 50:50 mix of PBS and Brigitn was added to the wells of plate 1 (T1),
25 ul of the same mix to plate 2 (T2) and ajB®f a 25:75 mix of PBS and Brigitt was
added to the third plate (T3)After a 5 minute incubation period, plates were read for

luminescence using a Glomax 96 platader and results analysed using Microsoft Excel and
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Prism Graph Padnitial RLU/mI results showed titres in the same range, with a slightly
reduced titre recorded for T®Vwhich was performed with the lower concentration of
BrightGlat (25:75), see Figur2.7. A Wilcoxon paired, nonparametric T test was carried out
between the grouped results from T1, T2 and Results for Gyr (WT) showed effective
pairing between all three groups (P=<0.0001), however differences in the median results
were only seen between different concentrations of Briglb. T1 and T2 results were not
significantly different (P=0.0584), whereas comparing T1/T2 with T3 showed a significant
difference in median values (P=0.007&imilarly, for Gyr (Opt), pairing wafective
between T1, T2 and T3 (P=<0.0001) and median values were only significantly different
between T1/T2 and T3 results (P=0.0078).and T2 results were not significantly different
(P=0.9453)Due to these results, it was decided to carry out thejgcts in this thesis by
removing media from 98vell plates post incubation and then incubating cells with a 50:50
mix of 12.5 pl BrighGlo and 12.5 pl of PBSee Figure 2.7 for RLU/m titres generated in

this experiment.

Effect of Bright-Glo concentration
on RLU/mI titres

1010
Bl T150:50BG:PBS (T=50 ul)
10° Bl T7250:50BG:PBS (T=25 ul)
_ Bl T1325:75 BG:PBS (T=50 ul)
c10°
>
-
rl0’
10°
10°

Fgure 2.7. Effect of BrighiGlax concentration on RLU/ml titrefReduction in quantity oBright-

Gox (T1to T2) had no significant effect on RLU/ml titres, whereas reduction in concentration T1/T
to T3) resulted in reduced RLU/mI outpusll experimensg carried out in quadruplicate with PV
bearing three different glycoptoteins (A/gyrfalcon/Washington/41688014, WT anapt, and

VSVG.
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Chapter 3 : Development and utili sation of cHA bearing PVto
dissect head and stalk mediated antibody responses from

human serum.

3.1 Introduction

3.1.1 Universal vaccines

As described irchapter 1, universal vaccines represent a major avenue for the future of
influenza vaccine researciihe ability to induce a broadlgrotective immune response,
covering multiple subtypes and persisting for multiple seasons of influenza virus disease is a
worthy goal to aim forNot only would this kind of vaccine reduce costs for administration

of vaccines on a yearly basis or througitluced morbidity and mortality, the staggering
costs for yearly update of influenza vaccines across the globe could be reduced and better
employed.

Various methods have been employed in order to design and test such vaccines, which
primarily aim at elitation of antibodies to the conserved regions of the influenza virus,
such as the stalk of the HA trimer M2. Due to the constraints involved with tHanctional

parts of the HA glycoprotein and its ability to change conformation to allow membrane
fusion, this target is less amenable to antigenic drift and therefore likely lesseataldea
targeted stalk immune response.

One of the most exciting developments in thaiversal vaccine section of influenza virus
research is the progress being made on s#ilon chimeridhybrid cHA based vaccines,
reviewed by Kramer and Palese over recent yd&rmmmer 2016; Krammer and Palese
2013, 2014, 2015)hese vaccines employ cHA, originally developed by Pica and colleagues
(Hai et al. 2012; Krammer et al. 2018)d developed by this group since 20dfltiple
studies have showil KA & | LILINRP | OKQa FoAfAGe (G2 AYyRdzOS
models coveredin section 116 and 118. Vaccine immunogenicity for these trials have been
tested by pMN assay as well as neutralisation of recombinant cHA bearing influenza viruses
by plaque assafHai et al. 2012and ELIS&Krammer et al. 2013)
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I a4SO2YR FLIINRIFOK KlFa F20dzaSR 2y GKS RS@St 21

vaccines allowing the host to produce an immune response against the conserved stalk
region in the absence of the immunodominant globular heatlis approach has bae
followed byother groups with varying levels of succébsallajosyula et al. 2014; Steel et al.
2010; Valkenburg et al. 2016¢overed insection 1.16. Immunogenicitydata for these
projects were tested by HELISApeutralisation of live virugSteel et al. 2010as well as

pMN, competition ELISAMallajosyula et al. 2014; Valkenburg et al. 201&hd

microneutralisation assafvalkenburg et al. 2016)

3.1.2 Stalk antibody detection

One major obstacle impeding universalccine efforts is the inability of gold standard and
globally trusted assays tefficiently detect the antibodies being generated by these
vaccinesThe HI assay, describedseaction 1.19s unable to detect stalk binding antibodies

as they do not impe G KS @ANHzZAQ lFoAfAGE G2 oOoAYyR G2
agglutinate RBCs This has lead to a variety of approaches for the detection and
charactersation of antibody responses elicited from universal vacciA@song the methods
described insection1.19, ELISA remains the most popular as this assay is flexible and it is
possible to use cHA as a substrate, allowing the detection of stalk directed antibodies with
this well established syste(iNachbagauerKinzler, et al. 2016PDther methods used include
production of recombinant viruses for use in traditional neutralisation as@sigdlajosyula

et al. 2014; Steel et al. 201(®s well as severastudies employing reportethased
pseudotype systems such as pMiNai et al. 2012; Valkenburg et aD1®B) The benefits of

pMN in the ability to detect functional antibodies which neutralise the action of the HA give
this assay an advantage which is not apparent in the literature, with this assay still being
used in conjunction with gold standard ELESW MN.The post attachment assay, allowing
neutralising antibodies to bind to HA after attachment of the HA to its receptor under cold
conditions has been used previously, but is not regularly employed for the evaluation of

universal vaccine immunogertic{Edwards and Dimmock 2001; Hstlahg et al. 2010)

3.1.3 2009 pandemic and stalk antibodies
Multiple studieshave demonstrated or reonfirmed an increase in crossactive immune

responses as a result of pH1IN1 infectiflahallawi et al. 2013; Medina et al. 2010;
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Wrammert et al. 2011)Subsequent work has attributed this partly to similarities with the
1918 pandemic viruMedina et & 2010)and overall unique origin, it has been shown that
sequential immunization with pH1N1 leads to increased creastiveneutralisingantibody
titres when compared to sequential immunization with a drift variant from the original
vaccine(Krammer et al. 2(). This data enables us to consider the 2009 pandemic to test
our cHA pMN system, as natural infection should boost heterosubtypic immihigyeffect

of the 2009 pandemic is discussed in further detadention 111.2

3.1.4 Project aims

The primary goabdf this project wasd determine the extent of croseactive, stalk directed
antibodies elicited by the 2009 influenza pandemti@in, through assay of human sepae
and post 2009Various parameters render this task difficult, such as the nature of human
infection andpre-existingimmunity to H1 influenza viruse&imilarly, with the number of
serum samples collected, it is difficult to determine the proportion of patightst had
actually encountered the pandemic straifhe linked secondary goal of this project was to
produce cHA expression plasmids and to employ themRV system in order to build up a
library of group 1 influenza stalks to wh antibodies could be tested he production of
cHA expression plasmids with group 2 (H3) and Influenza B statksecondary objectives
of this project.While the cHA pMN system has been tastreviously in piloprojects, this

represents the broadest project undertaken to date usihig system.
3.2 Methods

3.2.1 PCR and production of cHA expression plasmids

cHAplasmids were constructed by long distance PCR using oligonucleotide primers spanning
two different HAs within their respective expression plasmids pl.18, as shofgure 3.1

DNA fagments were amplified from the expression plasmid bearing the HA stalk and HA
head of choice using primers listéd Tables3.1 to 3.3 These PCR fragments were then
fused into one plasmid via the-Fusion or Gibson Assembly methd@sbson et al. 2009; B.

Zhu et al. 2007)The first fragment consisted of the pl.18 sequence and HA stalk sequences,
GAOGK Yy 2@SNIFLI 2F FNRBdzyR mn ydzOf S20ARSa

termini. The second fragment consisted of the HA head region of choice, with overlaps of
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GKS 11 adlt] 2F OK?2 ATOSe talifragin&n weredtheh iyidabatedQ
together with InFusion or Gibson assembly kits, in order to yield the péf@ression
plasmid bearing a cHA composed of the head region from one HA (H11) and the stalk from
another (H1, H3, and Flub). Figused shows a schematic of the production process for

these cHA expression plasmids.

HA stalk donor H11 head donor
in pI.18
HA head +
pl.18 + HA stalk overlap
HA stalk *

l Gibson Assembly OR
In-Fusion cloning

Assembled

Construct

l Transform and Plate

Figure3.1. cHAexpression plasmids were produced using either Gibson AssembhFasion
cloning kitsPCR fragments were produced from plasmids bearing the HA stalk and HA head of
interest with complementarypverlap regions, leading to &é expression plasmid withe head

and stalk region from two different plasmids, after assembly.
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3.2.2 Cloning methods for the production of cHA plasmids

In-Fusion® HD Cloning system (Clonetech,638649 was used for the generation cHA
plasmids(B. Zhu et al. 2007xHAs with stalks from A/Solomon Islands/3/2006 (Sol CHM)

and 2009pdm consensus sequenédTiexas/50/2009 oICS CHMyvere produced.Original

primers were designed to produce a further cHA bearing the stalk from A/Brisbane/59/2007
(Bris CHM) but this was not used in downstream applicati@nefly, Linearised plasmid

(p1.18) containing the stalk fromA/Texas/05/2009r A/Solomon Islands/3/200Gnd H11

head overlaps was incubated in a 1:2 ratio with H11 head PCR fragments, themselves
containing2 SNI | LILIAYy 3 aSOGA2ya 2y pQ [TeYaR052MM9 Sy Ra
or A/Solomon Islands/3/2006talks.This equated tdlO0 ng of linearised plasmid and 200

ng of PCR head fragmenfo each reaction, Ll of InFusion enzyme was added after
addition of 2ul 5X IaFusion reaction buffer, making up the final volume toul@vith dH0.

Each reaction was incubated for biinutes at 37C, followed by 15 minutes at 30D, then

placed on iceThe reaction volume was then mixed with @0of TEbuffer (pH 8)and then

tested via gel electrophoresis or transformed into competentc@i. Gibson Assembly®
Master Mix (New EnglanBiolabs, cat: E611S) was used to producd@CHMand Flu B

(Flu B CHM3HA plasmid¢Gibson et al. 2009Briefly, linearised plasmid (pl.18) containing

the stalk from B/Brisbane/60/2008 or A/Udorn/307/1972 with H10 head overlaps was
incubated in a 1:2 ratio with H10 head PCR fragments, containing overlap@@ i A 2y a 2V
FYR 0Q SyR&a O2YLIX AYSY(dFINE SAGK . k. NRAOFYSKc.
This equated to 100 ng of linearised plasmid and 200 ng of PCR head fragiménis, 1Qul

of Gibson Assembly &&ter Mix (2x) was added, andHg) used tomake the reaction up to

20 ul. Samples were then incubated at ®Dfor 15 minutes and then stored on ice until used

in gel electrophoresis or for transformation of competentéli.
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Table3.1. Primers for the generation of PCR fragments used in thdymion of cHA expression
plasmids Bris CHM, Sol CHM and CS €diMiard and Reverse primers bearing the name of the

cHA and fragment type (in = head fragment, out = linearised vector fragment) are listed alongside

their annealing temperaturesc).

PrimerID Sequence Annealing
temperature T
H11_ Bris_in_fwd: CACAACGGCAAGCTGTGCAGCATCGACGGAAAAG 64.7
H11 Bris_in_rev: CTGACACTTGGCGTCGCAAGACTCGATATTCAGGTCGC | 64.3
H1_Bris_out_fwd: CGACGCCAAGTGTCAGACC 58.1
H1_Bris_out_rev: CAGCTTGCCGTTGTGGCT 59.1
H11 CS_in_fwd: CACAACGGCAAGCTGTGCAGCATCGACGGAAAAG 64.7
H11 CS_ in_rev: CTGACAGGTGGTGTTGCAAGACTCGATATTCAGGTCGC | 63.1
H1 CS_out_fwd: GCAACACCACCTGTCAGACC 57.9
H1_CS_out_rev: CAGCTTGCCGTTGTGCTT 56.5
H1 CS_fwd: TCTAGAGTCAAAATGAAGGCTATCCTGGTCGT 58.4
H1 _CS _rev: TCTAGAAATTTAAATACAGATCCGGCACTGC 55.3
H11 sol_out_fwd CACAACGGCAAGCTRIGIATCGACGGAAAAG 64.7
H11 sol_out rev TGACACTTGGCGTCGCAAGACTCGATATTCAGGTCGC 64.4
H1_sol_in_dvd TGCGACGCCAAGTGTCAGACC 61.3
H1 sol_in_rev GCACAGCTTGCCGTTGTGGC 62.1

Table3.2. Primers for the generation of PCR fragments used in the production of cHA expression
plasmids for G2 CHMrorward and Reverse primers bearing the name of the cHA and fragment type
(in = head fragment, out = linearised vector fragment) are lisledgside their annealing

temperatures {C).

Primer ID Sequence Annealing
temperature T

H10 In_Fwd pQ // ¢/ V! / DDDD!'!T' 11 ¢!l ¢D/! ¢ D584

H10 in_Rev oQ D!'¢D/'V¢c¢c/ ! DI'!' 1 ¢D/! D/ ¢ D¢ 581

H3 out_Rev pQ D!¢/ ¢c¢// ¢ccec/ ! ¢D/ !1otQ ¢ ¢ ¢ ¢l 585

H3 out_Fwd pQ !'¢e¢eD! /1Y /1 D/ ¢eD/ ! ¢¢c¢c/ ¢D!|585
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Table3.3. Primers for the generation of PCR fragments used in the production of cHA expression
plasmids for FluB CHNMorward and Reverse primers bearing the name of the cHAragthent

type (in = head fragment, out = linearised vector fragment) are listed alongside their annealing
temperatures {C).

Primer ID Sequence Annealing

temperature T

H10 in_fwd CTCAAAGGAACAGEEATGAAAGGAAGATCA 56.9
H10in_rev CGTATTTTTCGTGGAGGCAGCTGTTGTC 59

B out_fwd ATTGACAACAGCTICCACGAAAAATACG 59.3
B_out_rev TGATCTTCCTTTCATGCATTCTGTTCCTTTGAG 56.9

3.2.3 Serum information

I LI ySt 2F aSNIrI RSaAaylFrGSR WYWSYyySNI { SNI Q>
University of OxfordThis panel consisted of sera taken from clinical trials involving vaccines
designed at the Jenner Institute, University of OxfdZéinical trials were carried out using
NPbased vaccines, therefore no detected HA response should be attributed to thet effe

the vaccineFor the purpose of this study, the serum samples can be considered from the
population of Oxford between 29/07/2008 and 26/10/2016. A total of 179 samples were
obtained from patients just prior to and in the years following the 200%@rfza pandemic,

with 13 samples from 2008, 7 from 2009, 27 from 2010, 13 from 2011 and 118 from 2012
2016.For the purpose of this study, samples were arranged according to the date on which
samples were taken and then assigned a number fre72 in orderto make results easier

to analyse. Serum panel information is displayedyppendix X1These era were tested
using the three virus chimeric pMN system consisting of parental
A/duck/Memphis/546/1974(H11), A/California/7/2009 (H1) and the CS CHM compos$ed

the head from the parental H11 strain and stalk from parental H1 strain.

I ASO2YyR LIySt 2F aSNrz RSaA3aIyl 0SSR WhisJ2 NI &
panel consisted of 60 pairs of sera originatingrfra set of athletes in Scotland hese sera

were tested via pMN on A/Brisbane/59/2007 (H1), A/Vietnam/1194/2004 (H5)
A/Udorn/307/1972 (H3) and A/Shanghai/2/2013 (H7), representing a human seg$thal

H3) as well as pandemic potential avianbtype (H5, H7) per influenza grouthis woud

allow for measurement of pagroup crosgeactive immune responses between the four

subtypes tested as published previously but with the addition of human seasonal strains
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(Molesti etal. 2014) Serum amples were paired, with a 12 week interval between them
per patient.No action or effect was being measured for the 12 week period; samples were
taken as part of an unrelated study on the effects of chronic exergisgbody standards
were used ascontrols for all pMN assays. These wepeoduced by hypemmune
stimulation involving the vaccinationf sheepmultiple timeswith a HA protein vaccine.

This was carried out by the NIBSC.

3.3 Results and discussion

3.3.1 Production of cHA expression plasmids

First, primers listed itables3.1-3.3were used to produce the two components rgced for
the production of &lA expression plasmidsinear pl.18 DNA including the H1 stalk overlap
of choice (A/Texas/05/2009 (H1), A/Brisban@/Z007 (H1) and A/Solomon Islands/3/2006
(H1)) was produced by PCR, yielding a fragment ~5 kb in ldtgtever the expected 5 kb
product was accompanied by various nonspecific bands and sm&askorter fragment
bearing the H11 head and short overlags tach specific H1 stalk were also produced,
yielding a clean band at ~500 bp in leng8eeHRgure 3.2 and 3.3 for the results from

duplicate PCR and gel electrophoresis of the fragments generated as described above.

It was decided that gel extractiomather than PCR optisation was the most efficacious
and costeffective method to obtain the desired PCR fragment in pure form, due to the size
of the desired fragment and lack of flexibility in primer design. Gel extraction was
performed (Section 2.1.12)fter excision of the bands containing the putative constructs
designed in this project: linear H11 head and H1 stalk bearing fragments designed for in
fusion or Gibson assemblifigure 3.4shows gel electrophoresis of the purified fragments

excised fronthe gels shown in Figures 3.2 and 3.3.
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pl.18 + pl.18+ H11 heads+ overlaps:
Sol Stalk CS Stalk cs Sol Bris

Figure3.2. Initial attempt at PCR of pl.18 lineaector with H1 stalk overlapss well as H11 head

DNA fragments with complementary H1 stalk overl&isong bands at the expected 5.3kb mark for
pl.18 + Hitalks and 700bp band for H11 heads are present. Several nonspecific bands present after
PCR of pl.18 + stalk combinations, with the strongest nonspecific band at ~2.5kb.

H11 heads + overlaps: pl.18 + pl.18 +
Cs Bris Sol Sol Stalk CS Stalk

~700bp

Figure3.3. Repeat of the Initial attempt at PCR of pl.18 linezster with H1 galk overlapsas well
as H11 head DNA fragments with complementary H1 stalk overlaps.
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pl.18 + H11 heads + overlaps:
CS stalk Sol stalk CS stalk Sol stalk CS Sol Bris

~700bp

— e —

Figure3.4. Gel electrophoresis of gel extracted PCR produtft.hand side of the figure shows the
production of a linear DNA fragment consisting of the pl.18&sgion plasmid sequencafiked by

H1 stalk sequence$he right side of the graph shows the remaining part of the chimera, linear DNA
fragments consisting of the H11 head flanked by H1 stalk sequences

The first attempt at the production of cHAs viafusion was unsuccessful, yielding no band
or smear for the SoOCHM when tested directly by gel electrophoredibis first Sol CHM
attempt was run alongside further PCR reactions of H11 heads with CS, Brisbane and Sol

overlaps, as well as pl.18 CS ands&dks with H11 overlaps (Figure 3.5).

Due to the possibility that HA plasmids were present in the previous sample, but not
detectable by geélectrophoresis, l#usion was then attemptedgainand the reaction mix

was then immediately transformed intcompetent E.coli (section 2.2.2).Colonies were
successfully grown overnight in the presenceawip. Four colonies from both CS CHM and
Sol CHM plates were picked and grown in LB broth overnight asepgon 2.2.2.0f these

four clones, three wereselected based on the optimal optical density of bacterial ghow
plasmids were extracted as per Section 2.1.11 and gel electrophoresis was performed on
plasmids resulting from each colony, alongside parental ph&MY (Figure 3.6)Typical
plasmid confomation was observed for each clone, at varying strengths, indicating the

presence of dsDNA plasmids in various coiled and uncoiled states for both cHA plasmids.
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H11 heads + overlaps: pl.18+
Ccs Bris Sol cs Sol CSCHM Sol CHM

~3kb

~1kb

~700bp

Figure3.5. Gel electrophoresis of H11 heads with CS, Bris and Sol overlaps, alongsifeSoand
pl.18-Sol linearised plasmids with H11 head overl&ek lanes (CS CHM, Sol CHM) show the
unsuccessful visualization ofubof cHA expression plasmidiier In-Fusion assembly.

phCMV Sol CHM CSCHM
H11 2 3 4 1 2 4

~ 500

Figure3.6. Gel electrophoresis of plasmids pl.18 bearing Sol @hMCS CHM genes, alongside
phCMVH11.Three colonies of bacterial transformants were grown overnight in LB broth and

plasmids were extractedlones 2, 3 and 4 for Sol CHM and 1, 2 and 4 for CS CHM were run in this
gel.Clones were selected based upore thptical density of LB broth after overnight culture.

9 OK Ol! LXFaYAR ¢ta GKSYy dzaSR Ay t/w dzaAy:=

obtain a full length HA fragment. Results show the presence of a strong band at ~thé& kb,
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expected length othe cHA gene for both cHA plasmidBigure3.7A). Restriction digestion

was also performed; plasmids were linearised using Kpnl, cutting once at a site within the
MCS which should still be present within the cHA plasmids RE€Sults show the presence

of one large band aabove 5 kb, the expected size for this plasmid being {Bldure3.7B).

A double digestion was also carried out, with BamHI and EcoRl, two sites flanking the MCS
region containing the cHA geng&his yielded two fragments as expected; a7~kb band

composed bthe AHA gene, and a ~4 kb band composed of the pl.18 pla@fgdre3.7C)

PCR: Kpnl digestion: BamHI & EcoRl digestion:
Sol CHM CS CHM Sol CHM CS CHM Sol CHM CS CHM

750 bp

500

Figure3.7. Gel Electrophoresis of PCR and restriction digestion of cHA plasmids Sol CHM and CS

CHM! 0 t/w 2F {2t /1 a | yR /termihal pametsiyi¢lds ¥ damrizat~za A y 3 p
kb, consisting of the cHA gene. B) Kpnl digestion of Sol CHM and CS CHM plasmids yields one band at
>5 kb consisting of the linearised pl.18 plasmid containing the cHA genes. C) Double digestion of Sol
CHM and CS CHMing BamHI and EcoRl yields two bands at ~1.7 kb and ~4 kb, consisting of the

cHA genes and linearised pl.18 plasmid respectively.

Sol CHM and CS CHM clones were then sequenced using pl.18 internal primers, yielding
sequences which were analysed usingHglit to ensure the expected sequence and
orientation was present in both cHA plasmids, which was the dasege stocks of each
plasmid were then produced using the QIAGEN Plasmid Midi kit (cat: 12125), yielding stocks
sufficient for the completion of ta project (200ul at 1-2 pg/pl each. Generation of two
further cHA plasmids was attempted during this projelthe first was a group 2 (G2HA
with A/chicken/Germany/N/1949H10) head and A/Udorn/307/19723) stalk. The second
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was a FlB dHAwith A/chicken/Germany/N/19494H10) head and B/Brisbane/60/2008 stalk.
These were produced in a similar fashion to the previous Sol CHM and CS CHM cHA
plasmids, with a few difference$hese chimeras were produced by Gibson assembly (New
England BioLabs, cat: E26LTF3agments were first generated by PCR, expected fragments
were ¢l extracted as with previous cHARd run on 1% agarose gels alongside the original
PCR products (FiguB). Gibson assembly was then carried out as described previously, 1

pI of the reaction mix was used to transform competentdali and plasmids were sent off

for sanger sequencing alongside being employed for the production of\WhMe the
production of plasmids bearing G2 and Flu B cHAs was successful, it was not possible to
produce PV using these plasmids in subsequent experiments within the scope of this

project.

H10
plasmid

Figure3.8. Gel electrophoresis of PCR and Gel extracted fragmen&d&CHM and G2 CHM

alongside phCMVAH10 plasmidFrom left to right: 10kb ladder, PCR of Hiead with

B/Brisbane/60/2008 overlaps before and after extract{gh B/Brisbane/60/2008 stalk with H10

head overlaps in pl.18 before and after extractibll0 head with A/Udorn/307/1972 stalk overlaps,
before and after extraction. A/Udorn/307/1972 stallith H10 head overlaps in phCMV1 before and
after extraction. H10 plasmid in phCMV1. 10kb ladder.

3.3.2 Production of cHA bearing PV

A cHA bearing the H11 head and A/South Carolina/1/1918 stalk has previously been
produced by a PhD student in the Viral Pseudetynit, Dr Francesca FerrarBhis was

used in preliminary tests which gave risethas project.However, this EIA PV was difficult

to produce, and only low titre preparations resulted when transducing HEK293T/17 cells
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(Figure 3.9). Production was attemmd with cotransfection of pCAGGIAT in 6well
format, which was found to be the optimal protease for production of this chin{&D
Thesis, Francesca FerrarBue to the success in the production of further chimeras, this
plasmid was not used furthen ithis project, and efforts were focused on establishing the CS

CHM for use with the Jenner Sera.

1918 chimera (+tHAT protease)

10° I I I
104 T T T T T
Q Q Q Q Q Q Q Q Q
1% ,»Q ,»9) '1/0 ,.Ifo "bQ ,b<'> b?)

ng per transfection (HAT)

= =
o o
~ ®

RLY/mI
o

Figure3.9. Production of cHAearing stalk from 1918 pandemic influenzélAbearing PV with
A/SouthCarolind1/1918 (H1)stalk andA/duck/Memphis/546/1974H11) head)co-transfeded

with pCAGGSIAT Production was attempted using a range of concentrations@AGGEHIAT

plasmid from 50 to 450 ng per transfected weHlwéll format).

3.3.3 Production of pandemic 2009 H1 PVs

Due tothe cHA system benefiting from the ability to test the cHA PV alongside its parental
subtype strains, it was a requirement for this projectpiaduce a working PV bearing the
H1 from the 2009 pandemic. Early efforts to produce PV bearing this 2009 pané&in
were unsuccessful, employing the A/Texas/05/2009 codon optimised gene (kind gift from
Prof Sarah Gilbert, University of Oxford) cloned into plasmid pl.18. A further plasmid
expressing the influenza M2 protein frorA/Hong Kong/156/97(H5N1), cloned io
pcDNA3.1was transfected in a final attempt to increase titres of A/Texas/05/2009 PV, after
M2 was successfully used by other research groups to the same ends (EitliréMcKay

et al. 2006; Wei WandCastelarVega, et al. 2010)nitial results were successful and a linear

relationship was observed between quantity of M2 expression plasmid added to the
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transfection mix and RLU titi@igure3.10). However this experiment could not be repeated

despte multiple attempts with the same and newly generated reagents.

Production of A/Texas/05/2009(H1) bearing PV
with co-transfection of M2 expression plasmid

1077

106-. l
105_‘ T
Q Q Q
,»0 ,]/0 %0

ng of M2 expression plasmid
transfected

RLU/mI

Figure3.10. Effect of cetransfection of M2 expression plasmid on the RLU titres of PV bearing the
AlTexas/05/2009 (H1) glycoproteiRroduction was carried oum HEK293T/17 cells with the-co
transfection of 100, 200 and 30@ of M2 expression plasmidihe results from this experiment
could not be repeated.

Further attempts at the production of pandemic 2009 HA bearing PV resulted in the
commercial synthesis ahe WT A/California/7/2009(H1)(CA/09) gene cloned into plasmid
pl.18 by Genscript (Piscataway, New jersey, US¥3.were then produced in the presence

of the previous proteases HAT and TMPRSS4; with results yielding useable titres of virus
within the 10E® RLU/mI range (Figurexs11 and3.12). Due to the success in production of
CA/09 PV above 1BRLU/mI with both TMPRSS4 and HAT, no further ogdiion was
carried out and further stocks were produced with-ttansfection of 150 ng/well of
pCAGGSHIAT m 6-well format. However these titres were not significantly different from
production with 50 ng (P=0.306), 250 ng (P=6)1800 ng (P=0.36%r 750 ng (p=821),

but significantly different from 100 ng (P=0.157).
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AlCalifornia/7/2009
+ HAT

10°
108 —_ - —
107
10°
10°
104

RLU/mI

10°8
10°?
10!

10°

ng of p CAGGS-HAT

Figure3.11. RLU/ml titres for the optinsation of A/California/7/2009 (H1) bearing PV with the co
transfection of 56750ng of pCAGGESAT per wellHighest RLU/ml titres were obtained using 150 ng
HAT, however this was not significantly different from 50 (P=0.366)(R=0.166), 300 (P=0.365) or
750 (p=0.821), but significantly different from 100 (P=0.157).

For production of CA/09 PV in the presence of TMPRSS4, the highest RLU/mI titres were
obtained with 100 ng of pPCMVMPRSS4, giving an average titre of 1®68&npared to

9.12E and 2.75E for 150 and 250 ng respectivelRifferences between 100 and 150
(P=0.0011), 100 and 250 (P=0.0050) as well as 150 and 250 (P=0.225) were all significant.
CA/09 PV produced with 110ng of pCNIMPRSS4 was significantly greathart PV
produced with 50 ng (P=0.0255), 100 ng (P=0.0007), ritpQP=0.0026) and 7509
(P=0.0030) of pPCAGGRAT.
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A/California/7/2009
+ TMPRSS4

ng pCAGGS-TMPRSS4

Figure3.12. RLU/ml titres for the optinsation of A/California/7/2009 (H1) bearing PV with the co
transfection 0f100-250ng of pPCMM MPRSS4 per wellhe highest RLU/ml titre was obtained with
cotransfection of 100 ng pPCMYMPRSS4

Employment of a newly available transfection reagent (Endofectin Max ©) did lead to a
further rise in RLU/mI titres, despite this also not being significantly greater than those
generated using PEI (P=0.836), see Fi@ut8. PVs transfected using this mgent were
incubated in a larger volume of DMEM (10 ml in lieu of 8 ml) without antibiotics, and no
medium change was required the day after transfectidrese two factors must be
considered alongside the transfection reagent to evaluate any further iseean titres
when comparing reagentdt is likely that a larger quantity of virus has been produced with
Endofectin Max to allow similar titres with a 25% increase in volume of PV containing

supernatant. The exact parameters used are listeseiction 24.1.
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A/Californial/7/2009
RLU/mI Titres

10°
_10°
£
D
|
@
10’
10° T T
N +
Q‘o Q°
RN
0\'\
s\e
b0
(0(\

Figure3.13. RLU/ml titres for various stocks of PV bearing the H1 from A/California/7/Z04x.
comparison between production with polyethilynimine and Endofectin Mépere is no significant
difference between PEI anah@ofectin Max RLU/mI values (p=0.863).

3.3.4 Production of cHA PV

Optimisation of the process for the production dflA bearing PV was carried out iweéll
format using a range of protease expression plasmids, notably pCRAGG&nd pCMV
TMPRSS4For the Sol CM, optimal results were obtained when dmansfecting
HEK293T/17 cells with 200 ng of pCAGIBS alongside the lentiviral and HA plasmids
(Figure3.14), yielding an RLU titre of over £08_U/ml. Cdransfection of 100 ng or 250 ng
PCAGGSIAT vyielded the second highest results with titres just undef KaE)/ml.pCMV
TMPRSS4 had little effect when-ttansfected under the same conditions, titres remained
below 10E RLU/mI, higher than thg LINR (i S| &G ROZm)(bitIodver than the
optimal condition of 200 ng pCAGET.See Figure8.14 and 3.15 for bar charts of
RLU/mlI titres for Sol CHM PVs produced in the presence of different quantities of pCAGGS
HAT and pCMITMPRSS4.
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Solomon CHM HAT optimisation

10°
108
107
10°
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104
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RLU/mI
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NS Q® e o »

ng of pCAGGS-HAT expression plasmid

Figure3.14. Production of Sol CHM PVs withitansfection of pPCAGGSAT from 108150 ng per

well (6well format). Productionn  LINB G S+ &S NI & dzf16G03200akc22B0yparaméters £ | O
repeated after initial single rurdighest titres obtained with ceransfection of 200 ng pCAGGIAT:

10° RLU/m.

Solomon CHM TMPRSS4 Optimisation

10°
108
107
10°
10°
104
103

RLU/mI

102
10!
10°

Q Q Q Q
,»Q q/‘o D‘Q

ng of p CAGGS-TMPRSS4 expression plasmid

Figure3.15. Production of Sol CHM PVs withttansfection of pPCMM MPRSS4 from 180 ng per
well (6well format). Productionn  LINE 0 S | shown iNBa@kd@Eup@riment performed in
duplicate for 100, 250 and 400 parametet®0-400 ng of pPCMMMPRSSA4 resulted in similar titres
in the 16 RLU/mI range.
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For theCS CHMHA more varied results were obtained when producing PV bearing this
glycoprotein with different quantities of the protease expression plasmids pCA&ISand
pCMVTMPRSSAddition of 108450 ng of pCAGEFAT to the transfection mix innGell

format increased titres of CS CHM several logs higher tham fpr@tease control (R The
highest RLU titre is seen with-tansfection of 100 ng pCAG®AT, however there was no
significant difference between 100 and 200 (p=0.45), 100 and 250 (p=0.43) or 200 and 250
(p=0.89) titresSee Figur8.16.

CS CHM HAT optimisation

10°
108

-
107 -
10°
10°
104
103
102
101
10° T T T
Q \/QQ (1/00 qf"Q 0;90 »f”g

ng of pP CAGGS-HAT expression plasmid

RLU/mI

Figure3.16. Production of CS CHM PVs withtansfection of pPCAGGESAT from 10150 ng per

well (6well format). Productionn  LINB (G S+ &S NI & dzf16G03200ako2be Ay of | O
parametes performed in duplicatedighest luciferase titres (RLU/mI) are ebsed with the addition

of 100ng pCAGGEFAT, giving a titre of over 1RLU/mI.

CS CHM bearing PV produced in the presence of pOWRRSS4 had low RLU/mI titres,
with averages around one log higher than thérotease controlThe highest RLU/ml value
wasobtained with cetransfection of 400 ng of pPCMYMPRSS4 7 RLU/mI).However, as
with transfection with pCAGG3AT, there was no significant difference between 100 and

250 (p=0.06) 100 and 400 (p=0.63) or 250 and 400 (p=0.43) RLUS@etsgure3.17.
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CSCHM TMPRSS4 Optimisation
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Figure3.17. Production of CS CHM PVs withtansfection of pPCMMMPRSS4 from 1@M0 ng per

well (6well format). Productionn  LINB G S| &S NI & dztEsparimanKgeriosmediry o f | O
duplicate for 100, 250 and 400 panaters.Highest luciferase titres (RLU/ml) are observed with

addition of 400 ng pCAGAB®IPRSS4, followed by 100 ng and 250ng.

Optimal condtions for the production of PWere decided as the lowest concentration of
protease encoding plasmid required to obtain the highest RLU/ml tioe. Sol CHM this
was 200 ng and for CS CHM 100 of pCA&&Isper well in-®vell format. These parameters
were employed with other standardlgsmid quantities (500 ng p8.91, 750 ng pCSFLW, 500
ng pl.18HA per well) in ater to produce stocks of eacliHé& PVTitres for stocks produced

after optimisations are displayed iRigure3.18.
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Soland CS CHM titres

RLU/mI

Figure3.18. Production of Sol CHEihd CS CHM bearing RLU/ ml titres for Sol CHM (200
pCAGGHSIAT per well) and CS CHM (100 pCAB&Sper well) produced in bulk after the protease
plasmid optimsation processSol CHM titres average above® ®l.U/miwhile CS CHM titres average
between10’ and 16 RLU/mI.

3.3.5 Group 2 and Influenza B cHAs

Attempts to produce PVs bearing cHAs with group 2 and influenza B stalks were
unsuccessfulProteases HAT, TMPRSS2 and TMPRSS4 were tested in asabptingirid

with a range of 56600ng per well cdransfected alongside 500 ng oB®1, 750ng pCSFLW
and 500ng EIA, as per standard methodegtion 24.1). No effect was seen with any of the
proteases as RLU values resemigied LINP \ialGels &Hen each preparation was titrated

on HEK293T/17 cells.

3.3.6 pMN of Jenner Sera

The Jenner Sera were assayed in duplicate against the three viruses of the chimeric CS CHM
system: Parental H11l PV A/@duck/Memphis/546/1974, Parental H1 W
(A/California/7/2009) and th&cS CHMBY utilsing the ¢1A alongside the parentaltsains,

this allowed the CS CHMeutralisingantibody titresto be interpreted in the context afhe

same serummeutralisingantibody titresagainst the parental strainsallowing dissection of

the headonly and stalkonly responses seerCare was takenot reduce variability in this

project which involvd 179 unique sera, requiring a largaantity of PV stocks and cells to
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be produced and pooled in order to ensure the sera could be compared with no variation in
PV or cell inputNeutralising atibody titres (Go) for these experiments areshown in
appendixXl. Overall,neutralising atibody titres were higher in the periodfter the 2009
pandemic than before it, despite a low sample size pre 2862().Titres for H11 increased
from 12 to 199, CA/09 fror8596 to 5068 and CS CHM from 376 to 1380. See Rdife

Neutralising atibody titres were bracketed in different ways due to the way in which
samples were taken each yearly perid€rst, neutralisingantibody titreswere bracketed
according toyear (Figure 30) in order to include all the data collected and provide an
overview for the trend in neutralising antibodies against the cHA system PVs between 2008
and 2016 For PV bearing H11, loweutralisingantibody titres were recorded for patients in
2008 and 2009. 2010 saw a sharp increaseedutralisingantibody titres, with one patient
recording an I§ of 1883 against this HA subtyd&011, 2012 and 2013016 (2013+) show
an overall increase imeutralising antibody titres against H11 with severaglatients
displayingneutralisingantibody titresover 500. For PV bearing the pH1 CA/09 HA, pre 2009
pandemic results were high when compared to H11, with the averagedading at 3596.
This is most likely due to the nature of H1 infection; conservatbpes within the pH1 HA
are likely to have been encountered in human populations previously, despite the exotic
swine nature of this particular straiXu et al. 2010)This may explain the relatively highdC
values recorded from sera obtained before the existence of this strain in human populations
when considering the sensitivity of pMN over traditional ass@mperton et al. 2007)
However, 2009 seraeutralisingantibody titres remained simitao that pre2009, with just
two patients showing increasedeutralisingantibody titres (7388 and 9274), raising the
average 16 for 2009 to 4068Subsequent years showed a similar trend, with average I1C
remaining around 3000 but increasing to 5000after 2012: 2010 (3878), 2011 (3395),
2012 (5018) and 2013016 (5858)While these averages remain similar, it is appanent
Figure 3.20 thatsome patients have elevatedeutralising antibody titres against the
pandemic strain in each bracket. For th& CHM itselfpeutralisingantibody titres are low
pre 2009 and for 2009 itself, with averageutralisingantibody titresat 410 for 2008 and
278 for 2009Average I€gvalues rise to an average of 1410 for 2010 and remain higher than
pre 2010 at 1224 fo2010, 1430 for 2012 and 1386 for 202316.Figure 3.20 shows this
data alongside a distinct increase in average and quartileréSults for the sera against CS
CHM.
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Second, values were bracketed for the influenza season (September to April) betwesn yea
excluding values taken between these times (May to August), showfigure 1. This
data shows a very different profile to the yebracketed data, with an increase in
neutralisingantibody titres against H11, CA/09 and CS CHM observed for theZ2000
influenza season, the first season for pH1Ne&utralising atibody titres against H11 are
very low for the 2008009 seasonnE19) and rise sharply in the 202910 =9) season
due to one patient with an 16 of 1883.Neutralising atibody titres then remain in the -0
500 range with patients in 2032011, 20132012 and 20142015 showing titres higher than
500.For CA/09neutralisingantibody titres remain similar between seasons,wi, values
averaging around -3000. There are occasional high data points such as in-2012
(23,954) and 2012014 (15,535) seasons which skew the data, and may represent serum
being taken from a patient shortly after exposure to a pH1N1 strain dftead replaced
previous H1N1s as the dominant seasonal strAwerageneutralisingantibody titres seem

to increase in the 2022014 and 2014015 seasons with averagesd®@aluesof 6892 and
5711 respectively. For CS CHM, the 2089 season shows thiwest neutralising
antibody titres as with H11 and CA/09 Pihe 20092010 season sees titres increase as a
NBadzZ 0 27F 2065420)8ubsedhightis@asond show averagg l@lues remain
well above the 393 (mean) of the 20@809 seasons, aveyang at 1209, 1506, 1455, 1328,
1264 and 1318 for seasons 20R010 to 20142015. Neutralising atibody titres thendrop

for the final season in which serum samples were taken in this serum panel, with an average
IGo of 750.However, with only two patierstin this group, this is most likely not an accurate
representation ofneutralisingantibody titres for this seasorSee Figure 3.21 for graphic
representation of influenza season bracketedutralisingantibody titres described in this

paragraph.
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H11 Antibody titres CA/09 Antibody titres
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Figure3.19. Box plots for pMNieutralisingantibody titres (1G;) generated by Jenner Sera against A/duck/Memphis/546/1974 (H11), A/California/7/2009
(H1) and CS CHM bearing Reutralisingantibody titresfor sera areébracketed pre and post pH1N1 pandentitevatedantibody titres are observed

against all three PVs after the 2009 panden@icossreactivity is seen through pre 2009 sera neutralising A/California/7/2P@&n antibody titres are
increased de to a small subset of patients with increased titres.
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Figure3.20. Box plots for pMNeutralisingantibody titres (1G) generated by Jenner Sera against A/duck/Memphis/546/1974 (H11), A/California/7/2009
(H1) and CS CHM bearing Reutralisingantibody titres bracketed by year of serum collectiéie 200heutralisingantibody titresare low for all three

PV except for CA/09 PMeutralisation of all three PV increases post 2009 when considering avergdbisGsdriven by a smiagroup of patients having
raisedneutralisingantibody titres displayed as whiskerblB: 20 samples between 2008 and 2009.
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Jenner Sera Jenner Sera Jenner Sera
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Figure3.21. Box plots for pMNeutralisingantibody titres (IG) generatedoy Jenner SeragainstA/duck/Memphis/546/1974 (H11)

A/California/7/2009(H1) and CS CHM bearingNRitralisingantibody titres arebracketed by influenza season (SeptemBeril) for sera collected

between 2008 and 201®&4eanneutralisingantibody titres are similar for alessons for H11 PV, with several high titres observed in the 2009 pandemic
seasonMean titres against CA/09 fluctuate, with a slight increase seen in the-2018 and 20142015 seasongAntibody titres against CS CHM increase
after the 20082009 season i a small dip observed after the 202D12 seasonSera with high titres are observed against all three PV, shown by distinct
whiskers rising above the 75% quartilsi: only 2 patients fall within the 20220)16season
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Finally,neutralisingantibody titres were bracketed by age to observe the extent to which
immunity is dictated by age and previous exposure amongst the group of Jenner Institute
patients (Figure8.22). One of the aims of tis project was to use theHA system via PV to
detect increases in stallirected antibodies elicited by natural infection with the pH1IN1
pandemic (Wrammert et al. 2011)However, due to the serum set being spread over
multiple years and the lack of data regarding the infection history of each patient, it is
difficult to distinguish whether high responders against the chimera haa stirected
antibodies as a result of pHIN1 or previous straiNgvertheless, when bracketing
neutralisingantibody titres by age group, CA/09 titres match the infection data for pH1N1,
with young adulé being one of the hardest hit groupdarageorgopoulos et al. 2011;
Shrestha et al. 2011Pespite this, the 460 and 50+ age groups show an increased ability
to neutralise CS CHMsawell as the heterologous H11 PV, which is consistent with other
studies showing an increase in broadly neutralising antibodies in the elderly after repeated
exposure to influenza viruses throughout their lifetinfdlachbagaueret al. 2016) One
drawback of this bracketing is the spread of ages within the panel patients, with 67 patients
in their 20s, 7 in their 30s, 11 in their 40s and 67 in the 50+ group.

Antibody titres bracketed by age

2008-2016
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B H11
Bl CcA/09
4000 A Bl CS CHM
o
[Te]
O
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O-
D oD W (00*

Age of patients

Figure3.22. Averageneutralisingantibody titres (I6,) bracketed by age group between 2008 and
2016 against PV bearing A/duck/Memphis/546/1974 (H11), A/California/7/2009 (H1) and CS CHM
glycoproteinsNeutralisingantibody titres to H11 are highest in the 40 and Z@ye groups whereas

for CA/09 the 20 and 48ge groups show the highestrés. The highest tres for CS CHM are seen

in 40 and 50+ age groups.
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3.3.7 Sports Science sera

Aside from the cHA system, it is also possible to test for heterosubtypic immunity bygtesti

the same sera against a range of PV bearing HAs of different subtypes or strains. It was
decided that utilsing this alternative approach with a separate set of sera (Sports Science
Sera) could serve as a useful comparison between currently available@arel systems.

This serum set was used as this approach requires considerable quantities of serum in order
for the same sample to be assayed usmgltiple PV bearing different HAsThe samples
originate from a group othletes studied in a chronic es@se study, taken from patients in

their morning resting states at baseline (0 weeks, V1) and after a 12 week interval (V2).

The Sports Science Sera were tested on a wide range of influenza A PV (H1, H5, H3, H7) in
order to assess heterosubtypic responpes patient against a wide range of unrelated virus
HAs. This experiment was carried out foremost to evaluate the level of heterosubtypic
responses obtainable from the testing of different influenza viruses using the same serum
sample.Data generated inhis way shows a snapshot of the immurepertoire of the

patient at the time the sample was taken, which can be employed inRMsystem to
determine whether exposure to H1 or H3 seasonal strains have boosted H5 or H7 group
specific imnunity, or cross grop immunity.

Predictably neutralisingantibody titresgenerated by assay of serum samples on the above
listed PV using pMN generated high values for human seasonal subtypes (H1, H3) and lower
values for the exotic avian subtypes of pandemic potential 5, Mean |G, values for

sera against H1 were 7407 (median 4014), while the Ebnmi€an was 647 (median 385).

For group 2 influenza PV, the meanol@r H3 and H7 were 4384 and 557 respectively
(median 3095 and 400 respectivelyhis data is shown iRigure3.23.
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Mean and Median IC50 values
for Sports Science Sera
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Figure3.23. Neutralisingantibody titre (IGo) for the 60 pairs of Sports Science Sera assayed against
A/Brisbane/59/2007 (H1), A/Vietnam/1194/2004 (H5), A/Udorn/307/1972 (H3) and
A/Shanghai/2/2013Medianand men IGgyvalues aralisplayed in bar graph and tabular format.

Due to the lack of definitive thresholds for positive or negative results in the pMN assay, it is
difficult to determine the level ofrossreactivity between subtypes, and especially whether
these crosgeactiveresponses would result in immunity or reduced morbidity in case of
challenge.These problems can only lz@ldressedby challenge experimenisn a suitable
model, which will be required for the further development of this assay and its more
widespread useThe resources, expertise and ethical requirements for such an experiment
were not available during the length of this studentship and therefore objectives were
focused on the interpretation of data obtained and comparisons between these generated
datasets Within the data summarized ifable 3.4, 10 patients with highneutralising
antibody titresagainst H1 showed correspondingly highy Naluesagainst H58 patients

with high 1G, against H3 showed highsi&gainst H7 (Table 4)Vithin this subset, durther

two patients §erum ID9 and 41) neutralised H1, H5, H3 and H7 PV.
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Table3.4. Serathat stronglyneutralisedgroup 1 (H1, H5) agroup 2 (H3, H7) influenza PV tested.
Sera 9 and 4{bold)showed higmeutralisingantibody titres against all P¢gted

Group: Serum ID
1 5 7 8 9| 15| 23| 35| 41| 45| 49
2 3 - - 9| 12| 26| 28| 41| 57| 58

This method for the detection of heterosubtypic immunity is laborious and costly in terms of
reagents and materialue to the nature of serum and its (lack afjailability, this method

is perhaps not suitable for analysis of vaccine immunogenicity in terms of broadly
neutralising antibodies. This is especially true when mouse models are used, as these
unfortunately do not yield high volumes of serufurthermore due to the fact that each

PV used will represent just one strain and one subtype of influenza virus, vast amounts of
serum will be required to use a system such as this and obtain comprehensive results taking

into account drift between currently circuliay strains of the same subtype.

3.3.8 ELLA data

Sx serum samplesvere selectedfrom the Jenner Sera which displayed range of
neutralisingantibody titres against HL CA/09 in order to test these samples against the
matched strain NA using ELLFhese were tested using various parameters investigated
further in chapter 5. H11N1 and N1 bearing PVs were tested using serum samples 20, 31
and 23 which were all lowositives against H1 (CA/09) HA PV via pMN, having average
neutralisingantibody titresof 1115, 1492 and 2033 respectivaligh positives, determined

in the same fashion, were samples 34, 91 and 59. These dispheyedhlisingantibody
titres against CA/09 HA in pMN of 3868, 3769 and 6219 respectiMelgative controls
includedinfluenzaanti-A/Californid7/2009 and antiB/Brisbane/60/2008 HA serum (NIBSC)
exNA from Clostridiumperfringenswas used as a digestion control to determine the
maximum digestion possible per well (data not shoviRgsultscorrelatedstronglywith 1Go
valuesgenerated against H1 (CA/09) PWith HP and LP samples acting as low and high
positives against N1 as well as the original IHL samples 20, 31 and 23 gav \@lues of

0, 30 and 14 with aOD90% input, with the OD2.0 inpuG, valueswere 0, 341 and 30.

For HP samples, 34, 91 and 5% 1@lueswere 91, 153 and 209 respectively at OD90%, and
629, 1288 and 1613 for OD2egative controls all gave values of zero except B/Brisbane

antiserum which had an igof 4 at OD2.0Despite this, negative samgeare clearly
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grouped at the negative end of the spectrum of resudswever, the curves generated are
slightly elevated when using an input &C2.0, inhibition starting between 280% at
starting dilution compared to below 5% with an @136 input.SeeFigure 3.24 for inhibition

curves generated bELLA using these Jenner Sera samfleselation betweemeutralising
antibody titres against the CA/09 HA (pMN) and the CA/09 NA (ELLA) was very strong, pMN
and ELLA (GID% correlated with a Pearsons r 6f95 (P=0.0031) and with ELLA 2dIp

with a Pearsons r of 0.92 (P=0.0089th ELLA parameters tested using the same sera also
correlated very stronglith each other(Pearsons r= 0.99, <0.0001). S&agure3.25 for

correlation graphs.
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pELLA H11N1 CA/09 OD90% pELLA H11N1 CA/09 OD2.0
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Figure3.24. ELLAnhibition curves generated using Jenner Institute sera against HL1N1 bearing PV (N1 A/California/7/2009). High positiaad®D)
and low positive (20, 31 and 23) sera based upon pMiN/#llies against A/California/7/2009 HV were tested against the matched ferum sample 59
showed the strongest inhibition of N1, followed by 91 and 34, all three high posililedow positive sera neutralised the least, withadid 23

neutralising weakly and serum 20 not at alegativecontrols includeanti-A/California/7/2009%nd anti-B/Brisbane/60/2008HA serum (NIBSQ)his

experimentwascarried out in duplicate with an input virus of E90% or 2.0.
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Correlation of pELLA (OD90%) and pMN  Correlation of pELLA (OD2.0) and pMN Correlation of pELLAIC50
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Figure3.25. Correlation ofheutralisingantibody titresagainst the HA and NA of A/California/7/2009. pMiValuesgenerated against the HA of CA/09
are compared withELLAG, valuesagainst the NA of CA/Q&LLAOD90%Mheutralisingantibody titres and pMNheutralisingantibody titrescorrelate
strongly (Rarsons £ 0.95) ELLAOD2.0neutralisingantibody titresand pMNneutralisingantibody titres also correlate strongly (Pearsons r=0.BR).A
neutralisingantibody titresfor OD90% and OD2.0 inpwgisow an almost perfect correlatiofPearsons r=0.99)
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3.4 Discussion and oonclusions

This project has been successful in that novel cHAs have been produced,segptenid
tested against a large serum pan®hile PV luciferasditres are not optimal for the CS
CHM, they are still useable, further efforts can be made to improve titres using new
transfection reagents as they become availabléNhile the Gibson/IfFusion assembly
methods are laborious, they are excellent tools foe tcreation of cHA express plasmids

at relatively low cos{Gibson et al. 2009; B. Zhu et al. 20@Mexpectedly higmeutralising
antibodytitres were recorded against the CA®V inthe year prior to its existence, despite

the exotic swine nature of this H#igure 3.21)While this is partly explained due to shared
epitopes as mentioned previous(Xu et al. 201Q)it rendersefforts to interpret the cHA

data more difficult.Interpretation of the cHA pMN system works by comparison of the CS
CHM with each parental P¥i11and CA/09. The premise is that H11 responses should only
be present in the form of anstalk antibodies due to eserved epitopes within the group 1
influenza stallkg and not the exotic H11 head which is dissimilar to that of CAA@ngside

this, the CA/09 chimera gives us an overall idea of the potency of antibodies in the serum at
neutralising CA/09 at the glokard head and stalk region#s for the CS CHM, which is
composed of the H11 head and CA/09 stalk, this PV should only be neutralised by stalk
directed antibodies which have neutralised CA/09 or H11, but should be unaffected by
antibodies targéng the HA had of CA/09 thus allowing dissection dhe head response

and focus on those stalleactive antibodies that are relevant taniversalvaccine design.

This has been achieved as the shes less of an effect on theéS CHM than the parental
CA/09 PV, but aeelation is still observed in that high responders against CS CHM are likely
to have highneutralisingantibody titresagainst CA/09 and the Hldarental strain both
having a conserved group 1 st@fkgure3.19).

In regards to the Sports Science ser&rger quantity of reagents was required to perform
the assays against multiple different subtypes. However, the data generated did give an
excellent overview on the immunrepertoireof each patient at the point in time that the
serum was collectedt was possible to determine some cragactive responses in patients
when assaying the same sera against differefutypes within the same group of influenza

A (Table 3.4)however, great care must be taken in the choice of strains used as this method

remains intensive in the quantity of serum used.
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Unfortunately it was not possible to troubleshoot the lack of success in the production of
group 2 or influenza B PV. The problems are most likely due to incompatibility issues
between the H10 (group 2) head @&rH3 (group2) or influenza B stalks used. Sanger
sequencing showed that each gene was as designed and theoretically should have formed a
polyprotein with distinct head and stalk regions post cleavage. However, for reasons which
were not further investigatd in this project, these two cHA expression plasmids did not give
rise to working PV. This could be due to the stability of the protein, expression of the gene,
toxicity issues with the cells and the pl-H& or phCMMHA constructs, or lack of
compatibility with the three proteases tested as well as those presently expressed in
HEK293T/17 cells. While attempts to produce these cHAs failed, other research groups have
successfully produced and tested similar systdiiasnler et al. 2017)Furthertime and
investment is required to assess and overcome the problems which lead to these negative
results, for the sake of this project it was decided that the CS CHM and its matched CA/09
parental strain would be the most suitable for pMN testing of then#& Sera, and to thus

proceed with it.

The use of ELLA in conjunction with pMN using the chimera system gave rise to a further
subset of data(Figure 3.24)possibly proving that certain patients had or had not been
infected with the pHIN1 strain. By tésg§ high positive and low positive samples
(determined by pMNusingELLA, we were able to show that the same strength of antibody
response was present against the nta@d NA of this virusThis is very useful as there are
currently no thresholds in pMN fgositive or negative samples, especially as the sensitivity
of pMN can often lead to strong neutralisation from human sera when regarding H1 PV, as
seen with CA/0%eutralisingantibody titres in sera collected prior to 20QBigure 3.19)In

the ELLA maults, low positive samples witHAneutralisingantibody titresat or below 2000
tested low or negative in ELLA, whereas the high positivestitriés above 3000 all tested
positive (Figure 3.24)This was even more apparent when using a viral input@faD, with
increased values for high positive samplesurthermore, correlation between pMN
neutralisingantibody titres and ELLA antibody tires was excelEigure 3.25)further proof

that this relationship between NA and HA antibody titres is presentvould be expected

after infection with pH1N1.
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3.5 Further work

Within the specific aims of this project, ideally the CS CHM system should be tested on a
further set of sera, ideally from a larger group of patients pre and post the 2009 pandemic
with accanpanied metadata detailing infection status in regards to the 2009 st@ire of

the major limitations of this project was the availability of sera pre 2009 as well as the
majority of sera sourced in the 202016 period Further work should also focus @olving

the issues surrounding the group 2 and Flu B chimeras, and after efforts have been made to
produce working PV, more recent strains of H3 as well as Victoria and Yamagata influenza B

stalks should be incorporated into this system.
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Chapter 4 Correlating 8H, HI and pMN using Influenza B PV

Chapter 4 : Correlating SRH, HI and pMN using influenza B HA
bearing PV

4.1 Introduction

4.1.1 Influenza B Virus classification and disease

Influenza B viruss comprise two cecirculating, antigenically distinct lineages that diverged

FNBEY (GKSANJ LINRBISYA(G2NE AUNIAY .kl 2y13 Y2Y
0.k, FYF3lFrbdlFrkmckmpyy GeLISUOL YR W+ A @Riteatdl.l € A €
1990) This human virus causes a significant proportion-3@%) of global morbidity
associated with influenza virus diseagkie to its global distribution and unpredictable

switches in the predominating lineage circulati(@mlrose and Levin 2012; Glezen et al.

2013; Mccullers et al. 2004The WHO vaccine recommendations include an up to date

strain from both lineages for quadrivalent vaccines but only one for trivalent ddlesuld

the circulating lineage not match the preted lineage there is an inevitable drop in
coverage against influenza B linked disedsenbrose and Levin 2012; Belshe 2010;
Heikkinen et al. 2014; WHO 2018) the United States, multiple quadrivalent vaccines have

been approvednd are in uséWeir and Gruber 2016)

4.1.2 Assays for influenza and the B t ype

Single radial immundiffusion (SRID) has been one of the mainstays for the identification
and charactesation of inactivated influenza vaccines, correlating with immunogenicity and
clinical benefit/protection(Cate et al1983; Hobson et al. 1972; La Montagne et al. 1983; M.

S. Williams 1993; M. S. Williams et al. 1980; T. G. Wise et al. 1977; Wood et al. 1977; P. F.
Wright et al. 1983)HI has been used for many decadas the tool used for detection of
influenza antilodies gection 119) (Hirst 1941) These assays, in ctmnation with ELISA
(Lambré and Kasturi 197@nd single radial haemolys{Schild et al. 1975)prm the gold
standard assays for detection of influenza virusilaodies, and are generally applicable to

the B type.However, more recent work has highlighted the shortcomings of the traditional

assays, focusing on the development of novel assaysingilvarious different technologies
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(Bodle et al. 2013; Estmer Nilsson et al. 2010; Hashem et al. 2013; Khurana et al. 2014; Kuck
et al. 2014, Pierce et al. 2011; Schmeisser et al. 2014; Temperton et al. 2007; Trombetta et
al. 2014; Wen et al. 2015)

In this chapterdetermining the correlation of the gold standard assays of HI and SRH with
the recently FluB adapted pMN assay is the goal, as HI detectwgrity RBS proximal
antibodieswhile SRH detects IgG1, IgG3 and IgM class antibodies which are cdenpétib

the complement cascad@MN detects HA neutralising antibodieds with SRH, HI has been
correlated with protection against influenza, with titres at or above 40 linked to 50% or
greater protection from infection in adultéAlKhayatt et al. 1984; Cox 2013; Hobson et al.
1972; Potter and Oxford 1979).inking either of these assays with pMN, despite the
detection of different types of antibody, would allow more confidence to be attributed to
the results generated using this assay, despite it actually detecting neutralisation of the

function of the influenza H4lycoprotein.

Ether treatment has been employed for influenzaiBises prior to HI experiments, raising

the efficacy of the HI test to that of the complement fixation (CF) {€stndal and Cate
1983; Monto and Maassab 1981; Pyhala et al. 198bis technique was developed due to

the lack of reactivity of certain strains of influenpgath RBCsas well as the B type.
Alongside the adaptation of SRID to influenza B resulting in SRH, ether treatment was found
to increase sensitivity but reduces specificity of HI during assay of serum samples against
influenza B(Chakraverty 1980; Julkunen et al. 1985; Kendal and Cate 1983; Monto and
Maassab 1981; Oxford et al. 1982; ®thkt al. 1975; Turner et al. 1982)

4.1.3 mAbs and camelid derived antibodies

mAbs are increasingly being used influenza research, whether for development of
standards to complement or validate assays or more directly to evaluate HA epitopes
targeted thiough vaccination or as a therapgs seen in the sennecent Ebola outbreak
(Davey ¢al. 2016; X. Qiu et al. 2014)he mAbs employed in this chapter were developed
as an antibodypased alternativdor influenza B identity (Yamagata or Victoria lineages) and
potency assayf/erma et al. 2017)

Nanobodies are single domain antibodies derived from camelids wéghlight chains and

are able to bind to one single epitop€hese have been developed and used in a wide range
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of experiments ranging from use as crystallography chaperones, diagnostic tools and

therapeutics(Muyldermans 2013)

4.1.4 Project aims

Correlation data between assays is important for in depth interpretation of immunogenicity
data, especially when correlation is determined with an assay that has been usedvimo

or challenge studies, establishing a correlate of protecti®n.inter-comparison of assays
utilising different approachegshe scientific community can make more informed decisions
on the future direction of vaccine design and testifg.date, no experiment of this sort has
been performed using influenza B, with efforts feoug more on the predominant A type.
As a major contributor to morbidity and mortality, it is essential to interrogate the
correlations and relationships between data produced for influenzats is especially
important as this type is lacking a defiu#i reservoir and circulates yearly as part of two
lineagesIn this projectinfluenza B P¥will be interrogatedisinga defined set omAbsand

a panel of sera, tput this resource to use in the correlation of pMN, SRH and HI.
4.2 Methods

4.2.1 Plasmids

Expression plasmid phCMV1 bearing the HA gene for B/[Hong Kong/8/1973, B/Yamagata/16/1988
and B/Florida/4/2006 were obtained fromr Davide Corti, Institute for Research in Biomedicine,
Bellinzona, SwitzerlandB/Victoria/60/2008 B/Brisbane/60/2008 and B#hgladesh/3333/2007

HA genesvere subcloned into plasmid p18 at the Viral Pseudotype Unit, University of Kieyt

Dr Francesca Ferrara

Plasmids p8.91 and pCSFLW are described in sectiob &nd 2.1.3 respectivelyProtease
encoding plasmids used adetailed below in Table 1, alongside other information regarding the
strains of influenza B used in this project (Accession #, Lineage, optimal protease for production).
These optimal values for doansfection of proteases were derivefidom previous work and

scaled down (50%) to\6ell format from 10cridish format(Ferrara 2015)
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Table4.1. Influenza B strains, accession numbers, lineage, protease type and quantity required for
production in 6well format are displayed.

Strain Accessio# | Lineage Protease ng per 6well
B/Hong Kong/8/1973 | KO0425 Presplit HAT 125
B/Victoria/2/1987 FJ766840 | Victoria HAT 125
B/Brisbane/60/2008 KX058884 | Victoria TMPRSS4 125
B/Yamagata/16/1988 | CY018765 | Yamagata | HAT 125
B/Florida/4/2006 EU515992 | Yamagata | HAT 125
B/Bangladesh/3333/20( CY115255 | Yamagata | HAT 250

4.2.2 Serum samples

One serum set was used per lineage of influenza B, consisting of samples taken pre and post
seasonal vaccinatioPaired low and high respondefaccording to Hiesults)were chosen

by Dr Claudia Trombetta, University of Siena, Itadytotal, 41 pairs of sera were assayed
against B/Brisbane/60/2009 and 4&irsagainst B/Florida/04/2006Due to anonymity laws

in Italy regarding the collection and use of human sera, no further data is available regarding

these samples.

4.2.3 HI assay

This experiment was carried out by Dr Claudia Trombetta, University of Siena,Thaly.
influenza virusesised in the Hivere B/Brisbane/6/2008 (15/146) and B/Florida/04/2006
(08/138) obtained from theNIBSCUnited KingdomSerum samples were piteeated with
receptor destroying enzyme (RDE) from Vilmhwlerae(Sigma Aldrichat 1:6 ratiofor 18 h

at 37°C in a water bath and then heatctivated for 1 hour at 56°C in a water bath with 8%
sodium citrate ata 1:5 ratio. Turkey erythrocytes (Emozoo S.N.C, Invorio, Italwere
centrifuged twice, washed with a saline solution (0.9%) and adjusted to a final dilution of
0.35% RDHEreated serumsamples were dilutetivo fold with saline solution (0.9%) in a-96
well plate, starting from an initial dilution of 1:185 pl of influenza virus asadded to each
well and the mixture was incubated at room temperature forhl At the end of the
incubatian, erythrocyteswere added and the plates were evaluated for timhibition of

agglutinationafter 1 hat R.T
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Theneutralisingantibody titre was expressed as the reciprocal of the highest serum dilution
showing complete inhibition of agglutination. Since the starting dilution was 1:10, the lower
limit of detectable neutralising antibody titre was 10. When the titre was below the
detectable threshold, the results were conventionally expressed as 5 for calculation
purposes, half the lowest detection threshol@eometic mean titers were calculated from

experimental repeats.

4.2.4 SRH assay

This experiment was carried out by Dr Claudiamibetta, University of Siena, Italifhe
influenza viruses B/Brisbane/06/2008 (15/146) and B/Florida/04/2006 (08/188)e
obtained fromthe NIBSCSerum samples were heatactivated at 56°C for 30 min in a
water bath. Turkey erythrocytesEmozoo S.N.Cwere centrifuged twice and washed with
phosphate buffered saline (PBS). Diluted virus was added to the erythrocyte suspension at a
concentration of 2000 haemagglutination units (HAU) pek The erythrocyte- virus
suspension was incubated at 4°C for 20 utés and subsequent)ya solution of 2,5mM
Chromium Chloride (Crivas added to the suspension aitdvasincubated atR.Tfor 10
minutes. The suspension wdken carefully mixed once and then centrifuged. stock
solution, consisting ofL.5% agarose i®BS containing 0.1% sodium azide and 0.5% low
gelling agaros&vas prepared Ths agarose stock solution wasaintainedat 45°C in a water
bath. The final suspension of erythrocgi®irus and guinea pig complement was vigorously
shaken and evenly spreadhto eachplate. Plates were incubated at room temperature for

30 minutes and then stored at 4°C for 3@0 minutes. Holes were introduceadto each

plate with a calibrated punch and 6 pl @ichserum samplavasdispensed into each hole.

The plates werestored in a humid box and incubated at 4°C for¢183 hours in the dark.
Subsequently, plates were incubated in a water bath at 37°C for 90 minutes; diameters of

the areasof haemolysis were then read mm with a calibrating viewdiSchild et al. 1975)

4.2.5 mAbs, nanobodies and controls

mAbs were obtained from Dr Jerry Weir, Food and Drug Administration (FDA), Th&sA.
were produced by immunization of BALB/c mice with mammatdianved VLP containing
the HA glycoprotein of a relevant influenza B strdfhen antibody titresdr HA VLP ELISA

were above 1:50,000, respective spleen cells were fused with a myeloma cell line.
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Hybridomas were then titrated, selected and expanded for further testing, whereupon the
clones in the following table were derivediaple 4.2). mAb specificy was determined by
ELISAVerma et al. 2017)A panel of nanobodies was obtained from the NIBSC as part of a
joint project to determine their ability to neutralise PV bearing HAs from various influenza
strains, including influenza B PRhese were produced ihouse by the NIBSC teded by Dr
Simon Hufton, Dr Walter d&nage and Dr Tiziano GaiottSpecificity of nanobodies was
determined by yeast display and binding, these specificitiedistesl inTable4.3.
Anti-B/Brisbane/60/2008 HA serurf11/136) was obtained from the NIBSC and employed
against all strains of influenza B as a serum positive corithig antiserum had previously
been tested in our laboratory by Dr Francesca Ferrara, showing that it was capable of
neutralising all available strainsf influenza B (tablet.1l) to varying degrees, with the
highest potency against the matched B/Brisbane/60/2008 strain.

Table4.2. mAbs obtained from Dr Jerry Weir, FDA, U.Bive total mAbs, two specific for each
lineage of influenza B and one binditogan epitope conserved between both lineages (cross).

mAb 2F11 3E8 1H4 8E12 5A1

Target lineage| Cross Yamagata Yamagata Victoria Victoria

Table4.3. Panel of llama derived nanobodies obtained from the NIB8@ifferent nanobodies with
specificity to epitopes which are shared between influenza B lineages (Cross) or confined to one
lineage (B/ictoria or BYamagatg. Specificity determined through yeast display and binding

experiments.

Assigned ID #

Antibody

specificity

60

1b-6

Cross

61

2a-6

B vic

62

2a-20

Ccross

63

2b-3

Cross

64

2a-10

Cross

65

Yam 2c-24

B yam

66

Vic 1b-10

Cross

67

Yam 2b-9

Cross

68

Yam la-4

B Yam

69

Yam 2b-2

Cross

70

NGS#1

B Yam

71

Yam 1b-9

Cross

72

Yam 2a-1

Cross

73

Yam 2c-16

Cross

74

Vic 2¢c-8

Cross
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4.2.6 Statistical analysis

The finalneutralisingantibody titresfor each serum sample were averageetweenreplicates

and these averages were compared between ass@iisresulted ina table of results which
could be compared. This comparisaras carried out in Prism Graglad where a two tailed
Pearsor®@ correlation was performed on pairs of data sets which were plotted against each
other. A line of best fit was used in order to show the general trend of correlation between data
sets. Analysis was performed between pre vaccoma(iV1l), post vaccination (V2) and V1 to V2
fold change data setpMN data consisted of both 4gand 16, values, and further analysis was

carried out on transformed (log10) V2 data.
4.3 Results

4.3.1 Production of influenza B PV

Prior to starting this projeciarge stocks of influenza B PV were produced in order to reduce
batch to batch variation between repeated experimeni§tres were more variable for
strains in the Victoria lineage; many attempts were made to produce high titre preparations
which could spa the length of each projecLater attempts succeeded in producing high
titre B/Brisbane/60/2008 with titres exceeding 1X1IRLU/ml thus sufficientfor the length

of the project. Yamagata lineage preparations were less variable, and all production
attempts yielded virus with titreeexceedinglx1® RLU/mI. Viral titres for influenza B PV
produced during theduration of this projectare shown inFigure4.1, with VSVG positive

transduction control as an exarfgpof maximum titres achievable.
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Influenza B PV titres
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Figure4.1. Titres (in RLU/mlI) for all influenza B HA bearing PV produced prior to the start of this
project. VSVG titres titrated alongside influenza B PV displayed as a maximal transduction/luciferase
production signal for comarison.

4.3.2 Lineage specific and cross-reacting mAbs neutralise influenza B PV

Lineage specific mAbs functioned as expected against all PV except B/Brisbane/60/2008
which was not susceptiblg-igure 4.3)This P\Wvasunaffected by either the Victoria specific
mMADs, or the 2F11 crosimeage mA. This is also des@tthe antiB/Brisbane/60/2008HA
serum (NIBSC) having the greatest effect on its matched PV strajn>266,000) Figure

4.5 The 2F11 mAb neutralised Yamagata lineage strains the strongest2#C ng/ml),
followed by the pre lineage strain B/Hong Kong/8/19735£I@ ng/ml) and finally the
Victoria strain B/Victoria/2/1987 (kg 160).The Yamagata specific mAbs 3E8 and 1H4 only
had an effect on Yamagata PVs, neutralising B/Bangladesh the s$taih@o: 3 and 4 ng/ml
respectively), followed by B/Florida {C21 and 3ng/ml) and B/Yamagata (&€ 34 and 6
ng/ml). Victoria specific mAb8E12 and 5A1 neutralised B/Hong Kong the strongesg @C

and 4 ng/ml respectively) followed by B/Victo(idso: 47 and 22). Se@able 4.4 for list of

IGovalues for each mAb.
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Table4.4. G, values in ng/ml for the neutralisation of 6 strains of influenza BPNAy mAbs.

Yamaata and Victoria lineages highlightedpimk andblue respectivelyWith the exeption of

B/Brisbane, the cross lineage mADb 2F11 acts as expected, neutralising all influenxaB &jata

specific mAbs neutralise PV bearing HAs from Yamagata lineage strains while Victoria specific mAbs
neutralise PV bearing HAs from Victoria lineagains.The prelineage split strain B/[Hong Kong is
neutralised in a Victoria like manner, by 2F11 and Victoria lineage specific mAbs 8E12 and 5A1.

mAb | Target B/Hong Kong B/ Yamagata | B/Florida B/Bangladesh | B/Victoria | B/Brisbane
2F11 | Cross 8 8 2 4 160 =
3E8 Yamagata - 34 21 3 = =
1H4 Yamagata = 6 3 4 - -
8E12 | Victoria 2 = = = 47 =
5A1 Victoria 4 = = = 22 =

The data for the Victoria lineage viruses show reduced antibody potency, withalGes up
to 20 times higherAlso,Victoria epitope targeting mAbs neutralise B/Victoria and the Hong
Kong precursorNeutralisation curves for the above data are showrHgures4.2, 4.3 and

44.

B/Hong Kong/8/1973

(pre split)

100- - 2F11
c m 3E8
2 A 1H4
(1]

2 5. - 8E 12
8 —— 5A1
5
[+F]
-
X

0 .I | T 1 ; 1

A 1 2 3. 4 W5
|

Concentration (log ng/ml)

Figure4.2. pMN neutralisation curves for FDA mAWs12, 3E8, 1H4, 8E12 and 5A1 against PV

bearing the HA glycoprotein fronhé influenza Bore-lineage split strain, B/Hong Kong/8/197Bhis
PVis neutralised in a Victoria like mann&nocked dowrstrongly by Victoria specific mAbs 5A1,
8E12 and croskneage mAb 2F11 but not Yamagata specific mAbs 3E8 or 1H4.
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Figure4.3. pMN neutralisation curves for FDA mAbs 2F11, 3E8, 1H4, 8E12 and 5A1 against PV
bearing HAylycoproteindrom Victoria lineage strairB/Victoria/2/1987 and B/Brisbane/60/2008
Victorialineage P\are not neutralised by Yamagata specific m3B8 or 1H4A/Victoria/2/1987 PV
acts as expectedheingneutralised by Victoriéineagespecific mAbs 5A1, 8E12 and cHissage
mAb2F11 B/Brisbane/60/2008 PV are not neutralised by any of thdomigsted, inclding Victoria
lineage and crosbneage mAbs.

Anti B/Brisbane/60/2008 polyclonaheep serum was used as an anfluenza B control in

all of these experiments and for all strains of influenza B PV due to its polyclonal nature and
therefore ability to crosgeact. This antiserum neutralises the matched strain
B/Brisbane/60/2008 and the other Victoria lineage strain B/Victoria/2/1987 the highest
(Figure 4.5), 100% neutralisation is seen from the starting dilution point of 1:200 tlne to
penultimate point 1:128,000.

4.3.3 Llama derived antibody neutralisation of Victoria and Yamagata
lineages.

Varying results were seen when the NIBSC panbhmia derived antibodies (subsequently
referred to as nanobodiesyas tested on the type strains dlfie Victoria and Yamagata
lineages.Nanobodies targeting the conserved epitopes shared between both lineages did
neutralise them (samples 60, 63, 66, 67, 71, 72, and Hdjvever, B/Victoria specific
nanobody 61 neutralised both lineage strains whereasafgata specific nanobodies were
unable to neutralise either PV. Figure 4.6 shows thg V@lues for nanobodies assayed
against B/Victoria and B/Yamagata PV, as well as specificity determined by yeast epitope
display at the NIBSC.
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Figure4.4. pMN neutralisation curves for FDA mAbs 2F11, 3E8, 1H4, 8E12 and 5A1 against PV bearing HA glycoproteins from Yamagatadineage
B/Yamagata/16/1988, B/Florida/4/2® and B/Bangladesh/3333/2003trong neutralisation is observdyy Yamagata specific mAbs 3E8 and 1H4, and by
crosslineage 2F11No neutralisation is observed for Victoria specific mAbs 8E12 and 5A1.
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B/Brishane/60/2008 Antisera
vs. influenza B PV
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Figure4.5. Anti-B/Brisbane/60/2008 HA seru@1/136) neutralises matched and related strains
B/Brisbane/60/2008 and B/Victoria/2/1987 the strongest, but also neutralises Yamagata lineage
strains and the B/Hong Kong/7/1973 precursor to a lesser extent.

4.3.4 Correlation of SRH, HI, pMN

Completion of pMN, SRH and HI on B/Florida/04/2006 and B/Brisbane/60/2008
experiments yieldecheutralisingantibody titres for all three assays which could then be
compared and contrastedEndpoint titres for high responders (V2) are displayedrigure

4.7. The titre profiles of each serum set are very similar between the two viruses, when
considering each virus has its own unique set of setavalues range from 5 to 1280 for
both B/Brisbane/60/2008 and B/Florida/04/2006, with arithmetic meaat 156 and 270
respectively.SRH values range from 37 to 106 and 38 to 99 fomB/Brisbane/60/2008

and B/Florida/04/2006 respectivehArithmetic means were 58 and 57 MnpMN (IGo)
values ranged from 4594 to 209,395 for B/Brisbane/60/2008 and 38431954 for
B/Florida/04/2006 Arithmetic mean pMN titre means were 41,613 and 11,740 respectively.
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Nanobodies vs B/Victoria

100+
1C50
Specificity [Victoria |Yam

50- 60 -e- |Cross 189 393
61 Victoria 2380 4722
62 -m |Cross 17 N/A
. i 63 -+ |Cross 1213 1554
2 . i 64 - [Cross 24178 N/A
2 2 3 4 65 Yamagata | 21373  N/A
£ 66 Cross 233 3
3 67 — |Cross N/A 456
X 1004 68 Yamagata N/A 20588
69 Cross 1703 N/A
70 -~ |Yamagata 102628 N/A
71 -® |Cross 1227 476
50- 72 Cross 90 1227
74 Cross 3420 3037
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Figure4.6. pMN assay carried out using a panel of llama derived nanobodies on origiaajdine
specific influenza B strain PB/Victoria/2/1987 and/Yamagata/16/1988Neutralisation curves for
a subset of samples, andsd@alues in ng/ml for all nanobodies tested. Nanobody information is
shown intable 4.3.
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Figure4.7. HI, SRH and pMN endpoint titréi&o) for high responders\2,based on pevious Hl
assay) against B/Brisbane/60/2008 and B/Florida/04/200es displayed show similar profiles for
each strain tested, with a broader range of pMh Malues for B/Brisbane/60/2008.

4.3.5 Correlation of data: B/Brisbane/60/2008 IC 5o

Correlation waevaluated between all three assays: pMN, SRH aniitiiee different sets

of values for each assay were correlated, V1 data-(gaexination low responders), V2 data
(postvaccination high responders) and fold change between V1 and R~&.
B/Brisbane/60/2008, no correlation was observed between pMN and the otbssys, with

t ST NE& 2y Qrangimgdfr@n-0f0d18-6.08 (P = 0.130t0.9).SRH and HI correlatedhen

fold changes were compared (r= 0.224, P=0.1539), and much more so aftemtigal of

two outliers (r= 0.60, P= >0.000M1 results weakly correlated (r=0.32, P=0.0375) for SRH
and HI, and more so for V2 results (r=0.39, P=0.0128¢. Figure4.8, 4.9 and4.10 for

correlation graphs and data.

4.3.6 Correlation of data: B/Brisbane IC g9 and transformed data

Upon transformation of the V2 data to a logarithmic (log10) scale, correlation is still not
seen between pMN and SRH or HI, with weak correlation between the latter two (r=0.35,
P=0.0189)pMN IGo data correlated weakly with HI arf8RH (r= 0.37 and 0.45, P= 0.00188

and 0.0026 respectivelyT.he correlation seen was reduced by transformation gf tfata

and comparison on a log scale (r= 0.23 and 0.32, P= 0.132 and 0.0372 respectively). See
Figures 4.11, 4.12 and 4.13.
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4.3.7 Correlation of data: B/Florida IC so

In the same fashion as the B/Brisbane results, V1, V2 and fold chang®/2Zy Hata sets
were correlated between pMN, SRH and IHIcontrast to the results for B/Brisbane, pMN
data correlated well with SRH and Rar the fold changeata, pMN correlated with HI and
SRH (r= 0.66 and 0.56, P= <0.008RH and HI correlated strongly (r= 072, P=<0.0001), see
Figure 4.16V1 data predictably showed very little, if any, correlation, with r values from
0.07 to 0.33 across the three assagee Figure 4.1&or V2 data, pMN correlated well with
SRH (r=0.46, P=0.0023), HI (r=0.61, P= >0.00R13RH and HI correlated strongly (r=0.79,
P=<0.0001), see Figures 4.15 and 4.16.

4.3.8 Correlation of data: B/Florida IC g0 and transformed data

Transformdion to a logl0 scale caused a slight reduction in the significance attributed to
the correlation between pMN and SRH or HI (r= 0.57 or 0.30, P= 0.0002 or 0.0555), but
correlation remained strong between all three assal&, data correlated very well
between pMN and SRH or HI (r= 0.85 and 0.65, P= <0.0001) and this was maintained when
data was transformed to the log10 scdle 0.78 and 0.62, P= <0.0001). See Figures 4.17,
4.18 and 4.19.
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B/Brisbane: V1 (IC50)
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Figure4.8. Correlation ofSRH, Hland pMN & Y S| vy
prism GraptPad.No correlation was observed betweend@eutralisingantibody titres and SRH or HI (Pearsons@.23 and-0.19 respectively) Weak
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correlation was observed between SRH and HI for these V1 sera (Pearsons r = 0.32).
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Chapter 4c Correlating 8H, HI and pMN using Influenza B PV

B/Brisbane: V2 (IC50)

V2: pMN vs SRH V2: pMN vs HI V2: SRH vs HI
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R square 0.00009586} R square 0.02337| R square 0.1501

Figure4.9. Correlation of SRH, Hland pMNsgIC YSIy w1 @I f dzSa Faal &SR F3lFAyad . k. dfodmedusimfgk c NKHANY
prism GraptPad.No correlation was observed betweend@eutralisingantibody titres and SRH or HI (Pearsons r = 0.009Gah82 respectivelySRH and
HI values correlated (Pearsons r = 0.38).
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B/Brisbane: V1/V2 Fold change (IC50)

Fold change: pMN vs HI Fold change: pMN vs SRH Fold change: SRH vs HI Fold change: SRH vs Hi
(256 outlier removed)
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R square 0.006057| R square 0.006879) R square 0.05016 R square 0.3623

Figure4.10.Correlationof SRH, Hland pMN 4G +m G2 +w F2f R OKlFy3dS @I fdzSa Faale@SR F3rAyal
performed using prism GragPad.No correlation was observed betweend@eutralisingantibody titres and HI or SRH (Pearsons(.87 and-0.08
respectively)Weak correlation was observed between SRH and HI (Pearsons r = 0.22), adiotpvoved after removal afutlying HI value (Pearsons r =
0.60)
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Brisbane: log10 V2 (IC50)

V2: log SRH vs log HI

V2: log pMN vs log HI

V2: log pMN vs log SRH
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R square 0.1301 R square 0.03868 R square 0.00005305)
Figure4.11. Correlation of transformed (log10) SRH, HIphN (IGO0 YSIy +w @I f dzSa Faal &SR F3FAyad . k. NREAOIY

analysis performed using prism Grapad Weak correlation is observed between log SRH and HI values (Pearsons r =0.36). No correlation is observed
between log 16, neutralisingantibody titres and log HI or SRH values (Pearson8.486 and 0.007 respectively)
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Brisbane: log10 V2 (IC90)

V2: log pMN vs log HI

Figure4.12. Correlation of transformed (log10) data for pMNg()@vith HI and SRH using mean

V2: log pMN vs log SRH
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V2 values for sera assayed against B/Brisbane/60/2008 PV. P@giisoni & 2
performed using prism GragPad.Weak correlation is observed between logyla2utralising
antibody titres and log HI or SRH values (Pearsons r = 0.23 and 0.32 respectively).
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Figure4.13. Correlation of pMN (I§g) with HI and SRtking mean V2 values for sera assayed
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Weak correlation is observed betweend@eutralisingantibody titres and HI (Pearsons r =
0.36). IGy values correlate well with SRH values (Pearsons r =0.45).
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Chapter 4c Correlating 8H, HI and pMN using Influenza B PV

B/Florida: V1 (IC50)

V1: pMN vs SRH V1: pMN vs HI V1: SRH vs HI
151 601 60-
. ®
® ®
104 40- [ 404 Py
I -_— —
74 T T
” 5 20+ (] 20 P
GTUTEIRe &e ¢ ®e )
L4 ]
o0 Gale e L ] Y —
0 T T T T 1 0 T T T T 1 0 T T 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 ¢ 5 10 15
pMN IC50 pMN IC50 SRH
Number of XY Pairs 41 Number of XY Pairs 41 Number of XY Pairs 41
Pearson r 0.06942] Pearson r 0.3311 Pearson r -0.06799|
95% confidence interval -0.2435 to 0.3693 95% confidence interval 0.02607 to 0.5798 95% confidence interval -0.3680 to 0.2449
P value (two-tailed) 0.6663 P value (two-tailed) 0.0344 P value (two-tailed) 0.6728
P value summary ns P value summary - P value summary ns
Is the correlation significant? (alpha=0.05) |No Is the correlation significant? (alpha=0.05) |Yes Is the correlation significant? (alpha=0.05) |No
R square 0.004819| R square 0.1097 R square 0.004623

Figure4.14.Correlation of SRH, Hland pMNsgIC YS+y +m @ f dzSa adatreSR 3FAyad . kCt2NARFIKknkHANC
prism GraphPad.No correldion is seen between kgneutralisingantibody titres and SRH (Pearsons r=0.06), or between SRH and HI (Peat8d@&.r=
Weak correlation is observed betweendalues and HI (Pearsons r = 0.33)
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Chapter 4 Correlating 8H, HI and pMN using Influenza B PV

Figure4.15. Correlation of SRH, Hland pMNs)® S 'y +*H @ f dzS&a [ aalteSR F3FAyad . kCt2NARFIKknKkHANC
prism GraptPad.Weak correlation is observed betweend@eutralisingantibody titres and SRH (Pearsons r= 0.46). Strong correlation is observed
between IG antibody titres and HI (Pearsons r=0.61), as well as between SRH and HI (Pearsons r =0.79) for the V2 data tested.
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