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Abstract

Influenza A viruses are highly diverse and predominantly exist in animal reservoirs.
In the rare but significant event that an influenza virus acquires the capability to jump
from animal to human host, a pandemic can result. The most recent example of this
occurred in 2009 when the pandemic H1N1 (pH1N1) virus emerged from swine
causing the first influenza pandemic of the 21st century. Over the subsequent
decade, it has circulated as a human seasonal virus, causing further morbidity and
mortality worldwide.

The ability of an influenza virus to infect and transmit between humans is
multifactorial. In recent years, pH stability of the haemagglutinin (HA) surface protein
has been realised as an important property associated with human adaptation and
transmission. Understanding how pH stability impacts on virus/host interactions that
support replication and transmission in humans is important for improving risk
assessment of emerging viruses with pandemic potential.

In this study, recombinant influenza viruses with point mutations that alter the pH
stability of pH1N1 HA were used to investigate the consequences of pH stability for
pathogenicity and transmissibility. The data show that a stable HA is beneficial for
virus infectivity in the mammalian upper respiratory tract, enabling virus to withstand
the acidic environment. Conversely, entry into host cells via endosomal uncoating is
facilitated by a HA that is less pH stable. A novel technique for isolating influenza
virus directly from air exhaled by infected ferrets revealed that HA stability enhances
virus survival in airborne droplets. However, using the same apparatus airborne virus
was not isolated from human volunteers infected with pH1N1 virus.
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Our findings indicate that different influenza viruses may show variation in how well
they are controlled by antiviral strategies targeting pH-dependent steps in the virus
replication cycle and how effective they are as part of nasally-administered live
attenuated vaccines.

7

Table of contents
DECLARATION OF ORIGINALITY

2

COPYRIGHT DECLARATION

2

PUBLICATION AND PRESENTATION OF WORK CONTAINED IN THIS THESIS

3

PUBLICATIONS
PRESENTATIONS

3
4

ACKNOWLEDGEMENTS

5

ABSTRACT

6

TABLE OF CONTENTS

8

ABBREVIATIONS

11

LIST OF FIGURES

14

LIST OF TABLES

15

CHAPTER 1. INTRODUCTION

16

1.1 INFLUENZA A VIRUS STRUCTURE
1.2 INFLUENZA A VIRUS LIFE CYCLE
1.3 A FOCUS ON HAEMAGGLUTININ
1.3.1 HA PHYLOGENY AND NUMBERING
1.3.2 STRUCTURE AND FUNCTIONS OF HAEMAGGLUTININ
1.4 INFLUENZA EPIDEMICS AND PANDEMICS
1.4.1 THE BURDEN OF INFLUENZA IN HUMANS
1.4.2 ANTIGENIC DRIFT AND ANTIGENIC SHIFT
1.4.3 INFLUENZA PANDEMICS OF THE 20TH CENTURY
1.4.4 THE 2009 H1N1 INFLUENZA PANDEMIC
1.4.5 INFLUENZA AT THE ANIMAL-HUMAN INTERFACE
1.5 VIRAL DETERMINANTS OF CROSS-SPECIES TRANSMISSION
1.5.1 GAIN-OF-FUNCTION EXPERIMENTS ON HIGHLY PATHOGENIC AVIAN H5N1 INFLUENZA
1.6 TRANSMISSION OF INFLUENZA BETWEEN HUMANS
1.6.1 CONTACT TRANSMISSION
1.6.2 DROPLET AND AEROSOL TRANSMISSION
1.6.3 THE FERRET MODEL OF INFLUENZA TRANSMISSION
1.7 CONTROL MEASURES FOR SEASONAL AND PANDEMIC INFLUENZA
1.7.1 VACCINES
1.7.2 ANTIVIRAL DRUGS

16
18
19
19
21
26
26
27
27
30
32
33
35
36
36
37
39
43
43
44

THESIS AIMS

47

CHAPTER 2. THE SIGNIFICANCE OF HAEMAGGLUTININ STABILITY FOR INFLUENZA
A VIRUS REPLICATION AND PATHOGENICITY
48
2.1 INTRODUCTION
2.1.1 HA STABILITY AND VIRAL REPLICATION/PATHOGENICITY IN THE AVIAN HOST
2.1.2 HA STABILITY AND VIRAL REPLICATION/PATHOGENICITY IN THE MAMMALIAN HOST

48
48
49

8

2.2 RESULTS
2.2.1 IDENTIFICATION AND CHARACTERISATION OF RESIDUES IN 2009 PANDEMIC H1N1

52

HAEMAGGLUTININ THAT ALTER STABILITY
52
2.2.2 REPLICATIVE ABILITY OF HA MUTANT PH1N1 VIRUSES IN CONTINUOUS CELL CULTURES
58
2.2.3 REPLICATIVE ABILITY OF HA MUTANT PH1N1 VIRUSES IN PRIMARY HUMAN NASAL EPITHELIAL
67
CELLS CULTURED AT AIR-LIQUID INTERFACE
2.2.4 PATHOGENICITY OF HA MUTANT PH1N1 VIRUSES IN A MOUSE MODEL
70
2.2.5 SENSITIVITY TO ANTIVIRAL DRUGS THAT ACT ON THE HA FUSION MACHINERY CORRELATES
72
WITH HA ACTIVATION PH
2.3 DISCUSSION
73
2.3.1 OPTIMUM VIRAL PH STABILITY IS DETERMINED BY A BALANCE BETWEEN EXTRACELLULAR AND
74
INTRACELLULAR PRESSURES
2.3.2 HOST SPECIFIC DIFFERENCES IN EXTRACELLULAR AND INTRACELLULAR ENVIRONMENTS
75

CHAPTER 3. THE SIGNIFICANCE OF HA STABILITY FOR TRANSMISSION OF
INFLUENZA A VIRUS

80

3.1 INTRODUCTION
80
3.2 RESULTS – PART 1
82
3.2.1 SET UP AND VALIDATION OF A NOVEL METHOD FOR COLLECTING AND QUANTIFYING INFECTIOUS
82
INFLUENZA VIRUS FROM AIRBORNE DROPLETS
3.2.2 SAMPLING OF INFECTIOUS VIRUS EXHALED BY INFLUENZA-INFECTED FERRETS
87
3.2.3 HA PH STABILITY IS ADVANTAGEOUS FOR VIRUS SURVIVAL IN AIRBORNE DROPLETS
92
3.3 DISCUSSION PART 1: KEY FINDINGS FROM STUDIES ON FERRETS EXPERIMENTALLY
106
INOCULATED WITH PH1N1 VIRUS
3.3.1 SAMPLING INFECTIOUS VIRUS EXHALED BY FERRETS INFECTED WITH WILD-TYPE PH1N1 107
3.3.2 PH STABILITY CONFERS A SURVIVAL ADVANTAGE FOR VIRUS IN AIRBORNE DROPLETS
108
3.3.3 HYPOTHESES TO EXPLAIN A ROLE FOR PH STABILITY FOR SURVIVAL OF AIRBORNE VIRUS 109
3.3.4 LIMITATIONS OF THE IVTT
110
3.4 RESULTS – PART 2
112
3.4.1 LACK OF DETECTION OF INFECTIOUS VIRUS EXHALED BY EXPERIMENTALLY-INFECTED HUMANS:
RESULTS OF A PRELIMINARY STUDY
112
3.4.2 NASAL WASH VIRAL TITRES FROM EXPERIMENTALLY-INFECTED HUMANS
118
3.4.3 MUTATIONS IN THE EGG-ADAPTED VIRUS INOCULUM OCCUR RAPIDLY AFTER INFECTION
119
3.5 DISCUSSION PART 2: KEY FINDINGS FROM HUMAN VOLUNTEERS EXPERIMENTALLY
126
INOCULATED WITH PH1N1 VIRUS
CHAPTER 4. THE SIGNIFICANCE OF HA STABILITY FOR EFFECTIVENESS OF THE
LIVE ATTENUATED INFLUENZA VACCINE
127
4.1 INTRODUCTION
127
4.2 RESULTS
129
4.2.1 GROWTH OF MONOVALENT COLD-ADAPTED VACCINE VIRUSES ON PRIMARY HUMAN NASAL
129
EPITHELIUM
4.2.2 GROWTH OF COLD-ADAPTED VIRUSES FROM THE MULTIVALENT VACCINE ON PRIMARY HUMAN
133
NASAL EPITHELIUM
4.3 DISCUSSION
137
4.3.1 POOR REPLICATIVE ABILITY OF PH1N1 STRAIN
138
4.3.2 REDUCED QUANTITY OF INFECTIOUS PH1N1 IN THE LAIV
139
4.3.3 VIRAL INTERFERENCE IN THE MULTIVALENT LAIV VACCINE
140
CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

143

5.1 INCREASED PH SENSITIVITY CAN ADVANTAGE VIRUS UNCOATING INTRACELLULARLY

143

9

5.2 INCREASED PH SENSITIVITY DISADVANTAGES VIRUS DEPOSITING ON THE UPPER
RESPIRATORY TRACT
5.3 INCREASED PH SENSITIVITY DISADVANTAGES VIRUS IN AIRBORNE DROPLETS
5.4 IMPLICATIONS FOR PANDEMIC POTENTIAL AND ANTIVIRAL TREATMENT
5.5 IMPLICATIONS FOR OPTIMISING LIVE ATTENUATED VACCINES
5.6 FUTURE WORK
5.6.1 CHAPTER 2
5.6.2 CHAPTER 3
5.6.3 CHAPTER 4
5.7 SUMMARY STATEMENT

144
144
145
146
147
147
149
151
152

6.1 MATERIALS
6.1.1 CELL LINES
6.1.2 ANIMALS
6.1.3 VIRUSES
6.1.4 PLASMIDS
6.1.5 OLIGONUCLEOTIDES
6.1.6 COMPOUNDS AND CHEMICALS
6.1.7 BUFFERS AND CULTURE MEDIA
6.2 METHODS
6.2.1 CELL MAINTENANCE AND TRANSFECTION
6.2.2 MOLECULAR TECHNIQUES
6.2.3 IN VITRO INFECTIOUS STUDIES
6.2.4 ASSAYS TO MEASURE HA STABILITY
6.2.5 IN VIVO INFECTIOUS STUDIES
6.2.6 STUDIES USING THE INFLUENZA VIRUS TRANSMISSION TUNNEL (IVTT)
6.2.7 STRUCTURAL MODELLING AND STATISTICAL ANALYSIS

153
153
153
153
155
156
158
158
160
160
161
165
169
171
172
177

CHAPTER 6. MATERIALS AND METHODS

CHAPTER 7. REFERENCES

153

178

10

Abbreviations
ALI

Air-liquid interface

ANOVA

Analysis of variance

AUC

Area under the curve

B/Vic

B/Victoria lineage

BafA1

Bafilomycin A1

BSA V

Bovine serum albumin fraction V

Cal04

A/California/04/2009 (H1N1)

Cal09

A/17/California/2009/38 (H1N1)

CCID50

50% Cell culture infectious dose

CDC

Centre for Disease Control and Prevention

CPE

Cytopathic effect

Ct

Cycle threshold

DMEM

Dulbecco's modified eagle medium

DNA

Deoxyribonucleic acid

EEA

European Economic Area

EID50

50% Egg infectious dose

Eng09

A/England/195/2009 (H1N1)

EU

European Union

FCS

Foetal calf serum

FFA

Focus forming assay

FFU

Focus forming unit

GISRS

Global Influenza Surveillance and Response System

GMP

Good manufacturing practice

HA

Haemagglutinin

HPAI

Highly pathogenic avian influenza

IFITM

Interferon-induced transmembrane

11

IFN

Interferon

IIV

Inactivated influenza vaccine

IVTT

Influenza virus transmission tunnel

LAIV

Live attenuated influenza vaccine

LMIC

Low and middle income country

LRT

Lower respiratory tract

M

Matrix protein

MDCK

Madin-Darby canine kidney

MDCK-SIAT

MDCK cells expressing increased levels of α2,6-linked sialic
acid

MDV

Master donor virus

MOI

Multiplicity of infection

NA

Neuraminidase

NEAA

Non-essential amino acids

NEP

Nuclear export protein

NGS

Next generation sequencing

NP

Nucleoprotein

NS

Non-structural protein

p.i.

Post inoculation

PA

Polymerase acidic protein

PB1

Basic polymerase 1

PB2

Basic polymerase 2

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

PFU

Plaque forming unit

pHNEC

Primary human nasal epithelial cell

PR8

A/Puerto Rico/8/34 (H1N1)

12

PS

Penicillin and streptomycin

RCT

Randomised controlled trial

RD

Respiratory droplet

Rg

Reverse genetics

RNA

Ribonucleic acid

RNP

Ribonuclear protein

RT-qPCR

Real time quantitative PCR

SA

Sialic acid

SPF

Specific pathogen free

TCID50

50% Tissue culture infective dose

UK

United Kingdom

URT

Upper respiratory tract

USA

United States of America

vATPase

Vacuolar ATPase inhibitor

VE

Vaccine effectiveness

WHO

World Health Organisation

WT

Wild type

13

List of Figures
Figure 1.1 Structure of the influenza A virus. ............................................................................................................17
Figure 1.2 Schematic diagram of the influenza virus life cycle. .........................................................................19
Figure 1.3 Influenza HA phylogeny and numbering. ..............................................................................................20
Figure 1.4 The influenza haemagglutinin surface protein. .................................................................................22
Figure 1.5. Membrane fusion of influenza haemagglutinin. ................................................................................24
Figure 1.6 Timeline of human influenza circulation. .............................................................................................30
Figure 1.7 Origins of the 2009 pandemic H1N1 virus. ...........................................................................................30
Figure 2.1 HA mutations modelled onto a HA monomer. .....................................................................................54
Figure 2.2 pH of inactivation of HA mutant viruses................................................................................................55
Figure 2.3 Syncytia assay on HA mutant viruses. ....................................................................................................55
Figure 2.4 pH of inactivation of selected HA mutant viruses. .............................................................................56
Figure 2.5. Thermostability assay on final HA mutant panel..............................................................................57
Figure 2.6 Modelling structural interactions of final HA mutant panel. ........................................................58
Figure 2.7 Replicative ability of HA mutant viruses in continuous cell lines. ...............................................59
Figure 2.8 Replicative ability of HA mutant panel in the UpLUC assay. .........................................................60
Figure 2.9 Acid bypass to compare the replicative ability of HA mutant viruses fusing at the cell
surface or in endosomes.....................................................................................................................................................61
Figure 2.10. Investigating the effect of IFITM3 on the HA mutant virus panel............................................63
Figure 2.11 Investigating the effect of type 1 IFN on the HA mutant virus panel.......................................64
Figure 2.12 Investigating the effect of amphotericin B on the HA mutant virus panel. ...........................65
Figure 2.13 Replicative ability of HA mutant panel over time in the UpLUC assay. ..................................66
Figure 2.14 Replicative ability of HA mutant viruses in primary human nasal epithelial cells cultured
at air-liquid interface..........................................................................................................................................................69
Figure 2.15 Pathogenicity of HA mutant viruses in mice......................................................................................71
Figure 2.16 Sensitivity to drugs targeting the fusogenic ability of HA............................................................73
Figure 3.1 The influenza virus transmission tunnel (IVTT). ................................................................................83
Figure 3.2 Validation of the IVTT. ..................................................................................................................................85
Figure 3.3 Distribution of infectious virus, viral RNA and tracer DNA nebulized into the IVTT. ..........86
Figure 3.4 Ferrets emit a peak of infectious virus on day two post inoculation. .........................................91
Figure 3.5 Virus emitted from ferrets infected with an acid stable virus retains infectivity in airborne
droplets.....................................................................................................................................................................................93
Figure 3.6. Location of NS mutation identified in virus plaque exhaled by Y7H-infected donor #3.... 95
Figure 3.7 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #1. ....................98
Figure 3.8 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #2. ....................99
Figure 3.9 Mutations that promote stability of haemagglutinin enhance virus survival in the air. 100
Figure 3.10 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #4. .............. 101
Figure 3.11. Increased acid stability enables virus to remain infectious in airborne droplets. .......... 106
Figure 3.12 Schematic diagram of the IVTT adapted for collection of virus from air exhaled by
human volunteers. ............................................................................................................................................................. 116
Figure 3.13. Nasal wash viral loads from experimentally infected human subjects. .............................. 119
Figure 3.14. Location of mutations identified in sequencing of virus isolated from human nasal wash
samples. ................................................................................................................................................................................. 121
Figure 3.15. Deep sequencing of HA position 223................................................................................................. 122
Figure 3.16. Deep sequencing of HA positions 222 and 127. ............................................................................ 124
Figure 3.17. Deep sequencing of NP position 102. ................................................................................................ 125
Figure 4.1 Replicative ability of monovalent live attenuated vaccine viruses. ......................................... 132
Figure 4.2 Replicative ability and quantification of viral strains in the 2016/17 season LAIV. ........ 136
Figure 4.3 Replicative ability and quantification of viral strains in the 2017/18 season LAIV. ........ 137
Figure 5.1. Schematic diagram of the relationship between HA pH of fusion, virulence and airborne
transmissibility. .................................................................................................................................................................. 146
Figure 6.1. Devices used for experiments using the IVTT on human subjects. .......................................... 176

14

List of Tables

Table 1.1. Pandemics of the 20th Century. ...................................................................................................................28
Table 2.1 pH of fusion reported for human influenza isolates............................................................................50
Table 2.2 Point mutations that alter HA stability. ..................................................................................................53
Table 3.1 Mutations in virus plaques exhaled by Y7H-infected ferrets detected by next-generation
sequencing. ........................................................................................................................................................................... 103
Table 3.2 Analysis of studies that reported collection of viable virus from human exhaled breath. 114
Table 3.3 Non-synonymous mutations identified in the inoculum A/California/04/2009-like virus
compared to a reference A/California/04/2009 sequence............................................................................... 120
Table 6.1 Cell lines used in this study......................................................................................................................... 153
Table 6.2 Animal species used in this study............................................................................................................. 153
Table 6.3 Influenza viruses used in this study. ....................................................................................................... 154
Table 6.4 Plasmids used in this study. ....................................................................................................................... 156
Table 6.5 Primers used in this study. ......................................................................................................................... 157
Table 6.6 Compounds and chemicals used in this study. .................................................................................... 158
Table 6.6 Buffers and culture media used in this study. ..................................................................................... 159

15

Chapter 1. Introduction

Influenza viruses, of which there are four types (A, B, C and D), are members of the
Orthomyxoviridae family(1). Humans are the main host of influenza B and C viruses,
influenza D viruses primarily infect cattle, whereas wild aquatic birds are the natural
hosts for the majority of influenza A viruses(2). Of the four types of influenza virus,
only influenza A viruses pose a risk of zoonotic infection and pandemic potential.
Influenza A viruses are classified into subtypes based on their haemagglutinin (HA)
and neuraminidase (NA) surface proteins, with 16 known HA and 9 NA subtypes
detected in avian reservoirs. Two further “HA and NA-like” subtypes were recently
isolated from influenza A-like viruses residing in bats(3) Among the diverse pool of
influenza A viruses in animal reservoirs, only a limited number succeed in crossing
the species barrier to infect humans and fewer still can establish sustained humanto-human transmissibility(4). To date, only H1, H2 and H3 HA subtypes and N1 and
N2 NA subtypes are known to have established circulation in the human population.
Other influenza A subtypes, such as H5N1, H7N9, H7N7 and H9N2, have infected
humans in small numbers but with limited success in onward transmission.

1.1 Influenza A Virus Structure

The internationally accepted naming convention for influenza A virus strains is as
follows: genus - host of origin – geographical origin - isolate number - year of
isolation - HA and NA subtype; for example, A/duck/Alberta/35/1976 (H1N1). For
viruses isolated from humans, the host of origin is excluded, such as
A/England/195/2009 (H1N1)(2). Morphologically, the influenza virion can exist in
spherical(5) or filamentous forms(6). Its genome is comprised of eight segments of
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negative-sense single-stranded RNA. The eight gene segments each encode a
major viral protein - PB1, PB2, PA, NP, HA, NA, M and NS1 - with multiple other
proteins also expressed via alternative splicing or alternative reading frames.
Examples of these include M2, NEP/NS2, M42, NS3, PB1-F2, PB1-N40, PA-N155,
PA-182 and PA-X(7). The ribonucleoprotein (RNP) complex, which includes the viral
RNA, heterotrimeric viral polymerase (PB1, PB2, PA) and several copies of the
nucleoprotein (NP), is encapsulated by a lipid envelope which contains the HA and
NA glycoproteins and well as the matrix M2 ion channel protein (Figure 1.1). Host
proteins are also incorporated within the influenza virion(8).
A

B

Figure 1.1 Structure of the influenza A virus. (A) Schematic diagram of the influenza A virion and viral
ribonucleoprotein (vRNP). (B) Influenza viral proteins are represented by coloured boxes. Dashed lines depict
alternative splicing of M and NS transcripts. The accessory proteins found in many strains are illustrated by empty
boxes. Rarer proteins PB2-S1, M42 and NS3 are not shown. Image sourced from Dou et al. (2018) (7).
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1.2 Influenza A Virus Life Cycle

Influenza A virus replication in humans and other mammals primarily takes place in
epithelial cells of the respiratory tract. The viral life cycle is illustrated in Figure 1.2. In
wild birds, the natural hosts of influenza viruses, the primary site of infection is
epithelium of the intestinal tract. Virus attaches to its target cells via HA which binds
to terminal sialic acids (SA) present in the oligosaccharides of glycoproteins and
glycolipids at the cell surface(9). After binding, the virus is internalized into the acidic
environment of endosomes. The virion is trafficked from early to late endosomes until
a threshold of acidic pH triggers a conformational change in HA that results in fusion
of the viral and endosomal membranes(10). Protons entering the virion core via the
M2 ion channel protein lead to dissociation of M1 from the RNPs. Free viral RNPs
are released into the cytoplasm and subsequently transported to the nucleus, a
process involving an interaction between the nuclear localization signal on NP and
cellular proteins such as importin α/β(11). The site of viral transcription and
replication of influenza viruses is within the nucleus. The influenza polymerase first
transcribes viral RNA into mRNA by “cap-snatching” host cellular mRNAs to use as
5’ primers(12). Viral mRNAs are exported into the cytoplasm for translation. To
replicate its genome, the virus synthesizes complementary RNA (cRNA), which then
functions as a template to copy further negative-sense viral RNA, occurring in a
primer-independent manner. Newly synthesized viral RNP complexes are
transported out of the nucleus by M1 and NEP(13). The envelope proteins HA, NA
and M2 mature via the endoplasmic reticulum and trans Golgi network. Assembly
and budding of progeny virions occurs at the plasma membrane where budding of
new viral particles occurs at lipid raft microdomains(14). NA then cleaves sialic acids
on the host cell to prevent aggregation of newly released viral particles. Upon virus
release, the HA protein is cleaved by exogenous serine proteases present in the
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human respiratory tract, which activates the fusogenic capacity of HA and enables
the virus to infect the next host cell(15).

Figure 1.2 Schematic diagram of the influenza virus life cycle. Image sourced from Dadoji et al. (16) (Mary Ann
Liebert, Inc., New Rochelle, NY).

1.3 A Focus on Haemagglutinin

HA is a homotrimeric glycoprotein that covers ~80% of the viral surface(5) and
constitutes the major viral antigen. It has two critical functions in the viral life cycle –
receptor binding and membrane fusion. The membrane fusion capacity of HA is the
primary focus of this Thesis.

1.3.1 HA phylogeny and numbering

HA subtypes have been phylogenetically subdivided into two groups. Group 1
consists of subtypes H1, H2, H5, H6, H8, H9, H11, H12, H13, H16 and Group 2
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contains subtypes H3, H4, H7, H10, H14 and H15(17) (Figure 1.3). The length of
influenza HA varies between subtypes and strains, which can render a level of
complexity when comparing amino acid changes between HA subtypes. Insertions,
substitutions and deletions within HA can occur in a strain/subtype-specific manner
as well as differences in the length of the N-terminal signal peptide cleavage site(18).
Subtype-specific HA numbering can be used but means that comparisons across
subtypes are not straightforward. The historically favoured “H3 numbering scheme”
based on A/Aichi/2/68 (H3N2) is frequently cited, particularly in the context of
receptor binding mutations. To reduce confusion in the field, Burke and Smith(18)
described a reference numbering system based on the mature HA sequence by
analysing known HA structures to identify amino acids that are structurally and
functionally equivalent across all HA subtypes. This reference numbering scheme is
used in this Thesis unless otherwise stated.

Figure 1.3 Influenza HA phylogeny and numbering. (A) Phylogenetic grouping of the 16 HA subtypes. Image
sourced from Gamblin et al. (17).
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1.3.2 Structure and functions of haemagglutinin

The influenza HA glycoprotein has a molecular weight of 220K and is organised as a
trimer of three identical monomers. Each monomer contains two subunits, HA1 and
HA2. HA2 chains form major components of the proximal stem region, which forms
the centre of the molecule. The HA1 chains also contribute to the stem structure but
primarily form the three distal globular head domains (Figure 1.4A)(19,20).

1.3.2.1 Antigenicity, receptor binding and cleavage

HA is the main target for the host neutralising antibody response. Serum
haemagglutination inhibition (HI) titres are a major correlate for protection against
influenza. Five antigenic sites have been defined in the HA head and are referred to
as Sa, Sb, Ca1, Ca2 and Cb(21). The location of these is shown in Figure 1.4B. The
receptor-binding site (RBS) is a shallow pocket of conserved residues located on the
distal head of the HA molecule between Sb, Ca2 and Sa. The edges of the RBS are
formed by the 130-loop, 190-helix and 220-loop and the base contains four highly
conserved residues (Y98, W153, H183 and Y195) (H3 numbering) (Figure 1.4C)(22).
The HA protein is synthesised as a polypeptide precursor (HA0) which becomes
glycosylated and is assembled into homotrimers that travel via the Golgi apparatus to
the plasma membrane. HA0 must be post-translationally cleaved by host proteases
into two subunits, HA1 and HA2, to activate its fusogenic potential and infectivity(23).
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A

B

C

Figure 1.4 The influenza haemagglutinin surface protein. (A) Structure of the HA trimer with HA1 coloured blue
and HA2 coloured red (modelled using Pymol molecular visualisation tool (PDB: 4jtv). (b) Antigenic sites shown on
the HA trimer are coloured as follows: Sa in red, Sb in green, Ca1 in blue, Ca2 in magenta, and Cb in orange. Image
sourced from Liu et al. (24). (C) shows a sialic acid molecule (coloured yellow) present in the HA receptor binding
pocket and is sourced from Shi et al. (22).

1.3.2.2 Membrane fusion

Upon HA cleavage, the hydrophobic N-terminus of HA2 (known as the fusion
peptide) relocates to the interior of the trimer, priming it for pH-induced membrane
fusion. HA is held in a high-energy (metastable) state that can be triggered to
undergo an irreversible conformational change when exposed to an environmental
cue(10). In an experimental setting, low pH, heat and urea exposure have been
described to be capable of triggering HA unfolding(25) but all of the potential triggers
for HA in its native state are perhaps not fully recognised.
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As discussed in Section 1.2, incoming influenza virions are trafficked from early (~pH
5.4-6.2) to late (~pH 5.0-5.5) endosomes. Once triggered by low pH, conformational
change in HA enables the hydrophobic fusion peptide to insert into the opposing
endosomal membrane. A cluster of HAs form a “fusogenic unit”, suggested to include
three to four HA units(26,27). Insertion of the fusion peptide into the endosomal
membrane connects the two lipid bilayers through a postulated extended
intermediate. Lipid mixing of outermost opposing membranes (known as
“hemifusion”) is followed by formation of a “fusion pore” through which RNPs can
escape to the cytoplasm (Figure 1.5A)(26).

It is generally believed that influenza virus fusion and release occurs in late
endosomes where intraluminal pH is acidic enough to trigger HA fusion, although
direct evidence is lacking. Endosomal acidification is mediated by host vacuolar
ATPase proton pumps that deliver protons to the endosomal lumen(28). If the viral
genome is released too early in the endocytic pathway, prolonged exposure to the
cytosolic environment may make it less likely that RNPs can navigate to the nucleus
without becoming inactivated. On the other hand, if the virus is too acid stable, fusion
may not be triggered before the virus is trafficked to degradative lysosomes (Figure
1.5B).

It has been suggested that the exact compartment that HA triggering occurs may
vary depending on the acid stability of the particular strain and endosomal pH range
within a given cell type. HA pH stability can be altered by mutations located
throughout the HA molecule, with 50-100 mutations implicated to either stabilise or
destabilise HA (29). These stability-altering mutations are frequently located in
regions of HA that undergo extensive rearrangement during the fusion process,
including the stem region close to the fusion peptide or the interface between the
three subunits of the HA trimer(30–32). M and NA proteins have also been shown to
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influence pH stability(33,34). For these reasons, predicting the effect of HA mutations
on pH stability via sequence analysis and/or modelling is usually not reliable and
phenotypic assays are necessary to assess HA pH stability(30). Some of the
phenotypic assays that have been used to characterise pH stability and their
limitations are discussed below.

A

B

Figure 1.5. Membrane fusion of influenza haemagglutinin. (A) Proposed mechanism for virus fusion, sourced
from Floyd et al.(26), (B) Schematic diagram of influenza entry in the endosomal pathway.
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Phenotypic assays to measure HA membrane fusion
When assessing viral fusogenic capacity it is important to consider several aspects of
the process including the pH at which fusion first occurs, the extent and rate that
fusion proceeds and the ability of HA to remain fusogenic under low pH conditions.
Several terms are interchangeably used in the literature to refer to membrane fusion
potential of HA including “pH of fusion”, “pH of HA activation”, “pH sensitivity” and
“pH or acid stability”. A variety of phenotypic assays have been used to characterise
HA fusogenic capacity.
Cell-to-cell fusion assays. Cells are with transfected with HA or infected with the
virus of interest and exposed to low pH conditions to induce cell-to-cell fusion that
can be observed visually as “syncytia” or read out via dye transfer or reporter gene
expression(30). This type of assay is useful in identifying the pH at which membrane
fusion is first initiated but does not offer any information on the kinetics of fusion
beyond that. Whether the fusion response of HA when it is expressed at the cell
surface accurately reflects its behaviour as it exists on the surface of a virus particle
fusing with an endosome is unclear. The distribution and quantity of cell-expressed
HA and the curvature of the membrane on which it is expressed is likely to be
different from in its native state. This is particularly relevant where transfected HA is
used which does not include the intact viral membrane or secondary proteins that
may impact of fusogenicity.
Acid inactivation assays. A sample of influenza virus can be tested for its ability to
withstand inactivation following exposure to varying low pH buffers. The quantity of
infectious virus remaining can be read out by standard infectivity assays such as
plaque assay, TCID50 or haemagglutination assay(35). Thus, the “pH of HA
activation” may be described by a particular point such as when 50% or 90% of
viruses have become non-infectious. HA inactivation and loss of viral infectivity can
also be triggered by heat or urea and HA fusogenic potential can be assessed using
these factors as surrogates. The limitation of these types of assay is that the
response of HA to acidic stimuli is being assessed in the absence of a target
membrane. However, the assay can be useful for understanding the ability of the HA
to remain fusogenic under acidic conditions.
Single particle tracking. New assays that employ total internal reflection
fluorescence microscopy (TIRF) of dye-labelled virions can enable detailed analysis
of the sequence of molecular steps involved in the fusion process. For example, the
kinetics of fusion (when is it fastest and most abundant), rates of hemifusion and
pore formation and can pinpoint when fusion activity stops(26,36–39).
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1.4 Influenza epidemics and pandemics

1.4.1 The burden of influenza in humans

Four influenza viruses currently circulate amongst humans: A/H1N1, A/H3N2,
B/Yamagata lineage and B/Victoria lineage. In temperate regions, influenza causes
seasonal epidemics during winter months whilst in tropical climates the virus can
circulate throughout the year and cause unpredictable outbreaks. Human seasonal
epidemics occur with an average reproductive number of 1.28 and attack rate of 1020%(40). The burden of annual seasonal influenza is relatively underappreciated,
particularly in low-and-middle income countries (LMIC), where surveillance structures
are less robust(41). Over the past 100 years, the overall burden from seasonal
influenza is likely to surpass that which has occurred due to pandemics(42). Reliable
and timely estimates of the burden of annual influenza disease and resultant
economic impact are critical to aid decision-making on public health policy such as
vaccination programs.

Within the EU/EEA, influenza ranked top of the list of 31 infectious diseases,
contributing 30% of the annual disease burden in a study from 2018(43). Globally,
the WHO estimates that seasonal influenza may result in 290 000-650 000 deaths
each year due to respiratory disease alone(44). Moreover, a significant proportion of
the morbidity and mortality from influenza is not due to the primary infection itself but
a consequence of complications and secondary infections that may arise after viral
replication has ceased. Rates of hospitalisation and death attributable to influenza
are highest in certain “at risk” groups: the elderly (>65 years), very young (<5 years)
and patients with underlying comorbidities(40).
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1.4.2 Antigenic drift and antigenic shift

Influenza viruses are highly diverse and constantly evolving. They have high
mutation rates (estimated at >10-3 substitutions per site per year) resulting from an
error prone RNA polymerase that lacks proofreading capability(45). Point mutations
in the antigenic regions of the HA and NA surface proteins that allow evasion of host
immune responses can arise, which is known as antigenic drift. Further diversity is
generated because of the segmented nature of the influenza genome. Coinfection of
a single host cell with two different influenza A viruses can result in genetic
reassortment and generation of progeny viruses containing a novel composition of
gene segments from both parental viruses. This phenomenon, known as antigenic
shift, can result in the emergence of completely novel viruses to which prior immunity
is lacking within the human population and the potential for a pandemic to result. As
well as wild birds and humans, influenza A viruses infect a wide range of animal
hosts. Pigs are susceptible to infection with both avian-origin and human-origin
influenza viruses and thus are thought to be a potential “mixing vessel” where
genetic reassortment could result in viruses with pandemic potential.

1.4.3 Influenza pandemics of the 20th Century

An influenza pandemic requires that an animal or animal-human influenza A virus
crosses the species barrier and establishes efficient human-to-human transmission.
The new virus is antigenically different from previously circulating strains and the
human population therefore lacks pre-existing immunity, which can result in rapid
spread and increased severity of illness. In the 20th century, 3 influenza pandemics
occurred, as detailed in Table 1.1.
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Pandemic

Considered

Influenza

Estimated

Estimated

Age groups

(date and

Area of

A Virus

Case Fatality

excess

most

common

Emergence

Type

Rate

mortality

affected

worldwide

(simulated

name)

attack rates)
1918-1919

Unclear

H1N1

2-3%

20-50 million

Young adults

1957-1958

Southern

H2N2

<0.2%

1-4 million

Children most

Asian Flu

China

1968-1969

Southern

Hong Kong

China

Spanish
Influenza

affected
H3N2

<0.2%

1-4 million

Across all
age groups

Flu
Table 1.1. Pandemics of the 20th Century. Source: European Centre for Disease Prevention and Control.(46)

The 1918 influenza pandemic was the most devastating of these, resulting in an
estimated 20-50 million deaths worldwide and estimated to have infected 30-50% of
the global population. Young adults were the worst affected, a group that usually has
low mortality rate from influenza(47). Secondary bacterial pneumonia was a critical
contributor to death from 1918 influenza, prior to the discovery of antibiotics(48). In
an attempt to reconstruct the 1918 H1N1 virus and understand its high virulence,
sequencing of lung autopsy material was undertaken in 1997(49). Subsequent
experiments(50–53) to characterise its virulence using recombinant virus constructs
containing some or all of the genes from the 1918 virus identified several important
traits. The 1918 virus is able to replicate in vitro in the absence of the protease
trypsin and attains high titres upon infection of human airway cell cultures. Protease
cleavage and activation of haemagglutinin is restricted to the respiratory tract for
most influenza viruses but the 1918 virus can be cleaved by ubiquitous cellular
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proteases and therefore replicate systemically(54). In animal models, recombinant
1918 virus was more pathogenic than seasonal influenza viruses(55). The virus
spread rapidly throughout the respiratory tract and induced an aberrant innate
immune response (known as a “cytokine storm”) resulting in pulmonary infiltration of
inflammatory cells and acute haemorrhage. The viral genetic composition and its
high replicative ability in human cells together with induction of a “cytokine storm” are
believed to be important contributors to the severe disease and mortality from the
1918 virus. The origins of the 1918 virus remains controversial, with some believing
its viral ancestor to be solely of avian origin and others challenging this
hypothesis(56–58).

In 1957 a H2N2 virus emerged and displaced the H1N1 virus that had been
circulating since 1918. This virus was a reassortant containing avian-origin HA, NA
and PB1 genes and the remaining five genetic segments from the circulating human
H1N1 virus. The virus circulated in the human population until 1968 when it was
displaced by another reassortant virus. This H3N2 virus, which continues to circulate
today, possessed a novel avian-origin HA and PB1 and the remaining six genes from
the circulating H2N2(59).

A further event of note occurred in 1977 when a H1N1 virus was introduced into the
human population and began to co-circulate with H3N2. This virus caused mild
disease, mainly in those aged <20 years(60). It was found to have near identical
sequence to H1N1 viruses circulating in the 1950s(61), suggesting the possibility of
accidental laboratory release, although the source of this virus is unconfirmed.
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Figure 1.6 Timeline of human influenza circulation. Adapted from Krammer et al. (62).

1.4.4 The 2009 H1N1 influenza pandemic

The first pandemic of the 21st century occurred in 2009 when a swine-origin H1N1
virus emerged in Mexico and established sustained circulation in the human
population. This virus resulted from reassortment between a triple-reassortant North
American swine virus (containing a combination of avian, human and swine-origin
gene segments) and a Eurasian avian-like swine virus(63) (Figure 1.6). The resultant
virus was readily transmissible between humans, rapidly spread across the globe
and displaced the previously circulating seasonal H1N1 virus from 1977.

Figure 1.7 Origins of the 2009 pandemic H1N1 virus. Image sourced from Neumann et al. (64).
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The first confirmed case of 2009 pandemic H1N1 (pH1N1) was from a 6-month-old
child in Mexico who became unwell in late February 2009. By the end of April, two
months after the first confirmed case, the virus had been detected in seven countries
across several continents (Canada, Israel, Mexico, New Zealand, Spain, UK and
USA). The virus continued to spread swiftly across the globe and on June 11th 2009,
the WHO declared the start of an influenza pandemic, by issuing a phase 6
pandemic alert(65). The first two UK cases were confirmed on 27th April in travellers
returning from Mexico. The first wave of illness in the UK peaked in July and
subsided by mid-August after school closures for the holiday period. Second wave
and third waves of activity were detected in autumn/winter of 2009-2010 and then
2010-2011 respectively(66). The WHO declared the end of the pH1N1 pandemic on
August 10th 2010.
In total, the WHO reported ~18,500 laboratory-confirmed deaths from pH1N1, but the
global mortality burden is likely to be higher. Modelling studies(67,68) have estimated
~100,000-400,000 respiratory deaths with an additional 83,000 cardiovascular
deaths associated with 2009 pH1N1. 51% of respiratory and cardiovascular deaths
occurred in Southeast Asia and Africa. The majority (estimated at 62%-85%) affected
were aged <65 years, compared to only 19% in this age group in seasonal years(67).
Although overall mortality from the 2009 pandemic was not significantly greater than
in seasonal years, the number of years of life lost (estimated at 9,707,000 during the
first 12 months of the pandemic) is reportedly 3.4 times higher than from seasonal
epidemics, reflecting the disproportionate toll on young people(68). The relatively low
attack rate in the elderly suggests some pre-existing immunity.

The emergence of a H1N1 pandemic virus in 2009 was completely unpredicted by
the influenza research community where focus had been on the potential threat from
H5N1 viruses circulating in birds in Asia and causing spill over human infections. The
2009 influenza pandemic highlighted the need for a broad and flexible pandemic
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preparedness policy and has provided an unprecedented opportunity to study the
emergence and adaptation of a novel zoonotic virus to human beings.

1.4.5 Influenza at the animal-human interface

In addition to the four pandemic viruses of the past 100 years, a number of avian or
swine viruses have crossed the species barrier to infect humans but have failed to
cause sustained onward transmission. The majority of these cases have been a
result of direct human contact with infected poultry, pigs, or contaminated
environments(69). These events have caused considerable public health concern
and economic losses. Large-scale animal culling, closures of live poultry markets,
animal vaccinations and surveillance initiatives have been initiated in response to
these zoonotic infections(70). Of particular note, outbreaks of the highly pathogenic
H5N1 avian influenza virus resulted in 455 human fatalities and 861 infected cases
between 2003-2017, a case fatality rate of 53% (data as of 20 June 2019)(71). In
2013, human infections with avian H7N9 were detected in China and this virus went
on to cause 1,568 laboratory-confirmed human infections in annual waves. The fifth
wave in 2016/17 led to the emergence of a highly pathogenic strain that
subsequently caused 33 human infections (data as of 20 June 2019)(71). The major
concern has been that one of these viruses could evolve to efficiently infect and
sustain human-to-human transmission and initiate a severe pandemic. However,
since the introduction of poultry vaccination in China in 2017, cases of H7N9 have
declined. Moreover, only one human case of H5N1 has been detected since
February 2017. However, new concerns have been raised about avian infections with
highly pathogenic H5N6 and H5N8 subtypes, although these viruses are yet to cause
much human disease.
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Given the potentially severe medial, social and economic consequences of an
influenza pandemic, there is emphasis on the need for robust preparedness policies
and to take action on “lessons learnt” during the 2009 pandemic. In addition to
surveillance of human influenza infections, surveillance in domestic and wild animals
and in humans who are exposed at the animal–human interface is critical to
pandemic preparedness. To this end, the WHO Global Influenza Surveillance and
Response System (GISRS), a coordinated global network of public health
laboratories, has been set up to review surveillance data to monitor influenza
epidemiology, alert for novel influenza viruses, assess pandemic risk and select
candidate vaccine viruses for vaccine development.

1.5 Viral determinants of cross-species transmission

Cross-species transmission events (known as “host jumps”) often result in rapid viral
evolution for adaptation to the new host. In order to risk assess the possibility that an
emerging influenza virus could provoke a human pandemic, it is critical to understand
the minimal adaptive changes that are required for the virus to efficiently replicate
and transmit in humans. Animal models (mice, guinea pigs and ferrets) play a key
role in delineating mammalian adaptation requirements for avian viruses and
understanding their pathogenicity in mammalian hosts. Ferrets are used to assess
the ability of influenza viruses to transmit through the air and this information feeds
directly into pandemic risk assessment algorithms that have been derived by WHO
(72) and CDC(73).

A body of research has identified a variety of adaptations that can enhance viral
replication, pathogenicity and/or transmission in mammals, with HA being a critical
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determinant. Influenza viruses that are adapted to humans have mutations in key
residues in the RBS of HA that are thought to increase binding to α2,6-linked SA,
whereas avian influenza viruses usually have affinity to α2,3-linked SA(74). α2,6linked SA is prevalent in the human URT(75) where as duck intestines, the site of
replication for avian influenza viruses, predominantly express α2,3(76). Both α2,3and α2,6- linked SA have been detected in the human LRT(77). It is thought that
the lack of α2,3-linked SA in the URT is an important factor that restricts avian
viruses from efficiently infecting and transmitting amongst humans. It has been
observed that that the topology of α2,3- and α2,6- linked SAs differ, with α2,3-linked
SA being more “cone-shape” and α2,6-linked SA being “umbrella shaped”(78).
Specific mutations in HA have been characterized that alter receptor binding
specificity toward α2,6 binding, notably E190D/G225D for H1 viruses and
Q226L/G228S for H2/H3 viruses (H3 HA numbering)(79–81). Importantly, it has
been shown that mutations that increase α2,6 SA binding can support
transmission through the air(82,83) although fundamental questions still remain on
why and how α2,6 binding correlates with mammalian adaptation. Mutations in the
PB2 protein, notably E627K and D701N (or residues 590/591 in 2009 pH1N1) have
also been shown to be critical for efficient replication in mammalian cells(84) and
transmission through the air(85,86). The E627K mutation may adapt influenza
viruses to use the host factor acidic nuclear phosphoprotein 32kDa (ANP32) that is
present in a shortened form in humans compared to birds(87). Other viral
adaptations described to be required for human-to-human transmission include
filamentous morphology(88), a longer NA stalk length(89), HA-NA balance(90), and
antagonism of interferon production by NS1(91).

34

1.5.1 Gain-of-function experiments on highly pathogenic avian H5N1
influenza

In 2012, two controversial studies were published which used a “gain-of-function”
approach aiming to understand the minimal requirements for a highly pathogenic
avian H5N1 virus to transmit through the air between ferrets, a model for human
transmissibility. Herfst et al.(92) introduced HA receptor binding mutations
Q226L/G228S and the PB2 mutation E627K into A/Indonesia/5/2006 (H5N1). The
receptor binding mutations resulted in an increase in the HA pH of activation. After
ten passages in the ferret URT, an airborne transmissible virus was generated which
had acquired two further mutations in HA - H110Y (which increases the pH stability
of HA) and T160A (which results in the loss of a potential N-linked glycosylation site
in the HA head). The second study by Imai et al.(93) took a slightly different
approach introducing the HA receptor binding mutations Q226L and N224K into a
different strain of H5N1, A/Vietnam/1203/2004. These residues were selected via
random mutagenesis of the HA head which identified mutations that resulted in
increased α2,6-linked SA binding. The receptor binding mutations also increased the
pH of HA activation. They reassorted this H5 HA with the remaining seven genes
from a pH1N1 virus and passaged the resultant virus in ferrets, leading to generation
of an airborne transmissible virus. This ferret-passaged airborne transmissible virus
had acquired 2 further mutations: T318I (which increased the pH stability and
thermostability of HA) and N158D (which results in loss of the same glycosylation
site as in the study by Herfst et al.). These two studies yielded remarkably similar
results and highlighted two previously under appreciated viral determinants of
airborne transmissibility – HA stability and HA glycosylation. In this Thesis, the
consequences of HA stability for viral infectivity, pathogenicity and transmissibility of
influenza A viruses are explored.
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1.6 Transmission of influenza between humans

To understand the barriers a zoonotic influenza virus must overcome to successfully
infect humans and then transmit efficiently from human-to-human, it is critical also to
understand the mechanisms of influenza transmission in humans. Influenza viruses
can be transmitted between humans by direct contact, indirectly via contaminated
fomites, or through the air in respiratory droplets and aerosols(94). The relative
importance of each mode of transmission and the effect of environmental conditions
on routes of transmission remain undefined. In a severe pandemic situation,
understanding routes of human transmission is important for developing evidencebased public health policy and implementation of infection control interventions such
as social distancing, hand hygiene or facemasks as well as advising on indoor
environmental settings that may limit influenza transmission. In healthcare practice,
advice on the use of surgical facemasks versus respirators and their ability to protect
workers from influenza remains heterogeneous because of lack of understanding of
the routes, modes and particle sizes mediating influenza transmission(94).

1.6.1 Contact transmission

Infectious particles can be transferred to the mucous membranes of the URT directly
via self-inoculation after touching an infected person or surface. Particles released
into the air by infected hosts may fall to ground and remain infectious to an onward
host as contaminated fomites for a period of time. Influenza virus has been shown to
remain viable on the hands(95,96) and environmental surfaces(97) for periods
consistent with the potential for onward transmission. Yet, the extent and significance
of virus deposition in the environment remains unclear. Studies have shown that
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virus can remain viable on non-porous surfaces for longer periods of time than
porous surfaces(97). However, the duration of surface virus retention is dependent
upon the viral titre, the material and the microenvironment. Where others have
sampled frequently touched surfaces in natural settings such as public transport(98),
airports(99), hospitals(100) or day-care centres(101), detection of influenza virus has
been inconsistent. Overall, whilst there is a lack of direct evidence to support a role
for contact transmission in influenza spread it is generally believed to occur. Further
experimental work is needed.

1.6.2 Droplet and aerosol transmission

Activities including breathing, talking, coughing and sneezing can release respiratory
particles of different sizes into the air(102–106), the composition of which may
change during acute infection. Shear forces generated by airflow acting on airway
lining fluid can produce droplets. It has also been hypothesised that droplets are
produced from reopening of collapsed small airways during normal breathing. These
droplets can range in diameter from 0.001-1000μm depending on the site of origin
within the respiratory tract and the mechanism of generation. Exhaled droplets can
contain water, mucus, surfactant and pathogens. Additionally, volatile gases dissolve
into droplets and can influence pH(107,108).
Practically, The Infectious Diseases Society of America define “respirable” particles
as those <10μm that can deposit in both lower and upper airways and “inspirable”
particles as those 10-100μm that predominantly deposit on upper airways(109). The
terminology used to define respiratory particles by size has been heterogeneous
throughout the literature. In the Thesis, the term “aerosol” is used to indicate particles
<10μm including droplet nuclei resulting from dessication of larger droplets, that may
travel both short and longer distances. The term “droplets” is used to indicate both
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large particles (>20μm) that are likely to follow a more ballistic trajectory as well as
intermediate particles (10-20μm) that are described to share properties of both small
and large particles(110). Particle behaviour in the air, such as the time to
sedimentation and distance of travel, can be inferred by size to some extent but is
also affected by factors such as airflow streams and ambient conditions such as
humidity and temperature(110). Therefore, assertions made on the behaviour of
droplets purely based on size should be treated with caution. Indeed, one study
showed that droplets up to 50μm can be carried to 6 metres away from an infected
person in a high velocity expulsion such as a cough or sneeze(111).

Short-range “droplet transmission” describes spraying of infected large respiratory
droplets directly onto the mucous membranes of a recipient host via coughing or
sneezing. This would require close contact and/or inspiration by the susceptible host
to occur directly after particle release by the infected case. Some have suggested
that the dynamics of this make it an unlikely mode of transmission between humans
but there is insufficient evidence to support or refute this(94). Short-range
transmission could also occur via aerosols or droplet nuclei including at distances
traditionally thought to be consistent with a “large droplet” transmission event.

Long-range “indirect transmission”, sometimes referred to as “airborne transmission”
or “aerosol transmission”, can arise through inhalation of infected droplets, droplet
nuclei or aerosols, which may deposit in upper and lower airways. Traditionally,
influenza was thought to be a short-range transmissible pathogen. The contribution
of long-range aerosol transmission in influenza spread remains a subject of
debate(110,112,113).
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1.6.3 The ferret model of influenza transmission

Ferrets (Mustela putorius furo) are the primary animal model used to investigate
influenza transmissibility. Other animal models for influenza include mice, guinea
pigs, cotton rats, hamsters and non-human primates. Small animal models are
advantageous because they can allow for experimentation using more pathogenic
influenza viruses, which could not be used to challenge humans and allow for
sampling from a variety of body compartments.

Ferrets display clinical signs such as fever, nasal discharge and sneezing that are
similar to that seen in human disease. Importantly, they can be infected with avian,
swine and human influenza viruses without a need for prior adaptation of the virus
and severe infection with extra-pulmonary spread is seen following infection with the
HPAIs(114,115). Influenza viruses bind to sialic acids in the ferret respiratory tract
that are distributed similarly to in humans(116) and ferret transmission patterns have
been demonstrated to reflect transmission patterns observed in humans(117). In
contrast, influenza viruses may require adaptation for robust infection of mice. Mice
do not transmit influenza as readily as ferrets nor do they manifest typical human-like
symptoms. However, mice confer an advantage of being relatively inexpensive
allowing for larger scale experiments, with available immunological reagents and
potential for genetic manipulation.

Typically, the ability of an influenza virus to transmit by direct and indirect routes is
investigated by introducing a naïve ferret to the same cage as an infected donor
ferret. This set up allows for all forms of transmission including direct contact, fomite,
droplet and aerosol. To test for the ability of an influenza virus to transmit by an
indirect route (droplets and aerosols emitted from the infected donor), which is more
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challenging for the virus, naïve ferrets are housed in adjacent cages to the infected
donor. Cages are separated by perforated panels and spaced with a small gap that
allows for shared air but excludes any direct contact. Daily clinical assessment and
quantification of viral titre via a nasal wash or nasal swab can be performed(115).

The ferret model has been critical in identifying virus gene segments and amino acid
mutations that contribute to both pathogenicity and transmissibility and for assessing
the potential for human-to-human transmission. In general, influenza viruses that
cause sporadic zoonotic infections in humans are limited in their transmissibility to
ferrets in adjacent cages whereas human seasonal viruses that have the capacity for
sustained human-to-human transmission are readily transmitted in this experimental
set up. Extrapolation of the results of ferret transmission studies to human infection
should be performed carefully and with insight into the limitations, some of which are
discussed below.

1.6.3.1 Inoculation dose and route

Traditionally, donor ferrets are inoculated by intranasal administration of high titres of
virus (usually 104-106 PFU) in liquid suspension. This is not particularly reflective of
the infectious dose in a naturally infected human. Moreover, the kinetics of ferret
infection have been demonstrated to differ depending on inoculum dose, volume and
route of administration, which limits comparisons between studies that use slightly
different techniques(114). More recently, researchers have trialed inhalational
exposure systems or chains of transmission that may offer a more representative
mode of inoculation(103,118).
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1.6.3.2 Virus quantification

For the most part, the daily or alternate day kinetics of infection in influenza-infected
ferrets is assayed by quantifying virus from a “nasal wash” involving instillation of
liquid into the ferret’s nostrils and collection of the expectorate, though an alternative
is to obtain a nasal swab. However, these methods might artificially collect virus that
would never be naturally released, or dilute inhibitory factors that otherwise
negatively impact the survival of virus in respiratory droplets. There is a lack of
understanding about the amount of infectious virus that is released into the air
relative to that quantified by nasal washing/swabbing techniques.

1.6.3.3 Lack of reagents

A lack of ferret specific immunological reagents and incomplete ferret genome
sequencing has limited investigation of immune responses in the ferret model. This
limits the breadth of information that can be obtained from ferret experiments. In the
influenza field, mouse models are employed for investigation of immune responses
to infection.

1.6.3.4 Timing and distance of exposure

The engineering of ferret cages such as distance between adjacent cages (reported
to vary between 3mm and 10cm) and perforation size between cages (reported to
vary from 0.05 to 0.5cm2)(115) may also affect results of transmission experiments.
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In general, naïve sentinel ferrets are maintained in a close proximity to infected
donors continuously for the course of an experiment (usually 5-14 days). This
experimental set up therefore does not recapitulate human contact events, which are
typically of much shorter duration and greater distance. Consequently, there is a
paucity of information about the kinetics and spatial dynamics of influenza
contagiousness in ferrets or humans. Environmental conditions such as
temperatures, humidity and airflow can also have significant impact on
transmissibility and should ideally be monitored and standardised.

1.6.3.5 Routes of transmission

The traditional set up of ferret transmission experiments into adjacent cages does not
discriminate between transmission by respiratory droplets and aerosols, which can
both occur over short range. One study by Andrewes and Glover (1941)(119)
attempted to exclude droplet transmission by spacing ferrets 1.5m apart, separating
them by S or U shaped ducts, or placing sentinel ferrets in cages above the infected
donor. Similar work has also been carried out using a guinea pig transmission
model(120) and both studies suggested that aerosols are a potential route of
transmission. Zhou et al.(102) used an impactor positioned between cages to
exclude droplets of different sizes and found that virus could transmit through the air
in particles >1.5μm and that the presence of larger particles correlated with improved
transmissibility.
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1.7 Control measures for seasonal and pandemic influenza

1.7.1 Vaccines

Vaccines are the primary strategy to reduce the burden of seasonal influenza
disease and to protect the population in the event of a pandemic. However, current
manufacturing timelines take months to prepare a vaccine and in the early stages of
a pandemic antiviral drugs are likely to play a critical role. In the 2009 H1N1
pandemic, a vaccine did not become available until 6 months after the start of the
pandemic and a further 2 months were required for sufficient stocks to be prepared
and distributed. Recommendations for seasonal vaccine strains also have to be
made 6-8 months before production during which time the virus can undergo
antigenic drift. Surge vaccine production in a pandemic situation may also be limited
by availability of the embryonated chickens’ eggs that are used to grow vaccine
viruses. To overcome this, emerging egg-free techniques such as cell-culture grown
vaccine viruses or recombinant DNA technologies are under development.

1.7.1.1 Inactivated influenza vaccines
The predominant type of influenza vaccine that has been available since the 1940s is
the inactivated influenza vaccine (IIV). Overall, influenza vaccines have had only
modest and unreliable effectiveness reported. A key problem, particularly for H3N2
viruses, has been the emergence of HA mutations during egg propagation that alter
virus antigenicity(121). Vaccine effectiveness is particularly poor in the elderly
population who suffer from a large proportion of seasonal disease. Immunity from
vaccination is short-lived and requires annual updating. New technologies such as
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addition of vaccine adjuvants or high dose vaccines are being developed with an aim
to improve vaccine immunogenicity.

1.7.1.2 Live attenuated influenza vaccines
More recently, live attenuated influenza vaccines (LAIV) have been introduced in
some countries. The six internal genes of LAIV are derived from a cold-adapted viral
strain that is generated by passaging at low temperature (25°C). The LAIV is
administered intranasally rather than by injection and vaccine viruses are restricted
to replication in the upper respiratory tract and cannot replicate in the warmer
temperatures of the lower respiratory tract, Consequently, vaccination results in a
mild and self-limiting infection yet can stimulate a robust immune response. Whilst
the IIV only stimulates a neutralising antibody response, it is thought that the LAIV
can induce cellular, humoral and mucosal responses(122–124). LAIV has been used
widely in Russia for over 50 years based on the backbone of cold-adapted master
donor viruses (MDV) A/Leningrad/134/57 or B/USSR/60/69. In 2003, an LAIV
product based on A/Ann Arbor/6/60 or B/Ann Arbor/1/66 MDV became licensed in
the USA and is available for people aged 2–49 years. The same product has been
available in Canada since 2010 for people aged 2–59 years, and in the European
Union since 2011 in people aged 2–17 years. The LAIV was introduced into
childhood vaccination programs in the UK in 2013 and in Finland in 2015.

1.7.2 Antiviral drugs

Two classes of antiviral drug are currently licensed to treat influenza and used
worldwide – the adamantanes and the NA inhibitors. Antiviral drugs are
predominantly targeted at patients with severe illness during an annual season and
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are also used for post exposure prophylaxis. Stockpiling of antivirals forms part of
pandemic preparedness strategies. Currently circulating H3N2 and pH1N1 influenza
viruses are universally resistant to the adamantane drugs (amantadine and
rimantadine), mediated by an S31N mutation in the M gene that has arisen and fixed.
Adamantanes are ineffective against influenza B viruses(125). The NA inhibitors
(NAIs) are therefore the sole remaining licensed class of drugs in current use. NAIs
include oseltamivir (an oral drug), zanamavir (inhaled), peramivir (intravenous,
licensed in the USA and EU) and laninamivir (inhaled, licensed in Japan). The
emergence of oseltamivir resistance is of significant concern, particularly for H1N1
viruses. In 2007/8, oseltamivir resistance, mediated by the H275Y mutation in NA,
emerged in seasonal H1N1 viruses and rapidly spread, becoming dominant by the
2008/9 season(126). Analysis has shown that on a background of other permissive
mutations, H275Y does not confer a fitness cost to this H1N1 virus(127). Resistance
to NA inhibitors has been observed to occur through multiple mechanisms yielding
varied effects on viral fitness and can arise during drug treatment.

1.7.2.1 Novel antiviral drugs
There is a clear and pressing need for new anti-influenza drugs with a novel site of
action. A number of new drugs have recently been licensed in other countries or are
in the latter stages of the drug development pipeline. These include the polymerase
inhibitor favipiravir (licensed in Japan), the inhibitor of cap-dependent endonuclease
activity baloxavir marboxil (licensed in the USA and Japan) and the membrane fusion
inhibitor umifenovir (arbidol, licensed in Russia and China). Resistance has been
demonstrated to each of these drugs in pre-clinical or clinical settings(128–130) and
so ideally, future treatment of influenza would involve a combination of drugs that can
limit the emergence of drug resistance. When evaluating new drugs, it is crucial to
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understand the potential for drug resistance and its effects on viral fitness,
pathogenicity and transmissibility.
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Thesis Aims

The overall aim of this thesis is to evaluate the consequences of changes in HA pH
stability on the capacity of influenza A viruses to infect, circulate and cause disease
in humans. Using recombinant viruses with altered pH of HA activation, the
significance of pH stability for viral replication in human airway cells and for viral
pathogenicity and transmissibility in mammalian models (mice and ferrets), are
explored. Using a novel technique for collection of viable influenza viruses from the
air, we investigate the hypothesis that increased HA stability can facilitate airborne
transmission by enhancing virus survival as it travels between hosts within airborne
droplets. Finally, the knowledge acquired is applied to investigate underlying reasons
for the real-world problem of poor effectiveness seen in live attenuated influenza
vaccines in recent years, which is hypothesised could be partially attributed to pH
instability of the pH1N1 vaccine component.
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Chapter 2. The significance of haemagglutinin stability for
influenza A virus replication and pathogenicity

2.1 Introduction

HA pH stability is proposed to be a key host range barrier and determinant of
influenza virus pathogenicity (29,30). It has been observed that influenza viruses that
circulate seasonally amongst humans have more pH stable HAs (lower fusion pH)
than those isolated from poultry or swine. Galloway and colleagues (131) tested
representative viral strains from each of 16 HA subtypes using two different fusion
assays and observed that human isolates tended to fuse at 0.1-0.5 pH units lower
than avian isolates of the same subtype. Using a panel of human and avian isolates,
Shelton et al. (132) observed a similar trend using a different fusion assay. Two
studies (133,134) have reported an increased pH of fusion for viruses isolated from
pigs relative to those that have subsequently circulated in humans. Taken together,
these findings support the idea that evolving increased HA stability (low pH of fusion)
is an important factor for a virus to jump from birds/pigs to humans. However, the
biological explanation for this is not well understood.

2.1.1 HA stability and viral replication/pathogenicity in the avian host

H5N1 and H7N9 viruses that infect poultry and cause sporadic zoonotic infections
have HA’s that fuse at higher pH (5.6-6.0) (30,135). Du Bois and colleagues (136),
using a H5N1 virus, showed that increasing HA activation pH between 5.2 and 6.0
correlated with increased replication and pathogenicity in chickens. Reed et al. (137)
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engineered point mutations into a H5N1 virus with pH of fusion of 5.9 to investigate
the impact of HA stability on pathogenicity in ducks. N114K (pH of fusion 6.4), Y7H
(pH of fusion 6.3) and K58I (pH of fusion 5.4) HA mutants resulted in lower
pathogenicity in ducks than the wild type virus. A H8Q mutation with pH of fusion of
5.6 had similar pathogenicity to the wild type virus, suggesting there is an optimum
pH of fusion for pathogenicity in birds that exists between 5.5 and 6.2.

2.1.2 HA stability and viral replication/pathogenicity in the mammalian
host

Seasonal human influenza isolates are more acid stable (pH of fusion ~5.0-5.4). The
limited isolates that have been tested from the 1918, 1957 and 1968 pandemics also
had a more stable HA (131,133). Table 2.1 summarises studies that have recorded a
pH of fusion for human pandemic and seasonal influenza A virus clinical isolates.
Interestingly, the 2009 pandemic H1N1 had an intermediate pH of fusion (~5.5) when
it first emerged from swine. Russier and colleagues (134) showed that antecedent
swine viruses had a higher pH of fusion and later circulating pH1N1 isolates were
more stable (pH of fusion 5.2-5.4), suggesting that stabilising the HA supports human
circulation. Similarly, Cotter et al. (138) found that a more recent pH1N1 isolate that
had acquired an E47K HA2 mutation was more acid stable than a prototypic strain.
To investigate the impact of HA stability on evolutionary dynamics, Klein et al. (139)
analysed the genetic sequence of 9,797 pH1N1 and 16,716 H3N2 viruses isolated
between 2009 and 2016 in order to derive a computational estimate of thermal
stability. They found, in both pH1N1 and H3N2, that later viral variants were
descended from virus lineages predicted to encode more stable HA proteins.
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Virus strain

Subtype

Pandemic/Seasonal

pH of fusion

Source

A/California/4/2009

pH1N1

2009 Pandemic

5.5

Galloway et al.(131)

5.6

Russier et al.(134)

5.4

Cotter et al.(138)

5.5

Pulit-Penaloza et al.(140)

5.2

O’Donnell et al.(34)

A/California/7/2009

A/Hamburg/5/2009

pH1N1

2009 Pandemic

5.4

Baumann et al.(133)

A/TN/1-560/2009

pH1N1

2009 Pandemic

5.5

Russier et al.(134)

A/Texas/15/2009

pH1N1

2009 Pandemic

5.4-5.5

Pulit-Penaloza et al.(140)

A/Brisbane/10/2010

pH1N1

Seasonal

5.0

Cotter et al.(138)

A/Georgia/F32551/2012

pH1N1

Seasonal

5.3

Galloway et al.(131)

Multiple strains from

pH1N1

Seasonal

5.2-5.4

Russier et al.(134)

A/Brisbane/59/2007

sH1N1

Seasonal

5.3-5.4

Pulit-Penaloza et al.(140)

A/Pennsylvania/08/2008

sH1N1

Seasonal

5.7

Galloway et al.(131)

A/California/10/1978

sH1N1

Seasonal

5.1

O’Donnell et al.(34)

A/Brevig Mission/1/1918

H1N1

1918 Pandemic

5.1

Baumann et al.(133)

A/Japan/305/1957

H2N2

1957 Pandemic

5.2

Galloway et al.(131)

A/Singapore/1/1957

H2N2

1957 Pandemic

5.2

Baumann et al.(133)

A/Hong Kong/1/1968

H3N2

1968 Pandemic

5.2

Baumann et al.(133)

A/Aichi/2/1968

H3N2

1968 Pandemic

5.2

Galloway et al.(131)

A/Victoria/3/1975

H3N2

Seasonal

5.0

Galloway et al.(131)

A/Washington/897/1980

H3N2

Seasonal

5.0

O’Donnell et al.(34)

A/Panama/1999

H3N2

Seasonal

5.1

O’Donnell et al.(34)

2010-2012 tested

Table 2.1 pH of fusion reported for human influenza isolates. Studies that have reported a value for the pH of
fusion of a natural human influenza virus isolate. The year of isolation is indicated at the end of the strain name. Early
strains from pandemic years are indicated in the third column as pandemic where as strains isolated from later years
are indicated as seasonal.

In addition to the quantifying the stability of natural virus isolates as described above,
a few studies have investigated the impact of HA stability on viral replication and
pathogenicity in mammalian models. Using the same avian H5N1 virus panel as in
the study on ducks by Reed et al. described above (137), Zaraket et al. (141) found,
in mice, that the K58I mutation that decreased pH of fusion from 5.9 to 5.4 resulted in
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greater replication and virulence. This is in contrast to the results in ducks showing
that the same K58I mutant was attenuating. In a further study by Zaraket et al. (142),
K58I introduced into an H5N1 isolate that reduced pH of fusion from 6.0 to 5.5
resulted in improved growth in the ferret URT. Similarly, Shelton et al. (132)
introduced the stabilising H8Q mutation into a virus with H5 HA and observed
improved nasal shedding from ferrets.

Whilst the majority of the work on HA stability and pathogenicity has focussed on
H5N1, a few more recent reports have studied human influenza isolates. Cotter et al.
(138) found that pH1N1 virus engineered to have pH of fusion of 5.0 had improved
infectivity in the ferret URT than virus with pH of fusion of 5.4. Russier et al. (134)
compared a wild-type pH1N1 virus (pH of fusion 5.5) with a destabilised Y7H mutant
(pH of fusion 6.0) and found the Y7H mutant to be attenuated in mice and to replicate
less well in the ferret nasal tract. Overall, the impact of pH stability on pathogenicity
appears to be host specific. Yet there is a lack of experimental work that has
systematically investigated the impact of stability lowering mutations on pathogenicity
of a human influenza virus in a mammalian model and how/why this might differ from
the avian host i.e. how this relates to cross-species transmission (discussed in
Chapter 1.5).

To summarise the work performed in these studies, there is experimental evidence
that a more acid labile HA (high fusion pH) is advantageous for replication and
pathogenicity of influenza viruses in birds. However, if the virus becomes too
unstable (pH of fusion>6.2) this can have attenuating consequences. On the other
hand, in humans, influenza viruses are evolving a more stable HA. There is limited
understanding on whether a higher pH of fusion would result in a similar increase in
pathogenicity in humans as has been demonstrated in birds. However, it is clear from
the limited experimental evidence that exists in mammalian models, primarily using
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avian H5N1 isolates with high starting pH of fusion, that the impact of HA stability for
pathogenicity in mammals appears to be different to that demonstrated in birds. What
is the optimum HA fusion pH for replication and pathogenicity in humans? And if a
difference in the consequences of HA stability exists between humans and birds,
what is the biological reason for this disparity? Is the evolution of a more stable HA in
humans being driven by a trade off in favour of survival during the long-range
airborne transmission events required for human circulation, which is opposing its
impact on viral replication/pathogenicity?

2.2 Results

2.2.1 Identification and characterisation of residues in 2009 pandemic
H1N1 haemagglutinin that alter stability

We sought to derive a panel of influenza viruses that differ only in HA stability in
order to investigate the impact of this property on virus phenotypes, focussing
particularly on consequences in mammalian models. A literature search for HA
mutations previously described to alter HA stability was performed. Using reverse
genetics, we generated recombinant viruses from a typical first wave 2009 pandemic
H1N1 virus (A/England/195/2009, “Eng09”) with these point mutations introduced
into the HA gene. Viruses were identical in all seven other genes. Table 2.2 lists the
HA mutant viruses that were rescued and Figure 2.1 models their location on a HA
monomer.
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Mutation

Source

Rescued
successfully?

HA1-Y7H

(134,137,141,143)

Y

HA1-H8Q

(132,137,141)

N

HA1-A9T

Passaging studies*

Y

HA1-E21K

(138)

Y

HA1-E103Y

(92)

N

HA1 E103H

(92)

Y

HA2-E47K

(138)

N

HA2-T49S

(133)

Y

HA2-K58I

(141,144,145)

N

HA2-H72N

(133)

Y

HA2-H72D

(133)

Y

HA2-K75R

(133)

Y

HA2-D112G

(144)

Y

HA2-S113F

(133)

Y

HA2-N114K

(137,141)

Y

Table 2.2 Point mutations that alter HA stability. Point mutations reported to alter the stability of HA were derived
from the literature. *The A9T mutation was identified in studies passaging Eng09 in the presence of the vATP-ase
inhibitor bafilomycin A1 carried out prior to this PhD (A Singanayagam, data not shown). Mutations were engineered
into the Eng09 HA by reverse genetics. Viruses that were rescued successfully in MDCK cells are indicated.
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HA1
H72N/D
K75R
E103H

HA2
K58I
T49S
E47K
N114K
S113F

E21K
A9T
H8Q

Fusion
Y7H peptide
D112G

Figure 2.1 HA mutations modelled onto a HA monomer. Location of HA stability altering point mutations are
modelled on H1 haemagglutinin using Pymol molecular visualisation tool (PDB: 4jtv). HA1 is coloured light brown,
HA2 is teal and the fusion peptide is black. The majority of mutations are located in the HA stem or at the interface of
the HA subunits.

As a preliminary screening test, we carried out a pH inactivation assay to compare
the stability of each mutant under low pH conditions (Figure 2.2) and a syncytia
assay to determine the pH of fusion (Figure 2.3). Consistent with previous studies,
the wild type (WT) HA had a pH of fusion of 5.5 and point mutations introduced in HA
resulted in changes to virion stability.
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Figure 2.2 pH of inactivation of HA mutant viruses. 107 PFU of each virus was mixed with MES buffer pHadjusted to 5.8 or 7.0. The remaining infectivity at 5.8 is shown relative to the infectivity at pH 7. Results are
expressed as mean +/- SD of triplicate samples.

A

-

+

B
Mutant

pH of fusion

Change relative to WT

Y7H

5.9

+0.4

N114K

5.8

+0.3

A9T

5.8

+0.3

D112G

5.7

+0.2

S113F

5.7

+0.2

WT

5.5

+0.0

E103H

5.4

-0.1

H72D

5.4

-0.1

T49S

5.4

-0.1

K75R

5.4

-0.1

E21K

5.3

-0.2

H72N

5.3

-0.2

Figure 2.3 Syncytia assay on HA mutant viruses. (A) Example of a negative and positive syncytia assay. (B) The
pH of fusion of HA mutant viruses was tested by syncytia assay in MDCK cells. The change in pH of fusion relative to
wild type (WT) virus is shown.
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We selected three stabilising and three destabilising mutations for more detailed
study. To study the effects of these mutations, we performed a pH inactivation assay
for each HA mutant in comparison to the wild type virus at multiple pHs (Figure 2.4).

Figure 2.4 pH of inactivation of selected HA mutant viruses. pH of inactivation was tested at multiple pHs
relative to wild type (WT). Results are expressed as mean +/- SD of triplicate samples.

Finally, we selected three HA mutants (Y7H, A9T and E21K) covering a range of HA
stability for further studies (Table 2.3). Viral stocks were prepared in MDCK cells and
passaged minimally after rescue to reduce the possibility of additional mutations
arising. Of particular concern to this regard was that previous studies have shown
that cell culture passage can result in mutations that alter pH of fusion(146–148).
Stocks were whole genome sequenced and confirmed to have similar genome copyto-PFU ratio prior to use (Table 2.3). As a final phenotypic characterisation of HA
stability, the thermostability of the three mutants and wild type virus was tested at
54°C (Figure 2.5). Together, these data confirm a hierarchy of viral stability of our
panel of viruses, determined by HA, from least to most stable of
Y7H<A9T<WT<E21K.
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Figure 2.5. Thermostability assay on final HA mutant panel. 64 haemagglutinating units (HAU) of each virus
were incubated at 54°C for the indicated time, in triplicate. Remaining HAU titre of is reported at each time point.
Results are expressed as mean +/- SD of triplicate samples.

Virus

Genome copy-to-

pH of fusion

90% pH of

Thermostabilty

PFU ratio

(syncytia formation)

inactivation

(fold change at 30
minutes)

E21K

2.0

5.3

5.15

4

WT

1.5

5.5

5.45

4

A9T

1.8

5.8

5.55

21

Y7H

3.5

5.9

5.75

32

Table 2.3 Summary of results. Results of the assays used to characterise the stability of the four HA mutant viruses
selected for further study.

We modeled the consequences of our selected mutations on the HA structure. All
three mutations were located in the HA stem (in HA1), close to the fusion peptide.
We identified (from our own modeling studies and previous work in the literature) that
mutations Y7H and A9T interact directly with residues in the fusion peptide. The
hydroxyl group of tyrosine at position 7 in HA1 forms hydrogen bonds with residues
10 and 12 in the fusion peptide, which destabilises HA when mutated to histidine
(134,143) (Figure 2.6A). The hydrophobic alanine residue at position 9 in HA1
interacts with W14 in the fusion peptide. Mutation to hydrophilic threonine results in
destabilisation of HA (Figure 2.6B). Residue 21 in HA1 forms a stabilising
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intermonomer salt bridge with HA2 residue E47 when mutated from E to K (138)
(Figure 2.6C).

A

B

C

Figure 2.6 Modelling structural interactions of final HA mutant panel. The location and interactions of mutations
(A) Y7H (orange), (B) A9T (red) and (C) E21K (green) are modelled using Pymol molecular visualisation tool.
Residues are shown as sticks. Dotted lines to other residues represent interactions identified. HA1 is coloured light
brown, HA2 is teal and the fusion peptide is black.

Our aim was to use this panel of viruses to delineate the consequences of HA
stability on replication and pathogenicity of a human influenza virus using
mammalian models.

2.2.2 Replicative ability of HA mutant pH1N1 viruses in continuous cell
cultures

To understand the impact of HA stability on influenza growth kinetics, we infected
MDCK or A549 (human alveolar epithelial) cells with the HA mutants. Under
multicycle conditions, Y7H and A9T mutants appeared to replicate faster, but the
differences were not significant (Figure 2.7A); however, under high MOI conditions,
replicative fitness differences became more apparent. Viruses A9T and Y7H, with HA
mutations that increased the activation pH, grew to ~1 log higher titres than the more
acid stable viruses E21K and WT in MDCK (Figure 2.7B) and A549 (Figure 2.7C)
cells.
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A

B

C

Figure 2.7 Replicative ability of HA mutant viruses in continuous cell lines. MDCK cells (A and B) or A549 cells
(C) were infected at low multiplicity (MOI of 0.0001 PFU/cell) (A) or high multiplicity (MOI 3 PFU/cell) (B and C).
Supernatant was harvested at time points indicated and virus titre determined by plaque assay. Results are
expressed as mean +/- SD of triplicate samples. One-way ANOVA with Tukey post test was used to compare wild
type (WT) to the other viruses. *p<0.05, **p<0.01, ***p<0.001, ns=not significant.

In a virus driven replicon (“UpLUC”) assay in which a luciferase encoding viral-like
RNA was amplified and expressed by each virus infected at equal MOI, Y7H and
A9T resulted in a significantly higher signal (Figures 2.8A and 2.8B). This assay
measures the efficiency of delivery of the viral genome to the nucleus and the result
suggests the replicative advantage shown by Y7H and A9T was occurring at an early
stage in the viral replication cycle.

59

A

B

Figure 2.8 Replicative ability of HA mutant panel in the UpLUC assay. 293T (A) or A549 (B) cells were
transfected with a 3-5-8 viral-like firefly luciferase reporter and then infected with each HA mutant virus at MOI of 1
PFU/cell. Luciferase activity was measured at 24 hours post infection. Results are expressed as mean +/- SD of
triplicate samples. One-way ANOVA with Tukey post test was used to compare wild type (WT) to the other viruses.
*p<0.05, **p<0.01, ***p<0.001, ns=not significant.

We could pinpoint this replicative advantage to virus uncoating in endosomes.
Mutants Y7H and A9T, with high HA activation pH, stimulated increased production
of firefly luciferase in the UpLUC assay only when viruses entered via fusion in
endosomes and not when viruses were induced to fuse at the cell surface (Figure
2.9). This suggests that having a higher pH of HA activation enables influenza
viruses to more efficiently uncoat in endosomes and release their genomes to the
nucleus.
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Figure 2.9 Acid bypass to compare the replicative ability of HA mutant viruses fusing at the cell surface or in
endosomes. 293T cells were transfected with a 3-5-8 viral-like firefly luciferase reporter and then infected with each
HA mutant virus at MOI of 1 PFU/cell under three different conditions. Viruses are exposed to low pH whilst bound to
the cell surface and endosomal entry blocked using NH4Cl was performed. This results in virus fusing at the cell
surface and entering via the cytoplasm. Positive (endosomal entry = exposure to neutral pH and no endosomal
block) and negative (no fusion = exposure to neutral pH and endosomal block with NH4Cl) controls were included.
Luciferase activity was measured at 24 hours post infection. Results are expressed as mean +/- SD of triplicate
samples. One-way ANOVA with Tukey post test was used to compare wild type (WT) to the other viruses. *p<0.05,
**p<0.01, ***p<0.001, ns=not significant.

2.2.2.1 Delineating the mechanism for improved replicative ability conferred by HA
instability

We sought to understand the mechanism for this observation. Following host cell
entry, influenza is trafficked from early (~pH 5.4-6.2) to late (~pH 5.0-5.5) endosomes
until a threshold of acidic pH triggers the HA protein to undergo the irreversible
conformational change that precedes fusion. Two major hypotheses have been put
forward in the literature to explain the replicative advantage associated with a higher
pH of fusion but experimental evidence has been lacking.
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(Hypothesis 1)

Ability to fuse earlier in the endosomal pathway may provide

viruses with a higher pH of fusion with a mechanism to escape the effects of
the restriction factors, IFITM 2/3, which have been described to be located in
late endosomes and act to inhibit viral fusion
(Hypothesis 2)

Viruses that have evolved more acid stable HAs may not be

triggered to fuse until they reach the low pH of lysosomes, where they
become trafficked for degradation

Genetic screens first characterised the IFITM protein family members IFITM1, 2, and
3 as antiviral restriction factors (149). In particular, IFITM3 has been described as a
potent influenza A virus restriction factor(149–151). IFITM 2 and 3 have been shown
to localise to late endosomes and lysosomes(152,153) and are thought to inhibit viral
fusion(154), where as IFITM1 is expressed predominantly at the cell surface and in
early endosomes(152). To test our hypothesis that viruses with capability to fuse at
higher pH could escape the antiviral effect of IFITM3, we overexpressed IFITM3 in
293T cells and infected with the HA mutants at equal MOI. Increasing amounts of
overexpressed IFITM3 were seen to inhibit viral replication. However, we did not
observe any difference in sensitivity to IFITM3 between viruses with different pH of
fusion in this assay (Figure 2.10A and 2.10B).
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A

B

Figure 2.10. Investigating the effect of IFITM3 on the HA mutant virus panel. (A and B) 293T cells were
transfected with the 3-5-8 viral like luciferase reporter and indicated quantities of PCAGGS-IFITM3 and then infected
with each HA mutant virus at MOI of 1 PFU/cell. PCAGGS-empty was used as a negative control. Luciferase activity
was measured at 24 hours post infection. Results are expressed relative to the PCAGGS-empty negative control
and mean +/- SD of triplicate samples are shown. A and B show the same experiment performed independently on
two separate days.

To further confirm our findings, we tested the sensitivity of our panel of HA mutants
to type 1 interferon (IFN). IFN acts to upregulate hundreds of host interferonstimulated genes that can have antiviral effects. IFITMs have been shown to be
major contributors to the anti-influenza effect of IFN, contributing 50-80% of the in
vitro effects of IFN against influenza(149,152,153). A549 cells were pre-treated with
type 1 IFN and then infected with the HA mutant panel at equal MOI. Again, we could
not detect any difference in IFN sensitivity between our mutant viruses (Figure 2.11).
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Figure 2.11 Investigating the effect of type 1 IFN on the HA mutant virus panel. A549 cells were transfected
with the 3-5-8 viral like luciferase reporter and pre treated for 20 hours with type 1 IFN at the indicated dose then
infected with each HA mutant virus at MOI of 1 PFU/cell. Luciferase activity was measured at 24 hours post infection.
Results are expressed relative to the untreated negative control and mean +/- SD of triplicate samples are shown.

Finally, we tested the sensitivity of the virus panel to amphotericin B, a drug that has
been demonstrated to prevent IFITM3 mediated restriction of influenza A (155). We
hypothesised that replication of the more acid stable WT/E21K viruses could be
rescued if the reason for their reduced replicative ability was due to greater restriction
by constitutively expressed cellular IFITM3 than A9T/Y7H. The UpLUC assay was
carried out in A549 cells in the presence of varying doses of amphotericin B. We
found that increasing doses of amphotericin B increased the replication of our
influenza virus panel, in line with previous reports. However, there was no clear
difference in the relative effect of amphotericin between the fusion mutant viruses
(Figure 2.12). A similar result was found using 293T cells (data not shown).
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Figure 2.12 Investigating the effect of amphotericin B on the HA mutant virus panel. A549 cells were
transfected with the 3-5-8 viral like luciferase reporter then infected with each HA mutant virus at MOI of 1 PFU/cell.
After 1 hour, cells were washed and incubated in 10% DMEM with the indicated concentration of amphotericin B.
Luciferase activity was measured at 24 hours post infection. Results are expressed relative to the untreated negative
control and mean +/- SD of triplicate samples are shown.

Despite using three different approaches, we were unable to detect any differential
impact of IFITM3 on our viruses with varying pH of fusion. Subsequent to our
experiments, two important studies were published that also addressed this question
using different approaches. Our results concur with work performed by Sun et al.
(156) who detected no difference in virus infectivity between recombinant 6:2 PR8
viruses with either human (H1N1 or H3N2, low pH of fusion) or avian (H7N9 or
H5N1, high pH of fusion) HA and NA in A549 cells stably expressing IFITM3. On the
other hand, Gerlach et al. (157) used a similar approach but in MDCK cells stably
expressing IFITM2 or 3 and did detect increased restriction of 6:2 PR8 viruses with
acid stable human/avian HA/NA (H1N1) compared to those with unstable avian
HA/NA (H7N9/H5N1). Moreover, they showed this effect using stability altering HA
point mutations engineered into a 6:2 PR8/H3N2 virus. Gerlach et al. also identified a
differential effect of type 1 IFN on their panel of viruses that correlated with pH of
fusion using multiple continuous and primary human airway epithelial cell types. The
reason for the discrepant results observed in the studies by Sun et al., Gerlach et al
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and in our study, are not completely clear though are perhaps related to differences
in the cells, virus strains and experimental assay used.

The advantage conferred by a higher pH of HA activation may be because viruses
with more pH stable HA fail to uncoat and are trafficked to lysosomes where they are
degraded. When 293T cells were infected with our panel of mutants at equal PFU
per cell and incubated for longer, the WT and E21K signal did not achieve the same
levels as for A9T/Y7H (Figure 2.13). This might suggest that a proportion of virions
entering the cell were lost to lysosomal degradation. Further work to directly visualise
virions in endosomes and lysosomes could help to confirm or refute this hypothesis.

Figure 2.13 Replicative ability of HA mutant panel over time in the UpLUC assay. 293T cells were transfected
with a 3-5-8 viral-like firefly luciferase reporter and then infected with each HA mutant virus at MOI of 1 PFU/cell.
Luciferase activity was measured at time points indicated post infection. Results are expressed as mean +/- SD of
triplicate samples.
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2.2.3 Replicative ability of HA mutant pH1N1 viruses in primary human
nasal epithelial cells cultured at air-liquid interface

Having identified that an increased pH of fusion conferred a growth advantage to
viruses in continuous cell cultures, we sought to investigate this in a more human
relevant experimental model. Primary human nasal epithelial cells (pHNEC), cultured
at air-liquid interface (ALI), are a fully differentiated primary cell model that mimic the
morphological and physiological features of the human airway including beating cilia,
mucous production and active ion transport. pHNECs are therefore a more relevant
experimental model for influenza in the human upper respiratory tract (URT) than
traditional continuous cell culture systems.

We infected pHNECs at low multiplicity to perform a multi-cycle growth analysis.
Strikingly, we observed a very different fitness hierarchy compared to that seen with
the continuous cell cultures. The viruses with higher pH of fusion, Y7H and A9T were
attenuated, where as the more acid stable influenza viral mutants, E21K and WT,
replicated to higher titres (Figure 2.14A). The area under the curve for WT was
significantly greater than for A9T (p=0.0295) and Y7H (p=0.0286).

As discussed in Chapter 1, in the absence of a target membrane, HA conformational
change results in irreversible virus inactivation and therefore is directly related to
virus stability and survivability outside the host cell. Therefore, we hypothesised that
increased acid stability could be advantaging virus by enabling improved survival in
the extracellular environment, which is reported to be mildly acidic in the mammalian
URT. We tested the pH of apical washes from 27 wells of pHNEC cultures derived
from two different human donors and measured a median pH of 6.5 (range 5.8-7.0)
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(Fig 2.14B), which correlates with measurements reported from the URT of healthy
human subjects (30).

To confirm the importance of extracellular pH on viral growth properties in the ALI
pHNEC cultures, we infected pHNECs at low multiplicity in the presence of a liquid
media overlay buffered to pH 7.4, aiming to maintain the extracellular apical space at
a neutral pH, akin to experiments on continuous cell lines. Under these conditions,
we found that the advantage of increased HA stability for multi-cycle replication in
pHNECs was abrogated (Figure 2.14C).
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Figure 2.14 Replicative ability of HA mutant viruses in primary human nasal epithelial cells cultured at airliquid interface. pHNECs (A and C) were infected at low multiplicity (MOI of 0.001 PFU/cell). At indicated time
points post infection, the apical surface was washed with 200uL DMEM and virus titre determined by plaque assay. A
liquid overlay buffered to pH 7.4 was maintained on the apical surface in C. Results are expressed as mean +/- SD of
triplicate samples. One-way ANOVA with Tukey post test was used to compare wild type (WT) to the other viruses.
*p<0.05, **p<0.01, ***p<0.001, ns=not significant. (B) The pH of apical washes from 27 pHNEC cultures was tested
using an unbuffered 0.9% saline wash adjusted to pH 7.4. Median and interquartile range is shown.

69

2.2.4 Pathogenicity of HA mutant pH1N1 viruses in a mouse model

Mice are commonly used to study influenza pathogenesis and can be experimentally
infected with influenza virus. Clinical disease and quantitative virology can be
assessed in order to evaluate viral pathogenicity(158). To investigate how the fitness
hierarchies we observed in vitro would translate in an in vivo setting, we
experimentally infected groups of 15 BALB/c mice with each HA mutant virus (2x105
PFU). WT virus replicated to the highest titres in mouse lung. On day 2, lung viral
titres were significantly increased for WT virus compared to E21K (p=0.0069), A9T
(p=0.008) and Y7H (p=0.0035) (Figure 2.15B): a similar hierarchy to that observed in
pHNECs (WT>E21K>A9T>Y7H). Furthermore, infection with WT virus (pH of fusion
5.5) caused greater weight loss, peaking on day 3 (Figure 2.15A), than the viruses
with fusion pH of 5.3 (E21K, p=0.0004)), 5.8 (A9T, p=0.0016) or 5.9 (Y7H,
p<0.0001). The area under the weight loss curve for the WT virus was significantly
different from E21K (p=0.047) and Y7H (p<0.0001) but failed to reach significance for
A9T (p=0.46).
By day 5, the lung viral titres of WT, E21K and A9T had reduced, but the titre of Y7H
was significantly elevated in comparison (Figure 2.15B). However, this was not
reflected in the weight loss. The reason for this is unclear, although one intriguing
hypothesis is that the virus by day 5 could have mutated to become more pH stable.
Deep sequencing of this sample would help to understand this. There could also be a
difference in the production of cytokines between the viruses and it would be of
interest to measure cytokine profiles from infected mouse lungs on day 2 and 5.
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Figure 2.15 Pathogenicity of HA mutant viruses in mice. Groups of 15 BALB/c mice were inoculated with 2x105
PFU of virus in 40μL or vehicle (PBS). (A) Mean +/- SEM percentage weight change over the course of infection is
shown. (B) Mean +/- SD lung viral titres on day 2 and day 5 post infection (n=5) were titrated by plaque assay on
MDCK cells. One-way ANOVA with Tukey post test was used to compare wild type (WT) to the other viruses.
*p<0.05, **p<0.01, ***p<0.001.
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2.2.5 Sensitivity to antiviral drugs that act on the HA fusion machinery
correlates with HA activation pH

Recent years have seen a significant increase in the development of novel antiviral
therapeutics that directly target the fusogenic ability of HA (159). Examples include
directly-acting proteins (160,161), peptides (162,163), small molecules (164–167)
and broadly neutralising antibodies (168) that target relatively conserved regions of
the HA stem. A further class of host-targeting drugs, the vacuolar ATPase inhibitors,
act on the proton pumps that regulate the pH of host cell endosomes and can inhibit
virus by preventing the endosomal acidification required for triggering of the fusion
process (169–173). Given that the site of action of these drugs is intricately linked to
the HA fusion process, we hypothesised that virus might avoid inhibition by mutating
to alter its pH of fusion. Additionally, escape mutations within the HA stalk might
impact on HA activation pH and affect virus phenotype as described earlier in this
Chapter.

We tested the sensitivity of our panel of HA mutants to (i) arbidol hydrochloride (a
small molecule drug that inhibits HA fusion (130,174) and is licensed for use against
influenza in Russia and China), (ii) bafilomycin (a vacuolar ATPase inhibitor that
increases endosomal pH (169)) and (iii) FI6 (a broadly neutralising monoclonal
antibody that targets the HA stem(175)). We found that the viruses with higher HA
activation pH (Y7H, A9T) were somewhat less sensitive to these drugs (Fig 2.16).
These data suggest that antiviral therapeutics that act on the HA stem/fusion
machinery could exert selective pressure on virus leading to changes in HA pH
stability. Whilst this is perhaps unlikely to manifest as clinically relevant resistance, it
may indicate that, within a single host, selective drug pressure during treatment could
lead to emergence of variants with reduced HA pH stability. The potential
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consequences of this link to findings described in both Chapters 2 (viral
pathogenicity) and Chapter 3 (viral transmissibility). In the context of pH1N1,
selective drug pressure that acts to increase pH of fusion >5.6 would perhaps
attenuate virus in the human airway, limiting the clinical consequence of any drug
escape mutants. However, it is important to note that drug resistance to stemtargeting drugs could arise via mutations at the drug-binding site and that a change
in HA pH stability (either an increase or decrease) could be an unintended
consequence of such mutations (176,177).
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Figure 2.16 Sensitivity to drugs targeting the fusogenic ability of HA. The sensitivity of HA mutants to (a) 20μM
arbidol hydrochloride (a small molecule fusion inhibitor), (b) 1nM bafilomycin (a vacoular ATPase inhibitor) and (c)
0.01μg/mL FI6 (a broadly neutralising monoclonal antibody) was tested by assaying remaining infectivity after
infection of MDCK cells. One-way ANOVA with Tukey post-test was used to compare wild type (WT) virus to the
other viruses. *p<0.05, **p<0.01, ***p<0.001, ns=not significant.

2.3 Discussion

Testing of natural influenza A virus isolates has identified that human viruses are
more acid stable than avian viruses. Yet, a biological understanding for this
observation has not been elucidated. In studies on H5N1 avian influenza virus in
birds, an increasing pH of fusion resulted in increased pathogenicity, with an
optimum pH of fusion for pathogenicity between 5.5-6.2. Whether this also applied to
virus behaviour in a mammalian host is not fully understood.
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2.3.1 Optimum viral pH stability is determined by a balance between
extracellular and intracellular pressures

In this Chapter, we demonstrate that an acid labile HA (high pH of fusion) confers a
replicative advantage to virus within host cells by enabling more efficient uncoating in
endosomes. In support of this, several previous studies have shown that serial
passage in cell culture selects virus with increased pH of fusion(146–148),
suggesting that instability offers a selective advantage to virus in this setting. We
found that this phenomenon became more apparent using an assay representing the
early stages of the viral replication cycle and when cells were infected at high
multiplicity allowing for a single cycle of replication. Others have described the same
phenomenon using certain cell types that have higher endosomal pH such as Vero
cells(138,178) or A549 cells(142). However, oftentimes, influenza growth kinetics are
assessed in MDCK cells infected at low multiplicity, which does not readily reveal
these differences. It is important to be aware of situations where this or other
traditional assays for influenza titration and growth kinetics might misrepresent - a
real-world example of this with the live attenuated influenza vaccine, is discussed in
Chapter 4.

In direct contrast, in pHNECs cultured at air-liquid interface, we found that the viruses
with a higher pH of fusion were attenuated. This attenuation was abrogated when the
extracellular environment was pH neutralised. Whether elements other than pH
contribute to extracellular HA triggering requires further study. Nonetheless, viruses
with more fragile HA proteins appear to be more likely to be triggered to undergo
premature HA activation in the extracellular environment of pHNECs, rendering them
non-infectious at the point of entry into the cell. The dose of incoming virus that is
required to reach a target cell and initiate infection will therefore be higher for viruses
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with an unstable HA. Thus, optimum acid stability for the replication of human
influenza viruses appears to be determined by a balance between adequate stability
to withstand extracellular environmental conditions, and adequate pH sensitivity to
enable efficient viral uncoating within endosomes once target cells have been
successfully reached.

2.3.2 Host specific differences in extracellular and intracellular
environments

We propose that the evolution of a virus’ acid stability will depend on a variety of
selective pressures including sites of replication, target cells, host species, ecology
and routes of transmission. Opposing pressures from both extracellular and
intracellular environments encountered could limit HA pH of fusion to an optimal
range that may shift depending on viral and host factors or ecology.

2.3.2.1 Local extracellular conditions
Host specific differences in the local extracellular environment of target tissues and
mucosal surfaces may therefore account for some of the differences between the
optimum acid stability of humans versus birds. In ducks, influenza viruses replicate in
cells of the lower intestinal tract, which has a more neutral pH of 6.0-8.0, as well as in
the respiratory tract(179). Unfortunately, the pH at mucosal surfaces of poultry has
not been documented. In humans, the site of replication is the upper respiratory tract.
The human nasal cavity is recorded to be mildly acidic with an average pH of 6.3
(5.3-7.0) in adults and 5.9 (5.5-6.7) in children. In children, average pH in the
nasopharynx was recorded to be even lower at 5.7 (5.6-6.3) (30). In mice, a more
neutral nasal pH has been described (Figure 2.17).
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Figure 2.17. pH of the respiratory tract in humans, ferrets, swine and mice. Compilation of reported respiratory
pH values. Image sourced from Russell et al.(30)

We show that influenza virus with a pH of fusion of 5.5 replicated to higher titres in
mouse lungs and caused increased weight loss in mice, compared to isogenic
viruses with either less or more stable HAs. Our observations are consistent with
others in the literature and taken together, suggest an optimum pH for fusion of HA in
mice of 5.4-5.6. For example, Zaraket and colleagues(141) found that an H5N1
mutant virus with a fusion pH of 5.4 displayed greater pathogenicity in mice than
those with higher fusion pH (5.6 - 6.3). Smeenk et al.(180) reported increased
virulence in a mouse-passaged H1N1 strain was mediated in part by HA mutations
that lowered pH stability from 5.8 to 5.6. Conversely, Keleta et al.(181), working with
a mouse-passaged H3N2 strain that had a more stable HA, showed increased
murine virulence conferred by mutations that increased HA fusion pH from 5.2 to 5.6.
Russier et al.(134) also showed that a pH1N1 Y7H mutant with fusion pH of 6.0 was
attenuated in a mouse model. Finally, serial passage of a pH1N1 virus with a starting
pH of fusion of 5.6 did not alter its pH of fusion in a study by Ilyushina and
colleagues(182). Nonetheless, it should be noted that mice are an imperfect model
for human influenza infection – mice predominantly express α2,3-linked SA receptors
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in their respiratory tract and may have a different extracellular pH in the respiratory
tract than humans. It should also be considered that our HA point mutations may
have pleiotropic effects, such as on cytokine induction. Indeed by day 5, the lung
viral titres of WT, E21K and A9T had reduced, but the titre of Y7H was significantly
elevated in comparison. However, this was not reflected in the weight loss observed.
The reason for this is unclear although one intriguing hypothesis is that the virus by
day 5 could have mutated to become more pH stable. Deep sequencing of this
sample would help to understand this. There could also be a difference in the
production of cytokines between the viruses and further work to assess lung
histology, cytokine responses and the mouse lethal dose (MLD) of the mutant viruses
could have added further weight to these findings.

2.3.2.2 Intracellular conditions
Intracellular differences such as the endosomal pH environment that a virus is
exposed to may also vary in different cell types and hosts. Variations in the kinetics
of acidification and pH levels in endosomes have been shown for immortalised cell
lines(142,178) and primary cell cultures(183), suggesting that acid stability might
restrict virus’ ability to replicate in certain cell types. In theory, if endosomes do not
reach an adequately acidic pH to trigger a more stabilised HA, the virion will pass to
lysosomes and become degraded. In this case, the dose of incoming virus that is
required to successfully reach the nucleus and initiate replication will be higher for
virus with a stable HA. Marvin et al. (184) demonstrated that Raw264.7 murine
macrophages had less acidic endosomal compartments than MDCK cells. In murine
macrophages, but not MDCK cells or primary human blood derived macrophages, a
higher pH of fusion was required for the VN/1203 HPAI H5N1 and H1N1/WSN
influenza viruses to uncoat and deliver their genomes to the nucleus. The more acid
stable pH1N1/Cal09 virus, however, did not enter the nucleus and replicate but
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rather, was shown to accumulate in LAMP1 staining lysosomes, suggesting perhaps
that Cal09 HA was not exposed to an endosomal pH low enough to trigger fusion
prior to lysosomal exposure. Whether or not these findings translate to cell types
relevant for primary influenza infection in humans requires further study. Perhaps
HPAI H5N1 viruses have evolved an unstable HA as a means of subverting this
barrier to productively replicate in macrophages? Indeed, Marvin et al.(184) showed
that productive viral replication decreased macrophage phagocytic function and cell
surface FcR levels, linking acid stability to the host response and potentially to
disease outcome. Macrophage phagocytosis is important for the uptake and
clearance of apoptotic epithelial cells in the lung(185,186) as well as phagocytosis of
bacteria that might result in secondary infection(187). It would be interesting to
investigate whether this is a phenomenon specific to the HPAI viruses or whether
differences in macrophage phagocytic function could be observed in vivo using mice
challenged with our pH1N1 viruses of varying stability.

The activity and distribution of cellular restriction factors such as IFITMs may also
impact on the ability of virus to replicate in certain cell types and it is certainly
possible that this varies between birds and humans. Sun et al.(156) showed high
endogenous levels of IFITM3 in human endothelial (HULEC) cells that were not
present in human epithelial cells (A549, Calu3 or primary human bronchial epithelial
cells). Endothelial cell endogenous IFITM3 restricted replication of human but not
avian viruses and siRNA knockdown of IFITM3 in HULEC cells partially rescued
human influenza virus infectivity. However, this pattern of infectivity could not be
wholly correlated with virus’ pH of fusion in this study. For example, an avian H9N2
virus with low pH of fusion had high infectivity in HULEC cells. Work by Gerlach et
al.(157), on the other hand, did show directly that HA stability could affect sensitivity
to IFITM and IFN – viruses with unstable HA were shown to escape the effects of
IFN and IFITM2/3. However, these findings were not supported by the work carried
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out in our study. Interestingly, in a study by Wee et al.(188), mouse embryonic
fibroblast cells obtained from mice lacking all Ifitm genes (IfitmDel mice) were found
to have less acidic endosomal compartments than WT cells. IFITM3 coimmunoprecipitated with the vacuolar ATPase (subunit Atp6c0b), the proton pump
that acidifies endosomes. This suggests a direct interaction that may link IFITM3
levels to endosomal pH. Future work to test our panel of HA mutants in IFITM3 knock
out cell lines or mice might be more fruitful in delineating any link between pH
stability and IFITMs.

2.3.2.3 Between host conditions
Finally, the routes of transmission and the external environment to which a virus is
exposed to as it moves between hosts is likely to be critical to the evolution of a virus’
acid stability and may constitute a further trade-off against within-host-cell fitness.
The HPAI H5N1 and H7N9 viruses have evolved less stable HA proteins compared
to human influenza viruses. Domestic poultry, which frequently harbour these
emerging viruses, tend to be housed in close proximity where direct contact, higher
inoculum transmission events are likely to be the predominant mode of viral
transmission. The advantage of a stable HA in withstanding environmental stressors
will be of less importance than for the long-range airborne transmission of human
influenza viruses. Environmental persistence is likely to outweigh the benefits of
efficient endosomal release and within-host fitness in the setting of respiratory
droplet transmission, which might explain why human influenza viruses have evolved
more stable HAs. In the next Chapter, the role of HA stability for virus survival in
airborne droplets will be explored.
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Chapter 3. The significance of HA stability for transmission of
influenza A virus

3.1 Introduction

A critical role for HA protein stability in transmission of influenza virus was first
uncovered in two controversial ferret transmission studies on H5N1 virus in 2012 that
yielded remarkably similar results (92,93). In these studies, highly pathogenic avian
H5N1 viruses were artificially generated to have increased ability to transmit through
the air between ferrets. Using different approaches, both studies found that
mutations altering certain viral properties were required for transmission of H5N1
through the air. These included: 1) HA receptor binding 2) polymerase activity 3) HA
glycosylation and 4) HA stability. This was the first description of a role for HA
stability in supporting influenza airborne transmissibility. An earlier study (189)
described a HA stem mutation amongst changes required for ferret transmissibility of
an avian H9N2 virus and whilst it is likely that this mutation was associated with
increased HA stability, investigation of a stability phenotype was not considered at
the time.

In the previous Chapter, we showed how increased virion stability can confer a
survival advantage for viruses depositing on the upper respiratory tract, as they are
less susceptible to inactivation in the acidic extracellular environment. It has been
shown that viruses with less stable HA can transmit more readily by direct contact in
comparison to through the air(134), suggesting that transmission through the air
poses a particularly stringent bottleneck. Indeed, studies have demonstrated that
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transmission through the air is associated with a genetic bottleneck of only 1-2
genomes, where as more genomes are transferred during contact transmission
(118,190–192). The higher inoculum transferred by direct contact perhaps allows for
successful host cell infection despite considerable losses in the extracellular
environment of the URT. We hypothesised that as well as increasing survival in the
mildly acidic URT, increased HA pH stability (low pH of fusion) might play an
additional role in facilitating airborne transmission by enhancing virus survival as it
travels between hosts within airborne droplets.

To understand this, it was necessary to derive a means of reliably isolating and
quantifying virus directly from airborne droplets. For the most part, the focus of
influenza transmission models, particularly ferrets, has been on the ability of virus to
replicate in the respiratory tract of a donor animal and its ability to initiate infection in
a recipient. A critical unknown in the field is how much infectious virus a ferret or
human exhales and what happens to infectivity as virus exists in airborne droplets.
To date, there have been only limited studies that have successfully sampled virus
directly from airborne droplets. These have primarily used bioaerosol samplers or
impactors to assay for viral nucleic acid(102–104,193–196). However, presence of
viral nucleic acid does not necessarily correlate with viable virus that is capable of
initiating infection in a recipient host. The sampling devices used preclude reliable
quantification of infectiousness because of inherent limitations such as shear forces
that can damage virions(197).

With this in mind, previous unpublished work from the Barclay laboratory (R.
Elderfield, J. Ashcroft and W. Barclay) led to the design and manufacture of a
bespoke device capable of detecting and quantifying infectious influenza virus from
airborne droplets, using a direct viral plaque collection technique. In this chapter, we
describe the implementation of this device to understand the ability of influenza-
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infected ferrets and humans to release infectious virus into the air and use the device
to understand the implications of HA stability for virus infectivity in airborne droplets.

3.2 Results – Part 1

3.2.1 Set up and validation of a novel method for collecting and
quantifying infectious influenza virus from airborne droplets

The influenza virus transmission tunnel (IVTT) consists of a 100cm (length) x 18cm
(width) x 9cm (height) half-cylindrical clear acrylic exposure tunnel that can hold
three plates of susceptible cells at different distances from the source (Figure 3.1).
Virus is introduced into one end of the tunnel either using a nebulisation unit or via
breath from an infected animal and directional airflow maintained by a bias flow
pump. Virus-laden droplets falling onto open culture plates are detected as viral
plaques, enabling quantification and further analysis. The use of direct viral plaque
collection is a more sensitive method of detection for viable virus than existing
impaction techniques and the unique aspect of this apparatus is the ability to
characterise individual depositing viruses isolated from the air.
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Figure 3.1 The influenza virus transmission tunnel (IVTT). (A) Schematic diagram of the IVTT apparatus. Airflow
is generated using a bias flow pump, which connects to a 37.5cm (height) x 25cm (diameter) ferret chamber for in
vivo experiments, or a 10cm (height) x 9cm (diameter) nebuliser chamber for in vitro experiments with nebulised
virus. The IVTT is a half cylindrical clear acrylic 100cm (length) x 18cm (width) x 9cm (height) exposure tunnel
containing cell culture plates situated 30cm, 60cm and 90cm from the tunnel opening. Air can be sampled from the
end of the IVTT into a SKC Biosampler. Photographs of the IVTT in use for (B) isolating virus from an influenza virusinfected ferret and (C) assessing nebulized influenza virus inside a category 2 safety cabinet.
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Initial set up and validation of the equipment was carried out by Barclay laboratory
researcher Dr Ruth Elderfield, where parameters for collection such as air flow, input
virus preparation and plaque isolation protocol, were established. These parameters
were employed and further honed through the studies described in this Thesis. The
final parameters used for testing are described in further detail in the Chapter 6
(Materials and Methods). Briefly, three 6-well plates of confluent MDCK cells overlaid
with 0.5mL of supplemented DMEM are introduced into the IVTT and exposed to
airborne virus introduced either via nebulisation or via breath from an infected animal
or person. Cells are exposed for a period of 10 minutes then overlaid with a semisolid agarose media and incubated at 37°C 5% CO2 to allow for plaque formation. As
initial validation of the apparatus performed by Dr Ruth Elderfield, increasing titres of
Eng/09 virus nebulised into the IVTT resulted in increasing number of plaques
collected on the culture plates situated at 30cm, 60cm and 90cm. The majority of
infectious viral plaques were collected on the first exposed plate of cells (situated at
30cm) with a decline in plaque count seen by plate 2 (60cm) and plate 3 (90cm)
(Figure 3.2).
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Figure 3.2 Validation of the IVTT. Increasing titres of pH1N1 virus (Eng/09) diluted in 50 μL PBS were nebulised
into the IVTT for 10 minutes. Numbers of viral plaques detected on the three IVTT cell culture plates (situated 30cm,
60cm and 90cm from source) were visually counted.

Within the IVTT, we expected that droplets collected were likely to be of a certain
minimum size in order to settle the short distance (~5cm) onto cell culture plates
within 10 minutes. To derive an estimate of particle sizes depositing onto culture
plates, computational modelling was performed in collaboration with Dr Laura
Nicolaou, Department of Mechanical Engineering, Imperial College London and
Johns Hopkins University. By adopting a model for the airflow, motion and
evaporation of particles in the IVTT, Dr Nicolaou estimated that particle sizes ≥7.8μm
can be collected on cell culture plates. To understand how airborne particles
distribute within the tunnel we nebulised pH1N1 Eng09 virus mixed with a DNA
plasmid tracer into the IVTT. Following 10-minutes cell culture plate exposure, we
sampled any non-sedimenting aerosols from the air within the IVTT into an SKC
Biosampler for an additional 10 minutes. The SKC Biosampler has been used
previously for collection of viable airborne influenza viruses and is cited to be one of
the more efficient available methods(198). The device has been used previously as a
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standard with which to compare other techniques(199–201). Others have described
that the SKC Biosampler can collect particle sizes between 0.3μm to 8μm(202,203).
No infectious virus was collected from the air sample, whereas tracer DNA and viral
RNA were detected (Figure 3.3). This experiment was designed by Dr Anika
Singanayagam and kindly performed by postdoctoral scientist Dr Jie Zhou, Barclay
Laboratory. Introducing fresh culture plates into the IVTT for a further 30 minutes
after the initial 10-minute sampling window, to allow for any particles that might take
longer to settle, also failed to isolate additional virus plaques.

Figure 3.3 Distribution of infectious virus, viral RNA and tracer DNA nebulized into the IVTT. 2x107 PFU of
Eng/09 virus and 1x109 copies of plasmid DNA diluted in 100 μL PBS were nebulised into the IVTT simultaneously
and cell culture plates exposed for 10 minutes, in triplicate. Infectious virus was collected as plaque forming units
(PFU) on MDCK cell culture plates (white bars). Plasmid DNA and viral RNA were collected into 1120μL PBS
supplemented with 0.375% BSA-V place in the central space of the 6 well plates and quantified by real-time
quantitative PCR (black and grey bars). After the 10 minute collection window, air was sampled into 15mL PBS with a
SKC Biosampler connected to the end of the IVTT for a further 10 minutes and subjected immediately to plaque
assay for infectious virus and real-time quantitative PCR for DNA and viral RNA. Error bars show standard deviation
of three independent experiments.
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These results suggest that the IVTT is capable of sampling viable virus from airborne
droplets (droplets have been defined as particles >10μm in this Thesis, see Chapter
1.6) but, as found in previous studies, the efficiency of collection of viable virus from
aerosols (defined as particles <10μm, see Chapter 1.6) and droplets/droplet nuclei
with gravitational settling times of >10 minutes using an air sampling device, is less
certain. The reason for the lack of infectious virus collection using the SKC
Biosampler is likely due to virion damage during the sampling process but
alternatively may represent that influenza virus viability is not well maintained in small
aerosols. Emerging data suggests that droplets, rather than aerosols, may play a
central role in transmissibility between ferrets, signifying that the IVT offers a useful
model for investigating between host aspects of ferret-to-ferret transmission. Zhou et
al.(102) demonstrated that presence of larger droplet sizes (>4.7μm) increased
airborne transmission risk between ferrets. Airborne transmission did not occur when
only aerosols <1.5μm were present, suggesting that fine aerosols do not contain
significant amounts of contagious virus, despite representing 76.8% of particles
released by experimentally-infected ferrets. Gustin et al.(103) also detected a five
times higher amount of viable virus in particles >4.7μm despite the most frequent
size of exhaled particle being <1μm.

3.2.2 Sampling of infectious virus exhaled by influenza-infected ferrets

3.2.2.1 Detection of exhaled infectious virus from ferrets is efficient using the IVTT

In vitro experiments using nebulised virus are limited in that airborne particles will not
necessarily display the same size distribution nor have the same composition of
salts/proteins/lipids as from respiratory secretions and thus virus may display a
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different lifespan to that occurring in an in vivo setting. We therefore moved to
attempt collection of infectious virus from infected ferrets.

Six ferrets were intranasally inoculated with 104 PFU of pH1N1 virus (Eng/09). This
was performed in a series of 3 independent experiments with two ferrets, each
performed on different days. The experiment on donors #1 and #2 was performed by
Dr Anika Singanayagam, donors #3 and #4 by Dr Ruth Elderfield and donors #5 and
#6 by Dr Ruth Elderfield and Dr Anika Singanayagam. All six infected animals shed
robust titres of virus in the nasal wash from day 1 p.i. until day 5/6. The clinical illness
induced by this virus, dose and route of inoculation was mild, with limited weight loss,
coughs and sneezes observed in infected ferrets. This clinical picture is consistent
with previous studies performed in the Barclay laboratory(204). Each ferret was
sampled in the IVTT on days 1-4 p.i.. Donors #3, #4, #5 and #6 were additionally
sampled up to day 7 p.i.. Infectious virus was detected in the IVTT on day 2 p.i.
emitted into the air from all ferrets and to a lesser extent on day 3/4 [Figure 3.4A-F].
No virus was collected after day 5 p.i.. No ferrets were observed to cough or sneeze
during the 10-minute breath collection on day 2 when the majority of virus was
detected in the IVT. As seen for nebulised virus, the number of plaques detected
declined with increasing distance along the IVTT. Nonetheless, infectious virus
emitted from 5 out of 6 ferrets could be detected on plate 3, 90cm from the ferret
chamber (Figure 3.4G).
Because the IVTT only samples the proportion of exhaled droplets that fall by gravity
onto the surface area covered by the three cell culture plates, we performed further
calculations to extrapolate the total number of virus particles that would be collected
over the entire surface of the tunnel. This was performed in collaboration with Dr
Laura Nicolaou and conversion calculations derived by Dr Nicolaou are detailed in
Chapter 6 Materials & Methods. These calculations estimated the amount of
infectious virus emitted by pH1N1-infected ferrets within 10 minutes to be at least 72
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PFU (donor #2) and as much as 1388 PFU (donor #1) at the peak of detection on
day 2 p.i. (i.e. a maximum rate of 138 PFU/minute was detected). This figure is 1-2
orders of magnitude higher than the peak rate 4 PFU/minute estimated in previous
studies by the CDC(103,205) in which an impactor was used to collect infectious
virus from infected ferrets. In the studies by the CDC, the largest quantity of virus
directly collected from a single ferret over 30 minutes using apparatus that aims to
collect every exhaled particle was 11 PFU. Using the IVTT, we were able to directly
collect 327 PFU from one ferret in one third of the sampling time and with a
technique that acknowledges that only a proportion of exhaled particles are being
sampled.

3.2.2.2 Correlation of exhaled infectious virus with nasal wash titres and the timing
of contagiousness

There was a clear peak in airborne infectious virus detected in the IVTT on day 2 for
all ferrets, with lower amounts of infectious virus detected on days 3 / 4 and none
after day 5. Interestingly, whilst this correlated with peak nasal wash titre in some
ferrets (donors #2, #3, #5, #6), in others the timing was discordant. For donors #1
and #4, peak virus shedding in the nasal wash was on day 3 and 4 respectively. On
these days, a low number of plaques were detected in the IVTT, but an order of
magnitude less than was detected on day 2. On other days where a substantial
amount of virus was present in the nasal wash, there was no viable airborne virus
detected (Figure 3.4). This suggests that measurement of nasal virus, which is the
typically used assay in influenza transmission studies, may not reliably predict the
infectivity of virus that is released into the air from infected animals. It is possible that
a nasal wash or nasal swab might artificially collect virus that would never be
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naturally released, or dilute inhibitory factors that otherwise negatively impact the
survival of virus released into airborne droplets or aerosols.

In a study previously published by the Barclay laboratory (Roberts et al.(204)), ferrets
infected with pH1N1 Eng/09 successfully transmitted to sentinel ferrets in adjacent
cages that were exposed to the infected donors for a limited time period, between 24
and 54 hours p.i. (i.e. on days 1-2). During this time, respiratory symptoms such as
sneezes and coughs were rare. Interestingly, our data using the IVTT shows that
airborne infectious virus peaks during this time window. On the other hand, sentinel
ferrets exposed by Roberts et al. between 120 and 150 hours p.i. (i.e. on days 5-6),
when respiratory signs such as coughs and sneezes were prominent, did not
become infected. Again, our data from the IVTT is consistent with this, as infectious
virus was not detected in the IVTT during this time. To test whether the ferrets
exposed in the same manner could become infected on days 3-4, when a low level of
infectious virus was detected in the IVTT, we exposed 2 sentinel ferrets housed in
adjacent cages between 72 and 120 hours p.i. (days 3-4). These two sentinel ferrets
also failed to become infected, suggesting that the low titre of infectious virus present
in the air was not adequate to initiate infection in this experimental set up. In a study
by Zhou et al.(102) using a somewhat different experimental set up, pH1N1-infected
ferrets were similarly found to be most contagious early after infection (100% of
sentinels became infected on day 1 p.i.). Infectivity declined as infection progressed,
although 25% of ferrets exposed on day 5 p.i. still became infected.
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Figure 3.4 Ferrets emit a peak of infectious virus on day two post inoculation. Ferrets were intranasally
inoculated with 104 PFU of Eng/09 virus diluted in 0.2mL PBS. On days 1 to 4, air was sampled for 10 minutes using
the IVTT and then each ferret was nasal washed while conscious. Virus titre (PFU/mL) detected by plaque assay
from nasal wash samples is shown as lines in (A) to (F) on the left y-axis. Total numbers of viral plaques (PFU)
detected in the IVTT is shown as grey bars in (A) to (F) on the right y-axis. (G) The distribution of viral plaques
collected in the IVTT on plates 1 (30cm, black bars), 2 (60cm, grey bars) and 3 (90cm, white bars) on day 2 is shown.
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3.2.3 HA pH stability is advantageous for virus survival in airborne
droplets

3.2.3.1 Ferrets infected with a stable pH1N1 HA mutant release more infectious
virus into the air

Having successfully ascertained that viable virus can be efficiently collected by the
IVTT from droplets exhaled by pH1N1-infected ferrets, we sought to implement this
methodology to investigate how viability in airborne droplets might vary depending on
a virus’ HA stability using the pH1N1 mutant viruses described in Chapter 2.

We inoculated four ferrets each with either Y7H (more pH labile) or E21K (more pH
stable) viruses and sampled exhaled breath on days 1 to 4 p.i.. Two ferrets (donors
#1 and #2) in each group were infected with 104 PFU and two ferrets (donors #3 and
#4) were infected with 106 PFU. Based on data shown in Chapter 2.2.3 that identified
replicative differences between Y7H and E21K in primary airway cells, we predicted
that Y7H might replicate in the ferret nose at lower titres than E21K. In order to
achieve comparable titres of virus shed into the air, we elected to inoculate Y7H at
the higher dose to attempt to achieve more comparable nasal wash titres between
E21K and Y7H and also to enhance our chances of detecting airborne virus derived
from minority variants.

The amount of viral replication in the ferret nose was not significantly different
between E21K- and Y7H-infected ferrets when assessed by AUC analysis other than
Y7H donor #3 that had an increased AUC and a higher peak nasal wash titre (Figure
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3.5A and 3.5B]. The onset and peak of shedding was delayed by one day in ferrets
infected with 104 PFU of Y7H compared to those infected at the higher dose or those
infected at either dose with E21K. This delay probably represents reduced infectivity
of Y7H in the ferret nasal tract. Overall, more plaques were detected from air exhaled
by the four ferrets infected with the more stable E21K virus (total n=184 plaques)
than by the four ferrets infected with Y7H virus (total n=23 plaques) [Figure 3.5C and
3.5D]. E21K virus plaques were detected on plate 2 at 55cm (n=57 plaques) and
plate 3 at 85cm (n=7 plaques) where as Y7H had limited ability to retain
infectiousness over distance.

A

B

C

D

Figure 3.5 Virus emitted from ferrets infected with an acid stable virus retains infectivity in airborne droplets.
Four ferrets were infected with either Y7H (orange/red) or E21K (green/blue) viruses. In each group donors #1 and
#2 were infected with 104 PFU and donors #3 and #4 with 106 PFU. Viral titres in nasal wash samples were quantified
by plaque assay for (A) Y7H and (B) E21K infected ferrets. Virus emitted in airborne droplets was collected from (C)
Y7H and (D) E21K infected ferrets in the IVTT for 10 minutes on days 1 to 4 and detected on culture plates placed at
30cm, 60cm and 90cm along the tunnel.
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3.2.3.2 Mutations that promote stability of haemagglutinin enhance virus survival
in the air

Virus plaques collected from within the IVTT were picked and Sanger sequencing of
the HA and M genes was performed. HA and M genes were selected for sequencing
as these are the viral genes described to affect pH stability. Additionally, we carried
out next-generation sequencing (NGS) of ferret nasal washes collected on days 1 to
4 post infection in order to detect any minority virus genotypes generated in the
donor ferrets. A random selection of 25 plaques were picked that were exhaled from
the 4 ferrets inoculated with E21K. There were no additional HA or M gene mutations
detected in any of these IVTT plaques – all viral plaques retained the parental
genotype. There were also no mutations detected in the nasal wash (at >5%
frequency by NGS) from the four E21K-infected ferrets.

In contrast, HA mutations were detected from both airborne and nasal virus collected
from the Y7H-infected donor animals that were not present on deep sequencing of
the inoculum virus. The greatest number of viral plaques (n=15) was emitted by Y7Hinfected donor #3, infected at 106 PFU. An assortment of HA mutations were
detected upon sequencing of these plaques, including reversion at position 7 (H7Y)
or additional HA mutations that are located around the HA stem (E47K-HA2, V55IHA2 and V19I) (Figure 3.9A and 3.9B). Interestingly, all of these mutations have
previously either been detected during ferret transmission events, arisen during
natural evolution of pH1N1, or been described to be stabilising to pH1N1 HA in
previous literature(134,138,206,207). All of the 15 virus plaques (propagated once
only on MDCK cells) were found to have increased acid stability compared to the
Y7H parent virus when tested in a pH inactivation assay (Figure 3.9C). One virus
plaque emitted by donor #3 displayed a HA genotype unchanged from the parent
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virus (Y7H) but was still found to be more pH stable. To understand this, we
performed NGS of this virus to look for genotypic changes that might account for the
phenotype observed. Surprisingly, NGS identified an additional A202T mutation in
segment 8, the non-structural (NS) protein (Figure 3.6). This mutation was also
detected in the nasal wash of the animal at a frequency of 1.5%-5.8% and was not
present in the inoculum (Table 3.1). It may be that this NS mutation is contributing,
via an as yet unknown mechanism, to the virus’ ability to be exhaled and survive in
airborne droplets. Intriguingly, NS1 has been previously described to facilitate
airborne transmission of influenza viruses between ferrets(208) but the mechanism
of this has not been clearly elucidated.

Figure 3.6. Location of NS mutation identified in virus plaque exhaled by Y7H-infected donor #3. The location
of the mutation is shown in black spheres on the effector domain of NS1 (light purple). PDB structure 3RVC modelled
using Pymol molecular visualisation tool.

In both donor #2 (Figure 3.8A) and donor #4 (Figure 3.10A), there was also evidence
of survival of airborne virus with a pH stabilised phenotype and corresponding
genotypic changes. The HA mutations detected in these virus plaques included I57F
(exhaled by donor #2) and V16I/T61P (exhaled by donor #4). These mutations are
positioned in regions of HA that are expected to impact on pH stability (Figure 3.8B
and 3.10B). The viruses isolated were found to be significantly more pH stable than
the parent virus when tested in a pH inactivation assay (p<0.0001 by one-way
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ANOVA). Other plaques emitted by donors #2 and #4 that were isolated from the
plate nearest to the ferret source did not show evidence of significantly increased
stability. These were found to have retained the parental HA genotype (Y7H) or in
the case of one plaque, had acquired only a T241I mutation located in the HA head
with no mutations detected in the seven other genes (Figure 3.8C and 3.10C).

3.2.3.3 Minority populations of virus in the nasal tract of Y7H-infected ferrets gave
rise to the majority of airborne infectious virus detected in the IVTT

In the nasal wash of the Y7H-infected ferrets, the mutations detected in exhaled
plaques were present as minority populations including some existing as low
frequency variants (<5% frequency) (Figures 3.7A, 3.8A, 3.9A, 3.10A). The
predominant mutation detected was a reversion at position 7 (H7Y) which arose
rapidly by day 1 in the nasal wash of donors #3 and #4 (infected at 106 PFU) and
increased to 53% by day 4 (Figures 3.9A and 3.10A). This reversion mutation was
also seen at 15% in the day 4 nasal wash from donor #1 (Figure 3.7A). Donor #2 did
not accumulate a position 7 reversion but instead showed different mutations in HA
on day 3 (Figure 3.8A).

All of the pH-stabilised plaques isolated from virus shed into the air carried HA
mutations that were present in nasal washes, but these were detected as a minority
population in several cases (for example T241I at 1% frequency in donor #2 and
V19I at 2% frequency in donor #3). Several other mutations were present at various
frequencies in nasal wash of the Y7H-infected ferrets that were not present in the
plaques isolated from air (for example R45G from donor #1, L98M-HA2 from donor
#2, N31S from donor #3) perhaps because these mutations were not adequately
stabilising to preserve virus viability in droplets or that due to sampling constraints
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these particular mutants were not detected as viral plaques. Taken together, these
data show that virus mutants with more stable HA arose during replication in the
ferret nasal tract and that increased pH stability can improve retention of infectivity in
airborne droplets. A striking aspect of these results is that whilst only minority
populations of pH stable viruses were detected in the donor ferret nasal tract, it is
predominantly these rare mutants that are detected in the air.
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Figure 3.7 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #1. (A) Upper panel: No
virus was detected in the IVTT from Y7H-infected ferret donor #1 on days 1 to 4. Lower panel: Nasal wash from days
1 to 4 was next-generation sequenced and variants present at >5% frequency are shown in the bar graph: H7Y
orange, R54G blue, S289N green and D19N in HA2 purple. In each of the bar graphs, the proportion of virus in nasal
wash with sequence encoding the amino acid as in the parental virus (Y7H) is shown in grey. (B) HA mutations are
modelled on a HA monomer using Pymol molecular visualization tool (PDB: 4jtv). H1 numbering using the mature HA
sequence is used throughout(18). HA1 is shaded light brown, HA2 is teal and the fusion peptide is black.
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Figure 3.8 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #2. (A) Upper panel:
Virus emitted by Y7H-infected ferret donor #2 on days 1 to 4 was collected as plaques picked from plates 1 (30cm), 2
(60cm) and 3 (90cm) of the IVTT and viral RNA extracted. The haemagglutinin (HA) gene was Sanger sequenced.
HA mutations identified in viral plaques are represented by the colours orange V19I, blue I57F, green T241I and
purple L98M-HA2. Lower panel: The proportion of corresponding HA mutations on days 1 to 4 in the nasal wash was
determined by next-generation sequencing. In each of the bar graphs, the proportion of virus in nasal wash with
sequence encoding the amino acid as in the parental virus (Y7H) is shown in grey. (B) HA mutations are modelled on
a HA monomer using Pymol molecular visualization tool (PDB: 4jtv). H1 numbering using the mature HA sequence is
used throughout(18). HA1 is shaded light brown, HA2 is teal and the fusion peptide is black. (C) The acid stability of
viruses in air emitted from donor #2 was tested by incubating virus propagated from IVTT plaques at low (pH 5.5) and
neutral (pH 7) pH, in triplicate. The remaining infectivity detected at pH 5.5 is expressed relative to infectivity detected
at pH 7. Stability of parental virus Y7H is shown on the left of the panel. Error bars represent standard deviation of
three independent experiments. One-way ANOVA with Tukey post-test was used to compare each plaque with the
Y7H parent virus. *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001.
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Figure 3.9 Mutations that promote stability of haemagglutinin enhance virus survival in the air. (A) Upper
panel: Virus emitted by Y7H-infected ferret donor #3 on days 1 to 4 was collected as plaques picked from plates 1
(30cm), 2 (60cm) and 3 (90cm) of the IVTT and viral RNA extracted. The haemagglutinin (HA) gene was Sanger
sequenced. HA mutations identified in viral plaques are represented by the colours orange H7Y, blue E47K-HA2,
green V55I-HA2 and purple V19I. Lower panel: The proportion of corresponding HA mutations at positions 7 and 19
in HA1 and 47 and 55 in HA2 detected on days 1 to 4 in the nasal wash was determined by next-generation
sequencing. An additional mutation detected in the nasal wash at >5% frequency but not in any picked plaques is
also shown (N31S in red). In each of the bar graphs, the proportion of virus in nasal wash with sequence encoding
the amino acid as in the parental virus (Y7H) is shown in grey. (B) HA mutations are modeled on a HA monomer
using Pymol molecular visualization tool (PDB: 4jtv). H1 numbering using the mature HA sequence is used
throughout(18). HA1 is shaded light brown, HA2 is teal and the fusion peptide is black. (C) The acid stability of
viruses in air emitted from donor #3 was tested by incubating virus propagated from IVTT plaques at low (pH 5.5) and
neutral (pH 7) pH, in triplicate. The remaining infectivity detected at pH 5.5 is expressed relative to infectivity detected
at pH 7. Stability of parental virus Y7H is shown on the left of the panel. Error bars represent standard deviation of
three independent experiments. One-way ANOVA with Tukey post-test was used to compare each plaque with the
Y7H parent virus. *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001.
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Figure 3.10 Sequencing of airborne and nasal virus isolated from Y7H-infected donor #4. (A) Upper panel:
Virus emitted by Y7H-infected ferret donor #4 on days 1 to 4 was collected as picked plaques from plates 1 (30cm), 2
(60cm) and 3 (90cm) of the IVTT and viral RNA extracted. The haemagglutinin (HA) gene was Sanger sequenced.
HA mutations identified in viral plaques are represented by the colours orange H7Y, blue V16I, green T61P in HA2.
Lower panel: The proportion of corresponding HA mutations at positions 7 and 16 in HA1 and 61 in HA2 detected on
days 1 to 4 in the nasal wash was determined by next-generation sequencing. No additional mutations were detected
in the nasal wash at >5% frequency. In each of the bar graphs, the proportion of virus in nasal wash with sequence
encoding the amino acid as in the parental virus (Y7H) is shown in grey. (B) HA mutations are modelled on a HA
monomer using Pymol molecular visualization tool (PDB: 4jtv). H1 numbering using the mature HA sequence is used
throughout(18). HA1 is shaded light brown, HA2 is teal and the fusion peptide is black. (C) The acid stability of
viruses in air emitted from donor #4 was tested by incubating virus propagated from IVTT plaques at low (pH 5.5) and
neutral (pH 7) pH, in triplicate. The remaining infectivity detected at pH 5.5 is expressed relative to infectivity detected
at pH 7. Stability of parental virus Y7H is shown on the left of the panel. Error bars represent standard deviation of
three independent experiments. One-way ANOVA with Tukey post-test was used to compare each plaque with the
Y7H parent virus. *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001.
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3.2.3.4 Other mutations detected in exhaled plaques

Having identified an NS mutation in one plaque that retained the same HA genotype
as the parental virus, we were interested to see if mutations or mixed populations
had occurred in any other genes for the other virus plaques exhaled by Y7H-infected
ferrets. Using NGS, we identified a PB2 mutation in 2 virus plaques (V504I in a
plaque from donor #3 and F363L in a plaque from donor #2). These PB2 mutations
were not detected in the inoculum or in the nasal washes taken from the animals,
suggesting that they may have arisen during propagation of the plaque on MDCK
cells. Similarly, another plaque exhaled by donor #3 had a A651T mutation in PA that
could have arisen during cell culture propagation. However, one PA mutation
(A448E) detected in a plaque exhaled by donor #4 was detected at 20.6% in the
nasal wash and was absent in the inoculum, suggesting it arose during nasal
replication. Another PA R269K mutation in a plaque exhaled by donor #3 was
present at 1.5% frequency in the nasal wash. The significance of these PA mutations
is uncertain (Table 3.1).
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Day

Plate Plaque HA
Mutation

DONOR #2
2
1
2
1

Other
gene
mutation

Inoculum Peak
freq
nasal
wash
freq

PB2
F363L

<1%

<1%

PA A651T
PA R269K

<1%
<1%

<1%
1.5%
K269

PB2 V504I

<1%

<1%

NS A202T

<1%

5.8%
T202

<1%

20.6%
E448

1
2

T241I
I57F

4
1
4
1
DONOR #3
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
2

1
2

Y7H
Y7H

1
2
3
4
5
6
7
1

E47K
H7Y
H7Y
H7Y
H7Y
H7Y
V55I
H7Y

2
2
3
3
4

1
2
1
2
1

H7Y
H7Y
V19I
V55I
Y7H

2
1

H7Y
H7Y

1
2
3
1

Y7H
Y7H
Y7H
V16I+T61P PA A448E

3
3
1
1
2

4
2
4
3
DONOR #4
2
1
2
1
2
1
3
1

Table 3.1 Mutations in virus plaques exhaled by Y7H-infected ferrets detected by next-generation
sequencing. The peak frequency of the corresponding mutation in the nasal wash on days 1-4 is shown.

3.2.3.5 pH stable influenza viruses have improved survival when nebulised into
airborne droplets

To provide validation for our observations in ferrets that suggest a survival advantage
in droplets is conferred by increased pH stability, we performed further studies in
vitro. A 40:60% mixture of E21K and Y7H viruses (106PFU) was nebulised into the
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IVTT and virus plaques collected over 10 minutes. Plaques from plates 2 (n= 70) and
3 (n=75) were picked and Sanger sequencing of the HA gene performed. There were
too many plaques on plate 1 to enable plaque purification. The proportion of plaques
with the pH stable E21K genotype was found to be significantly increased on plate 2
(65%, p=0.024 by Fishers exact test) and plate 3 (79%, p=0.0002 by Fishers exact
test) compared to the inoculum (36%) (Figure 3.11A). To further confirm this finding,
we repeated the experiment using a mixture containing a lower titre of inoculum virus
to enable individual plaques to be isolated from plate 1, which is more representative
of the distribution of plaques emitted in ferret exhaled breath. A 25:75% mixture of
E21K and Y7H (total 5x104 PFU) was nebulised into the IVTT [Figure 3.11B]. Virus
plaques collected on plates 1 (n=70) and 2 (n=26) were picked and Sanger
sequencing of the HA gene performed. There were too few plaques collected on
plate 3 (<5 plaques). The proportion of plaques with the pH stable E21K genotype
was again found to be significantly increased on plate 1 (72%, p<0.0001) and plate 2
(58%, p=0.001) compared to the proportion in the inoculum (22%). Finally, we
attempted the same experiment using an even lower proportion of E21K to examine
if the observation would hold true even when the stable virus was present in a
minority. A 10:90% mixture of E21K and Y7H (total 5x104 PFU) was nebulised into
the IVTT [Figure 3.11C]. Virus plaques collected on plates 1 (n=71)) and 2 (n=22)
were picked and Sanger sequencing of the HA gene performed. There were too few
plaques collected on plate 3 (<5 plaques). The proportion of plaques with the pH
stable E21K genotype was again significantly increased on plate 1 (55%, p<0.0001)
and plate 2 (46%, p=0.02) compared to the proportion in the inoculum (13%)
supporting the hypothesis that HA stability can enhance the ability of virus to remain
infectious in airborne droplets.
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If virus is being rendered non-infectious by premature triggering of HA within airborne
droplets and this is disproportionately affecting the more fragile Y7H mutant, we
hypothesised that the proportions of viral genetic material detected within the IVTT
would be unchanged from that introduced in the inoculum. To investigate, in our first
experiment (40%:60% mix) we collected depositing droplets into 500μL PBS placed
in the central space between wells of each culture plates, extracted viral RNA from
140μL PBS and performed NGS of the HA gene in order to quantify the proportion of
E21K/Y7H genomes present. Our results show, similarly to infectious virus, that the
proportion of E21K genomes detected on the IVTT culture plates and from an air
sample was higher than that detected in the inoculum (p<0.0001 for each plate
compared to the inoculum by Chi-squared test) (Figure 3.11D). This might suggest
that physical stress of the nebulisation process or the external challenges of existing
in airborne droplets lead to disruption of the virus such that the virion is degraded,
with Y7H being disproportionately affected due to its more pH sensitive surface
protein.

A

B
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Figure 3.11. Increased acid stability enables virus to remain infectious in airborne droplets. (A) 40%:60% (B)
25%:75% (C) 10%:90% mixture of E21K and Y7H based on PFU/mL titres was nebulised into the IVTT in three
independent experiments. Input viral titres were 106 PFU in (A) and 5x104 PFU in (B) and (C). Plaques collected on
IVTT plates and a smaple of plaques from the inoculum were picked and Sanger sequencing of the HA gene
performed. Where the distribution of plaques was such that too few (n=<5) or too many plaques were collected to
enable purification and/or analysis is indicated. (D) From the experiment detailed in (A), the proportion of E21K and
Y7H viral genome copies detected on each culture plate and in the inoculum was quantified by next generation
sequencing. Chi-squared test was used to compare the proportions of E21K/Y7H genotype detected on each plate.
Fisher’s exact test was used to compare the proportions of E21K/Y7H genotype detected on each plate. *p<0.05,
***p<0.001.

3.3 Discussion Part 1: key findings from studies on ferrets
experimentally inoculated with pH1N1 virus

For virus to successfully transmit through the air between two hosts, it must be
exhaled from the donor in sufficient quantities and retain infectiousness in the air.
This aspect of transmission is poorly understood given prior lack of a satisfactory
method of quantifying infectious virus from airborne particles. Using a novel
technique of direct viral plaque isolation from airborne droplets, we were able to
successfully collect infectious virus exhaled by infected ferret donors at a more
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efficient rate than previously described. The unique aspect of the technique is the
ability to isolate individual exhaled viruses and analyse their genotype and
phenotype.

3.3.1 Sampling infectious virus exhaled by ferrets infected with wildtype pH1N1

We show that ferrets infected with pH1N1 Eng/09 virus exhaled a peak of infectious
virus early after infection. We did not observe any coughing or sneezing by virusinfected ferrets whilst they were sampled in the IVTT during the peak of airborne
virus detection. The quantity of infectious virus detected in the IVTT decreased over
time after infection. This pattern correlates with previous reports of an early window
of airborne contagiousness in ferrets, prior to the onset of fever and clinical
signs(102,105,204). In these studies, contagiousness was found to decrease as
infection progressed and clinical symptoms such as coughing, sneezing and nasal
congestion became more apparent. This is in contrast to the commonly held
assumption that coughing and sneezing promote influenza airborne transmission.
Studies in humans are required to confirm the relevance of observations in ferrets for
human disease. In a meta-analysis of experimental infection studies on human
volunteers intranasally inoculated with influenza, the peak of nasal viral shedding
was found to precede peak of clinical symptoms by one day. However, there have
been no studies systematically investigating the timing or duration of contagiousness
or the presence of exhaled infectious virus in experimentally- or naturally- infected
humans. Previous studies on ferrets that have measured exhaled viral RNA showed
no correlation between airborne RNA levels and contagiousness, actually detecting
more airborne viral RNA during times of reduced contagiousness(102) and for
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several days after infection(102,103,105). Measuring infectious virus appears to be a
better correlate for contagiousness, although further work is required to confirm this
and to investigate the relevance for other subtypes and strains of influenza. The
reason that contagious virus is not being shed into the air at later time points despite
high titres of virus detectable in ferret nasal washes and viral RNA detectable in
exhaled air warrants further investigation. Perhaps other as yet uncharacterised
inhibitory host factors limit survival of exhaled virus later in the course infection, for
example the production of innate immune mediators or a change in the local
environment of the URT, such as pH, viscosity, or mucous production.

3.3.2 pH stability confers a survival advantage for virus in airborne
droplets

Typical ferret-to-ferret influenza transmission experiments assess the ability of the
virus to replicate in a donor animal and its ability to initiate infection in a sentinel.
Importantly, after virus enters and replicates in a sentinel animal, further selection
limits the information that can be gained about the transmitted virus. For example, it
is not possible to delineate whether selection of a transmitted mutant has occurred
during replication in the donor, at the point of release from the donor, during travel in
the air between animals, or during infection of the sentinel animal. Using the IVTT to
sample virus can capture information about the genotype of viruses released into the
air without the need for virus to infect and replicate in an onward host. We employed
this technique to demonstrate a role for stability of influenza HA for retention of
viability in airborne droplets. The more stable “human virus-like” E21K mutant was
better able to retain infectivity when nebulised into droplets than the less stable
“avian virus-like” Y7H mutant. Ferrets infected with E21K emitted more infectious
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virus than ferrets infected with Y7H. Infectious virus recovered from air shed from
ferrets inoculated with Y7H virus contained mutations that conferred restabilisation of
HA. This extends the findings of Russier et al.(134) who detected a single stabilised
mutant (HA H7Y+R106K) in 1 out of 4 sentinel ferrets exposed to donors infected
with pH1N1/Y7H in a traditional ferret-to-ferret transmission experiment. 3 out of 4
sentinel ferrets did not become infected in this study. Using the IVTT has enabled to
identify many more HA mutants and to gain a broader understanding of what is
happening to virus travelling between hosts. An interesting aspect of our findings is
that whilst only minority populations of pH stable viruses are detected in the Y7Hinfected donor ferret nose, it is predominantly these rare mutants that are detected in
the air.

3.3.3 Hypotheses to explain a role for pH stability for survival of
airborne virus

Within airborne droplets, the viral envelope must withstand conditions quite distinct
from the environment of the URT. Evaporation of water occurs rapidly (in < 1 second)
after respiratory droplets are released from the URT(209). As a consequence of
water evaporation, the concentration of free H+ ions in a droplet increases and
lowers the pH. For example, Yang and Marr(210) calculated that at 60% relative
humidity, similar to conditions during our IVTT experiments, a droplet will shrink to
0.17 of its initial diameter, reducing pH by 2.3 units. This effect might be
compounded at the air/water interface at the surface of droplets(211). Human nasal
mucosa is mildly acidic (ranging from 5.3 to 7.0)(30). A decrease in pH in droplets
consisting of fluid derived from the nasal mucosa of up to 2.3 units would fall within
the pH range that can trigger HA unfolding and have significant impact on virus
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viability. Moreover, inhibitory substances incorporated into droplets formed from
respiratory secretions may become more concentrated in droplet nuclei, which could
contribute to infectivity losses. Of note, a recent study from the CDC has shown a
correlation between loss of infectivity in aged aerosols and poor transmission(212). It
has also been suggested that an increased concentration of salts and insoluble
solutes in droplet nuclei(209,213), osmotic forces(214), or disruption of virions
accumulating at the surface of droplets due to surface tension might explain
infectivity losses(210). Our finding of a significantly greater proportion of E21K RNA
than Y7H RNA detected in the IVTT when a mixture of the viruses were nebulised
into the IVTT might support this theory, suggesting that Y7H is more susceptible to
virion degradation.

3.3.4 Limitations of the IVTT

As with all methods employed to isolate influenza virus from the air, there are
limitations to the design of the IVTT that must be considered.
(i)

Lack of sampling of aerosols and small droplet nuclei

The IVTT is uniquely designed as a straightforward and sensitive method to
sample infectious virus from airborne droplets, which has been of particular
challenge in previous studies. Efficient collection of infectious virus from aerosols
will require different methodology. Whilst studies have shown that a large
proportion of exhaled particles are submicron in size, emerging data suggests
that larger droplets may be important for transmission through the air in a ferret
model(102,103).
(ii)

Particle losses and limited sampling surface area

Using culture plates to sample virus means that droplets are only being collected
on a limited surface area. Deposition of particles on the walls and floor of the
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IVTT will occur. The technique aims to sample airborne virus rather than attempt
to collect all airborne particles as has been the aspiration of the majority of
previous studies using impactors or bioaerosol samplers. Nonetheless, our
sampling approach is shown to be more efficient at collecting infectious virus than
other techniques that propose to be collecting all airborne particles.
(iii)

Limited sampling time

Ferrets are introduced into the IVTT ferret chamber while fully conscious (to allow
for natural breathing). We believe this to be a strength of our study compared to
other approaches that have administered anaesthetic to animals or collected
exhaled particles from artificially induced coughs/sneezes. Administration of
anaesthetic is likely to alter the rate and kinetics of respiration that affect the
relevance of results for natural infection. Because ferrets are sampled while fully
conscious, a maximum breath collection of 10 minutes is applied for animal
welfare reasons but this does limit the efficiency of collection.
(iv)

Difficulties collecting viral RNA from ferrets

Others in the Barclay laboratory have performed preliminary work to attempt
collection of viral genome copies emitted by pH1N1-infected ferrets using the
IVTT but this has so far been unsuccessful. This would be useful data to help
understand whether virus is being shed into droplets but losing infectivity and
only a proportion remains viable. Briefly, in these experiments, 500μL of PBS
was placed in the space between the wells of the 6-well culture plates within the
IVTT. Viral RNA was extracted from 140μL of PBS after the 10-minute ferret
exposure period and subjected to RT-qPCR. It is possible that quantities of virus
collected in this manner are below the limit of detection by RT-qPCR but
confirmatory studies are still required. Based on previous studies, we might
expect genome copies in the order of ~2 logs (10-20 fold greater than infectious
virus) to be released by an infected ferret over 10 minutes in both sedimenting
droplets and non-sedimenting aerosols(103). Taking into account various losses
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that occur during air sampling and RNA extraction/processing, this likely falls
below sensitivity for detection. To overcome this limitation, a longer ferret
exposure time may be necessary to increase virus in the IVTT to a measureable
quantity or adaption of the apparatus to improve its ability to collect viral RNA.
(v)

Ferret-to ferret variability

We do note ferret-to-ferret variability in the quantities of airborne infectious virus
detected in the IVTT. This has also been observed in previous studies on exhaled
virus from ferrets(103) and humans(194). It is possible that this variability
represents differences in individual ferret physiology or in how the timing of the
10-minute IVT sampling period relates to virus-host kinetics in the individual.

3.4 Results – Part 2

3.4.1 Lack of detection of infectious virus exhaled by experimentallyinfected humans: results of a preliminary study

3.4.1.1 Review of the literature on sampling of infectious virus from human
exhaled breath
The vast majority of studies on exhaled virus from influenza infected human subjects
have used RT-qPCR for quantification of viral genome copies. The few studies (listed
in Table 3.2) that have attempted to collect viable virus from human subjects have
had poor success rates. Frequently, detection of any viable virus has required a
secondary culture step, which abrogates quantification, and artificial breathing
techniques such as forced coughs and exhalations, which are not a natural emission.
In the largest study of exhaled breath collection, Yan et al.(194) collected 218
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samples of exhaled breath from 142 college students with confirmed influenza using
a bespoke device that aims to collect all particles exhaled over 30 minutes. 41
samples of fine aerosol particles (<5μm) collected using an impactor were positive
for influenza, with a mean of 37 FFU collected over 30 minutes (=1.23 FFU/minute).
The highest titre in a sample was 1100 FFU (=36.6 FFU/minute). However,
contamination and delayed processing invalidated 84 of the 218 samples and it is not
clear how many individual subjects yielded the 41 positive results versus how many
were replicate samples from the same patient. A further caveat of this work is that
quantification using FFU that assesses virus in a single round of replication, rather
than a multicycle analysis such as PFU, would incorrectly score incomplete and
defective viral particles as viable. Additionally, particles >5μm, which may have
contained significant amounts of viable virus, were excluded from analysis due to
sampling constraints related to inefficiency of the impactor used. Challenges in
collecting viable virus from human exhaled breath contribute to significant gaps in
knowledge about influenza transmission. For example, the quantity and timing of
exhaled infectious virus, duration of human contagiousness and how this relates to
timing of symptoms, and the relative contribution of different particle sizes and
modes of transmission.

First
author,
year

Emission

Mode of
collection

Lindsley,
2010
(215)

Forced
coughing

SKC
Biosampler
OR
Impactor

Milton,
2013
(195)

30 minutes
breathing
and forced
coughing
Forced
coughing

Impactor

Yes

Gelatin
membrane
filter

No

Hatagishi,
2014
(216)

Secondary
culture
step
performed
No

Summary of results

Viable virus (0.8 and 5
pfu/mL/cough) was
detectable from only 2 out of
21 influenza-positive
subjects
Viable virus collected from 2
out of 37 influenza-positive
subjects
Viable virus was detected in
3 samples from 56 patients
(1.5,1.5, 8 PFU per cough)
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Lindsley,
2015
(202)
Lindsley,
2016
(203)

Forced
coughing

SKC
Biosampler

No

Forced
exhalations
AND
Forced
coughing

SKC
Biosampler

Yes

Yan et al.
2018;
(194)

30 minutes
natural
breathing
and talking

Impactor

No

onto a gelatin membrane
filter.
Viable virus from 17 out of
64 participants (range of 5
to 538 PFU detected)
Viable virus was detected
from forced exhalation
aerosols from 28/53
subjects and forced cough
aerosols from 22/53
subjects
218 samples collected from
142 subjects with confirmed
influenza. Quantification of
infectious virus by FFU on
41 fine aerosol samples with
a mean of 37 FFU in 30
minutes. 56 fine aerosol
samples showed CPE when
passaged on MDCK cells.

Table 3.2 Analysis of studies that reported collection of viable virus from human exhaled breath.

3.4.1.2 Collection of exhaled breath from experimentally-infected humans using
the IVTT
Having demonstrated that the IVTT can successfully detect infectious virus exhaled
by influenza-infected ferrets, we carried out a preliminary study to test the ability of
the IVTT to detect virus exhaled by human volunteers that were experimentally
infected with a pH1N1-like virus. Experimental infection of human volunteers with
influenza virus dates back to the 1918 pandemic. The illness induced tends to be
less severe than a natural infection(217), considered to be due to differences in the
inoculated viruses and route of infection. Human challenge studies have largely been
used to investigate antiviral drugs and vaccines and there has been very little
research on viral transmissibility using challenge subjects. Killingley et al.(218)
published a proof-of-concept study to assess the feasibility of using a human
challenge model to assess influenza transmission. They exposed “recipient”
volunteers to infected “donors” in shared accommodation for 30 hours commencing
on day 2 post inoculation with a H3N2 influenza virus. This set up, which allowed for
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all forms of natural influenza transmission (airborne, droplet, direct contact, fomite),
demonstrated a secondary attack rate of 25% (3 of 12 infected recipients). However,
the ability of human experimental infection to result in transmission through the air
has never been tested.

A total of 17 healthy human adult volunteers were recruited for study between June
and November 2016. This human challenge study was coordinated and performed
by Dr Christopher Chiu and team from the National Heart and Lung Institute, Imperial
College London, with a separate goal of investigating immune responses resulting
from influenza challenge. Our study was opportunistically carried out in parallel to
this work, with a primary aim of isolating influenza virus plaques from human exhaled
breath using the IVTT apparatus. All volunteers were confirmed by the Chiu group to
be sero-negative to the challenge pH1N1 strain and were isolated in a quarantine
unit during the course of the study. Volunteers were intranasally inoculated with 106
PFU of A/California/04/2009 (pH1N1)-like virus, in 5 cohorts. The inoculum virus
strain used was described by Watson et al.(219) to have been isolated from a
healthy 3 year old boy in 2009. Prior to use in this study, the virus strain had
undergone three passages in SPF eggs and was expanded to GMP standards.

10 out of 17 (59%) volunteers were confirmed to have become successfully infected
by the challenge virus by real-time PCR and/or plaque assay performed on nasal
wash samples. Each volunteer was asked to breathe naturally (tidal breathing) into
the IVTT for 10 minutes. A portable low flow suction pump was attached to the end of
the IVTT to encourage directional airflow. Figure 3.12 shows the set up of the IVTT
for collection from human volunteers. Refinements to the collection method were
carried out with each subsequent cohort, in an attempt to optimise the chance of
virus collection. For cohort 1, each volunteer was asked to breathe via a disposable
mouthpiece attached directly to the IVTT. For cohort 2, the mouthpiece was changed
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to a facemask covering the nose and mouth, in an attempt to capture virus exhaled
from both the nasal cavity and mouth. In cohorts 3 and 4, we sealed the IVTT after
the 10 minute breath collection and exposed the cells for an additional 30 minutes,
attempting to isolate any virus contained in smaller droplets that might take longer to
settle within the IVTT. Cohort 5 were additionally asked to carry out 10 forced coughs
after the 10 minute breath collection and air was pulled through the apparatus at a
defined rate (2L/minute). Despite these multiple attempts, no virus plaques were
isolated from any of the experimentally infected human subjects. For cohort 5, an
additional two cell culture plates were place in the IVT and left to incubate to allow for
viral replication. However, there was no evidence of cytopathic effect and the cell
supernatant was negative by HA assay and plaque assay after 5 days.

Direction of airflow

Cell culture plates

Low flow
suction pump

100 cm
Figure 3.12 Schematic diagram of the IVTT adapted for collection of virus from air exhaled by human
volunteers.

3.4.1.3 Hypotheses to explain the lack of infectious virus sampled from humans
using the IVTT
There are several possible contributing factors to the failure to detect viable virus
from the challenge subjects.
1) Technical issues. Operational issues of adapting the equipment for use in a
patient isolation ward may have contributed to the lack of virus detected. It
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was not possible to push air into the device using the bias flow pump whilst a
human exhaled so a portable low flow pull pump was used instead, which will
have altered the air flow dynamics. Additionally, human subjects exhaled into
the IVTT whilst wearing a facemask. Substantial condensation was noted
within the mask after each collection and it is possible that viable virus
adhered to the interior of the facemask. Swabbing the mask for virus could
have helped to understand this. Further refinement of our technique may be
required to optimise the apparatus for virus isolation from humans.
2) Droplet sizes. Emerging data from ferret studies has indicated that the
majority of viable influenza virus released into the air may exist in larger
particles(102,103). However, the situation in humans is unclear. Although
influenza is traditionally thought to transmit via large droplets, a contribution
of aerosol transmission is being increasingly recognised(112,220). If humans
exhale the majority of viable virus into small aerosols that do not sediment
within the IVTT, this could explain the lack of detection. We did attempt to
expose the cells for an additional 30 minutes to allow some smaller particles
to settle but unfortunately did not attempt any air sampling for nonsedimenting aerosols in these experiments.
3) Pre-existing immunity. The complex pre-existing immune profile of humans
means that artificial infection is harder to achieve than in immunologically
naïve ferrets. It is well described that human experimental infection results in
milder symptoms than natural infection(217). It may be that subjects are
mounting a rapid immune response to the challenge virus that subverts its
release into the air. One intriguing hypothesis is that secretory antibody or
other immune mediators can become contained in droplets released early in
infection and inhibit virus infectivity. Attempting quantification of viral RNA
could have helped to understand this.
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4) Inoculating virus. The virus used to inoculate the volunteers had been
propagated in eggs. Changes in receptor binding or pH stability of the
inoculating virus may have occurred during egg propagation could have
resulted in a virus not optimally adapted to replicate in the human URT. Low
URT viral titres are likely to correlate with less efficient shedding and
transmission. In human influenza challenge, the intranasal route of
inoculation and high inoculum dose (106 PFU) used, whilst akin to
experiments on ferrets, is unlike natural human infection and may not be ideal
for stimulating robust URT viral replication and shedding into the air. Indeed,
previous human challenge studies have shown that infection by aerosol
inhalation leads to more potent infection than instillation of nasal drops(221).

3.4.2 Nasal wash viral titres from experimentally-infected humans

We sought to understand if the failure to detect exhaled virus was a result of its poor
replicative ability in the human URT. Viral titre was quantified by RT-qPCR from daily
nasal wash samples for the 10 successfully infected subjects. This data, shown in
Figure 3.13, was kindly provided by the Chiu laboratory. Viral RNA became
detectable in the nose of the majority of patients between day 1 and 3 p.i.. One
subject (4-2) only had detectable nasal virus from day 5 p.i.. Peak titres reached
~104-105 RNA copies/mL, which is similar to that previously described following
human experimental inoculation(222). The day on which nasal wash titre peaked was
found to be heterogeneous between study subjects: day 2 (n=2), day 3 (n=2), day 4
(n=1), day 5 (n=3), day 6 (n=1), day 7 (n=1). Watson et al.(219), using the same
inoculum virus at a titre of ~106 TCID5, detected a mean peak TCID50 of 105.16 from
nasal samples with peak viral replication occurring 3-4 days after challenge.
However, in a meta-analysis of 56 human challenge studies, peak shedding occurred

118

predominantly on day 2 p.i, similar to that seen in immunologically naïve ferrets(222).

Figure 3.13. Nasal wash viral loads from experimentally infected human subjects. Virus titre was quantified
daily over 10 days by RT-qPCR for A) cohorts 1,2, and 3 (n=3) B) cohort 4 (n=4), C) cohort 5 (n=3). Data is shown
courtesy of Dr Christopher Chiu.

3.4.3 Mutations in the egg-adapted virus inoculum occur rapidly after
infection

Deep sequencing of the “A/California/04/2009-like” inoculum virus identified that it
differed from a reference A/California/04/2009 (Cal04) strain by several mutations the non-synonymous mutations identified are listed in Table 3.3. HA mutations P83S,
S203T, I321V and T197A have been described as variants that arose during the
early antigenic drift of pH1N1(223), signifying that the inoculum virus strain was
isolated later in the 2009 than the prototypic Cal04 strain and had already undergone
some genetic drift. D127E, D222G and Q223R have been described as egg
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adaptation mutations(224), which have likely arisen during the propagation of the
inoculum virus.

Segment

1

2

3

4

5

6

7

8

Gene

PB2

PB1

PA

HA

NP

NA

M

NS

Non-synonymous

R3K

P224S

P83S

V100I

S95N

mutations

P302S

D127D/E

G102R

V106I

T197A

I353V

N248D

S203T

L307L/I

D222D/G
Q223R/Q
I321V
Table 3.3 Non-synonymous mutations identified in the inoculum A/California/04/2009-like virus compared to
a reference A/California/04/2009 sequence. The HA mutations previously described to have arisen as genetic drift
are coloured green and those that have been described as egg adaptations are coloured blue.

We analysed the virus sequence present in nasal wash samples obtained from the
10 infected subjects on days 1, 2 and 3 p.i. by NGS. Sequencing quality was variable
and data is only shown where depth of >100 reads was obtained. None of the day 1
samples could be successfully sequenced. We saw rapid reversion of egg adaptation
mutations in segment 4 (HA) and segment 5 (NP) in virus obtained from nasal
washes compared with the inoculum virus that occurred by day 2/3 for multiple
subjects.

HA mutations

Sequence data of adequate depth and quality for the HA gene was obtained from 5
subjects. Mixed populations were detected at positions 127, 222 and 223, which are
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residues that have been previously described to be associated with egg adaptation.
These positions are all located in the head of HA, in close proximity to the receptor
binding domain or Sa antigenic site (Figure 3.14).

222

127

223

Figure 3.14. Location of mutations identified in sequencing of virus isolated from human nasal wash
samples. The position of mutations are modelled on a HA monomer using Pymol molecular visualisation tool (PDB:
4jtv).

i) Position 223

A mixed population of R/Q at position 223 (226 in H3 numbering) was present in the
inoculum virus (80% Q, 20% R), likely as a result of its propagation in eggs. In the
nasal wash of subjects where virus was successfully sequenced, this rapidly reverted
back to 100% of the “human-like” Q (Figure 3.15). Position 223 is located in the
receptor-binding site and is well described to play a key role in receptor binding
specificity in numerous influenza virus subtypes and strains. Q223R was previously
shown to switch receptor binding preference in pH1N1 from α2,6- to α2,3- linked
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sialic acid. Q223R resulted in abolition of respiratory droplet transmission in guinea
pigs and decreased transmission efficiency in ferrets. When introduced in
combination with the mammalian-adapting PB2 mutation T271A, Q223R resulted in
abolition of RD transmission in ferrets(225).

Figure 3.15. Deep sequencing of HA position 223. Proportions of amino acids detected by NGS at position 223 in
the HA gene of virus obtained from nasal wash samples acquired on day 2 or day 3 post inoculation, in comparison
to the inoculum. Sequencing from all day 1 samples was unsuccessful.

ii) Position 222 and 127

Mixed populations at positions 222 (225 in H3 numbering) and 127 (131 in H3
numbering) were also detected in the inoculum virus. The reference Cal04 virus has
a D at position 222 and D at position 127. The inoculum virus was found to contain
89% D/11% G at position 222 and 30% D/70% E at position 127, which may be a
consequence of egg adaptation.
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Following early replication in the URT of challenge volunteers, the proportion of D222
and E127 increased to >90% in 3 of the 5 subjects (1-1, 5-1 and 5-2). In the
remaining 2 subjects (2-1 and 4-1), a population of G222 and D127 persisted (Figure
3.16). We could hypothesise that differences in the baseline immunity of the adult
challenge subjects may underlie the differing selection pressures that we have seen
during this early stage of replication in the human nose.

D222G was reported in both 2009 pandemic H1N1 and 1918 pandemic H1N1 to
result in receptor binding specificity switch from α2,6 to dual (α2,6/α2,3) receptor
binding (82,226). D222G was also associated with cases of severe human pH1N1
infection, viraemia and lower respiratory tract involvement(227–230) and was
associated with airborne transmissibility of pH1N1 in ferrets(231). Position 127 is
located near the Sa antigenic site and D127E mutation has been characteristic of a
small proportion of the 6B.2 clade of pH1N1 that emerged through antigenic drift in
2015/16(232).

In this human challenge study, 3 volunteers consented to lower airway examination
by bronchoscopy – subjects 1-1, 2-1 and 4-4. Interestingly, subject 2-1 was the only
subject with a detectable viral load from lower airway sampling. One hypothesis is
that the G222 and/or D127 mutation in subject 2-1 increased binding to LRTprevalent α2,3-linked SA receptors, enabling viral replication at this site. Sequencing
virus obtained from lower airway sampling to ascertain the population of virus
prevalent at this site could help to understand this. Furthermore, it would be
interesting to investigate if any host factors specific to subjects 2-1 and 4-1 could
have lead to enrichment of G222/D127. For example, suboptimal immune responses
or any association with compromised lung function (e.g. asthma, smoking history).
Future work might aim to understand if humans pre-disposed to severe infection are
more tolerant of expanding populations of virus with G222.
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A

B

Figure 3.16. Deep sequencing of HA positions 222 and 127. Proportions of amino acids detected by NGS at
position (A) 222 or (B) 127 in the HA gene of virus obtained from nasal wash samples acquired on day 2 or day 3
post inoculation, in comparison to the inoculum. Sequencing from all day 1 samples was unsuccessful.

Nucleoprotein (NP) mutations:

Adequate sequencing of the NP gene was obtained from the nasal washes of 7
patients. In all these patients, an R to G mutation was detected at position 102.
Sequencing of the inoculum revealed 90% R102, whereas the reference Cal09 had
G at position 102 (Figure 3.17A). R102 has likely arisen as a consequence of egg
propagation(224). Mutations in this region of NP (Figure 3.17B) have previously been
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suggested to contribute to altered use of importin-α isoforms or escape from the
antiviral effect of the IFN-induced antiviral factor MxA(233). We hypothesise that the
G102R mutation is selected for during growth in eggs to enable use of importin-α3
(rather than α7 in human cells)(234) and/or that resistance to MxA is not required in
this system. Indeed, chicken Mx has been shown to be inactive against
influenza(235). In support of this, NP G102R resulted increased MxA sensitivity in a
polymerase assay using recombinant RNPs in one recent study(236). MxA
resistance has been linked to impaired viral fitness and therefore may be easily lost
in the absence of selective pressure(233,237).
A

B

102
100

Figure 3.17. Deep sequencing of NP position 102. (A) Proportions of amino acids detected by NGS at position
102 in the NP gene of virus obtained from nasal wash samples acquired on day 2 or day 3 post inoculation, in
comparison to the inoculum. Sequencing from day 1 samples was unsuccessful. (B) Location of residues 102 (blue)
and 100 (green) in the base of the body domain modelled onto the trimeric NP using Pymol molecular visualisation
tool (PDB: 2IQH).
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3.5 Discussion Part 2: key findings from human volunteers
experimentally inoculated with pH1N1 virus

59% of human volunteers became successfully infected with a pH1N1-like virus. Viral
replication in the order of 104-105 RNA copies/mL was detected from nasal wash
specimens. No exhaled viable virus was detected using the IVTT

NGS enabled us to measure the genetic diversity in the inoculating virus and after its
early replication in the human nose. We identified that egg propagation selected for
viral variants that likely provided a fitness advantage in this system, but probably
carried a fitness cost for replication in the human URT.

Intra-host adaptation occurred rapidly (by day 2/3) at specific sites when humans
were infected with this suboptimally adapted viral strain. The residues detected in HA
are previously described to be important for receptor binding and/or antigenicity. The
residue detected in NP is previously described to be important for importin-α
specificity and resistance to the antiviral restriction factor MxA. It would be interesting
to directly investigate whether the egg adaptation mutations in the inoculum virus led
to any change in its pH stability that could have contributed to an inability to be shed
efficiently into the air and have contributed to the lack of detection of IVTT plaques
from human volunteers.
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Chapter 4. The significance of HA stability for effectiveness of
the live attenuated influenza vaccine

4.1 Introduction

Two types of influenza vaccines are available for annual vaccination programmes
against circulating seasonal H1N1, H3N2 and influenza B viruses: the injectable
inactivated vaccine and the nasally-administered LAIV. LAIVs are needle-free, more
straightforward to manufacture and can induce mucosal, cellular and humoral
immune responses, mimicking natural immunity. LAIV viruses have cold adapted
(ca), temperature sensitive (ts) and attenuated (att) internal viral genes from master
donor viruses (MDV) and surface antigens (HA and NA) from the circulating influenza
H1N1, H3N2 and influenza B subtypes. The cold-adapted nature of the internal viral
genes results in mild and self-limiting infection when administered intranasally, since
the virus cannot replicate at the higher temperature of the lower respiratory tract.
Two types of LAIV have been independently developed. FluMist®/Fluenz®
(AstraZeneca) is derived using the A/Ann Arbor/6/60 or B/Ann Arbor/1/66 MDV and
has been introduced into seasonal influenza vaccination programmes in the US, UK,
Canada and Finland. The other product, developed and used in Russia, is derived
using the A/Leningrad/134/57 or B/USSR/60/69 MDV and is primarily targeted to lowand middle- income countries as part of a WHO-driven pandemic preparedness
initiative aiming to increase global pandemic vaccine production capability (238).

LAIV is predominantly targeted as a vaccine for children. RCTs performed in the
early 2000s demonstrated that LAIV was highly efficacious in this patient group (85%
efficacy on meta-analysis (239)). However, in recent years, controversies have
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arisen about LAIV effectiveness, in particular against pH1N1 viruses that have
circulated since 2009. In years when pH1N1 circulated as the predominant seasonal
virus, very low pH1N1 VE was reported from the USA – 15% in 2010/11, 17% in
2013/14 and -21% (i.e. no effectiveness) in 2015/16 (240). These findings led to a
temporary stalling on the use of LAIVs in the USA between 2016 and 2018 and
highlighted significant unknowns on how to optimise their effectiveness (240).

The immunity induced by LAIV requires adequate viral replication in the human URT
and the leading hypothesis for reduced VE is poor replicative ability of the pH1N1
strain. As discussed in Chapter 2, when pH1N1 viruses emerged in 2009, they had a
pH of fusion of around 5.5, which is higher than that reported for the other human
seasonal viruses, and retained binding to α2,3-linked SA receptors. Over the
subsequent years of its circulation amongst humans, a decrease in the pH of fusion
(134,138) and α2,3 SA binding and concomitant increase in α2,6 SA binding (241)
has been detected. In contrast, the extent of adaptation of H3N2 viruses (that have
circulated in humans since 1968) and B viruses (that are human-specific) to
replication in the human nasal tract is likely to be much greater than for pH1N1. We
hypothesised that poor replicative ability of the novel pH1N1 virus in the human nasal
tract might underlie the poor VE observed. In Chapter 2, we demonstrated that
viruses with different HA pH stability had differing replication kinetics in pHNECs. A
pH of fusion >5.5 was attenuating for replication in pHNECs, likely due to increased
inactivation in the extracellular environment. Although WT pH1N1 (pH of fusion of
~5.5) replicated efficiently in our experiments in pHNECs detailed in Chapter 2,
O’Donnell et al.(34) showed that when viruses were reassorted to contain the Ann
Arbor MDV internal genes they can become less pH stable than their wild-type
counterparts due to cold-adapting mutations in the viral M gene. Any reduction in
stability could have a greater impact on the infectivity of pH1N1 in human nasal
epithelium by increasing its pH of fusion above the threshold for beneficial survival in
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the extracellular environment and tip the delicate balance out of favour of the virus.
Compounding this, as part of a multivalent product, the pH1N1 component might
struggle to compete with the other better adapted influenza strains for host cells and
substrates.

LAIV manufacturers have historically used eggs or continuous cell cultures (MDCK
cells) to grow and/or titrate viruses. Based on our findings in Chapter 2, which
demonstrated that the replicative ability of viruses with varying pH of fusion in MDCK
cells and pHNECs can be inconsistent, we aimed to investigate whether pHNECs
can offer a more useful model for vaccine manufacturers to assess the replicative
ability of viral strains selected for inclusion in the vaccines of the future.

4.2 Results
4.2.1 Growth of monovalent cold-adapted vaccine viruses on primary
human nasal epithelium

Influenza vaccines produced between 2009/10 and 2017/18 included the pH1N1
A/California/07/2009-like virus as per WHO recommendations, based on a virus
isolated at the start of the 2009 pandemic. As discussed above, LAIV effectiveness
against pH1N1 during this time was reported to be poor. The key hypothesis that we
sought to explore is poor replicative ability of this early pH1N1 strain in the human
nose. Because of antigenic changes in the pH1N1 virus, the WHO recommended
use of an updated pH1N1 strain in influenza vaccines for the 2017/18 season. We
aimed to compare if this updated strain, isolated from more recent circulation, had
improved replicative ability in the human nose.
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To investigate, monovalent cold-adapted vaccine viruses were kindly provided by
Serum Institute of India Pvl Ltd (SIIPL). As part of a WHO-led initiative to increase
global pandemic vaccine preparedness, SIIPL manufactures Leningrad-backbone
LAIV (Nasovac-S®). The cold-adapted monovalent vaccine strain viruses provided
included:
•

A/17/California/2009/38 (pH1N1, “Cal09”)

•

A/17/New York/15/5364 (pH1N1, “NY15”)

•

A/17/Hong Kong/2014/8296 (“H3N2”)

•

B/Texas/02/2013 (B/Victoria lineage, “B/Vic”)

•

B/60/Phuket/2013/26 (B/Yamagata lineage, “B/Yam”)

The Leningrad-backbone LAIV produced by SIIPL in 2017/18 includes A/17/New
York/15/5364 (“NY15”) - a pH1N1 strain isolated 6 years later than Cal09. We
hypothesised that this more “human-adapted” strain might have increased pH
stability which could contribute, at least in part, to improved replication in the human
URT. Whether any improved replicative ability translates to improved VE remains to
be seen from real-world data. In the 2017/18 season, H3N2 virus predominated and
there is therefore no data on pH1N1 VE. pH1N1 co-circulated with H3N2 in 2018/19
and data on LAIV VE is not yet out in the public domain.

To compare the replicative fitness of Cal09 and NY15 as well as the other vaccine
viruses, we inoculated pHNECs with each monovalent virus at equal MOI
(determined by plaque assay of the monovalent stock). Viral titre (PFU/mL) was
quantified by plaque assay on MDCK cells (or MDCK-SIAT cells for H3N2) from
apical washings taken daily post inoculation. All viruses replicated well initially;
however, by 72 hours, titres of Cal09 diminished whilst titres of the other viruses
continued to increase. The area under the curve for NY15 was significantly greater
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than Cal09 (p<0.05) (Figure 4.1A). For comparison, the replication kinetics of
monovalent H3N2 and influenza B strains were also tested (Figure 4.1B). These
viruses replicated robustly, although the kinetics of replication are noted to be
different from NY15, which peaks earlier after infection.

We also tested the pH stability of Cal09 and NY15 by exposing the viruses to pHadjusted buffers and quantifying the remaining infectivity. The data demonstrate
NY15 was more resistant to inactivation at low pH than Cal09 (p<0.0001 at pH 5.3)
(Figure 4.1C), which may be contributing to its improved replicative ability in human
nasal cells.
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A

B

C

Figure 4.1 Replicative ability of monovalent live attenuated vaccine viruses. (A and B) Primary human nasal
epithelial cells were infected at MOI 0.01 (calculated by PFU/mL) in triplicate with each monovalent virus. Time points
were taken daily and virus titre quantified by plaque assay on MDCK cells (or MDCK-SIAT cells for H3N2 virus). (C)
The pH stability of Cal09 versus NY15 was tested by incubating each virus in low pH MES buffers and titrating
remaining infectivity by plaque assay on MDCK cells. Mean +/-SD is shown and students t test used to compare
viruses at each time point. *p<0.05, ***p<0.001.
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4.2.2 Growth of cold-adapted viruses from the multivalent vaccine on
primary human nasal epithelium

We obtained Leningrad-backbone LAIV (Nasovac-S®) produced for the 2016/17 and
2017/18 influenza seasons. These are trivalent vaccines that contain A/17/Hong
Kong/2014/8296 (H3N2), B/Texas/02/2013 (B/Victoria lineage, “B/Vic”) and either
A/17/California/2009/38 (pH1N1, “Cal09”) in the 2016/17 vaccine or A/17/New
York/15/5364 (pH1N1, “NY15”) in the 2017/18 vaccine.

4.2.2.1 Replicative ability of vaccine viruses
We sought to investigate how the vaccine viruses replicate in pHNECs when
inoculated simultaneously from the multivalent product. One hypothesis is that
pH1N1 may be outcompeted in the presence of other viral strains and that this could
be contributing to the poor VE reported. Investigating viral replication using the
vaccine product itself rather than an artificial mix of viruses was felt to be most
clinically relevant as it is not possible to reproduce the exact combination of viruses.
We inoculated pHNECs with each vaccine mix at MOI of 0.01 (based on the plaque
assay titre of the vaccine) in triplicate. Time points were taken daily for 5 days p.i.
and the quantity of each vaccine component was assessed by RT-qPCR using
specific primers targeted to the HA gene. The raw data obtained (presented as 1/Ct
value) is shown in Figure 4.2A and Figure 4.3A. Additionally, we derived a standard
curve consisting of 10-fold dilutions of each of the monovalent viruses obtained from
the same vaccine manufacturer based on their titre in PFU/mL determined by plaque
assay. This standard curve was used to convert the Ct values to a PFU-equivalent
titre (Fig 4.2B and 4.3B). One caveat of this approach is that we cannot be certain
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that the monovalent virus stock provided by SIIPL has the same PFU:particle ratio as
that used to derive the vaccine mix.

With the 2016/17 vaccine, replication of pH1N1 Cal09, was low. The H3N2 strain
was also observed to replicate poorly. B/Vic replicated the most efficiently. This
pattern could be seen in both the raw RT-qPCR (Figure 4.2A) data and also when
converted to a PFU equivalent titre (Figure 4.2B). Comparing PFU equivalents, the
area under the curve for B/Vic was significantly higher than for Cal09 or H3N2
(p<0.05). When the difference between the viruses at each time point was assessed
by 2-way ANOVA, significance was reached for Cal09 versus B/Vic and H3N2 versus
B/Vic day 3 (p<0.01) and day 4. (p<0.0001) p.i but the difference between Cal09 and
H3N2 was not significant.
On the other hand, from the 2017/18 vaccine, pH1N1 NY15 replicated to high titres.
Unexpectedly, however, we saw attenuation of the B/Vic component (Figure 4.3A
and Figure 4.3B), which had replicated robustly when pHNECs were inoculated with
the 2016/17 vaccine mix and on its own. By 2-way ANOVA, the difference between
H3N2 and B/Vic versus NY15 reached significance only on day 5 p.i..

Next, we measured the quantity of each viral component in the 2016/17 and 2017/18
Leningrad trivalent mixes by RT-qPCR and used our standard curve of known
PFU/mL titres to convert Ct values to PFU-equivalents. With this method, we
quantified ~1 log less Cal09 PFU-equivalents in the 2016/17 vaccine mixture than the
other two viruses (Figure 4.2D). It is tempting to speculate that this could have
contributed to the poor replication noted. On the other hand, the quantity of NY15
PFU-equivalents in the 2017/18 vaccine was more comparable to H3N2 and B/Vic
(Figure 4.3D). Interestingly, in the 2017/18 vaccine the quantity of B/Vic by PFU/mL
was significantly higher than NY15 so this is unlikely to account for the poor
replication noted in Fig 4.3A and 4.3B.
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However, comparing raw Ct values obtained by RT-qPCR gave a different picture
whereby the relative of quantities of the three components was similar in both
vaccines with pH1N1>H3N2>B (Figure 4.2C and 4.3C). This may suggest that there
are virus particles in the LAIV vaccine mix that are non-infectious and that this
phenomenon disproportionately affects the pH1N1 component, particularly Cal09.
Gould et al.(242) reported the presence of defective interfering particles in
preparations of Ann Arbor LAIV and it would be of interest to perform a similar
analysis of the Leningrad vaccine. However, we cannot rule out that the monovalent
virus stock used for deriving the PFU-equivalent standard curve had a different
PFU:particle ratio than that included in the vaccine and it is not possible to determine
the quantity of infectious units for individual viruses in a trivalent mixture. In addition,
we do note that the Ct values for all strains (Figure 4.2C and Figure 4.3C) and PFU
equivalents/mL (Figures 4.2D and 4.3D) for H3N2 and B/Vic in the vaccine were
higher in 2017/18 than in 2016/17. Unfortunately, the 2016/17 vaccine could only be
obtained after the influenza season had finished and experiments were performed on
a vaccine vial that was therefore just outside expiry. It is possible, as a result of this,
that a loss of viral infectivity in the 2016 vaccine vial had occurred, which may have
disproportionately affected infectivity of the pH1N1 component in 2016/17 and is a
caveat of this work.
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D

Figure 4.2 Replicative ability and quantification of viral strains in the 2016/17 season LAIV. (A) and (B)
Primary human nasal epithelial cells were infected with 2016/17 season Nasovac-S® vaccine at MOI 0.01 in
triplicate. Time points were taken daily and each viral component quantified by RT-qPCR. (C) and (D) The amount of
each virus in the 2016/17 vaccine was quantified by RT-qPCR. Raw 1/CT values are shown in (A) and (C) and Ct
values converted to PFU equivalents based on a standard curve consisting of 10-fold dilutions of each monovalent
virus at known PFU/mL in (B) and (D). Error bars represent standard deviations. Two-way ANOVA (B) or one-way
ANOVA (D) was used to compare Cal09 to H3N2 and B/Vic ** p<0.01 ***p<0.001, ****p<0.0001
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Figure 4.3 Replicative ability and quantification of viral strains in the 2017/18 season LAIV. (A) and (B)
Primary human nasal epithelial cells were infected with 2017/18 season Nasovac-S® vaccine at MOI 0.01 in
triplicate. Time points were taken daily and each viral component quantified by RT-qPCR. (C) and (D) The amount of
each virus in the 2017/18 vaccine was quantified by RT-qPCR. Raw 1/CT values are shown in (A) and (C) and Ct
values converted to PFU equivalents based on a standard curve consisting of 10-fold dilutions of each monovalent
virus at known PFU/mL in (B) and (D). Error bars represent standard deviations. Two-way ANOVA (B) or one-way
ANOVA (D) was used to compare NY15 to H3N2 and B/Vic * p<0.05 ***p<0.001

4.3 Discussion

It is of paramount importance to understand the underlying reasons for the low
effectiveness of pH1N1 within LAIV, to aid in improving vaccines and in making
public health decisions. Based on data accrued prior to 2016 showing poor VE of
LAIV against pH1N1, the US Advisory Committee for Immunization Practices (ACIP)
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withdrew its recommendation for use of LAIV in the US market for the 2016/17 and
2017/18 seasons. This decision had far reaching impact for vaccine manufacturers,
public health officials and the public. Importantly, real-world LAIV VE data is now not
available for analysis from the US in 2016-2018, which will have impact for evidence
based public health decision-making across the world over forthcoming years. At the
time of the ACIP decision, the underlying reason for poor pH1N1 VE was unclear and
the issue highlighted significant gaps in understanding about virological,
immunological and epidemiological aspects of making and using LAIVs and how to
assess their effectiveness(240). Here, we have attempted to address and discuss
some of these issues

4.3.1 Poor replicative ability of pH1N1 strain

We hypothesised that pH1N1 may have lower replicative ability in the human URT
than H3N2 and influenza B virus strains. Since viral replication is critical to
immunogenicity of live vaccines, any reduction in replication could translate to a
reduction in VE(240). We demonstrated poor replication of the prototypic Cal09
pH1N1 strain in the 2016/17 Leningrad-backbone LAIV. An updated pH1N1 NY15
strain in the 2017/18 vaccine had improved replicative ability and increased acid
stability. These data have been included in a recently published paper, Lindsey et
al.(243). Our coauthors assessed in vivo viral shedding and immunogenicity in
children in The Gambia following vaccination with the 2016/17 and 2017/18 season
Leningrad-backbone LAIV. In line with our results in pHNECs, the data demonstrated
poor replicative fitness and low immunogenicity of the Cal09 virus in Gambian
children vaccinated with 2016/17 Leningrad LAIV, whereas NY15 virus in the
2017/18 vaccine was shed to higher titres and induced enhanced immune
responses.(243). In this study, VE was not assessed; when available, data from real-
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world use of LAIV containing updated pH1N1 component during a season when
pH1N1 is predominant will provide further clarification about whether this strain
substitution can translate to improved VE. In support of our findings, a recent report
from the CDC using Leningrad-backbone LAIV strains also demonstrated that
replicative ability of Cal09 LAIV strain was poor in pHNECs. The authors also
showed that same virus replicated robustly on MDCK cells, highlighting that the
same virus can behave differently in different experimental systems(244). In recent
years, vaccine manufacturers have responded to these findings in real-time. Data
presented to the ACIP meeting in 2018 also showed that using eggs and MDCK cells
was not predictive of replication of pH1N1 Ann Arbor LAIV viruses in primary human
nasal cells. Consequently, there has been a recent move to evaluate replicative
fitness of LAIV candidate strains in pHNECs(245).

4.3.2 Reduced quantity of infectious pH1N1 in the LAIV

Our data also suggested a reduced titre of infectious pH1N1 virus in the 2016/17
vaccine; an issue that appears to be rectified in the 2017/18 mix. Possible
explanations for this include (i) the presence of Cal09 defective interfering particles in
the vaccine(242,246), (ii) a consequence of the assay used by manufacturers to
quantify viruses for inclusion in the vaccine, or (iii) an artefact of the method we used
here for quantification. Regardless, it raises interesting points for discussion. The
viral strains used in Leningrad LAIV are highly egg adapted and are quantified by
EID50. Data from SIIPL previously reported that titres of LAIV viruses in Vero and
MDCK cells could be up to 2 logs lower than when titrated in eggs and this
phenomenon varied from strain to strain(247). This issue may also apply to the
USA/UK-product, the Ann Arbor-backbone LAIV, which is titrated by focus forming
assay (FFA). FFA quantifies virus in a single round of replication, which could
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mistakenly score defective particles as viable and also may be prone to strain-tostrain variability. In Chapter 2, we saw that HA mutants with high pH of fusion that
scored highly in the “UpLUC” reporter assay had reduced replicative ability in
pHNECs. The UpLUC assay, similar to the FFU, quantifies virus in a single round of
replication. Indeed, more recent evaluation of pH1N1 viruses used in the 2013/14
and 2015/16 vaccines by the Ann Arbor vaccine manufacturer revealed that viral
titres obtained via TCID50 (a multicyle assay) were substantially lower than those
obtained via FFU. The vaccine manufacturer subsequently reported to ACIP in 2018
that they have moved to quantifying vaccine viruses for inclusion in the LAIV using
both TCID50 and FFU in combination(245). These findings are consistent with our
data.

4.3.3 Viral interference in the multivalent LAIV vaccine

A further observation that may compound the problem of poor pH1N1 VE is the
multivalent nature of LAIV. As viral strains replicate at the same site in the nose, the
least efficient virus could become suppressed by lack of target cells or overwhelmed
by an innate immune response induced by the faster replicating strains (248–250).
Indeed, Laurie et al. previously demonstrated viral interference in wild type virus
infections of ferrets exposed to different influenza types and subtypes (251,252). For
example, pH1N1 replication in ferrets induced a temporary state of refractoriness to
subsequent infection with influenza B (250). Similarly, we saw in pHNEC cultures
that robust replication of the NY15 pH1N1 LAIV strain may have adversely affected
replication of B/Vic. It would be interesting to mix different quantities of NY15 and
B/Vic and explore in more detail if interference is occurring. Whether or not this
observation translates to human shedding or VE data is unclear. Lindsey et al.(243)
did not observe any decline in viral shedding or immunogenicity of the B/Vic
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component using the 2017/18 Leningrad vaccine in The Gambia. This discrepancy in
our in vitro findings and those of Lindsey et al. may indicate an artefact of cell culture
experiments. Within the restricted environment of a well of pHNECs, viral
interference from the pH1N1 NY15 strain that is replicating robustly and perhaps
inducing an early interferon response or using up the limited number of cells within a
pHNEC culture well may have greater impact on the replication of other viruses.
Indeed, comparing Figure 4.1A and 4.1B, we can see that the replication kinetics of
monovalent NY15 and B/Vic differ, with NY15 reaching higher titres early in infection
(by day 3) whereas the peak of B/Vic occurs later. The relevance of this
phenomenon for replication in human upper respiratory tract where there is a larger
surface area and far greater number of target cells, is unclear. Nonetheless, the data
raise the possibility of a limitation of pHNECs as a model for viral interference in the
human URT. An in vivo model such as ferrets could provide a more useful means to
understand the delicate balance that needs to be struck when viruses are delivered
in combination in order to enable adequate replication of each strain and induction of
effective immunity against each strain. Future work must focus on improving our
understanding of viral hierarchies and competition in the context of LAIV. For
example, it may be that vaccine manufacturers could consider including different
quantities of viral components or stagger their delivery to optimise the replicative
ability and immunogenicity of each strain.

To conclude, the problem with pH1N1 in LAIV demonstrates that the HA surface
protein has a significant impact on the performance of LAIV strains. Strain selection
for inclusion into LAIV needs to be much more considered than has occurred to date.
In general, the WHO recommends strains for inclusion in the inactivated influenza
vaccines based on antigenicity of circulating strains and this has been directly
applied to LAIV. However, it has become clear that selection of LAIV viruses requires
a deeper understanding of virological aspects of influenza strains that affect their
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infectivity in the human URT including receptor binding characteristics, pH and
temperature stability, HA:NA balance and the generation of defective particles.

In addition to the potential for improving the effectiveness of seasonal influenza
vaccines, our findings may have relevance to other LAIVs under development,
including those aimed for use in a pandemic. Pandemic LAIVs including against H5
and H7 viruses were found to be highly restricted in replication and poorly
immunogenic in phase 1 trials in healthy adults (253,254). Improved understanding
of the viral genetic basis for good infectivity in the nasal tract and immune correlates
for protection would improve the ability to select and engineer appropriate strains in
the future. For example, engineering mutations into the HA stalk that alter pH stability
without affecting antigenicity may be an interesting strategy to pursue. Overall,
understanding how to make and use a live attenuated influenza vaccine that protects
against emerging influenza viruses is of public health priority.
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Chapter 5. Conclusions and Future Directions
The pH-dependent uncoating of influenza A viruses as they enter cells is a critical
step in the viral life cycle. Virions that do not trigger HA conformational change will be
trafficked for degradation in lysosomes. The pH stability of influenza viruses can
vary, affecting their ability to uncoat efficiently in endosomes and release their
genomes to the host cell nucleus. The evolution of a virus’ acid stability could depend
on a variety of selective pressures including sites of replication, target cells, host
species, ecology and routes of transmission. Opposing pressures from both
extracellular and intracellular environments encountered may limit HA pH of fusion to
an optimal range that can shift depending on viral and host factors or ecology.

5.1 Increased pH sensitivity can advantage virus uncoating
intracellularly

Having generated a panel of pH1N1 viruses with varying HA pH stability, we found
that increased pH sensitivity (high pH of fusion) conferred a replicative advantage in
continuous cell cultures. We demonstrated that the underlying reason for this
replicative advantage related to more efficient virion uncoating in endosomes. When
mutant pH1N1 viruses were triggered to fuse at the cell surface and enter via the
cytoplasm, increased pH sensitivity did not advantage replication. The ability to
uncoat more efficiently in endosomes was not related to escape from IFITM 3 but
may result from fewer virions being trafficked to degradative lysosomes.
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5.2 Increased pH sensitivity disadvantages virus depositing on
the upper respiratory tract

Studies have shown that the human upper respiratory tract is mildly acidic. Virions
must successfully traverse this hostile environment in order to reach their target cells.
Virus with more fragile HA protein may be rendered non-infectious if HA
conformational change is triggered in the extracellular environment, before virions
reach their target cells. We generate evidence to support this hypothesis using
different experimental model systems. In primary human nasal epithelial cells
cultured at air-liquid interface, virus with more pH sensitive HA was attenuated for
replication. When the acidic environment of the apical surface was pH neutralised,
this attenuation was abrogated. A similar pattern was seen when mice were
inoculated with our panel of pH1N1 mutants, with the most pH sensitive virus causing
limited weight loss and lower lung viral titre on day 2 p.i. than its more pH stable
counterparts.

5.3 Increased pH sensitivity disadvantages virus in airborne
droplets

pH stability is a critical property for between-host transmission. In addition to survival
outside of target cells once a virus deposits on the URT, a stable HA can facilitate
virus survival as it travels between hosts in airborne droplets. Using a novel method
for directly isolating and characterising infectious virus from airborne droplets, we
found that ferrets infected with a more stable pH1N1 mutant exhaled more infectious
virus into the air. Virus exhaled by ferrets infected with a more fragile mutant had
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acquired mutations to stabilised the HA protein. When the two mutant viruses were
nebulised into the IVTT apparatus together, the more stable mutant was found to
better retain infectivity in airborne droplets. Unfortunately, when we applied the same
apparatus to attempt collection of virus exhaled by experimentally-infected humans,
we were unable to detect any infectious virus in the air.

5.4 Implications for pandemic potential and antiviral
treatment

A schematic diagram of our understanding of the relationship between HA stability,
virulence and transmission is shown below (Figure 5.1). In order to infect and
replicate in humans (blue line) or mice (purple line) influenza viruses have an
optimum pH of fusion that is lower than in domestic poultry (green line). This
becomes important when assessing for zoonotic influenza viruses with pandemic
potential. For an influenza virus to become a successful human pathogen, it must be
able to sustain human-to-human airborne transmission, which requires a more stable
HA. Avian viruses that circulate in poultry and have raised pandemic concern such
as H7N9 and H5N1 are not transmissible via the airborne route. They must therefore
evolve to become more pH stable in order to be efficient and infecting and
transmitting amongst humans. Interestingly, as part of a risk assessment of H7N9
viruses, Sun et al.(135) showed that two highly pathogenic H7N9 viruses isolated
from human cases in the “fifth wave” in 2016/2017 were more acid stable (pH of
fusion 5.4) than low pathogenic human isolates (pH of fusion 5.7-5.8). This increased
stability was found to be mediated by a K64 mutation in HA2 but the highly
pathogenic fifth wave viruses were no more transmissible in a ferret model –
additional viral adaptive changes were perhaps still required. Systematic monitoring
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of the acid stability of emerging influenza viruses may be informative in the future as
part of pandemic risk assessment. Conversely, anti-influenza therapeutics that target
the fusogenic ability of the influenza HA may drive virus to evolve an increased pH of
fusion, with consequences on the balance we describe, between viral pathogenicity
and transmissibility.

Figure 5.1. Schematic diagram of the relationship between HA pH of fusion, virulence and airborne
transmissibility.

5.5 Implications for optimising live attenuated vaccines

Understanding the implications of HA stability for viral growth and titration in different
experimental systems, where the balance between extracellular and intracellular
conditions may be weighed differently has proven critical for optimising LAIV
production and delivery. The poor effectiveness of pH1N1 in LAIV may be partially
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explained by its pH sensitivity impacting on reduced growth in the human URT and/or
reduced quantity of infectious units in the vaccine. As part of LAIV strain selection, it
may be prudent to test HA stability, growth in pHNECs and use an appropriate multicycle growth assay for titrating virus for inclusion in the vaccine. Optimising the pH
stability of vaccine virus strains by genetic manipulation of residues in the HA stem
region that do not impact on antigenicity is a potential avenue for improving live
attenuated vaccines.

5.6 Future work
5.6.1 Chapter 2
1. We did not detect any differential effect of IFITM3 on our panel of mutant
viruses with varying pH of fusion. However, another study(157) did detect that
viruses with higher pH of fusion can escape restriction by IFITM 3. It would be
prudent to perform further testing to confirm our result, for example using an
IFITM2/3 knock-out cell line to exclude any effect of intrinsic cellular IFITMs.
2. To neutralise the acidic pH on the apical surface of pHNECs we submerged
the cells in DMEM (pH 7.4). However, we cannot be certain that this pH was
maintained throughout the apical space, for example on the cell surface.
pHNECs have a layer of mucous, cilia and ion channels that may be acting to
regulate extracellular pH. It would be interesting to perform a growth curve
with our panel of viruses submerged in mildly acidic media, in both pHNECs
and MDCKs. Furthermore infecting pHNECs and staining en face for virus NP
would help to confirm our hypothesis that Y7H virus was becoming
inactivated extracellularly and infecting fewer cells.
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3. Deep sequencing of Y7H virus after 5-7 days replication in pHNECs would be
valuable to analyse if any evolution has occurred as was observed in the
ferret URT in experiments described in Chapter 3.
4. Analysis of cytokine profiles and lung histology from mice infected with our
panel of HA mutants would be of interest to delineate whether the HA
mutations had any additional effects during mouse infection.
5. Measurement of the pH of the mouse upper respiratory and lower respiratory
tract would help to understand comparison of the model to what is known
about the human respiratory tract.
6. Deep sequencing of Y7H virus after 5-7 days replication in mice would also
be valuable to analyse if any evolution has occurred as was observed in the
ferret URT. In particular, we observed an increase in the lung viral titre on day
5 in some Y7H-infected mice and it would be interesting to see if any viral
mutations had occurred.
7. To confirm our hypothesis of increased degradation in lysosomes of viruses
with more pH stable HA, direct visualisation using immunofluorescence or
single particle tracking techniques would be worthwhile.
8. It would be of interest to perform cell culture passaging studies of pH1N1 in
the presence of drugs targeting the fusogenic ability of HA such as stemtargeting monoclonal antibodies to understand how virus might escape such
drugs.
9. Our studies were restricted to 3 mutant viruses plus the wild type pH1N1
virus. With more time, testing more virus mutants and additional virus
subtypes/strains would help to broaden the significance of our findings. In
particular it would be interesting to analyse if the same patterns could be
observed in seasonal H3N2 viruses as well as emerging avian/swine viruses
of pandemic concern.
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5.6.2 Chapter 3
1. A major caveat of the IVTT is that we have not been able to successfully
quantify viral RNA emitted by infected ferrets. It is likely that refinement of the
methodology is required to achieve this. Measuring exhaled viral RNA would
be instrumental in assessing our hypothesis that virus released into the air
becomes inactivated. The data would help to understand how much virus is
exhaled and thereby what proportion is remaining infectious.
2. In our experiments on ferrets infected with Y7H or E21K we did not include
sentinel animals. Although use of the IVTT in Y7H-infected ferrets enabled us
to detect many more exhaled mutant viruses, it would be of interest to identify
which, if any, virus mutant could initiate infection in a respiratory droplet
sentinel animal housed in an adjacent cage.
3. Sampling viral RNA from the air using devices such as the NIOSH
Biosampler or Anderson impactor, which can be placed in the animal’s room
to collect viral RNA from air over a prolonged period of time (e.g. 24 hours)
may have yielded some interesting data for analysis.
4. Furthermore, it could have been valuable to have directly monitored clinical
signs in ferrets during these experiments such as timing of fever, coughs,
sneezes and mucous production and how these relate to the amount of
infectious virus that was exhaled. However, based on the findings of Roberts
et al.(204), we do not anticipate there to be much in the way of quantifiable
clinical signs in ferrets at the time that the peak of exhaled virus was detected
using the IVTT.
5. Measurement of the pH of the ferret upper respiratory tract and respiratory
secretions would help to understand comparison of the model to what is
known about the human respiratory tract.
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6. Further analysis of the composition of ferret secretions and how they change
during infection would be of great interest but will require development of
novel techniques. This could be an important area for future research, to
understand why it is that the amount of infectious virus released decreases
over the course of infection – for example, whether this is related presence of
immune mediators, a change in pH or other factors.
7. Further analysis of the NS1 mutation that was identified in one exhaled
plaque that had increased pH stability should be performed. For example, it
would be worthwhile generating a reverse genetics virus with this mutation
included and testing if the mutation can confer increased pH stability or is
conferring some other advantage to virus existing in respiratory droplets.
8. Our studies were restricted to 3 mutant viruses plus the wild type pH1N1
virus. With more time, testing more virus mutants and additional virus
subtypes/strains would help to broaden the significance of our findings. In
particular it would be interesting to analyse if the same patterns could be
observed in seasonal H3N2 viruses as well as emerging avian/swine viruses
of pandemic concern.
9. Future studies in ferrets using the IVT to increase our understanding of the
transmission bottleneck for other known viral determinants of airborne
transmissibility should be performed. For example, the IVT could be used to
investigate whether the bottleneck is at the point of virus release from the
donor, as virus travels through the air in droplets or at the point of entry and
replication in the sentinel host. Viral properties such as receptor binding
specificity, NA stalk length or virus morphology could be the subject of future
studies.
10. It would also be of interest to sample exhaled virus from a sentinel ferret to
understand if the kinetics of virus detection differed in a ferret infected by a
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more “natural” method than the intranasal instillation used to infect the donor
ferrets.
11. We were unable to detect any infectious virus exhaled by humans
experimentally infected with pH1N1. It is likely that further refinement of the
IVT technique is required for isolation of airborne virus from humans. It would
be particularly useful to attempt detection of viral RNA from air in the IVTT to
assess whether virus-laden droplets are able to pass into the IVT tunnel.
12. Testing the pH stability of the inoculum virus used to inoculate human
volunteers in this study would be prudent. The egg adaptation mutations
could have increased the pH of fusion of the inoculum that impaired its ability
to remain infectious in airborne droplets.
13. Future studies applying the IVT in naturally infected humans or in LAIV
recipients to assess whether infectious +/- non-infectious virus can be
detected would be valuable. Furthermore, experimental infection with a virus
strain that has not been passaged in eggs may yield more fruitful data.

5.6.3 Chapter 4
1. pHNECs have been adopted for use in strain selection for LAIV. However,
our data point to some potential caveats of this system. Further experiments
in pHNEC to understand why the growth of some strains appears to be
impaired when viruses are infected in combination would be of use.
2. Further, investigations into the role of interference with LAIV viruses using an
in vivo model such as ferrets could help to understand this issue.
3. If we had further viral stock and time available, we would plan to assess
monovalent LAIV viruses using other assays such as UpLUC, FFA and to
investigate their growth in MDCK cells and eggs.
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4. We were only able to procure Leningrad-backbone vaccine. However the
majority of real-world VE data is from use of the Ann Arbor-backbone LAIV.
Ideally, similar experiments in pHNECs using the Ann Arbor vaccine should
be performed to assess if similar observations can be made.

5.7 Summary statement

To conclude, our data show that mutations that alter the HA pH of activation have
marked effects on virus behavior in different experimental systems and point toward
an optimum pH of activation for influenza viruses to infect, replicate and transmit in
humans. This appears to be denoted by a balance between a virus’ need to
withstand external conditions (environmental and extracellular) while maintaining
adequate sensitivity to trigger viral uncoating intracellularly. Understanding the
consequences of changes in HA pH stability on viral phenotypes has implications for
the rational use of antiviral drugs, improvement of vaccines, and monitoring of
pandemic risk.
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Chapter 6. Materials and Methods
6.1 Materials

6.1.1 Cell lines
Name
Madin Darby
canine kidney
(MDCK)
MDCK-SIAT1

Cell Type
Canine kidney epithelial cells

Source
GlaxoSmithKline

MDCK cells expressing
increased levels of α2,6-linked
sialic acid(255)
Human embryonic kidney cells
Human lung adenocarcinoma
epithelial cells
Highly differentiated primary
human nasal epithelial cells
cultured at air-liquid interface

WHO CC London

Species
BALB/c mice

Age, sex
6-8 weeks, female

Ferrets

14-16 weeks, female

Comment
Virus infection and
pathogenicity
Virus infection and
transmission

293T
A549
pHNEC

GlaxoSmithKline
ATCC
Epithelix Sàrl

Table 6.1 Cell lines used in this study.

6.1.2 Animals

Table 6.2 Animal species used in this study.

6.1.3 Viruses
Virus
A/England/195/2009
(H1N1)

Details
First fully sequenced pH1N1/09 virus
from the UK. Derived by reverse
genetics.
A/England/195/2009
Reverse genetics virus with E21K point
E21K
mutation in haemagglutinin
A/England/195/2009 A9T Reverse genetics virus with A9T point
mutation in haemagglutinin

Source
R Elderfield,
Barclay
Laboratory
This study
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A/England/195/2009
Y7H
A/England/195/2009
D112G
A/England/195/2009
N114K
A/England/195/2009
S113F
A/England/195/2009
E103H
A/England/195/2009
H72D
A/England/195/2009
H72N
A/England/195/2009
T49S
A/England/195/2009
K75R
A/California/04/2009
(H1N1) GMP virus

Reverse genetics virus with Y7H point
mutation in haemagglutinin
Reverse genetics virus with D112G point
mutation in haemagglutinin
Reverse genetics virus with N114K point
mutation in haemagglutinin
Reverse genetics virus with S113F point
mutation in haemagglutinin
Reverse genetics virus with E103H point
mutation in haemagglutinin
Reverse genetics virus with H72D point
mutation in haemagglutinin
Reverse genetics virus with H72N point
mutation in haemagglutinin
Reverse genetics virus with T49S point
mutation in haemagglutinin
Reverse genetics virus with K75R point
mutation in haemagglutinin
Inoculum virus for human challenge
subjects, expanded to GMP standards

A/17/California/2009/38
(H1N1)

Live attenuated vaccine virus. 6 internal
genes (PB1, PB2, PA, NP, NS, M) from
A/Leningrad/134/57 and HA and NA
genes from A/California/04/2009-like
virus. Used in monovalent form and
included the trivalent 2016/17 vaccine.
Live attenuated vaccine virus. 6 internal
genes (PB1, PB2, PA, NP, NS, M) from
A/Leningrad/134/57 and HA and NA
genes from A/Michigan/45/2015-like
virus. Used in monovalent form and
included the trivalent 2016/17 vaccine.
Live attenuated vaccine virus. 6 internal
genes (PB1, PB2, PA, NP, NS, M) from
A/Leningrad/134/57 and HA and NA
genes from A/Hong Kong/4801/2014-like
virus. Used in monovalent form and
included the trivalent 2016/17 vaccine.
Live attenuated vaccine virus. 6 internal
genes (PB1, PB2, PA, NP, NS, M) from
B/USSR/60/69 and HA and NA genes
from B/Brisbane/60/2008-like virus.
Used in monovalent form and included
the trivalent 2016/17 vaccine.

A/17/New York/15/5364
(H1N1)

A/17/Hong
Kong/2014/8296 (H3N2)

B/Texas/02/2013
(Victoria lineage)

Dr C Chiu,
Imperial
College
Serum
Institute of
India Pvl.
Ltd. (SIIPL)

Table 6.3 Influenza viruses used in this study.
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6.1.4 Plasmids
Plasmid name
PCAGGS-Renilla
luciferase
pHPOM1-358-Firefly

PCAGGS-IFITM3
PCAGGS-empty
pPol1-E195-PB1

pPol1-E195-PB2

pPol1-E195-PA
pPol1-E195-NP
pPol1-E195-M
pPol1-E195-NS
pPol1-E195-NA
pPol1-E195-HA
pCMV-Victoria-PB1
pCMV-Victoria-PB2
pCMV-Victoria-PA

Details
Transfection control –
constitutive expression
of Renilla luciferase
Directs production of a
virus-like minigenome
encoding Firefly
luciferase and with
mutations G3A, U5C
and C8U in the 3’ end
promoter region that
allow amplification by
polymerase from
infecting virus.
Control plasmid
Expression plasmid
expressing IFITM3
Rescue plasmid
encoding
A/England/195/2009
PB1
Rescue plasmid
encoding
A/England/195/2009
PB2
Rescue plasmid
encoding
A/England/195/2009 PA
Rescue plasmid
encoding
A/England/195/2009 NP
Rescue plasmid
encoding
A/England/195/2009 M
Rescue plasmid
encoding
A/England/195/2009 NS
Rescue plasmid
encoding
A/England/195/2009 NA
Rescue plasmid
encoding
A/England/195/2009 HA
Expression plasmid for
A/Victoria/3/75 PB1
Expression plasmid for
A/Victoria/3/75 PB2
Expression plasmid for
A/Victoria/3/75 PA

Source
O Moncorge, Barclay
Laboratory

A Vaughan, Barclay
Laboratory
Barclay Laboratory stock
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pCMV-Victoria-NP
pPol1-E195-HA E21K
pPol1-E195-HA A9T
pPol1-E195-HA Y7H
pPol1-E195-HA D112G
pPol1-E195-HA N114K
pPol1-E195-HA S113F
pPol1-E195-HA E103H
pPol1-E195-HA H72D
pPol1-E195-HA H72N
pPol1-E195-HA T49S
pPol1-E195-HA K75R

Expression plasmid for
A/Victoria/3/75 NP
Rescue plasmid
encoding
A/England/195/2009
mutant HA

This study

Table 6.4 Plasmids used in this study.

6.1.5 Oligonucleotides
Name
HA-F
HA-R
HA-short-R
M-F
M-R
HA E21K-F
HA E21K-R
HA A9T-F
HA A9T-R
HA Y7H-F
HA Y7H-R
HA D112G-F
HA D112G-R
HA N114K-F
HA N114K-R

Sequence (5’ – 3’)
AGCAAAAGCAGGGGAAAACAA
AAGC
AGTAGAAACAAGGGTGTTTTTT
CTCATGC
GCTTGCTGTGGAGAGTGATTCA
C
AGCAAAAGCAGGTAGATATTTA
AAGATGAG
AGTAGAAACAAGGTAGTTTTTT
ACTCTAGC
CAGACACTGTAGACACAGTACT
AAAAAAGAATGTAACAGTAACA
C
GTGTGTTACTGTTACATTCTTTT
TTAGTACTGTGTCTACAGTGTC
GTATAGGTTATCATACGAACAA
TTCAACAG
CTGTTGAATTGTTCGTATGATA
ACCTATAC
CATTATGTATAGGTCATCATGC
GAACAATTCAAC
GTTGAATTGTTCGCATGATGAC
CTATACATAATG
GACTACCACGGTTCAAATGTGA
AGA
TCTTCACATTTGAACCGTGGTA
GTC
CTACCACGATTCAAAAGTGAAG
AACTTATATG
CATATAAGTTCTTCACTTTTGAA
TCGTGGTAG

Use
Sequencing

Source
This study

Site-directed
mutagenesis

J Long,
Barclay
laboratory
This study
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HA S113F-F
HA S113F-R
HA E103H-F
HA E103H-R
HA H72D-F
HA H72D-R
HA H72N-F
HA H72N-R
HA T49S-F
HA T49S-R
HA K75R-F
HA K75R-R
M-qPCR-F
M-qPCR-R
M-Probe
ca-H1-F
ca-H1-R
ca-H3-F
ca-H3-R
ca-B-HA-F
ca-B-HA-R
H1IVT-probe
H1IVT-F
H1IVT-R
DNAIVT-F
DNAIVT-R

CTACCACGATTTTAATGTGAAG
AACTTATATG
CATATAAGTTCTTCACATTAAAA
TCGTGGTAG
GATTATGAGGAGCTAAGACATC
AATTGAGCTCAG
CTGAGCTCAATTGATGTCTTAG
CTCCTCATAATC
GTAGGTAAAGAGTTCAACGACC
TGGAAAAAAG
CTTTTTTCCAGGTCGTTGAACT
CTTTACCTAC
GTAGGTAAAGAGTTCAACAACC
TGGAAAAAAG
CTTTTTTCCAGGTTGTTGAACT
CTTTACCTAC
GVVATTGACGAGATTTCTAACA
AAGTAAATTCTG
CAGAATTTACTTTGTTAGAAATC
TCGTCAATGGC
CAACCACCTGGAAAGAAGAATA
GAGAAT
ATTCTCTATTCTTCTTTCCAGGT
GGTTG
AAGACAAGACCAATYCTGTCAC
CTCT
TCTACGYTGCAGTCCYCGCT
6FAM –
TYACGCTCACCGTGCCCAGTG
-MGB
TGGACTTACAATGCCGAACT
CAGCCGTTTCCAATTTCCTT
CRATGTRTACAGGGATGAAGC
WTTAAACA
TAGGATCCAATCTTTGTACCCT
GACTT
ACCCTACARAMTTGGAACCTCA
GG
ACRGCCCAAGCCATTGTTG
FAM-TGC AGT CCT CGC TCA
CTG GGC ACG-BHQ1
GACCRATCCTGTCACCTCTGA
C
AGGGCATTYTGGACAAAKCGTC
TA
AGTAACCCGACACGAAGCAG
GGAACCAACGTCCCAGGAAT

qPCR primer
qPCR probe

R Frise,
Barclay
Laboratory

qPCR primer

A Meijer,
RIVM

qPCR probe

J Zhou,
Barclay
Laboratory

qPCR primer

Table 6.5 Primers used in this study.
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6.1.6 Compounds and chemicals
Name
Arbidol hydrochloride

FI6
Bafilomycin A1
Amphoteracin B

NasovacS 2016/17
season
NasovacS 2017/18
season
Dimethyl sulfoxide
(DMSO)
Geneticin (G418)
Type 1 interferon
Lipofectamine 3000

Details
Small molecule fusion
inhibitor. Licensed to treat
influenza in Russia and
China
Broadly neutralising
monoclonal antibody
targeting the HA stem
Vacuolar ATP-ase
inhibitor
Anti-mycotic drug,
prevents IFITM3
mediated restriction of
influenza
Leningrad-backbone LAIV
from 2016/17 influenza
season
Leningrad-backbone LAIV
from 2017/18 influenza
season
Polar aprotic solvent

Source
Carbosynth Ltd.

Selection antibiotic for
MDCK-SIAT cells
Recombinant human
interferon α hybrid protein
Transfection reagent

Gibco

Table 6.6 Compounds and chemicals used in this study.

Davide Corti, Humabs
Sigma
Gibco

Serum Institute of India
Pvt. Ltd. (SIIPL)

Sigma

PBL Assay Science
Invitrogen

6.1.7 Buffers and culture media
Name
DNA loading buffer
(6x)
TAE buffer
Lysogeny Broth (LB)

SOC

Details
0.25% Bromophenol
blue 40% (w/v) sucrose
in TAE
40mM Tris acetate pH 8
1mM EDTA
1% Tryptone
0.5% Yeast extract
0.5% NaCl
0.1% Glucose
dH2O
2% Tryptone
0.5% Yeast extract
10mM NaCl

Use
Loading samples for DNA
gel electrophoresis
Buffer for DNA gel
electrophoresis
Culturing bacteria for
plasmid production

Culturing bacteria for
plasmid selection
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Cell culture media

MucilAir culture media

Virus infection media

Plaque assay overlay
media

Crystal violet

Giemsa stain
MES buffer

2.5mM KCl
10mM MgCl2
10mM MgSO4.7H2O
20mM Glucose
Dulbecco's modified
Eagle's medium containing
L-glutamine and sodium
pyruvate (Gibco)
1 % non-essential
amino acids (NEAA) (Sigma)
1% penicillin/streptomycin
(P/S) (Gibco)
10% Foetal calf serum
(FCS) (Biosera)
For MDCK-SIAT cells:
Plus 1mg/mL G418
Serum free media purchased
from Epithelix Sàrl, contains
growth factors and
Phenol Red.
Dulbecco's modified
Eagle's medium containing
1% L-glutamine and sodium
pyruvate
1 % NEAA
1% P/S
1μg/mL TPCK-treated trypsin
(Worthington Biochemcals)
100ml 10x MEM
28ml 7.5% fraction V
BSA 10ml
100x L-glutamine
20ml
7.5% NaHCO3
10ml 1M HEPES
2ml 1% dextran
10ml 10x
penicillin/streptomycin
dH2O up to 700ml
1μg/mL TPCK-treated trypsin
2% agarose is added prior to
use
100 ml Crystal violet stock
solution
300 ml ethanol
1.6L water
Diluted 1:20 with dH2O
100mM MES, 150mM NaCl,
0.9mM CaCl2, 0.5mM MgCl2
pH adjusted with 4M NaOH

Cell line maintenance
media

Culture media for primary
human nasal epithelial
cells
For virus infections

For plaque assay titration
of viruses

Cell staining for plaque
assay
Cell staining for syncytia
formation assay
For syncytia formation
assay and pH inactivation
assay

Table 6.7 Buffers and culture media used in this study.
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6.2 Methods

6.2.1 Cell maintenance and transfection

6.2.1.1 Cell lines
MDCK, 293T and A549 were maintained in DMEM supplemented with 10% FCS, 1%
NEAA and 1% PS. MDCK-SIAT cells were maintained in DMEM supplemented with
10% FCS, 1% NEAA, 1% PS and 1mg/mL G418 to maintain stable expression of the
2,6-sialyltransferase gene (255). All cells were cultured at 37°C in 5% CO2
atmosphere.

pHNEC cultures were purchased from Epithelix Sàrl. Upon arrival, inserts were
transferred into 700μL pre-warmed MucilAir culture media under sterile conditions.
MucilAir culture medium was refreshed twice weekly. The apical surface of pHNEC
cultures was washed with serum-free DMEM once weekly to remove excess
mucous. Cells were cultured at 37°C in 5% CO2 atmosphere.

6.2.1.2 Cell transfections
Transfections for the virus-driven luciferase assay were performed using
Lipofectamine 3000 reagent (Invitrogen) according to manufacturer’s instructions.
DNA: reagent ratios were scaled as required. DNA and lipofectamine were diluted in
OptiMEM (Invitrogen). Transfection of plasmids for recombinant virus generation was
carried out using Xtreme gene 9 (Sigma).
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6.2.2 Molecular techniques

6.2.2.1 Viral RNA extraction and reverse transcription
RNA was extracted from 140μL of cell supernatant using Qiagen viral RNA mini kit
(Qiagen) according to manufacturer’s instructions and eluted into 40μL of dH2O.
Reverse transcription was performed using SuperScript III (Invitrogen) and random
hexamers according to manufacturer’s instructions.

6.2.2.2 Polymerase chain reaction
PCR amplification was performed with K.O.D Taq polymerase (Novagen). A 50uL
PCR mix was made containing 5μL 10x buffer, 3μL MgSO4, 0.15μL forward and
reverse primers (at 100pmol/μL), 5μL 2mM dNTPs, 1μL KOD polymerase, 10-100ng
cDNA template and nuclease free water up to 50μL

6.2.2.3 Agarose gel electrophoresis and DNA purification
DNA fragments were separated on1% agarose gels diluted with 0.5XTAE buffer and
supplemented with 1x gel red (Cambridge Bioscience). DNA was loaded with 5x
loading dye (Qiagen). A 1kb DNA ladder (Invitrogen) was run alongside samples.
Gels were run in 0.5X TAE buffer at 100V until the bands had adequately separated.
DNA was visualised using an ultraviolet trans illuminator and cut from the agarose
gel. DNA was extracted using QIAquick Gel extraction kit (Qiagen) according to
manufacturers instructions and eluted into 35μL sterile water.
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6.2.2.4 Real-time quantitative PCR (RT-qPCR)

6.2.2.4.1 pH1N1 viral RNA copy number (for PFU:particle ratio)
RT-qPCR for viral M gene was performed with TaqMan probe 5’FAM –
TYACGCTCACCGTGCCCAGTG –MGBNFQ 3’ (Life Technologies). Primer
sequences were AAGACAAGACCAATYCTGTCACCTCT (FWD) and
TCTACGYTGCAGTCCYCGCT (REV). Data was analysed on the Applied
Biosystems® ViiATM Real-Time PCR System.

6.2.2.4.2 RT-qPCR for LAIV viruses
RT-qPCR was performed with Sybr green PCR mix (Applied Biosystems) using
primers specific for the HA gene of each viral component. Primer sequences, kindly
provided by Adam Meijer (RIVM), were TGGACTTACAATGCCGAACT (FWD) and
CAGCCGTTTCCAATTTCCTT (REV) for pH1N1,
CRATGTRTACAGGGATGAAGCWTTAAACA (FWD) and
TAGGATCCAATCTTTGTACCCTGACTT (REV) for H3N2 and
ACCCTACARAMTTGGAACCTCAGG (FWD) and ACRGCCCAAGCCATTGTTG
(REV) for influenza B. Data was analysed on the Applied Biosystems® ViiATM RealTime PCR System. The PFU equivalent of cycle threshold values was calculated
against a standard curve generated from serial 10 fold dilutions of monovalent viral
stocks.

6.2.2.4.3 RT-qPCR in IVTT experiments
RT-qPCR was used to quantify the amount of plasmid DNA or viral RNA deposited
on each culture plate and from an air sample collected using a SKC Biosampler. Viral
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RNA was extracted using the QIAamp viral RNA mini it (Qiagen) from 140μL
samples and eluted into 40μL water. RT-qPCR of the viral M gene or DNA plasmid
was performed using AgPath-ID One-Step RT-PCR Reagents (Thermo Fisher
Scientific)(256) with probe 5’ FAM-TGC AGT CCT CGC TCA CTG GGC ACG-BHQ13’. Primer sequences were GACCRATCCTGTCACCTCTGA C (FWD) and
AGGGCATTYTGGACAAAKCGTCTA (REV). Primer sequences for the DNA
plasmid were AGTAACCCGACACGAAGCAG (FWD) and
GGAACCAACGTCCCAGGAAT (REV). Data was analysed on the QuantStudio 7
Flex Real-Time PCR System. The plasmid copy number was calculated against a
standard curve generated from serial 10-fold dilutions from 2x108 to
2x100 copies/μL.

6.2.2.5 Site directed mutagenesis
Site directed mutagenesis was carried out on the Eng09 HA rescue plasmid using
QuikChange Lightening Site-Directed Mutagenesis Kit according to manufacturers
instructions (Agilent Technologies).

6.2.2.6 Transformation of competent bacterial cells
XL10-Gold competent cells (Agilent Technologies) were thawed on ice then mixed
with ~50ng of plasmid. After incubated on ice for 15 minutes, cells were heat
shocked for 30 seconds at 42°C and replaced on ice for 2 minutes. 250μl of prewarmed SOC media (Invitrogen) was added and the mixture incubated with shaking
for 1 hour at 37°C. A suitable volume was plated onto LB agar plates containing 1%
Ampicillin and incubated overnight at 37°C.
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6.2.2.7 Plasmid purification
Single colonies were grown overnight at 37°C with shaking in 5ml LB containing
100μg/ml Ampicillin then pelleted by centrifugation at 3000 rpm for 10 minutes at
4°C. The supernatant was discarded and plasmids were isolated using the QIAprep
Spin Miniprep kit (QIAGEN) according to manufacturer’s instructions. DNA was
eluted into 50μl nuclease free water and stored at 20°C. DNA concentration was
measured using a NanoDrop® ND-1000 spectrophotometer.

6.2.2.8 Sanger sequencing
Sanger sequencing (plasmids, virus HA and M genes) was carried out at GATC
Services, Eurofins Genomics and results analysed using Geneious v6.1.8.

6.2.2.9 Next-generation sequencing
Next generation sequencing (NGS) of ferret and human nasal washes was
performed on the NGS pipeline at the Respiratory Virus Unit, Public Health England,
Colindale, by Dr Shahjahan Miah and Dr Monica Galiano. Total RNA was extracted
directly from 150μL of nasal wash sample using Easymag, according to manufacturer
instructions. Multisegment reverse transcription-PCR (M-RTPCR)(257) was used to
amplify influenza virus-specific segments. Reverse-transcription and amplification
was performed using One-step RT-PCR system with Superscript III and Platinum
Taq HiFi polymerase (Life Technologies). The M-RTPCR products were cleaned,
diluted to required concentration and submitted for Nextera library preparation for
Illumina short-read sequencing with a MiSeq instrument. Sequence data generated
using the Illumina MiSeq was processed using BWA-MEM to map the reads to
appropriate reference sequences. Samtools(258) was used to post-process the
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reference assembly and an in-house C++ program (QuasiBam) used to quality filter,
trim and generate two outputs: a consensus sequence for the influenza genomes
and a table with the frequency of each nucleotide and depth at every position.
Positions in the consensus genome showing greater than 20% variance were
assigned an ambiguity code. Variant calling required a minimum of 100 reads and a
minimum read frequency cutoff of 5% was set.

NGS of the HA gene was performed to analyse the proportion of E21K and Y7H RNA
depositing in the IVTT after nebulisation in a mixture. cDNA samples were prepared
using NebNext Ultra II (NEB) according to manufacturer’s instructions and
sequencing performed on an Illumina MiSeq machine at Molecular Diagnostics Unit,
Imperial College London by Dr Steve Kaye. Data was analysed using Geneious
v6.1.8.

6.2.3 In vitro infectious studies

6.2.3.1 Growth of virus stocks
MDCK cells grown to 80% confluency in T75 flasks were infected with virus at low
multiplicity and incubated for one hour at 37°C 5% CO2. The inoculum was removed,
cells washed twice with PBS and 12 ml serum free DMEM containing 1 μg/ml TPCKtreated trypsin added. Flasks were incubated at 37°C 5% CO2 and the media
harvested once cytopathic effect was observed. Cultures were centrifuged at 2000
rpm for 10 minutes and aliquots of supernatant stored at -80°C. All viruses were used
at low passage, virus titre confirmed by plaque assay and sequence confirmed prior
to use.
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6.2.3.3 Rescue of recombinant influenza virus by 12 plasmid transfection
12 plasmids (8 Pol1 plasmids and 4 expression plasmids) were transfected into 293T
cells grown to 80% confluency. To prepare the transfection mix, 20μl Xtreme gene 9
was added to 250μL Opti-MEM and incubated for 5 minutes at room temperature.
The plasmid mix (500ng of each Pol1 plasmid, 500ng PB1 and PB2 expression
plasmids, 250ng PA expression plasmid and 1000ng NP expression plasmid) was
added and incubated for a further 20 minutes at room temperature. Media on the
293T cells was changed to pre-warmed Opti-MEM and transfection mix added dropwise to the cell monolayer before incubating at 37°C overnight. The next day
transfected 293T cells were resuspended in 1mL DMEM with 10% FBS. The
resuspended 293T cells were transferred into T25 flask of MDCK cells (at 70%
confluency) containing 4mL DMEM+10% FBS. Cells were allowed to adhere for 6
hours at 37 °C then washed gently in serum-free DMEM. 5ml virus infection medium
was added (see 6.1.7) and cultures incubated at 37°C for 2-3 days until CPE was
observed, or haemagglutination activity was observed by a haemagglutination assay.
Virus was harvested, cell debris removed by centrifugation at 2000 rpm for 10
minutes, and aliquots stored at -80°C. A positive control (wild type virus plasmids)
and negative control (HA plasmid excluded) were included in all experiments.

6.2.3.4 Virus titration
6.2.3.4.1 Haemagglutination assay
Two-fold serial dilution of virus in PBS was performed in 96 well V-bottomed plates.
50μL of 0.5% turkey red blood cell suspension (diluted in PBS) was added to each
well. The plate was incubated on ice for 1 hour then HA titre determined as the well
prior to the first well displaying a blood pellet.
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6.2.3.4.2 Plaque assay
A 10-fold serial dilution of virus was prepared in serum-free DMEM. 12 well plates of
confluent MDCK cells were washed with PBS and 100ul of each virus dilution added
to a well of MDCKs. Plates were incubated for 1 hour at 37°C and 5% CO2 (for
Eng09 and Eng09 mutants) or 32°C and 5% CO2 (for LAIV viruses). The medium
was then removed and 1mL overlay medium containing 2% agarose and 1 μg/ml
trypsin was added to each well. After the agarose mix was set, plates were incubated
at 37°C 5% CO2 for 3 days (for Eng09 and Eng09 mutants) and 32°C 5% CO2 (for
LAIV viruses). Plaque assays for the H3N2 LAIV virus were performed on MDCKSIAT cells. Plaques were visualised by crystal violet staining.

6.2.3.5 Plaque picking
Individual viral plaques were picked using a Gilson pipette and propagated in a 24
well plate of MDCK cells until cytopathic effect was observed.

6.2.3.6 Virus growth kinetics in MDCK and A549 cells
12 well plates of MDCK cells were washed with PBS then infected with virus at the
indicated MOI diluted in 100μL serum-free DMEM. For multi-cycle growth analysis,
cells were infected at low multiplicity (MOI 0.0001-0.01 PFU/cell) and for single-cycle
growth analysis cells were infected at high multiplicity (MOI 3 PFU/cell), in triplicate.
The plate was incubated at 37°C, 5% CO2 for 1 hour. The inoculum was then
removed, cells washed twice with PBS and 1mL virus infection media added before
incubating at 37°C, 5% CO2. At desired time points post-infection, a 200μl aliquot of
supernatant was removed and stored at -80°C. Samples were titrated by plaque
assay on MDCK cells.
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6.2.3.7 Virus infection of pHNECs
The apical surface of pHNECs was washed with 200μL DMEM to remove excess
mucous. For experiments with Eng09 and Eng09 mutants, cells were infected at MOI
of 0.001, in triplicate, for 1h at 37oC and 5% CO2. For experiments with LAIV viruses,
cells were infected at MOI 0.01 PFU/cell, in triplicate, for 1h at 32oC and 5% CO2.
The apical surface was then washed twice with serum free medium before reincubating at 37oC/32oC. At indicated time points, 200μL of DMEM was added to the
apical surface, incubated for 30 minutes, removed and stored at -80oC before being
titrated by plaque assay. For experiments on Eng09 and Eng09 mutants with a
DMEM overlay, 200μL of DMEM was left on the apical surface between time points.

6.2.3.8 Virus driven replicon assay
A549 or 293T cells were transfected with pHSP1-3,5,8-Firefly and Renilla luciferase
expression plasmids. 16 hours later, cells were infected with viruses at MOI of 1
PFU/cell for 1 hour, in triplicate. Inoculum was removed and cells washed gently with
PBS before incubating in 10% DMEM for the indicated time at 37oC and 5% CO2. For
experiments with IFITM3, the indicated amount of PCAGGS-IFITM3 and/or
PCGASS-empty was added to the 10% DMEM. The same total amount of PCAGGS
plasmid was added to each well. For experiments with type 1 IFN and amphotericin
B, the indicated amount was added to the 10% DMEM. The levels of firefly luciferase
(indicating viral replication in the nucleus) and Renilla luciferase (a marker of cellular
polymerase) were quantified using a FLUOstar Omega plate reader (BMG Labtech).
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6.2.3.9 Acid bypass assay

A549 cells were transfected with pHSP1-3,5,8-Firefly and Renilla luciferase
expression plasmids. 16 hours later, influenza viruses at MOI of 1 PFU/cell were
bound to A549 cells for 1 hour at 4oC, in triplicate. Cells were washed twice with
chilled (4oC) PBS to remove any unbound virus particles, and then incubated with
pre-warmed MES buffer pH-adjusted to 5.0 at 37oC for 2 min to induce virus fusion at
the cell surface. Cells were washed twice with chilled PBS and then incubated for 24
hours at 37oC with DMEM + 20mM NH4Cl + 50mM HEPES to block viral entry via the
endocytic pathway. The levels of firefly and Renilla luciferase were quantified using a
FLUOstar Omega plate reader. A negative (no fusion) control treating with pH 7.4
buffer followed by DMEM+NH4Cl+HEPES and a positive (endosomal fusion) control
treating with pH 7.4 buffer followed by DMEM+50mM HEPES were carried out
simultaneously.

6.2.4 Assays to measure HA stability

6.2.4.1 Syncytia formation assay
MDCK cells at 60% confluence were inoculated with viruses at MOI of 10 PFU/cell
for 1 hour at 37oC and 5% CO2 in duplicate. The inoculum was removed, cells were
washed three times with PBS and incubated in DMEM + 2% FCS for 16 hours at
37oC. Cells were treated with 10μg/mL TPCK-treated trypsin for 15 minutes at 37oC
then exposed to pH-adjusted MES buffers for 5 minutes at 37oC. Buffers were
replaced with DMEM + 10% FCS for 3 hours at 37oC, fixed with methanol/acetone
(1:1) and stained with Giemsa stain. Visual inspection for syncytia was performed
under light microscopy.
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6.2.4.2 Acid inactivation assay
Virus was mixed with pH-adjusted MES buffer (100mM MES, 150mM NaCl, 0.9mM
CaCl2, 0.5mM MgCl2) in triplicate and incubated for 15 minutes at 37oC 5% CO2 for
Eng09 and Eng09 mutants, or 32oC 5% CO2 for LAIV viruses. The buffer was
inactivated with a 10-fold dilution in DMEM and samples titrated by plaque assay on
MDCK cells.

6.2.4.3 Thermostability assay
64 haemagglutinating units of each virus was incubated for 30 minutes at 54oC in
triplicate. The HA titre remaining after incubation was tested by haemagglutination
assay.

6.2.4.4 Drug sensitivity
MDCK cells at 70% confluence were infected with each virus at MOI 0.01 PFU/cell in
triplicate and incubated for 1 hour at 37oC and 5% CO2. The inoculum was removed,
cells washed twice with PBS, and 1mL of virus infection media with drug at the stated
dose (or no drug control) added, before incubating cells for 24 hours. Drugs tested
included the vacuolar ATPase inhibitor bafilomycin, the HA stalk-targeting fusion
inhibitor arbidol hydrochloride and the HA-stem targeting monoclonal antibody FI6.
Remaining infectivity was titrated by plaque assay on MDCK cells.
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6.2.5 In vivo infectious studies

6.2.5.1 Ethics

All work was approved by the local genetic manipulation (GM) safety committee of
Imperial College London, St. Mary’s Campus (centre number GM77), and the Health
and Safety Executive of the United Kingdom. Animal work was performed under
United Kingdom Home Office License, PPL 70/7501 in accordance with the approved
guidelines, under the Animals (Scientific Procedures) Act 1986 (ASPA).

6.2.5.2 Studies on mice
BALB/c mice (6-8 weeks old) were anaesthetised with nebulised isofluorane and
intranasally inoculated with 2x105 PFU of each virus in 40μL of PBS, or a mock
control. Mice were weighed daily and would be sacrificed if >20% weight loss
occurred. At day 2 and day 5 post-infection, 5 mice from each group were sacrificed
and lungs harvested and weighed. Lungs were homogenised in 500uL PBS (Minilys,
Bertin Instruments) and titrated by plaque assay on MDCK cells. Results were
normalised to lung weight.

6.2.5.2 Studies on ferrets
Female ferrets (14–16 weeks old) weighing 500–1000g were used. After
acclimatization, ferrets were lightly anaesthetized with ketamine (22 mg/kg) and
xylazine (0.9 mg/kg) and inoculated intranasally with Eng09/wild type (104 PFU),
Eng09/E21K or Eng09/Y7H virus (104 or 106 PFU as stated) diluted in phosphate
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buffered saline (PBS) (0.1 ml per nostril). Post inoculation ferrets were returned to
their cages, placed in the recovery position and monitored until they returned to full
consciousness. Body weight was measured daily with any animal losing >20% body
weight culled via a Schedule one method for welfare reasons. Ferrets were
monitored for any adverse signs or symptoms. All animals were nasal washed daily,
while conscious, by instilling 2 ml PBS into the nostrils and the expectorate collected
in modified 250 ml centrifuge tubes on ice. Infectious virus was titrated immediately
by plaque assay of the nasal wash on MDCK cells.

6.2.6 Studies using the influenza virus transmission tunnel (IVTT)

The influenza virus transmission tunnel (IVTT) was designed in house (J Ashcroft, R
Elderfield and W Barclay) and manufactured by EMMS systems (Hampshire, UK).
The system consists of a bias flow pump (EMMS) connected to a 37.5cm (height) x
25cm (diameter) ferret chamber. The ferret chamber is connected to the IVTT (a
100cm (length) x 18cm (width) x 9cm (height) half-cylindrical clear acrylic exposure
tunnel) by a 1.5 cm (diameter) aperture allowing free passage of air. Sentinel cell
plates are centred at 30, 60 and 90 cm from the tunnel opening and can be accessed
via drawers from the side of the IVTT. Air is channelled from the exit port of the IVTT
toward a downflow bench or microbiological safety cabinet filter to provide a low level
draw. For air sampling, an SKC Biosampler (SKC Inc.) is connected to the exit port of
the IVTT, with air pulled through at a rate of 12.5L/min. The ferret chamber is
replaced by a 10cm (height) x 9cm (diameter) nebulisation chamber (EMMS)
attached to an Aerogen Pro nebuliser (Aerogen), which generates droplets with a
volume mean diameter (VMD) of 4 to 6μm, for in vitro experiments. All experiments
were conducted with minimal-to-no UV light exposure.
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6.2.6.1 Nebulised virus
Viruses (and/or plasmid DNA) under study were diluted in PBS and nebulised using
the Aerogen Pro nebuliser into the nebuliser chamber attached to the IVT tunnel.
Airflow at a rate of 1L/minute was introduced via two ports into the nebuliser
chamber, which connects to the IVTT. Sentinel MDCK cells overlaid with 0.5mL
overlay medium were exposed for 10 minutes per nebulisation and after exposure
the plates were incubated for one hour at 37°C, 5% CO2 prior to the addition of
1.5mL of semi-solid agarose overlay medium containing 1μg/mL TPCK treated
trypsin and incubated for a further 3 days to allow formation of viral plaques. Viral
RNA or tracer DNA were collected from1120μL PBS supplemented with 0.375%
BSA-V placed in the central space between the wells of the three 6-well IVTT culture
plates. Where air sampling was undertaken, after the 10 minute collection window,
air remaining in the IVTT tunnel was pulled through a SKC Biosampler (SKC Inc.) at
a rate of 12.5L/minute (calibrated as per manufacturer’s instructions), for a further 10
minutes. Air samples were collected into 15mL PBS and quantified immediately by
plaque assay on MDCK cells. RNA was extracted from 140μL for RT-qPCR or next
generation sequencing. Temperature and humidity were monitored throughout
experiments and were 21+/-1°C and 50+/-10% respectively. All experiments were
performed with the IVTT placed within a class II biological safety cabinet at
containment level 2. The IVTT was disinfected after use with a 1% virucidal
disinfectant solution.

6.2.6.2 Ferret infection studies
Infected ferrets were placed into the ferret chamber for 10 minutes per exposure.
Ferrets were not sedated during the exposure period and therefore, for well being,
exposure was restricted to 10 minutes. Airflow of 7.5L/minute was introduced using
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the bias flow pump via three ports into the ferret chamber (2.5L/minute into each
port), which connects to the IVTT during the exposure period. Sentinel 6-well plates
containing a confluent monolayer of MDCK cells overlaid with 0.5mL overlay medium
were added to the tunnel for the duration of the exposure period. The plates were
incubated for one hour at 37°C, 5% CO2 prior to the addition of 1.5mL of semi-solid
agarose overlay medium containing 2.5μg/mL of amphotericin B and 1μg/mL TPCK
treated trypsin and incubated for a further 3 days to allow for formation of viral
plaques. Between exposures for each donor ferret, sentinel cells were replaced and
the collection chamber and cell tunnel cleaned to remove any surface deposited
virus. Ferrets were nasal washed after IVTT exposures had been carried out.
Temperature and humidity were monitored throughout experiments and observed to
be 21+/-1°C and 50+/-10% respectively. The IVTT was disinfected after use with a
1% virucidal disinfectant solution. All experiments were conducted at containment
level 2.

6.2.6.3 Human infection studies
Healthy adult volunteers were recruited for participation in a human influenza
challenge study between June and November 2016 by Dr Christopher Chiu and team
from the National Heart and Lung Institute Imperial College London. All volunteers
were confirmed by the Chiu group to be sero-negative to the challenge virus and
were isolated in a quarantine unit during the course of the study. Volunteers were
intranasally inoculated with 106 PFU of A/California/04/2009 (pH1N1)-like virus, in 5
cohorts, by the Chiu team. Daily nasal washing and RT-qPCR of the samples was
performed by the Chiu team.
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Each volunteer was asked to breathe naturally (tidal breathing) into the IVTT for 10
minutes. A portable low flow suction pump was attached to the end of the IVTT to
encourage directional airflow. Refinements to the collection method were carried out
with each subsequent cohort, in an attempt to optimise the chance of virus collection.
For cohort 1, each volunteer was asked to breathe via a disposable free flow
mouthpiece attached directly to the IVTT (Figure 6.1A). For cohort 2, the mouthpiece
was changed to a facemask covering the nose and mouth (Figure 6.1B), in an
attempt to capture virus exhaled from both the nasal cavity and mouth. In cohorts 3
and 4, we sealed the IVTT after the 10 minute breath collection and exposed the
cells for an additional 30 minutes, attempting to isolate any virus contained in smaller
droplets that might take longer to settle within the IVTT. Cohort 5 were additionally
asked to carry out 10 forced coughs after the 10 minute breath collection and air was
pulled through the apparatus at a defined rate (2L/minute). Sentinel 6-well plates
containing a confluent monolayer of MDCK cells overlaid with 0.5mL overlay medium
were added to the tunnel for the duration of the exposure period. The plates were
incubated for one hour at 37°C, 5% CO2 prior to the addition of 1.5mL of semi-solid
agarose overlay medium containing 2.5μg/mL of amphotericin B and 1μg/mL TPCK
treated trypsin and incubated for a further 3 days to allow for formation of viral
plaques. Between exposures for each human volunteer, sentinel cells were replaced
and the collection chamber and cell tunnel cleaned to remove any surface deposited
virus. A new sterile facemask was used for each volunteer. The IVTT was disinfected
after use with a 1% virucidal disinfectant solution. All experiments were conducted at
containment level 2.
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A

B

Figure 6.1. Devices used for experiments using the IVTT on human subjects. (A) shows free flow mouthpiece
used for cohort 1, which attaches directly to the IVTT. (B) shows facemask used for cohorts 2-5, which attaches
directly to the IVTT.

6.2.6.4 Conversion calculations of virus detection in the IVTT.
Viral plaque counts were taken from 6-well plates centred at 30cm (plate 1), 60cm
(plate 2) and 90cm (plate 3). Plaque counts from the 6 wells were divided by the
measured surface area to obtain an estimate for the viral plaques per square metre,
or plaque density, at that recorded point. As the results were taken in triplicate, this
then allowed for a set of upper, lower and mean values at each site. The decay in
plaque numbers between subsequent sites was somewhere between linear and
exponential across all ferrets. An exponential or linear regression fit was adopted
accordingly to model the viral plaque densities, N, at a distance x. By integrating the
plaque density over definite limits we formed an estimate for the total number of
plaques, P, within a given area, A:
𝑥𝑥2

𝑃𝑃 = � 𝑁𝑁 𝑑𝑑𝑑𝑑 = 𝐿𝐿𝑧𝑧 � 𝑁𝑁 𝑑𝑑𝑑𝑑
𝐴𝐴

𝑥𝑥1
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where x1 and x2 represent axial distances along the tube, and Lz is the spanwise
width. This calculation was performed by Dr L Nicolaou, Department of Mechanical
Engineering, Imperial College London.

6.2.7 Structural modelling and statistical analysis

Modeling was performed using Pymol molecular visualization tool (Schrödinger, Inc.)
and structures downloaded from RCSB Protein Data Bank (www.rcsb.org). All data
analysis and graphs were prepared using GraphPad Prism 8 (GraphPad Software,
San Diego, CA). Data are presented as mean +/- SD of three or more.
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