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ABSTRACT

Although vaccination remains the most effective method of managing influenza epidemics, there
is still much that remains to be characterized about humoral immunity against the varying
contexts in which influenza infection can occur. With the continuous subversion of humoral
immunity by seasonal influenza through antigenic drift and the potential of zoonotic influenza
viruses adapting and spreading through human populations through antigenic shift, improving
our understanding of B cell immunity against different types of influenza infection could provide

important insights into improving management of epidemics and vaccine formulations.

In order to understand B cell responses during influenza infection, the well-characterized
C57BL/6 mouse model was used to investigate and compare humoral responses in the context of
different influenza infection histories. Markers that identified specific B cell subsets such as
germinal centre (GC) B cells and plasmablasts were analysed by flow cytometry paired with
influenza virus-specific B cell ELISPOT assays to investigate strain-specific antibody secreting
responses within the same experiment. As the surface glycoprotein HA is thought to be the
immunodominant response for B cell responses against influenza virus, the prediction is that the
greater the antigenic differences between the HA of the first and second infecting strains, the

more primary-like the response to the second strain would be.

Primary and homologous secondary B cell responses in the mediastinal lymph node
(MLN) and spleen were first characterized using this model to establish baseline responses
against influenza virus before heterosubtypic infection was studied through infection of mice
with HIN1A/Puerto Rico/8/34 (PR8) virus followed by H3N2 A/Udorn/305/72 (Udorn) virus 7
weeks later. Unexpectedly, a secondary-like plasmablast, GC B cell and Udorn-specific antibody
secreting cells was observed during heterosubtypic infection, with earlier and higher magnitude
B cell responses. These findings suggested a possible role for cross-subtype T cell memory in

modulating B cell responses.

The effect of antigenic drift on the B cell responses during influenza infection was then
analysed with the same model. Mice were infected with H3N2 strains isolated between 1972 and
1979, representing different antigenic distance from a virus isolated in 1982 (Ph82). Seven
weeks post infection mice were reinfected with Ph82 and the B cell response over the course of
infection examined. It was found that infection of strains up to 10 years apart appeared to induce



a secondary-like B cell response in the secondary lymphoid organs when compared to baseline
primary and secondary responses against Ph82 virus. Prior infection with any H3N2 strain also
resulted in minimal viral replication during the secondary challenge when compared to primary
infection groups. However, data from both primary antibody inhibition and HA-specific B cell
responses appears to suggest a narrower threshold of recognition, around a maximum of 3 years

drift before serum and HA-specific responses cease to bind with other strains.

Taken together, secondary-like B cell responses in both heterosubtypic and drift models
of infection and in the case of drift responses, irrespective of reactivity of HA-specific B cells,
appear to refute the hypothesis that virus-specific B cell responses would reflect antigenic

relatedness between the HA of the infecting strains.

Overall, data from this study identifies the diversity of the overall B cell response against
influenza infection in the context of prior exposure to strains of different antigenic properties.
Further study into the reactivity of these B cells against different influenza virus components and
the role of memory T cells in the observed responses may provide important insights into the

nature of host immunity against the ever-shifting target of influenza virus.



DECLARATION

This is to certify that:

I.  the thesis comprises only my original work towards the MPhil except where
indicated in the Preface,
ii.  due acknowledgement has been made in the text to all other material used,
iii.  the thesis is fewer than 50,000 words in length, exclusive of figures, tables, maps,
bibliographies and appendices.

Hoi Yee Lee



PREFACE

In Chapter 3, the Candidate completed all the experiments in this chapter. Extent of Candidate’s
contribution: 100%

In Chapter 4, the processing of mouse compartments for flow cytometry and ELISPOT assay
shown in Figure was prepared by the Candidate with assistance from Mr Charley Mackenzie-
Kludas and Dr Brad Gilbertson. Probes for HA-specific B cells were synthesized and conjugated

by Dr Adam Wheatley. Extent of Candidate’s contribution: 70%

The work completed in this thesis was supported by the National Health and Medical Research

Council (NH-MRC) Program Grant 567122 “Understanding and controlling influenza”



TABLE OF CONTENTS

ABSTRACT ..o e e naes I
DECLARATION ..ottt sbae e v
PREFACE ... oottt e e e st e e e st e e e nnae e e s nae e e enees Y,
TABLE OF CONTENTS ..ottt vi
LIST OF FIGURES ...ttt IX
LIST OF TABLES ...ttt e Xi
LIST OF ABBREVIATIONS ... Xii
CHAPTER 1 — INTRODUCTION ...ttt 15
INFLUENZA A VIRUS ...ttt sttt sttt et et esaesaaseebesnestennenneaenean 15
DiSEASE PALNOGENESIS ...ttt bbbt e bbb e 15
Viral structure & repliCation CYCIE.........oii i e 15
EVOIULION OF INFIUBNZA VITUS.......ooiiiiiiiice e et 19
IMMUNE RESPONSES AGAINST INFLUENZA ...ttt 22
The mouse model of INFlUENZa INFECTION............cviiiiiie s 22
Role of innate immunity in influenza iNFECHION ..o 22
Role of adaptive immunity during influenza infeCtion .............cccooiiiiiiiniii i 24

B CELL RESPONSE AGAINST INFLUENZA VIRUS ..ottt 26

B cell activation during INFECHION............cviiiiii e e et sae s 26
Antibody responses against iNFIUBNZA VIFUS ..........cc.ooiiiiiiiiiicc e s 28
Vaccination against iNfIUENZA A VITUS ........coeiiiiiii s 31
THE IMPACT OF ANTIGENIC DRIFT ON B CELL RESPONSES AGAINST INFLUENZA VIRUS
................................................................................................................................................................ 32
SCOPE AND AIMS OF THIS PROJECT ....c.viiiieieieiiesie ettt sne s seeneeneens 36
CHAPTER 2 - MATERIALS AND METHODS .........ccoooiiieee e, 38
CELL CULTURE MEDIA ...ttt sttt sttt e e aseanaanesnentenaeneeneens 38
BUFFERS AND SOLUTIONS ...ttt ettt et s e s ba e et e e st e e sareeanreas 38
VIRUSES ...ttt s e et e e st e e e s te e e s te e e s be e e sabe e eabee e baeesnteeesbeeeatbeesnteeesnteeeseeens 39
(O I T 1 PSR 39

vi



VIRUS PURIFICATION FROM ALLANTOIC FLUID ... 40

BRADFORD PROTEIN ESTIMATE ASSAY ..ottt st neanes 40
HAEMAGGLUTINATION ASSAY ..ottt sttt sttt sttt sesne e sseneanes 40
HAEMAGGLUTINATION INHIBITION ASSAY ....ooiiiieiise et sse e saeens 41
PLAQUE ASSAYY ...ttt sttt sttt ettt ettt ettt e bt e bt e bt e b e et e st et e st ettt e e e b et et e ne et e 41
MOUSE INFECTION ..otitiiiitiiieieieis ettt abe bttt st ase st ebenaene st e s e nnenennas 42
MOUSE ORGAN HARVEST AND PROCESSING .......cccoviiiirieieieesiese e see e 42
Harvesting and processing peripheral blood by heart pUNCtUre ..o 42
ProCessing OF IUNQ LISSUE ......c..iiuiiiiii ittt sttt st e e st s re et e s be e e e sbeeneesbenre s 42
Processing of spleen and mediastinal lymph NOAES ..........ccevvveiiiiiiie i 43
(Of0] | 1=Tot To] g o) il T4 T= T 4o 1 01 P 43
Red blood cell depletion for single cell suspensions of spleen, MLN and bone marrow samples ..... 43
ENZYME LINKED IMMUNOSPOT (ELISPOT) ASSAY ..ot 43
ANALYSIS OF B CELL RESPONSE KINETICS BY FLOW CYTOMETRY ....cocoovviviiiiceiesiesienes 44
STATISTICAL ANALYSIS ...ttt ettt st e st st ne st a st et n s 46
CHAPTER 3-THE KINETICS OF THE B CELL RESPONSE DURING
INFLUENZA A VIRUS INFECTION ...t 47
INTRODUGCTION ..ottt ettt sttt et s e e be s e s et ebeneene b erennenennas 47
RESULTS ...t ettt ettt s et s bR sttt b et b e e e bt e b et e s et et e neen e enenenteneann 48
Primary B cell responses during influenza infection are most prominent in the spleen and mediastinal
IYMPN NOGES. ...ttt bt bbb ettt bbb 48
Ud HA-specific B cell subsets represent a small proportion of total virus-specific responses during
TR TaaT: VYA Lo B T {=Tod 1 0] PSSRSO 59
Reinfection with an identical strain of influenza virus induces an earlier response in MLN and spleen
as expected of a secondary B Cell FESPONSE. .......ccviiiiiiiieieieiee s 62
In a model of antigenic shift, infection of H3N2 Ud72 in the context of prior exposure to HIN1 PR8
induces early secondary-like B CEll FESPONSES. ......cveiiiiiiiiieicce et 65
Sera raised against PR8 is unable to neutralize Ud72 VIrUS..........cccccecveieieiiicie st 75
CHAPTER 4 - THE EFFECT OF ANTIGENIC DISTANCE ON B CELL
RESPONSES DURING SECONDARY INFLUENZA INFECTION............... 77
INTRODUCGTION ...ttt et s e et e e st e e st e e sab e e aabee e taeesateeesaeeeaseeesteeesnbeesreeeas 77
] U I TSRS 79
Serum antibodies show cross-reactivity between H3N2 strains up to 3 years apart in C57BL/6 mice.
............................................................................................................................................................ 79
Antigenically distinct H3N2 strains differ in their ability to infect mouse lungs. ..........ccccocvneiennne. 80

Vii



Primary B cell responses against different strains of H3N2 influenza virus infection appear to be

similar in magnitude and KINETICS. .........ooiiieiiiiee et enes 82
Establishment of a protocol for the investigation of B cell responses in the context of antigenic drift.
............................................................................................................................................................ 89
The secondary-like pattern of recall B cell responses after sequential infection with antigenically
distant strains is confirmed by analysis of the total responding B cell populations..............cc.ccceuee. 90
Prior infection with H3N2 strains induces an early secondary-like Ph82-specific antibody secreting
cell response even when strains differ by 10 years of antigenic drift. ..........cccccveveiiiiiiiiiccece 97
Primary infection by H3N2 strains in B6 mice appear to induce B cell responses that are largely
unable to cross-react to drifted SIFAINS. ........ccoviieiiiiee e 101
CHAPTER 5 = DISCUSSION.....coiiiiiiiiiii i 107
REFERENGCES. ... ..o 120
APPENDICIES.......c ettt e e nnae e e 130

viii



LIST OF FIGURES

Figure 1.1. Structure of iNfIUBNZA VIFUS. .....c.uuiiiieeee e et e e e te e e e e areeas 17
Figure 1.2. Map of major antigenic clusters and drift of H3N2 strains........ccccccevviieeiriiiee v, 21
Figure 1.3. Activation of host innate pathways by influenza A virus components.........ccccoevveeevciieeenenneen. 23
Figure 1.4. The kinetics of B cell responses during the course of influenza infection.........ccccccoeeveeernnnen. 28
Figure 1.5. Immunodominance of serum antibody responses against influenza A virus. ......cccccccceeeevnnenn. 30

Figure 3.1. Kinetics of B cells in murine compartments during primary IAV infection by flow cytometry.51
Figure 3.2. Kinetics of plasmablasts in murine compartments during primary IAV infection by flow

[0V e 0 0T 1 PP POTPPPPO 54
Figure 3.3. Kinetics of GC B cells in murine compartments during primary IAV infection by flow

[0V o 0 0= 1 PP PPPPP 55
Figure 3.4. Percentages of IgM+ versus IgA/G+ plasmablasts and GC B cells in murine compartments
during primary 1AV infection by flOW CYytOMELIY. ......ooiiiiiiie e e e 57
Figure 3.5. Kinetics of the IgM+ and pooled IgG/A+ antibody secreting response (ASC) to primary H3N2
Ud72 infection DY ELISPOT @SSAY. ..ueiiiiiiiieeiiiieeeeiiieeeeiitteeeesrteeesssteeessssesessassesssasssasesasssesesasssesesassensessssens 58
Figure 3.6. Total Ud HA-specific plasmablasts and germinal centre B cells in murine compartments
during secondary AV INFECHION. ...coeiiee e e e et e e s st e e e e sbeaee e sataeeesanes 61
Figure 3.7. Kinetics of total B cells, plasmablasts and germinal centre B cells in murine compartments
during secondary AV INFECHION. ...coviiei e e e et e e s st e e e e sbeaee s sntaeeesanes 64
Figure 3.8. Experimental protocol to investigate the kinetics of the B cell and Ud72-specific ASC response
during H3N2 Ud72 infection in mice with prior exposure to HIN1 PR8 infection. ........ccccceeecvveeeeciiieeennns 65
Figure 3.9. Kinetics of the B cell response during H3N2 Ud72 infection in mice with prior exposure to

L DD o 2 3 o =Tt f o o PP 67
Figure 3.10. Kinetics of the plasmablast response during H3N2 Ud72 infection in mice with prior
eXPOSUre t0 HINL PR INTECLION. .occutiiiiiciiiie ettt et e et e e e st e e e sbeee e e sabeeeessntaeeesanes 69
Figure 3.11. Kinetics of the GC B cell response during H3N2 Ud72 infection in mice with prior exposure to
HINL PR INTECHION. 1.uetieiiieiieeee ettt sttt sttt s e e s be e e abe e s abe e sabeeesabeesabeeesbeesabeeennes 70
Figure 3.12. Kinetics of the Ud-specific ASC response during H3N2 Ud72 infection in mice with prior
eXPOSUre t0 HINL PR INTECTION. ..cuviiiiiciiiie ettt ettt et e e et e e e e bt e e e e e bt e e e e ebeeeeeeabeseeessreeaesnnes 72
Figure 3.13. Viral replication and weight loss during H3N2 Ud72 infection in mice with prior exposure to
L DD o 2 3 T | =Tt f o o PSS 74
Figure 4.1. Viral replication kinetics of H3N2 viruses during primary, low-dose infection in B6 mice....... 82
Figure 4.2. Kinetics of viral replication during primary H3N2 IAV infection. ......cc.ccccovvirnieinniiinieceneeeee. 83
Figure 4.3. Gating scheme for B cell subsets during primary H3N2 IAV infection using flow cytometry...85
Figure 4.4. Kinetics of total lymphocytes and B cells during primary H3N2 |AV infection. ........ccccecueenneee. 86
Figure 4.5. Kinetics of total overall and IgA/G+ plasmablasts during primary H3N2 IAV infection............ 87
Figure 4.6. Kinetics of viral replication and B cell subsets during primary H3N2 IAV infection. ................ 88
Figure 4.7. Experimental plan to investigate the kinetics of the B cell response against Ph82 infection in
the presence of prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection. .........cccoccveeeeciveeeecinneennn. 90
Figure 4.8. Kinetics of the total cellular and B cell response against Phil/82 infection in the presence of
prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection. ......cccccveiiieiiiiiicie e, 93
Figure 4.9. Kinetics of the plasmablast response against Ph82 infection in the presence of prior exposure
to Ph82, BK79, Vic75, Ud72 or MOCK INFECLION. c.cccvviiiieiiieeiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et 94



Figure 4.10. Kinetics of the GC B cell response against Ph82 infection in the presence of prior exposure
to Ph82, BK79, Vic75, Ud72 or MOCK iNfECLION. c.cccvvieieeeieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 96
Figure 4.11. Kinetics of the MLN and Spleen Phil-specific ASC response against Ph82 infection in the
presence of prior exposure to selected H3N2 strains or mock infection. .........cccoceeeiiiiiiccei e, 99
Figure 4.12. Kinetics of the B cell response against Ph82 infection in the presence of prior exposure to
Ph82, BK79, Vic75, Ud72 or MOCK INTECTION. ..covviiiiiiiiiiiiiiieiieiieieeeeeeeeeeeeeeeeeee ettt ee e ee e e e eeeeeeeeeeeees 100
Figure 4.13. Gating scheme in the analysis of Ud72 HA+ B cell subsets during primary H3N2 infection. 102
Figure 4.14. Proportions and total numbers of B cells and their subsets during primary H3N2 infection at

I3 | o TP 104
Figure 4.15. The proportion and total number of Ud72 HA+ B cells in the GC B cell and B cell populations.
.................................................................................................................................................................. 105



LIST OF TABLES

Table 1.1. Influenza genome segments and some of their protein products.........cccccccveeeeecieeeeeciieeeeenneen. 18
Table 2.1. Antibody cocktails for flow CytOmMEtry .....ccueviiiiiee e 45
Table 3.1. Selection panel for flow cytometric analysis of B cell subsets........ccoccceeeiiiicciiiieeeec e, 49
Table 3.2. Average & standard deviation of hemagglutination inhibition (HI) titres of mouse sera raised

against H3N2 Ud72 and HINTL PR VilUSES. ..ccceeeeeiiiiiieeieeeeeiiiiiteeeeeeeeeeintrseeeseesessasssssssesssssssssssssseesssessssnnes 75
Table 4.1. HI titres of mouse sera raised against H3N2 viruses and HIN1 PR8 Virus®.........cccceeeevuvveeeennnenn. 80

Xi



LIST OF ABBREVIATIONS

ANOVA Analysis of variance

ASC Antibody secreting cells

AP Alkaline phosphatase

B6 C57BL/6

BCIP/NBT 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
BK79 A/Bangkok/79

BM Bone marrow

BV Brilliant Violet™

CD Cluster of differentiation

cRBC Chicken red blood cells

CRNA Complementary RNA

DMEM Dulbecco’s modified Eagle medium
DNA Deoxyribonucleic acid

DPI Days post-infection

ELISPOT Enzyme-linked immunospot

FACS Fluorescence activated cell sorting
GC Germinal centre

HA Haemagglutinin

HAU Haemagglutinating units

HI-FBS Heat inactivated foetal bovine serum

HPAI Highly pathogenic avian influenza

Xii



HRP

IAV

LAIV

M1

M2

mAb

MDCK

MLN

MRNA

NA

NEP

NP

NS1

PA

PB1

PB1-F2

PB2

PBS

PC73

PFU

Ph82

xiii

Horse radish peroxidase
Influenza A virus

Interleukin

Influenza-like illness
Immunoglobulin

Live attenuated influenza virus
Matrix protein 1

Matrix protein 2

Monoclonal antibodies
Madin Darby Canine Kidney
Mediastinal lymph node
Messenger RNA
Neuraminidase

Nuclear export protein
Nucleoprotein
Non-structural protein 1
Acidic polymerase subunit
Polymerase basic subunit 1
Polymerase basic subunit 1 — frame 2
Polymerase basic subunit 2
Phosphate buffered saline
A/Port Chalmers/73

Plaque forming units

A/Philippines/82



PRS8 A/Puerto Rico/8/34

Qlv Quadrivalent influenza vaccine
RNA Ribonucleic acid

RPM Revolutions per minute

RPMI Roswell Park Memorial Institute
RT Room temperature

SA Streptavidin

TIV Trivalent influenza vaccine
TV Trypsin versine

TX77 AlTexas/77

Ud72 A/Udorn/307/72

VH Variable heavy-chain domain
Vic75 AlVictoria/75

VRNA Viral RNA

viv volume/volume

WHO World Health Organization
wiv weight/volume

Xiv



CHAPTER 1- INTRODUCTION

INFLUENZA A VIRUS

Disease pathogenesis

Spread by the respiratory route, influenza A virus typically presents as an acute respiratory illness with
cough and nasal congestion coupled with more systemic symptoms of muscle aches, fever and
lethargy(1). Although most cases tend to be self-limiting as a upper respiratory tract infection, the very
young, elderly or those with underlying illness, such as chronic pulmonary or cardiac conditions, are at
increased risk of severe illness and complications such as viral pneumonia or secondary bacterial
infection (2). Estimates from the World Health Organization indicate influenza infections cause up to
3-5 million cases of severe respiratory illness and from 290,000 to 650,000 deaths globally each year

3).
Viral structure & replication cycle

Part of the Orthomyxoviridae family, influenza A virus manifests as a spherical or filamentous
enveloped viral particle containing a negative sense RNA genome consisting of eight single-stranded
segments (4) in the form of ribonucleoprotein complexes (VRNPs). Subtypes of influenza A virus are
identified by the combination of surface glycoproteins hemagglutinin (HA) and neuraminidase (NA)
that they express, with up to 18 HA (H1-H18) and 11 NA (N1-N11) subtypes currently recognized (5).
Viruses of HIN1 and H3N2 subtypes currently circulate in human hosts. As illustrated in figure 1.1,
the HA, NA and the ion channel M2 are embedded in the lipid envelope of influenza virions.
Proportionally, HA consists of approximately 80% of surface proteins, followed by 17% NA with small
amounts of M2 (6). Binding tightly beneath the lipid envelope, the matrix protein forms a bridge
between the surface glycoproteins and the VRNPs. Each VRNP is comprised of the viral RNA wrapped
around the helical nucleoprotein (NP) capsid and is associated with a single polymerase complex,
formed by protein subunits PB1, PB2 and PA (7). Small amounts of the nuclear export protein (NEP)
can also be found within the virion. A non-structural protein NS1 is encoded by the viral genome and

has a role in immune escape.

For a virion to become infectious, the homotrimeric HA glycoprotein must be cleaved from its
HAQO precursor form by cellular proteases to generate HA1 and HA2 subunits linked by a single
disulphide bond. The HA trimer is made up of a globular head domain (derived from HAL), a stalk
15



domain (derived largely from HA2), a transmembrane region and a tail region. The globular head
contains three receptor binding sites (one per monomer) capable of binding to sialic acid (SA) linked to
galactose (Gal) on the host cell receptor (8). The species specificity of influenza strains was found to
depend on its preference to bind to host cell receptors containing sialic acid bound to galactose in
different linkage conformations. Avian viruses have a preference towards the SAa2,3Gal linkage while
human strains show an overall preference to receptors containing the SAa2,6Gal linkage,
corresponding with expression of SAa2,3Gal expression in avian intestinal tissue and predominately

SAa2,6Gal expression in the human upper respiratory tract where influenza initially replicates (9-12).

The binding of HA to its receptor induces receptor-mediated endocytosis of the virus. The
reduced pH within the endosome causes a conformational change in the HA, exposing a hydrophobic
fusion region at the N-terminus of HA2 which embeds in the endosomal membrane, bringing the viral
and endosomal membranes in contact, resulting in their fusion and the creation of a fusion pore. In
addition, this acidic environment opens the M2 proton-selective ion channel, allowing protons to enter
the viral core and free VRNPs from the M1 protein. This enables VRNPs to enter into the cell cytoplasm
through the fusion pore. Nuclear localization signals on the NP allow the VRNPs to bind cellular
nuclear import proteins and enter the nucleus for synthesis of viral messenger RNA (mMRNA) for

translation into viral proteins and replication of genomic viral RNA (VRNA).

Up until 2001, it was known that these 8 strands encoded 10 viral proteins. However, since the
discovery of PB1-F2 in a +1 reading frame shift of the PB1 gene (13), additional proteins such as PA-
X, PB1-N40 amongst others have been discovered with many more potential proteins flagged by
computation analyses of the influenza genome in open reading frames (14). Adapted from (15), the
RNA segments of influenza A virus and a list of major viral products with known functions are shown
in table 1.1.

Translated from viral mMRNA by host cell apparatus, HA, NA and M2 contain signals that
enable them to be trafficked towards the cell membrane for viral assembly. At the cell membrane
surface, all eight vVRNA segments must be present for a virion to form a fully infectious particle.
Evidence shows that these VRNP segments are arranged in an organized manner and may utilize
specific mechanisms to ensure all eight gene segments are packaged during assembly of virions (16,
17).

Once the virion is assembled, viral budding and release from the plasma membrane occurs. To

prevent the rebinding of HA to the sialic acid receptors of the already infected cell, the tetrameric
16



surface glycoprotein neuraminidase (NA) on budding virions cleaves terminal sialic acid residues from
receptors in the region of budding and from the nascent glycoproteins themselves to prevent
aggregation of virions and help virion release. NA may also play a role in infection of cells by breaking
down secreted decoy receptors in the respiratory tract to allow the virus to access the respiratory
epithelial cells (18).

PBI, PB2, PA
(RNA polymerase)

/ HA (hemagglutinin)

_—M2 (ion channel)

~—— M| (matrix protein)
NA (neuraminidase) —

Lipid bilayer
NEP

NP (nucleocapsid protein)

Segmented (~) strand RNA gene

Figure 1.1. Structure of influenza virus.

Structural components of the influenza virus virion, with hemagglutinin (HA) and neuraminidase (NA)
embedded on the lipid bilayer with the M2 ion channel. Matrix protein M1 encapsidates and anchors 8
viral RNPs which consist of negative sense, single-stranded RNA surrounded by nucleoprotein (NP)
and some nuclear export protein (NEP) with the RNA polymerase complex (PB1, PB2 & PA).
Schematic from (19).
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Table 1.1. Influenza genome segments and some of their protein products

(Nuclear export

protein)

RNA Protein product | Known functions

Segment

1 PB2 Part of the polymerase complex. Binds to cap of host mMRNA
to prime viral mRNA transcription.

2 PB1 Part of the polymerase subunit. Catalytic subunit, elongates
viral mMRNA, cRNA and vVRNA.

PB1-F2 Non-structural. Plays role in pro-inflammatory responses, cell
death and viral replication.

3 PA Part of the polymerase subunit. Contains the endonuclease
active site to allow for ‘cap snatching’ from host mRNA to
allow transcription of viral mRNA (20).

4 HA Surface glycoprotein. Enables viral entry by binding to sialic

(Hemagglutinin) | acid receptors on cell surface and releases viral RNPs through
a pH-dependent conformation change within host endosomes
to cause membrane fusion.

5 NP Internal protein. VRNA encapsidation and synthesis.

(Nucleoprotein)
6 NA Surface glycoprotein. Viral release through the cleavage of
(Neuraminidase) | sialic acid upon exit of host cell.

7 M1 (Matrix 1) Internal protein. Maintains virion structure by connecting viral
envelope with the nucleocapsid and regulates
ribonucleoprotein (RNP) nuclear import.

M2 Surface protein. lon channel that allows H* from the
endosome to enter virion to allow viral RNP uncoating.

8 NS1 Non-structural protein. Evasion of host immunity by
inhibiting antiviral responses and regulating expression of
viral and host genes (21).

NS2/NEP Nuclear export protein. Exports RNP complex from the

nucleus, regulation of viral transcription and recruitment of

host ATPase to aid release of virions (22).

18




Evolution of Influenza Virus

Due to a lack of proof reading by its viral RNA polymerase, influenza virus has a high mutation rate
during replication. However, the rates of accumulation of mutations between gene segments vary. For
example, the HA segment has been found to have the highest rate of nucleotide changes, while
segments relating to the viral polymerase were found to have lower rates of substitutions, likely due to
higher constraints on amino acid changes for the maintenance of function. Furthermore, although M,
NS and NA gene segments were found to have similar rates as the HA gene, HA was found to have the
highest rate of nonsynonymous substitutions, likely indicative of its role in immune evasion by
antigenic drift (23).

Antigenic Drift

Antigenic drift describes a process of mutation and selection of HA and NA genes as the virus
infects populations over time. Point mutations due to error prone viral polymerase may result in amino
acid changes in the antigenic sites of the surface glycoproteins that are selected for within the viral
population as they reduce recognition by pre-existing neutralizing antibody responses (24, 25). This
enables continued replication of these mutant strains, which can be preferentially spread to further
individuals, eventually dominating within a population (26). A hallmark of antigenic drift in human
influenza A viruses is the observation that rather than many drifted variants co-existing and evolving in
parallel, newly drifted strains tend to ‘replace’ older strains, with the H3N2 subtype appearing to
evolve more rapidly than H1N1 strains (27).

These attributes of antigenic drift have informed the major policies of vaccination formulation
against influenza. VVaccine strains are re-evaluated twice a year (to cover each hemisphere’s winter
influenza season) based on recommendations by the WHO Global Influenza Surveillance and Response
System (GISRS). New vaccines are made for each season based on antigenically relevant strains of
human influenza A subtypes HIN1 and H3N2, forecast to be the archetypical strain of the emerging

lineage, and one or two prevalent strains of influenza B virus (3).

Interestingly, Smith et al. (28) showed that continuous genetic evolution of strains did not
equate to continuous drift. To visualize the complex relationship between viral strains and antigenic
drift over time, the authors constructed a two-dimensional plot or ‘antigenic map’ whose relative

distances between strains corresponded to the HI titres of antisera against each strain when reacted
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against all other strains, as shown in figure 1.2. Although it is known that the globular domain of the
HA acquires a mean of 1.5 substitutions a year, most commonly in antigenic sites (29), their analyses
indicated that antigenic drift seemed to be staggered and punctuated, with new antigenic distinct
‘clusters’ appearing every 3 to 8 years (30). Furthermore, of the over 50 substitutions and decades of
evolution, it has been shown that the antigenic differences between strain clusters that aided escape
from antibody responses were largely determined by key single amino acid substitutions near the
receptor binding pocket, with supporting mutations to maintain function and viral fitness (31). New
variant strains were considered to show significant drift from another when four or more amino acid

mutations on a minimum of two epitopes were found on the HA1 protein (32).

Similarly, Russell et al. (30) found that although H3N2 isolates seemed distributed across the
globe heterogeneously, trends in antigenic drift on a global scale are homogenous, suggesting that
strains circulate globally rather than evolving within small areas. Newer, antigenically ‘advanced’
strains were observed to occur 6-9 months earlier in East-South East Asian countries than other
regions, and were shown through phylogenetic analyses to seed other regions as the epidemic migrated
with the season. However, such trends seem to be exclusive to H3N2 strains, as more recent studies
have found global circulation trends in HLIN1 displayed some co-circulation of lineages before

coalescing in East-South East Asia as with H3N2 strains (33).

20



HK68

A EN72 t
Aa .

.
G vy, BB U
. X
éx'v';’il" sig7® I B 1
Cev '\ R BYB7® }

o ° BE89

[ s‘ 3 1
$30Y - : T LT AEK &1 TRty
() _, o B 9, N 7 \& xs

> :’—".BE.Qg ° 7 S ° 7 | -
P . 'ﬁT :‘. & ENT2 T “lo S|:7\ o WUS5 e~ Mole |~
Wues, B T MY o e \ % & —Wi0S——e
- PR < v ; ol y
s Qs C
S b / GCAD

A San /O N » GAL

“‘:9 / =1

580 #sye7 . HK68

COwt o o

Fuo‘z-l - <— Antigenic distance —

Figure 1.2. Map of major antigenic clusters and drift of H3N2 strains.

A shows the two dimensional antigenic map from (28) of H3N2 influenza A virus clusters from 1968
to 2002. The relative positions of virus strains (coloured) and ferret antisera (uncoloured) are shown
plotted on a 2D plane such that the distance between a strain and an antisera directly corresponds to the
HI titre in log2. B shows a similar plot of the strains from 1968 to 2009 with a dashed line to indicate

chronological order; adapted from (34)

Antigenic Shift

Complicating matters further, influenza viruses of subtypes that circulate in avian reservoirs can
enter the human population and become endemic, effectively replacing older human subtypes. These
emergent strains express antigenically novel HA, and sometimes NA, to which most of the human
population would have no prior immunity. Known as antigenic shift, this is thought to be driven in
most instances by the reassortment of gene segments from human and zoonotic strains of influenza
virus upon coinfection of a host’s cell (35). The pig has been implicated as an intermediate in this

process as it has receptors for both avian and human viruses in its upper respiratory tract (36).

Due to the lack of immunity in the general population, influenza viruses that have undergone
antigenic shift have been responsible for pandemics including the 1918 HIN1 ‘Spanish flu’, the 1957
H2N2 “Asian flu’, 1968 ‘Hong Kong’ and more recently, the HIN1 ‘Swine flu’ in 2009. Current strains

21



of seasonal influenza A viruses are drifted variants of the most recent H3N2 and H1N1 pandemics,
(37).

IMMUNE RESPONSES AGAINST INFLUENZA

The mouse model of influenza infection

While in vitro studies can provide valuable information about virological properties and some
evaluation of immune mediators, in vivo models remain the most valuable tool for research into
immunological responses against influenza virus infection. Studies of immune responses against
influenza in mammalian models are most commonly conducted in mice (mus musculus) but also used

are ferrets (mustela putorius furo), guinea pigs (cavia porcellus) and pigs (sus scrofa).

Key advantages to studies of influenza in the mouse model includes availability of inbred
lineages, cost effectiveness of animal husbandry, ability to genetically modify mouse strains as well as
the availability of reagents (38). While it would not be expected that murine responses would align
perfectly with human responses, this mammalian model is particularly well-characterized and thus

provides a reliable basis to study various aspects of the immune response against influenza virus.

However, the limitations of using a murine model to study influenza infection must also be
considered. One such limitation is the limited susceptibility to influenza infection. A contributing factor
is the presence of only SAa2,3Gal receptors in the respiratory tracts of mice. While avian influenza
viruses and early H3N2 strains retain tropism for avian-associated SAa2,3Gal receptors, human
influenza viruses have evolved towards a preference for the SAa2,6Gal receptor more commonly found
in human respiratory tracts. As a result, later human influenza viruses that are not mouse adapted do
not replicate well in mice. HIN1 viruses do not grow naturally in mice (39). Exceptions include
pdmH1N109 and laboratory HIN1 strains such as PR8, which have been altered through continuous

passage in eggs to express only avian receptor specificity.
Role of innate immunity in influenza infection

The innate immune response is the first line of defence during the initial period of infection by
influenza virus. Such responses involve the pathways leading to the release of cytokines, chemokines
and the antiviral molecules interferon o/p (IFNo/B) as well as recruitment of innate cells including
macrophages, neutrophils, NK cells and dendritic cells (40). Initial detection and response against viral
infection is mediated through recognition of viral pathogen associated molecular patterns (PAMPS) by
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epithelial and phagocytic cells through pattern recognition receptors (PRRs). Against influenza virus,
these PRRs include toll-like receptors such as TLR7 and TLR3 and RIG-like receptors such as RIG-I.
These detect different features of the viral RNA and promote downstream responses leading to the
transcription and production of the type I interferons (IFNs, which include IFN o and ) amongst other
inflammatory signals (41, 42). NOD-like receptors such NLRP3 are also associated with the innate
response against influenza virus via detection of various aspects of influenza virus including sSRNA,
proton flux and the virulence protein PB1-F2. Activation of NLRP3 results in formation of the
inflammasome complex and release of pro-inflammatory cytokines IL-1p and 1L-18 (43, 44).
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Figure 1.3. Activation of host innate pathways by influenza A virus components.

Obtained from (44), figure shows various activation pathways within a host cell upon detection of
influenza virus components such as NS1, PB1-F2 or PB2 leading to the activation of NF-kB to initiate

the transcription of type I IFN in response to viral infection.

23



Amongst the milieu of cytokines and chemokines released during influenza infection, release of
chemotactic signal CCL2 by infected epithelial cells is associated with the recruitment and activation of
alveolar macrophages and monocytes. Activated macrophages release proinflammatory cytokines such
as IL-6 and TNF-a, phagocytose infected cells and virus particles and aid in the regulation of adaptive
immunity (45). However, in some cases, alveolar macrophages have also been associated with

excessive inflammation and immunopathology during influenza infection (46).

Natural killer (NK) cells also play an important role in the control of influenza infection
through lysis of infected cells either through direct binding to HA on virus-infected cells or through
binding of antibodies by CD16 receptors through a process known as antibody-dependent cell
cytotoxicity (ADCC) (47, 48).

Bridging the innate and the adaptive response are the dendritic cells (DCs), which aid in the
activation of adaptive immunity through antigen presentation. Through mechanisms of phagocytosis,
direct infection and cross presentation, dendritic cells can present viral peptides through both MHC
class I and class Il, thus activating both CD8" cytotoxic and CD4" helper T cells against the viral
infection (45, 49).

Role of adaptive immunity during influenza infection

In comparison to the immediate, non-specific response against pathogens, the adaptive immune
response is honed against specific antigens of a pathogen such as influenza virus but takes some time
over the course of infection to become activated and perform its effector functions. Typically, these

responses are categorized into the cellular and humoral arms of the adaptive immune response.
Cellular Immunity

The cellular arm of the adaptive immune response is primarily directed by cytotoxic (CD8*) T
cells and T helper (CD4") cells.

Activated by DC antigen presentation, cell-to-cell signalling and cytokines, CD8* T cells play a
vital role through the control of viral spread. Cytotoxic T cells recognize virus-infected cells by the
interaction of their T cell receptors with specific viral peptides presented by MHC class | molecules on
the infected cell surface. This interaction triggers release of perforin and granzyme to initiate death of
the infected cell and of anti-viral and pro-inflammatory cytokines (50). With regards to influenza

infection, CD8" T cells tend to recognise epitopes of highly conserved internal components of
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influenza virus such as NP, M1, NS1 and PB1 (51, 52) in addition to the variable surface glycoproteins.
These targets on the internal proteins are highly advantageous as they are less likely to undergo
mutation to escape immune recognition compared to the surface glycoproteins, allowing for memory

cytotoxic T cells to cross-react with various influenza strains and even different subtypes (53).

CD4" helper T cells, on the other hand, act as directors of the response against influenza
infection. Upon presentation of peptides on MHC class 1l molecules and co-stimulatory signalling by
antigen presenting cells, CD4" T cells become activated and during influenza infection, are most likely
to differentiate into Th1 or Th2 cells based on the cytokine microenvironment (54). In turn, T helper
cells aid in honing the response against influenza infection through release of cytokines and cellular
interactions with other adaptive cells. Thl cells primarily release IFN-y and IL-2 and are largely
responsible in promoting cytotoxic T cell responses and establishing CD8* T cell memory, while Th2
cells release 1L-4, IL-5 and IL-13. Both aid in B cell activation and differentiation, likely developing
into T follicular helper (Tfh) cells with appropriate B cell signalling (55, 56).

Humoral Immunity

The humoral arm of the adaptive immune response against influenza virus is mainly directed by the
different subsets of B cells. During influenza infection, B cells with surface immunoglobulin (1g)
receptors that can directly recognize the surface antigens of the virus will undergo activation, resulting
in cellular signals that allow differentiation to occur through transcriptional changes within the cell(57).

While HA is thought to be the immunodominant with regards to antibody responses, lower
proportions of antibodies to other viral components including the NA and NP are also mounted in
infected individuals (58, 59). Neutralizing antibodies against the HA in particular are largely directed
against discrete antigenic sites located around the receptor binding pocket of the hemagglutinin and
these antibodies sterically prevent viral entry into host cells. The levels of such HA-specific antibodies,
detected in a hemagglutination-inhibition assay, have been shown to correlate with protection (31, 60).
In addition to this, antibodies to HA are also capable of eliminating the infected cell either by antibody
plus complement-mediated lysis or by antibody-dependent cellular cytotoxicity (ADCC). Further
studies have also shown that antibodies directed against M2 and NP, and particularly NA, are also
capable of limiting infection, reducing disease severity (58, 61-63).

Antibody isotypes observed following influenza infection include IgM, IgA and 1gG(64). Virus-

specific IgM has largely been associated with initial non-class switched responses, but a study by
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Skountzou et al. suggests a longer-lived role in the protection against influenza, especially in
conjunction with the complement network to aid in viral neutralization (65). Secretory IgA antibodies,
on the other hand, are transported to the mucosal surfaces of the respiratory tract and enable protection
of the epithelial cells of the airways, both extracellularly and intracellularly, as well as prevention of
viral transmission (66-68). Influenza-specific 1IgG has been shown to be the dominant antibody and is
associated with long-term protection against specific strains (69). B cells expressing 1gG have been
shown to have higher proliferative capacity and are more likely to differentiate into plasma cells
compared to IgM (70).

B CELL RESPONSE AGAINST INFLUENZA VIRUS

B cell activation during infection

During infection, B cells may differentiate into various effector cells to help control and clear the
invading pathogen. Upon activation, T-dependent B cells migrate to the germinal centre (GC) to
interact with T follicular helper (Tfh) cells to undergo isotype switching, affinity maturation and
differentiation. These intermediary B cells are known as germinal centre B cells and continue
differentiation into either plasmablasts or memory B cells. The fully differentiated form of
plasmablasts, plasma cells, act as the major producers of antibodies during an infection. Memory B
cells act as sentinels which become reactivated by interaction with their cognate antigen to respond to

reinfection more rapidly and at a higher magnitude.

During infection, the process of B cell activation begins with activation signals through cross-
linking of B cell receptors with antigen. In the plasma cell differentiation pathway, early expression of
the transcriptional repressor Blimp-1 in extrafollicular B cells will commit a portion of B cells to a
short-lived plasma cell fate, repressing affinity maturation and isotype switching. These unswitched,
non-affinity matured plasmablasts, ie. antibody-producing cells that have yet to differentiate to a
complete plasma cell phenotype, and short-lived plasma cells allow an early antibody response against

the ongoing infection (71).

In comparison, the T-dependent B cell response takes around 5-7 days to develop and is
promoted by contact with and cytokine signalling from CD4+ T follicular helper cells. These signals
are required for class switching and migration into germinal centres (72). During a respiratory infection
such as influenza virus, the main sites for germinal centre reactions include the draining mediastinal

Ilymph nodes (MLN) and the mucosal-associated lymphoid tissue (MALT) (68). The structure and
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signalling environment of GCs subsequently promotes affinity maturation and differentiation of GC B
cells into memory and plasma cells later during infection to aid clearance of infection through high
affinity 1gG and IgA antibodies (73-75).

While the majority of antibody-secreting cells undergo apoptosis after infection, a small
proportion migrate to the bone marrow, where they become long-lived plasma cells (LLPC),
constitutively releasing antibody against their cognate antigen to aid in prevention of reinfection by the
same viral strain in the recovered host (76). An example of the longevity of these responses was shown
in a study of donors born on or before 1915 where all participants within this age range displayed
seroreactivity against 1918 pandemic influenza virus and 7 of 8 donors retained circulating antigen-

specific memory B cells against the virus for up to 10 decades (77).

In addition to the highly specific B cell responses, a subset of B cells known as (CD5") B-1
cells also play an important role in the humoral response against influenza infection. B-1 cells exhibit
innate-like properties, secreting polyactive IgM antibodies without antigen stimulation. These
constitutively present ‘natural’ IgM antibodies act as an early defence against infection and have
similar effector functions as IgM produced by B cells with receptors specific to one epitope. In
addition, studies have shown that both natural and induced IgM responses must be present for effective

induction of the class-switched 1gG response (78).
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Figure 1.4. The Kinetics of B cell responses during the course of influenza infection

T-independent and T-dependent B cell responses during viral infection. Obtained from (79), figure
shows the timing and differentiation pathways of the T-independent B-1 responses and the T-dependent
early follicular (EF) response and germinal centre (GC) B cell responses over the course of viral

infection.
Antibody responses against influenza virus

The antibody response against influenza seems to be highlighted by clear hierarchies of
immunodominance. Altman et al. (29) have shown that approximately two thirds of the antibody
produced after immunisation with inactivated influenza virus is directed to the HA, although this may
differ in response to infection. Of the antibodies against HA, responses to the well-defined major
antigenic sites dominate over other less well recognised determinants elsewhere on the molecule.
Seminal studies from the 1980s showed that circulating seasonal H3N2 and H1N1 strains contained
five major antigenic sites in the hemagglutinin head around the receptor binding site (RBS) (Ato E in
H3N2 and Cal, Cal, Ch, Sa and Sb in HIN1) (80, 81). The production of these neutralizing antibodies
has been shown to correlate with protective immunity and currently, the inactivated detergent-disrupted
influenza vaccine relies on the production of this antibody response to prevent infection and/or lessen

its severity. More recently, studies have been able to further map the immunodominance hierarchy
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between these sites in both HIN1 (82) and H3N2 (83). However, this protective response in turn

promotes selective pressure for influenza A viral strains to undergo antigenic drift in these sites.

Although theoretically advantageous, antibodies against more conserved sites such as the stem
or receptor binding site (RBS) of the HA appear in lesser frequencies, likely as they are much less
accessible in comparison to the major antigenic sites (84, 85). Furthermore, such responses may also be
affected by competition for T cell help when B cells of differing specificities draw from the similar

antigen-MHC Il complex requiring the same pool of specific CD4+ T cells for stimulation (86).

A further break down of the immunodominance of antibody responses against influenza virus
proteins was provided by Altman et al (87) and summarized in Figure 1.4. Through examination of
mouse (and lamprey) antibodies against influenza A virus, it was found that approximately 80% of
antibody responses were directed to the HA and mostly against the antigenic sites on the globular head
upon immunization of inactivated virus. While neutralising anti-HA responses contribute
predominately contribute to the antibody response (29), responses against other components of
influenza virus may also play a role in control and prevention, especially against heterosubtypic
infections. The relative ability of responses against specific influenza virus components to inhibit
influenza infection was shown in a study by Epstein et al (88) where mice were immunized with
recombinant vaccinia viruses expressing one of the influenza virus proteins before challenged with PR8
influenza virus. It was found that only mice immunized with recombinant viruses expressing either HA
or NA showed significant protection and that this protection was not T cell dependent through MHC
class I-deficient mice depleted of CD4" T cells.

While antibodies against NA are not generally considered neutralizing, induction of anti-NA
antibodies showed a reduction in viral titres over time, likely limiting infection through the inhibition
of viral exit of an infected cell (45, 89, 90). NA antibody responses may also confer cross reactivity in
viruses with the same NA but differing HAs, given the partial protection conferred by the transfer of
sera from mice challenged with a virus containing human N1 into naive mice during avian N1 virus
challenge. Cross reactivity of human sera with avian N1 strains was also demonstrated in the same
study (91). Furthermore, when H3N2 viruses replaced previously circulating H2N2 strains after the
1968 pandemic, higher anti-N2 antibody titres were found to be associated with a reduction in
influenza-related symptoms and lower levels of virus shedding (92). Similarly, a notable decrease in
infection and disease was shown in those with pre-existing anti-N2 antibodies during the 1968 outbreak
when a community in Michigan was exposed to H3N2 virus for the first time (58). This is further
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corroborated by a recent study which showed that immunization with a formulation containing N1 was
able to aid in protection of heterologous infection of a mismatched N1 (93). While — as a surface
glycoprotein — NA undergoes antigenic drift and actually acquires substitutions at a more rapid rate
than HA, it has been found that the timing of drift in the NA does not necessarily align with drift in the
HA of a viral strain (94). Thus, anti-NA antibodies may be useful as a means of reducing disease and

transmission in the context of antigenic drift in the immunodominant HA (95).

As an internal protein, NP presents an important antigen for T cell responses. Anti-NP
antibodies have also been investigated as a potential means towards a universal vaccine given the high
conservation of NP sequence between all influenza A strains. Anti-NP antibodies have been shown to
be capable of limiting viral replication, including during heterosubtypic infection, and protecting
against lethal challenges of influenza (61, 96). Further studies have shown that anti-NP 1gG promotes

viral clearance through cellular immunity and FcR-related innate responses (97).

Found on the viral membrane in low concentrations, antibodies against the M2 protein have
drawn attention due to the highly conserved nature of M2 as well as the capacity for anti-M2 antibodies
to reduce viral titres and protect against lethal infection (63, 98). As M2 is found on infected cells at
low concentrations, low levels of antibodies against M2 can be found during natural infection(99).

Proteins per Serum Abs
virion (number) immunodominance
(relative response, %)

HA 500 55%
NA 50 35%
NP 1000 10%
M1 3000 n.d.
M2 10 n.d.
NS1, NS2 10 n.d.
PB1, PB2, PA 16 n.d. m

PERSPECTIVES

Figure 1.5. Immunodominance of serum antibody responses against influenza A virus.

Immunodominance of serum antibody responses against influenza A virus. Figure from (59)
summarising data from two studies which examined the abundance of viral proteins in influenza virions
(100) and mouse serum antibodies were measured after immunization with inactivated influenza A

virus (87). n.d., not determined.
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Vaccination against influenza A virus

Through prevention and reduction of illness, vaccination remains the most effective means of
controlling the spread of influenza (3). As the induction of robust antibody responses against well-
matched strains has been shown neutralize viruses, the primary aim of influenza vaccines is to induce

strain-specific antibodies against target strains in recipients that effectively inhibits the virus (101).

Current vaccine types are predominantly based on inactivated virus (11V) but live attenuated
virus (LAIV) vaccines are also available. Vaccines contain HA and NA antigens from circulating
strains of human HIN1, H3N2 and one or two prevalent influenza B strains (102). Attenuated influenza
vaccines were previously recommended in young children based on promising clinical trials, but more
recent studies have painted a less favourable picture of the efficacy of LAIV (103, 104), leading to the
US Advisory Committee on Immunization Practices to recommend it not be used in the 2017-2018
influenza seasons (105). Since the 1970’s, the inactivated virus vaccines have been formulated through
amplification of the virus in embryonated eggs followed by purification by sucrose gradient
centrifugation, chemical inactivation and “splitting” into its components using detergents (106). For
H3N2 strains, chosen strains undergo reassortment with the egg-adapted A/Puerto Rico/8/1934 (H1N1)
strain while being selected for the H3N2 HA and NA components to ensure a high yield during
amplification. Mass production of vaccines takes at least 6 months (107) and thus review of selected
strains must take place well before the influenza season begins in either hemisphere — February for the
northern hemisphere and September for the southern hemisphere (101, 102).

Given the prolonged timeframe of vaccine production, strains selected are predictions of the
antigenically dominate strains for the upcoming influenza epidemic seasons. Although the WHO
committee makes recommendations on the best available evidence, strain mismatches have occurred in
several instances, resulting in substantially reduced vaccine effectiveness (VE) (106). In the Northern
Hemisphere during the influenza season of 2014-2015, VE was as low as 23% as a result of a mismatch
of the antigenic characteristics of H3N2 vaccine component A/Texas/50/2012 and the predominately
circulating A/Switzerland/9715293/2013-like strains. Furthermore, evidence has arisen suggesting that
egg-associated adaptations may also affect the antigenic properties of chosen viruses. Since the 2014-
2015 season, H3N2 strains acquired a mutation that added a glycosylation site on the HA. However,
the 2016-2017 egg-adapted H3N2 vaccine strain was observed to show a reversion in this mutation.
Individuals vaccinated with this egg-adapted strain were shown to have minimal increases in response

to the circulating target strain post-vaccination in stark contrast to the participants that received a
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vaccine with a recombinant H3 antigen possessing the glycosylation site who showed a four-fold

increase in antibody responses to the circulating strain (108).

While vaccines remain the best method of protection against influenza spread and infection,
further studies into antigenic drift and the nature of the B cell response against drifted strains would

further inform strain recommendations and help maximize the effectiveness of future vaccines.

THE IMPACT OF ANTIGENIC DRIFT ON B CELL RESPONSES AGAINST
INFLUENZA VIRUS

Currently, the effectiveness of the annually updated vaccine is reliant on the selection of strains that are
antigenically similar to upcoming circulating strains. While a perfect strain match would play a strong
role in ensuring a robust VE, further studies have delved deeper to investigate the relationship between
repeated exposure to antigenically drifted strains and the B cell response against them.

In adults, strong evidence exists that influenza vaccinations largely promote the recall of
affinity matured 1gG memory B cell responses over naive B cell responses (109, 110). This has been
shown to be a result of the acquisition of immunity against influenza strains circulating during
childhood, with the quantity of 1IgG and IgA influenza-specific memory B cells in peripheral blood
increasing from 0.5-month-old children to 5 years of age before reaching a plateau (110). Although
influenza infection can induce lifelong immunity against the exposed strain (77), the antibody titres
against vaccinated strains appear to decline to about half over the course of around 2 years in adults
(1112).

But the properties of pre-existing B cell memory against prior influenza strains in the context of
antigenic drift has been and remains a topic of some debate. One of the most discussed subjects is the
phenomena of ‘original antigenic sin’, whereby the antibody response to the first strain of influenza a
host is exposed to becomes the most predominate response against influenza despite exposures to

newer, antigenic drifted strains.

Evidence supporting this phenomenon dates back to studies over half a century ago by Francis
(112) and Davenport (113), where it was shown that human infection of drifted influenza strains
produced a strong antibody response specific for strains encountered in the individual’s childhood

while responses against the infecting drifted strain was diminished. It was postulated that these highly
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responsive memory B cells against previous strains would respond and as a result produce large
quantities of antibodies with low affinity to recent antigenically drifted strains. This response may also
inhibit the naive B cell pool’s capacity to recognize the antigenically drifted strain because of memory
B cell-induced antibodies competing naive B cells for antigenic sites, thereby inhibiting their

activation.

This is also corroborated by another study (114) showing that individuals that received the 11V
from the previous year and had appreciable hemagglutinin inhibition (HI) titres against the vaccine
strain, responded with lower levels of IgA antibody secreting cells (ASCs) in peripheral blood and
lower titres of sera antibody inhibition against the newer vaccine strains. A more recent study (115)
found similar results, showing that individuals who were not vaccinated in the last 3 seasons showed
substantially larger vaccine-specific IgG* plasmablast responses than those who were vaccinated
recently and this was similarly reflected in their HI titres. Furthermore, Andrews et al. (116) showed
that higher pre-existing serum antibodies were correlated with a more strain-specific response to the
HA head upon vaccination against the 2009 pandemic H1N1 while plasmablasts from individuals with
lower titres were associated with a more cross-reactive response against the HA stalk, in line with the

general hypothesis of prior responses hindering more diverse, potentially cross-reactive responses.

In the last decade, this idea has been further elaborated on with the concept of ‘antigenic
seniority’, defined as the idea of primary infection — usually in childhood — having the highest priority
in responses with subsequent infecting strains taking a lower stepwise priority in the immune response
against drifting strains. This was first shown in a study investigating antibody titres in sera of
individuals from Guangdong, China (117) where it was shown that individuals had the highest titres
against strains circulating when they were around 7 years old while antibody titres mounted against
strains following this initial exposure declined steady with time and antigenic difference. Further
modelling of this data appeared to suggest this each exposure to virus or vaccine strains appeared to
shape the immune response against subsequent infections or vaccinating strains, in contrast to the
theory of original antigenic sin which focused only upon the initial strain hosts were exposed to in
childhood (118, 119).

Other studies (109, 120) have shown an opposing perspective, painting a more complex picture
of the nature of memory B cell responses against influenza in the presence of antigenic drift. Notably,
Wrammert et al. (109) showed that the reactivity of human antibodies and their underlying B cells were

shown to bind a new influenza strain with equal or greater affinity despite the drifted strain being very
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antigenically similar to the previously experienced strain, contesting the idea that prior B cell responses
against an older strain might outcompete for antigenic sites during exposure to a newer infection where

similar sites may be most likely to be recognised.

Furthermore, data from Fonville et al. (34) suggests that although the overall antibody and
memory B cell responses against influenza is highly influenced by the exposure of circulating strains
during childhood, an individual’s distinct ‘antibody landscape’ will shift to produce high affinity
antibodies to the most recent strain upon infection. This occurs despite the tendency for pre-existing
antibody titres towards strains circulating during the individual’s childhood to predominate during
periods of no immunological challenge. Although titres of these more recent antibodies will decay in
the years post exposure to a new challenging strain, the host’s overall ‘landscape’ against strains are

altered by the infection.

In addition to this, infection with an antigenically diverse H3N2 influenza virus resulted in an
increased level of neutralizing antibody against both the infecting and previously encountered strains, a
phenomenon coined ‘back-boosting’ in the paper. This was further reported and supported by a recent
study (121) that showed that the plasmablast and B cell responses against vaccination of more
antigenically distant strains were more robust than strains of more similar antigenic properties to those
that the host had pre-existing immunity against. Taken with the negative correlation of high pre-
existing sera-based inhibition and the production of both plasmablasts and memory B cells, this
phenomenon was suggested to be the result of masking of viral epitopes by way of binding by pre-
existing host antibodies. Both conclude that vaccination of more antigenically diverse strains of
influenza are more likely to provide a robust and protective B cell response against both recent and

prior strains.

This new wealth of data on the effect of antigenic drift on antibody responses against influenza
has many implications for vaccination, however a distinction must be made between the immunological
implications of infection versus vaccination. This can be seen in a study by Kim et al. (122), where it
was shown that immune responses against A/Fort Monmouth/1/47 (FM1) vaccination was far more
efficacious in mice with a history of prior infection with the antigenically related virus PR8 compared
to those immunized with PR8. This was reflected not only in increased levels of the antibody responses
against PR8 and FML1, but also in the levels of plasmablasts, PR8-specific and FM1-specific ASCs as
well as the increased breadth of hemagglutinin inhibition of other HLN1 viruses, suggesting that the
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immune responses induced by infection have long-arching implications for the continued immunity

against drifting strains.

Much discussion of vaccine-induced B cell against influenza has arisen because of various
seasons of lowered vaccine effectiveness, especially with regards to H3N2, but this is not a new debate.
As early as 1999, a computational analysis by Smith et al. (123) examined the effect of antigenic
distance between past and present vaccine strains and epidemic strains in an attempt to reconcile
conflicting data on whether repeated vaccinations proved effective or hindering. The model proposed a
hypothesis that antigenic distance between past and present vaccination and epidemic strains would all
affect the cross-reactivity and stimulation of B cell pools that could react and protect against the
epidemic strain. Ultimately, this model predicted that successive vaccination of antigenically similar
strains would be less effective against epidemic strains, especially epidemic strains that are more
antigenically advanced. In this case termed ‘negative interference’, restimulation of B cells against the
epitopes from prior vaccine is more likely interfering with stimulation of B cells by epitopes in the
present vaccine strain that may also be present in the epidemic strain. In addition to its predictive
strength of prior seemingly conflicting studies on repeated vaccinations (124, 125), a more recent study
examining the effect of vaccination of 3 seasons during 2010-2015 also appeared to show evidence in
support of this hypothesis (126). When present and prior vaccination strains were more antigenically
distinct, little to no negative effect on vaccine effectiveness (VE) was observed as in the 2010-2011
season. Conversely, the more antigenically similar vaccine strains during the 2014-2015 season and a

more antigenically distinct epidemic strain appeared to have a significant negative impact on VE.

However, given that not all ‘antigenic sin’-like responses are hindering (127), conflicting data
and the potential effect of adjuvants in improving the diversification of the vaccine response (128),
antigenic distance between vaccine strains may be another factor in the myriad of variables that

determine vaccine effectiveness against influenza A strains.

The nature of the humoral response against the continuously drifting strains of influenza
remains a complex and nuanced process. With its relevance to continued protection and immunity
against influenza through vaccination, the nature and balance of naive and memory B cell responses in
the context of antigenic drift and protection against future infection remains a vital subject of study and

investigation.
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SCOPE AND AIMS OF THIS PROJECT

Many studies have furthered our understanding of the effect of antigenic drift on the B cell
response against influenza virus in humans in recent times. Although the most relevant ‘model’, human
participants often have a varied and unknown infection history with influenza viruses, complicating the

study of prior immunity in the context of an infection with a drifted influenza strain.

In comparison, animal models such as ferrets and mice allow for exposure to influenza viruses
or antigens to be carefully controlled to study the relevant responses with a known immune history. As
such, studies like that of O’Donnell et al. (129), have used animal models to examine the antibody

responses against viruses in cases of antigenic drift.

Yet, while there is a large wealth of data regarding the specificity and dynamics of the antibody
responses against influenza, the kinetics of B cells and their subsets which are responsible for the
production of these antibodies are less well studied. At the time of writing, it remains unknown whether
the immunodominance hierarchy of influenza-specific antibodies also reflects the immunodominant
responses in influenza-specific B cells. However, given the immunodominance of HA-specific
antibody responses against influenza (87, 88), at the beginning of this study we hypothesised that the
dynamics and specificity of the recall of B cell responses during secondary infection against influenza
virus would reflect the antigenic relatedness between the first and second infecting strains.

This project aims to use the C57BL/6 mouse model to investigate the naive and memory B cell
responses against paired strains of influenza virus with varying degrees of antigenic distance during
primary and secondary infection. Chapter 3 established a model to characterize the kinetics of the
primary, secondary and heterologous B cell response against influenza virus by B cell ELISPOT and
flow cytometry. In particular, a protocol was established wherein various types of immune histories
could be examined in a singular experiment. In Chapter 4, the model established in Chapter 3 was used
to examine the effect of antigenic drift on B cell kinetics, where mice infected with paired strains of

varying antigenic distance were compared to mice with expected primary and secondary responses.
Specific aims include:

1. To characterise the kinetics of the B cell response during the course of primary and
secondary influenza virus infection in the C567BL/6 mouse model.
2. To examine the effect of antigenic shift on B cell kinetics during infection of H3N2
influenza virus with prior exposure to a HIN1 virus.
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3. To examine the effect of antigenic drift on B cell responses during infection of paired H3N2

strains of varying antigenic distance.
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CHAPTER 2 - MATERIALS AND METHODS

CELL CULTURE MEDIA

RF10: Roswell Park Memorial Institute (RPMI)-1640 medium without L-Glutamine (Media
Preparation Unit [MPU], The University of Melbourne [UoM]) with supplements of 10%
volume/volume (v/v) heat-inactivated (56°C, 30 min) foetal bovine serum (HI-FBS; Gibco, Grand
Island, New York, USA), 25 IU/mL penicillin (Gibco), 25 pg/mL streptomycin (Gibco), 24pug/mL
gentamicin (Pfizer, Bentley, WA, Australia), 2 mM glutamine (Sigma, St. Louis, MO, USA) and 2mM

sodium pyruvate (BDH chemicals, Poole, Dorset, England).

RPMI+anti: RPMI-1640 medium without L-Glutamine supplemented with 25 IU/ml penicillin, 25

pg/mL streptomycin, 24 pg/mL gentamicin, 2 mM glutamine and 2 mM sodium pyruvate.

L-15 medium (2x): Lebovitz’s L-15 medium with L-Glutamine (Gibco) dissolved into pyrogen-free
Baxter water (pH 6.8; Baxter Healthcare Pty. Ltd., NSW, Australia) with supplemented 25 1U/mL
penicillin, 25 ug/mL streptomycin, 0.4 mM HEPES buffer (Gibco) and 0.028% weight/volume (w/v)
sodium hydrogen carbonate (NAHCO3; Sigma) in HANKS (Media Preparation Unit; MPU).

Agarose overlay medium: 0.9% (w/v) Type | agarose (Sigma) with TPCK treated trypsin (Worthington

Biochemicals, Lakewood, New Jersey, USA) in L-15 medium.
Egg infection medium: Phosphate buffered saline (PBS; MPU) with 120 pug/mL gentamicin.

B cell medium: RF1o media additionally supplemented with 0.1 mM of 2-mercaptoethanol
(CalBioChem, San Diego, California, USA).

All media was filtered through a 0.45um membrane filter (Millipore, Billeria, Massachusetts, USA)

and stored at 4°C prior to use.

BUFFERS AND SOLUTIONS

PBS: 137 mM sodium chloride (NaCl), 10 mM sodium hydrogen phosphate (NazHPO4), 2.7 mM
potassium chloride (KCI) and 1.47 mM potassium dihydrogen phosphate (KH2PO4) in MilliQ water
(pH 7.4; MPU).

Trypsin versine (TV): Earle’s balanced salt solution, 0.05% (v/v) trypsin and 0.02% (w/v) versine
(MPU).
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Lysis buffer: 0.5 M Tris (Chem-Supply, Gillman, South Australia, Australia), 0.6 M potassium
chloride (KCI; Chem-Supply) and 0.5% (v/v) Triton-X (United States Biochemical, Cleveland, Ohio,
USA) in double distilled water adjusted to a pH of 7.8.

PBSN3: Phosphate-buffered saline solution (PBS; MPU) containing 0.1% (weight/volume [w/v])
sodium azide (Sigma Aldritch).

PBST: PBS (MPU) with 0.05% (w/v) Tween-20 (LabChem, Auckland, New Zealand).
BSA10PBS: PBS (MPU) containing 10% (w/v) bovine serum albumin (BSA; Sigma Aldrich)
BSAsPBST: PBS (MPU) with 5% (w/v) BSA and 0.05% (w/v) Tween-20.

Fluorescence-activated cell sorting (FACS) buffer: PBS (MPU) with 10% (w/v) BSA and 0.02%

(v/v) sodium azide.

VIRUSES

Influenza virus strains A/Puerto Rico/8/34 (PR8; HLN1) and A/Udorn/307/72 (Udorn; H3N2) were
used in this study as well as vaccine seed viruses containing the HA and NA of either A/Port
Chalmers/1/73 (PC73; H3N2), A/Victoria/3/75 (Vic75; H3N2), A/Texas/1/77 (TX77; H3N2),
A/Bangkok/1/79 (BK79; H3N2) or A/Philippines/2/82 (Ph82; H3N2) on a PR8 background (all other
genes from PR8). The PR8 virus is mouse adapted. Udorn is a human isolate while the viruses
reassorted with PR8 have surface glycoproteins from viruses that were human isolates. The Ph82 virus

has been mouse adapted by selection for resistance to inhibitors in mouse lung (130).

Viruses were propagated by inoculation of 10 day old embryonated chicken eggs (Seqirus,
Parkville, Victoria, Australia) before incubating at 35°C for 48 hours. Eggs were then placed at 4°C
overnight before allantoic fluid was harvested and clarified by centrifugation at 1000 g for 5 minutes at
4°C. Aliquots were then stored at -80°C. Infectious viral titres (plaque forming units [PFU] / mL) and
HA titres were determined by plaque assay and HA assays respectively prior to use.

CELL LINES

Madin Darby Canine Kidney (MDCK) cells: MDCK cells were cultured in 75 cm? tissue culture
flasks (TC75; Corning Inc., New York, USA) with RF1o culture media. When cell monolayers reached
confluence, cells were passaged by removing media and washing with PBS before adding 2.5 mL of

TV at 37°C until cells detached from the flask. RF10 was added to the solution before cells were
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pelleted at 400 g for 5 minutes by centrifugation and resuspended in warmed RF1oand seeded into a
new TC75 flask.

VIRUS PURIFICATION FROM ALLANTOIC FLUID

To detect B cells specific for viral strains without the presence of egg proteins by B cell enzyme-linked
immunospot (ELISPOT) assay, viruses were purified from frozen allantoic fluid stocks of
A/Udorn/1972 (H3N2) and A/Philippines/1982 (H3N2) amplified in embryonated chicken eggs.
Polyethylene glycol (PEG) 6000 (Sigma Aldrich) was added to the thawed allantoic fluid stocks to
make a solution of 8% wi/v while stirring. Once the PEG was dissolved, the solution was centrifuged at
9000 rpm at 4°C for 30 min on the Beckman Avanti J-E centrifuge using the JLA16.250 rotor. The
pellet was then resuspended in PBSN3 with an underlay of 5% wi/v sucrose in PBSN3 and centrifuged at
25,000 rpm at 4°C for 1.5 h in the Beckman Ultracentrifuge XL-90 with the sw28 rotor at maximum

acceleration and deceleration.

The resuspended pellet was then layered over a 35 mL linear sucrose gradient consisting of 15
to 80% (w/w) sucrose in PBSN3 and centrifuged at 25,000 rpm for 2.5 hours with maximum
acceleration and no deceleration. The visible band of virus within the gradient was then harvested,
resuspended and centrifuged to dilute out the sucrose before the purified virus pellet was resuspended
in ImL PBSNs.

The resultant product was measured for protein content by the Bradford assay and HA titre by

hemagglutination assay.
BRADFORD PROTEIN ESTIMATE ASSAY

Purified viral stocks were quantified for protein content by Bradford Protein Estimation prior to use in
the B cell ELISPOT assay. Standards containing various concentrations of BSA up to 1 mg/mL in
distilled H.O were prepared prior to measurement. Samples were diluted 1:2, 1:5 and 1:10 to ensure a
reading within the range of detection of the assay. 20 yL of diluted samples and standards were then
added to plastic cuvettes (Sarstedt, Numbrecht, Germany) before 1 mL of 1x BioRad Protein Assay dye

was added to each cuvette and read using a BioPhotometer (Eppendorf, Hamburg, Germany) at 595nm.

Optical density of the standards was used to plot a standard curve which in turn enabled protein

concentrations of samples to be calculated using the formula of the curve.

HAEMAGGLUTINATION ASSAY
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A hemagglutination assay was performed to determine the hemagglutinating units (HAU) of viruses.
Viruses were serially diluted in PBS (MPU) across 96-well round-bottom plates at 25 pL total volume.
An overlay of 25 pL of 1% chicken red blood cells (cRBCs; Sequirus) was added and allowed to

incubate at room temperature for 30 min before scoring for agglutination.

HAU titres (HAU/mL) were calculated using the following formula: HAU/mL = 40 x dilution

factor x 2", where n is the end point well containing 1 HAU.
HAEMAGGLUTINATION INHIBITION ASSAY

Hemagglutination inhibition (HI) assays were performed to determine the titre of mouse serum
antibodies that prevented hemagglutination of chicken red blood cells by the haemagglutinin of
influenza virus strains. Mouse sera were treated with receptor destroying enzyme (RDE; Sigma
Aldrich) overnight at 37°C before being neutralized by 0.72% (w/v) sodium citrate yielding a final
serum dilution of 1:10.

Viral stocks were assayed by HA to determine 4HAU prior to the HI assay. RDE-treated serum
samples (25 pL total volume) were serially diluted in 96-well round-bottom plates and an equivalent
volume of virus (4 HAU) was added to all wells and gently resuspended before incubating at RT for 30
min. 25 pL of 1% cRBCs were then added before incubating for another 30 min at RT. Plates were
then scored for haemagglutination, with inhibition titres recorded as the reciprocal of the highest

dilution of sera required to completely inhibit haemagglutination.
PLAQUE ASSAY

To determine infectious viral titres in samples of virus or lung homogenates, plaque assays were
performed using MDCK cells. MDCK cells were seeded in 6-well tissue culture (TC6; Costar,
Wugiang, Jiangsu Province, China) plates in RF10 and incubated overnight at 37°C and 5% CO.. Media
was aspirated from confluent MDCK monolayers and washed with RPMI+anti. Samples containing
virus were serially diluted in RPMI+anti before 135 uL was added to the cell monolayers and

incubated for 45 min at 37°C with 5% CO.. An overlay of 3 mL of agarose overlay medium was then
added and incubated at 37°C with 5% CO> for 72 h. Distinct plaques produced by cytopathic effects

(CPE) as a result of MDCK cell infection were then counted.
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The infectious viral titre per mL of each sample was then calculated by averaging the mean
number of plaques multiplied by the dilution factor of the sample with the assumption that each plaque

represents initial infection of a single cell by a single infectious virion.

MOUSE INFECTION

For all mouse influenza infections, 8-10-week-old female C57BL/6 mice were lightly anesthetized by
isoflurane (Veterinary Companies of Australia Pty Ltd, Kings Park, NSW, Australia) inhalation (2
L/min). 50 pL of virus diluted in RPMI (Gibco) was delivered to the external nares to establish a total
respiratory tract infection. Mice were monitored for overt clinical signs and/or body weights depending
on the virulence of influenza virus strain as outlined in the ethics up to 10 days post infection, then
twice a week upon recovery. At predetermined timepoints specified in the experimental models, mice

were culled by CO2 asphyxiation.

MOUSE ORGAN HARVEST AND PROCESSING

Harvesting and processing peripheral blood by heart puncture

To harvest peripheral blood, an incision below the ribcage of asphyxiated animals was made
and extended upwards to the chin to expose and cut into the pleura. The heart was then punctured to
allow peripheral blood to bleed into the pleural cavity and extracted using a 3mL syringe into a
heparinised tube for analysis of cell content or a 1.5 mL Eppendorf tube for collection of serum.

For cellular analyses, red blood cells were lysed by adding samples to 7.5 mL of distilled water
(dH20) for 10-15 s before 2.5 mL of saline solution (3.6% w/v NaCl in dH20) was quickly added to
restore an isotonic environment for the cells to prevent lysis. Samples were then centrifuged at 2200

rpm for 7 min, washed with 10 mL PBS and kept on ice until ready for further processing.

To harvest serum from whole blood, samples were left overnight to settle and clot at 4°C. The
samples were then centrifuged at 2000 g for 10 min at 4°C before serum was pipetted into a clean 1.5
mL Eppendorf tube. This process was then repeated to ensure all red blood cells were removed from

serum samples before sera were labelled and stored in -20°C until use.

Processing of lung tissue
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Lung tissue was dissected after blood was harvested and stored at -80°C until ready for
processing. To quantify viral loads in tissue samples by plaque assay, lungs were thawed and
homogenized in 1 mL RPMI+anti. Samples were then clarified by centrifugation for 5 min at 1000 g to
pellet tissue debris before 3x 200 uL aliquots of supernatant were stored in -80°C until ready for virus

quantification by plaque assay.
Processing of spleen and mediastinal lymph nodes

Spleen and mediastinal lymph nodes were removed and collected in separate tubes containing
1mL of PBS. To make single cell suspensions, the organs were pressed through a 70 pum sieve (BD
Falcon, Franklin Lakes, NJ, USA) and resuspended in 3 mL PBS for spleen and 1 mL for MLN.

Collection of bone marrow

Bone marrow was obtained from the femur and tibia of mice by dissection of bone and shaving
off the epiphysis on either side of bone. PBS was passed through the marrow using a 19G needle fitted

to a ImL syringe until all marrow was obtained and placed on ice until ready for further processing.

Red blood cell depletion for single cell suspensions of spleen, MLN and bone

marrow samples

Single cell suspensions of spleen, MLN and bone marrow were centrifuged at 600 g for 3 min.
Supernatant was discarded and cells were resuspended in 1 mL tris-buffered ammonium chloride (pH
7.2; ATC) warmed to 37°C for 3 min at RT to allow for RBC lysis before being diluted in 9 mL PBS.
Samples — including peripheral blood — were then centrifuged for 3 min at 600 g and resuspended in
PBS — 1 mL for MLN, BM and blood and 3 mL for spleen.

Samples were then aliquoted for further processing in various assays including quantification of
cell numbers using a coulter counter (Beckman Coulter), determination of the number of virus-specific
antibody secreting cells by the enzyme-linked immunospot (ELISPOT) assay and analysis of cellular

phenotypes by flow cytometry.
ENZYME LINKED IMMUNOSPOT (ELISPOT) ASSAY

The ELISPOT assay was utilized to quantify the number of virus-specific antibody secreting cells in
influenza-infected mouse samples. Briefly, 96-well 0.45um surfactant-free mixed cellulose ester

membrane filter plates (Merck Millipore, Darmstadt, Germany) were pre-coated with purified whole
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influenza virus at 5 pg/mL in PBSN3 and stored in 4°C overnight. Plates were then washed and blocked
with BSA10PBS for at least 1 h RT.

After quantification of cell counts, MLN and splenic samples were centrifuged at 600 g for 3
min and resuspended in B cell media to attain a concentration of 10° cells/mL for MLN and 10’
cells/mL for spleen samples. Blocked plates were washed 3 times with PBST before 100 pL of MLN or
splenic sample was added — 10° and 10° cells respectively — to the plates in duplicate and serially
diluted across the wells in B cell media. An additional 100 uL of B cell media containing 10U of

recombinant IL-2 was added before plates were incubated overnight at 37°C with 5% CO..

Plates were then washed twice in dH20 and twice with PBST before incubation with pooled
goat anti-mouse IgA, 1gG2c, 1gG3 or IgM at 1:1000 dilution (Southern Biotech) for 2 h at RT. Plates
were then washed (4x PBST, 1x PBS) and 100 pL of substrate solution made with 1 BCIP/NBT tablet
(Sigma Aldrich) per 10 mL dH20O was added to the wells. After 30 min incubation at RT, plates were

washed with dH>O 3 times and allowed to dry.

Once dry, plates were counted using a dissecting stereo microscope. Each spot represents a
single virus-specific ASC and hence the number of virus-specific ASC per million cells could be

derived from the total cells in each sample and the dilution of each sample well.
ANALYSIS OF B CELL RESPONSE KINETICS BY FLOW CYTOMETRY

To investigate the phenotype of cells in single cell suspensions of MLN, spleen, peripheral blood and
BM, samples were first processed and RBC depleted as described. Samples were aliquoted into round-
bottom 96-well plates and centrifuged at 600 g for 3 min before being resuspended in 1:50 dilution of
CD16/CD32 (BD Pharmigen) as a FcR block. After 5 min incubation at RT, cells were washed and
centrifuged before cells were resuspended in the appropriate cocktail of surface antibodies (see Table
2.1 and Table 2.2) and incubated on ice in the dark for 30 min. For studies involving the analysis of
virus HA-specific B cells, probes created from HA sequences of specific influenza strains and modified
to be unable to bind to sialic acid were synthesized in processes outlined in Whittle et al. (131) and
conjugated to fluorophores by Dr. Adam Wheatley of the Kent laboratory (University of Melbourne,
Parkville, Australia). Cells were then washed with FACS buffer 3 times, resuspended in 0.1 pg/mL
BV510 conjugated to streptavidin (BD Biosciences, cat no. 563261) and incubated on ice in the dark
for 30 min. After another 3 washes with FACS buffer, cells were fixed and permeabilized using the BD

Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences) as per manufacturer instructions.
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Cells were then incubated in the intracellular stain cocktail as detailed in Table 2.1 for 30 min on ice in
the dark. Samples were then washed with 1xPerm/Wash buffer (BD Biosciences) and FACS buffer
before being resuspended in FACS buffer and stored in mini FACS tubes overnight at 4°C.

Samples were then analysed by flow cytometry on the BD LSRFortessa (BD Biosciences) and
subsequent data was analysed using FlowJo version 10.5.2 (TreeStar). Any values of 0 were set to the

limit of detection — a single cell detected in total MLN, BM and was equivalent to 10 total cells.

Table 2.1. Antibody cocktails for flow cytometry

Cocktail Type Antibody Concentration Manufacturer
(ng/mL)
Surface stain CD38-Bv421 0.2 BD Biosciences
Live/Dead-Aqua 1:800 Life Technologies
MHC class 1I-BV605 0.2 BD Biosciences
B220-BV711 0.2 BD Biosciences
IlgD-BV786 0.2 BD Biosciences
CD19-APC 0.1 BD Biosciences
GL7-PerCPCy5.5 1 BioLegend
CD138-PE 0.5 BD Biosciences
CD3-Biotin 0.25 eBiosciences
CD5-Biotin 0.25 BD Biosciences
F480-Biotin 2.5 BiolLegend
CD11c-Biotin 2.5 BD Biosciences
Grl-Biotin 0.5 BD Biosciences
Intracellular IgA-FITC 2.5 BD Biosciences
stain
IgG1-FITC 0.25 BiolLegend
1gG2c-FITC 1.25 Southern Biotech
1gG3-FITC 1.25 Southern Biotech
IgM-PECy7 1 eBiosciences
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STATISTICAL ANALYSIS

For comparisons of a single group over a period of time, data was analysed by a repeated measure one-
way analysis of variance (ANOVA). For comparisons of multiple groups over a period of time, data
was analysed by two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons tests. For
comparisons between two groups at one time point, data was analysed by the Mann-Whitney test or the
Student’s t-test. Statistical significance was demonstrated by a P value of <0.05. All data analysis was
conducted with GraphPad Prism version 7.0 (GraphPad Software Inc., La Jolla, CA, USA).
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CHAPTER 3 - THE KINETICS OF THE B CELL
RESPONSE DURING INFLUENZA A VIRUS
INFECTION

INTRODUCTION

The T-dependent B cell response is an integral component of host immunity against influenza virus
infection, aiding in viral clearance and recovery during the course of infection and protection against
subsequent infections by similar strains. Although much of the focus has been towards antibody
production and its role in the prevention of infection, a broad picture of B cell responses during
influenza infection has been elucidated through various studies. During influenza infection, B cell
responses are found to be most prominent in the mediastinal lymph node, the draining lymph node of
the lungs, and to a lesser degree, the spleen (79). Numbers of follicular GC B cells — identified by GL7
expression and low levels of CD38 expression — in the lymph nodes have been shown to be a predictor
of serum antibody responses, suggesting that these GC B cells are the progenitors to antibody secreting
cells once fully differentiated (82). In terms of kinetics, BALB/c mice were shown to display a peak
level of response at around 15 dpi for GC B cells while plasmablasts, identified by marker CD138,
peaked at around 10 dpi in the MLN during primary PR8 infection (132). In comparison, initial
antibody-secreting cell responses in humans have been shown to peak in peripheral blood at 7 days
post-vaccination and post-infection (109, 133, 134).

As mentioned previously, responses seen post-vaccination in influenza-experienced adults also
suggest that a majority of influenza-specific antibody secreting cells originate from memory B cells due
to the high level of mutations seen in their Vi genes which codes for the variable antigen binding
portion of the antibody (109). A study by Sze et al. using a mouse model, in comparison, suggests that
long lived plasma cells in the spleen are derived from both affinity matured germinal centre B cells and
extrafollicular B cells that have not undergone somatic hypermutation as evidenced from the proportion
of cells containing mutations in their variable regions (135). This suggested that a greater breadth of B

cells may play roles in secondary and recall responses than previously expected.

With zoonotic influenza infection and the ever-impending risk of a pandemic in the case of
antigenic shift, cross-reactive B cell immunity has been a topic of much interest in the field of influenza

research. As naturally occurring cross-reactive antibodies against multiple influenza subtypes are
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uncommon (136, 137), it is thought that minimal secondary responses occur during so called
heterosubtypic infection, which is infection of a host with prior experience of infection by influenza
virus of another subtype. However, analysis of IgG* memory B cells from healthy donors post
vaccination showed clones reactive with a panel of recombinant baculovirus-expressed influenza HAs
from different H3N2 viruses as well as those from other subtypes. This analysis showed that memory
B cells cross-reactive against multiple subtypes were relatively abundant and that the serum antibody
response may not fully represent the repertoire of B cells (138). It would therefore be of interest to
investigate the cross-reactive potential of the B cell response during heterologous influenza infection
and the protective capacity of the humoral immune system as a whole in this context in the mouse

model.

In this chapter, a comprehensive analysis of the B cell response in the context of primary,
secondary and heterosubtypic influenza infection was assessed using the C57BL/6 mouse model. A
combination of techniques was used to provide a broader picture of the development of the response
during the period of infection. Flow cytometry enabled the assessment of the kinetics of B cell response
and its relevant subsets including plasmablasts and GC B cells through specific markers. In addition,
enzyme-linked immunospot assay (ELISPOT) was used to identify virus-specific antibody secreting

cells by coating plates with the virus of interest.

RESULTS

Primary B cell responses during influenza infection are most prominent in the

spleen and mediastinal lymph nodes.

To characterize primary B cell responses during influenza infection in mice, naive C57BL/6 mice were
infected with 10*° pfu A/Udorn/307/72 (H3N2, Ud72), a past seasonal influenza A strain. At 5, 7, 10-
and 14-days post infection (dpi), spleen, mediastinal lymph nodes (MLN), bone marrow (BM) and
peripheral blood were harvested for analysis by flow cytometry. Markers chosen for this analysis
(Table 3.1) enabled the examination of B cells and their subsets, including B220'°CD138* plasmablasts
and GL7*CD38' germinal centre (GC) B cells. Further dissection of non-class switched versus class
switched responses was also enabled through the inclusion of antibodies identifying specific isotypes of
immunoglobulin; IgM for non-class switched and pooled IgG1, 1gG2c, 1gG3 and IgA for class
switched. Gating strategies for each compartment are shown in Supplementary Figure 1. GC B cells
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were not included in BM and peripheral blood analyses as germinal centres are structures which form

in secondary lymphoid organs such as the spleen or lymph nodes.

Table 3.1. Selection panel for flow cytometric analysis of B cell subsets.

Specific Marker Aids detection of Fluorochrome

CD38 Germinal Centre B cells Brilliant Violet 421

Streptavidin (SA)  Non-B cells & dead cells for Brilliant Violet 510
exclusion

(Live/Dead-Aqua & Dump channel)

B220 Pan B cell marker Brilliant Violet 711
IgD Non-class switched B cells Brilliant Violet 786
CD19 Pan B-cell marker APC
IgA/G1/G2c/G3 Class-switched B cells FITC

(pooled)

GL7 Germinal centre B cells PerCP-Cy5.5
CD138 Plasma cells/blasts PE

IgM Non-class switched B cells PE-Cy7

CD3 T cells Biotin

CD5 B1 cells (‘innate-like”) (Dump channel via
F480 Macrophages SA-BV510)
CD11lc Dendritic cells

Gr-1 Granulocytes

As seen in Figure 3.1, the total number of cells in the spleen, blood and BM showed little
differences between infected and RPMI control animals, despite some very small but statistically
significant differences on day 5 in the BM and 14 in peripheral blood, which did not appear to be
biologically significant. Similarly, the total B cell numbers in these tissues showed no overall
differences between infected and control mouse groups. For the MLN, an RPMI control was not
possible as a comparator because these lymph nodes only become visible and large enough for
extraction following infection. However, in contrast to the other tissues, cellular and B cell responses in
the MLN peaked at 7 dpi, reproducing the finding of preliminary experiments. Total B cells showed a
significant rise (p<0.01) in numbers of approximately 2-fold between 5 and 7 dpi, after which the

numbers showed a rapid decline by day 10 (p<0.01), continuing to day 14 (p<0.001). The pattern of
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peak and decline was also reflected in MLN cell numbers, with a significant difference noted between
days 7 and 14 post infection (p<0.05). Given that the MLN is the draining lymph node of the lungs, this
is also in line with a rapid expansion of the immune response proximal to the site of infection and

contraction once the infection has been cleared.
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Figure 3.1. Kinetics of B cells in murine compartments during primary 1AV infection by flow

cytometry.
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6-8-week-old C57BL/6 mice (n=5) were infected with 10*° pfu of Ud72 virus. On days 5, 7, 10 and 14
post infection (dpi), spleen, mediastinal lymph nodes (MLN), bone marrow (BM) and peripheral blood
were collected and processed for analysis by flow cytometry. The number of cells in each sample was
determined using a Beckman Coulter Counter. Figure shows total cell numbers of lymphocytes and
overall B220* B cells in MLN, spleen, BM and blood. Symbols represent + p<0.05, + p<0.05, ++
p<0.01, +++ p<0.001 by one-way ANOVA between time points for MLN with Tukey’s multiple
comparisons test and * p<0.05 represents two-way ANOVA of infected versus RPMI for other samples

with Tukey’s multiple comparisons test.

Similar to total B cells, MLN plasmablast populations (Figure 3.2) reached a significant peak at
7 dpi (p<0.0001), with numbers rising around 100-fold from day 5, while responses in other tissues
showed no significant rise after infection compared to controls (ns by two-way ANOVA). Again, this
may reflect a more rapid response at the MLN due to its proximity to the site of infection. This is
especially pertinent as the primary role of antibody secretion by plasmablasts would be most effective
at the site of infection to aid in neutralizing any remaining infectious virus and help resolve infection.
Of these plasmablasts from the MLN of infected mice, both IgM™ and IgA/G* subsets reached a
significant peak by 7 dpi (p<0.01, one-way ANOVA), especially IgA/G* plasmablast responses where
an approximate 1000-fold increase from 5 to 7 dpi was observed. Furthermore, there are greater
numbers of IgA/G™ than IgM* plasmablasts at the peak of the response, suggesting that the class
switched plasmablast population appears to play the more prominent role during primary influenza

infection.

In the other tissues and blood, no significant rise in IgM™ plasmablasts was observed in infected
compared to control mice. However, IgG/A* responses reached a significant peak at 10 dpi in the
spleen and blood compared to controls (p<0.05), suggestive of later involvement compared to the
MLN. Taken together, the data suggest that class-switched IgA/G* plasmablast responses appear to
predominate over non-class-switched plasmablast responses over the course of infection, especially

within the MLN but later in the spleen and peripheral blood as well.
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Figure 3.2. Kinetics of plasmablasts in murine compartments during primary 1AV infection by

flow cytometry.

6-8-week-old C57BL/6 mice (n=5) were infected with 10*° pfu of Ud72 virus and processed at
appropriate time points as mentioned in Figure 3.1. Figure shows total cell numbers of CD138B220'"
plasmablasts with subsets of IgA/G™ versus IgM™ intracellular expression. Symbols represent ++
p<0.01, +++ p<0.001, ++++ p<0.0001 by one-way ANOVA and Tukey’s multiple comparisons test
and * p<0.05 for infected versus RPMI by two-way ANOVA and Tukey’s multiple comparisons test.

Germinal centre B cell populations continued their expansion beyond 7 dpi (Fig. 3.3). In the
MLN these cells reached a peak at around 10 dpi (p<0.05), at least a hundred-fold increase from 5 dpi,
before declining by 14 dpi. In line with the trend seen in plasmablast responses, GC B cells in the
spleen appeared to respond later, approaching a peak around 10-14 dpi in infected mice compared to
RPMI control mice (p<0.05). These results are suggestive of the expected maturation of B cell
responses in germinal centres after the resolution of infection. Like the IgA/G™ plasmablast response,
the class-switched IgA/G* GC B cell response appeared very similar to the total GC B cell response in
kinetics. MLN IgA/G* GC B cell responses peaked at 10 dpi, showing a significant increase compared
to prior timepoints and remained high at the 14 dpi time point. In comparison, IgM* GC B cell
responses in the MLN show a more significant decline from 10 to 14 dpi (p<0.01), which is in line with
the isotype switching process expected during maturing GC responses. Splenic IgM™* and IgA/G™ GC B
cell responses from infected mice were significantly above those of control mice at 10 dpi (p<0.05) and

continued to plateau from 10-14 dpi (p<0.05).
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Figure 3.3. Kinetics of GC B cells in murine compartments during primary 1AV infection by flow

cytometry.

Six to eight-week-old C57BL/6 mice (n= 5) were infected with 10*° pfu of Ud72 virus and processed at

appropriate time points as mentioned in Figure 3.1. Figure shows total cell numbers of GL7*CD38'"°

germinal centre (GC) B cell subsets with subsets of IgA/G* versus IgM™ intracellular expression.

Symbols represent + p<0.05, ++ p<0.01 by one-way ANOVA with Tukey’s multiple comparisons test

and * p<0.05 by two-way for infected versus RPMI ANOVA with Tukey’s multiple comparisons test.
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Analysis of the percentages of IgM* compared to IgA/G* GC B cells and plasmablasts in the
spleen over the course of infection (Figure 3.4) revealed prominent trends between the class-switched
and non-class-switched populations. In both plasmablasts and GC B cells, it was found that populations
of non-class-switched IgM™ subsets began at significantly higher proportions than class-switched
IgA/G™ subsets (p<0.05 at 5 dpi, p<0.01 at 7 dpi for plasmablasts and p<0.01 at 5 dpi, p<0.0001 at 7
dpi for GC B cells). Populations of IgM* subsets in both compartments decreased while class-switched
IgA/G™ subsets increased over the course of infection up to 14 dpi. These data are suggestive of a
steady process of class-switching during the process of B cell activation in secondary lymphoid organs

as expected in response to primary infection.

Overall, these experiments have successfully characterized the kinetics of the B cell response
during primary H3N2 influenza infection. Results indicated that the B cell response appeared most
prominent in the MLN at 7 dpi and spleen at 10 dpi, while populations in peripheral blood and BM
remained at baseline. This experiment has also provided insights into the timing and kinetics of
plasmablast and GC B cell responses in the different organs as well as the kinetics of class switching.
Together, these data provide insight into overall B cell activation over the course of primary influenza

virus infection.
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Figure 3.4. Percentages of IgM+ versus IgA/G+ plasmablasts and GC B cells in murine

compartments during primary 1AV infection by flow cytometry.

6-8-week-old C57BL/6 mice (n=5) were infected with 10*° pfu of Ud72 virus and processed at
appropriate time points as mentioned in Figure 3.1. Figure shows the percentage of these isotypes
within subset populations of the spleen. Symbols represent * p<0.05, ** p<0.01, **** p<0.0001 by
two-way ANOVA with Sidak’s multiple comparisons test.

While flow cytometric analysis of B cell populations can inform overall trends on the expansion
of cells, it does not discriminate between virus-specific and non-specific proliferation. To investigate
the virus-specific primary B cell response against influenza infection, the enzyme-linked immunospot
(ELISPOT) assay was utilized to detect influenza-specific antibody-secreting cells (ASCs). MLN and
splenic B cell compartments specific for Ud72 virus were examined in mice during the course of
infection with 10*° pfu Ud72 (Figure 3.5). Separate analyses for IgM* and pooled IgG/A* virus-
specific antibody secreting cell numbers were conducted to examine the degree of class switching

occurring in each compartment.

The results are plotted here as absolute numbers (Fig. 3.5 A and B) and as a frequency within
the organ (Fig. 3.5 C and D). While the totals of both IgM* and pooled IgA/G* Ud72-specific ASC
responses in the MLN and spleen appeared to peak at 7 dpi, only IgA/G* MLN responses showed a
statistically significant elevation at that time point (p<0.0001 versus 5 dpi) due to the spread of
responses in the spleen. The total splenic IgG/A* ASC responses in infected mice showed a small but
significant rise at 14 dpi compared to control spleen (p<0.05). Although the greatest increase in
absolute numbers of class switched B cells occurred in the spleen (Fig. 3.5 B), the largest proportional
increase was observed in the MLN (Fig. 3.5 D). Of note, the peak of the Ud72-specific ASC response
in terms of both numbers and frequency was day 7 for both MLN and spleen — this is in agreement with
the peak response for plasmablasts (of which ASCs are a subset) in the MLN as detected by flow
cytometry but is earlier than the peak detected by flow cytometry in the spleen. Thus, while the kinetics
of overall numbers of primary B cell responses appear to vary depending on compartment, the more

virus-specific responses in MLN and spleen seem to peak within a similar time frame.
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Figure 3.5. Kinetics of the IgM+ and pooled 1gG/A+ antibody secreting response (ASC) to
primary H3N2 Ud72 infection by ELISPOT assay.

8-week-old female C57BL/6 mice (n=4) were infected with 10%° pfu of Ud72 (H3N2) or RPMlI as a
control. Spleen and MLN were collected on days 5, 7, 10 and 14 post infection and processed into
single cell suspensions. Cells were then quantified using a Beckman Coulter Counter before 10°
spleen cells and 10° MLN cells were added to plates coated overnight with lysed purified Ud72
virus. Samples were serially diluted across the wells, left overnight in media with IL-2 before being
washed off. Alkaline phosphatase-conjugated antibodies were used to bind anti-mouse IgM or
pooled IgA/G respectively to detect cells which secreted Ud72-specific antibodies to develop into
precipitating ‘spots’. Each spot is representative of a single antibody secreting cell. The numbers of
A) total IgM™ and B) total pooled IgA/G™ as well as the proportion per million cells for C) IgM*
and D) pooled IgA/G™ responses in each compartment are shown. Control group represents the

number of Ud72-specific ASCs in the spleen of mock RPMI infected mice. Symbols represent
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*P<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey’s multiple

comparisons and +p<0.01 for spleen vs. control by one-way ANOVA.

Ud HA-specific B cell subsets represent a small proportion of total virus-specific

responses during primary Ud infection.

To further investigate the specificity of the B cell response against Ud infection, specialised Ud
HA probes with a mutation on the receptor binding site (RBS) to prevent sialic acid binding were used
in flow cytometry to analyse the HA-specific response against primary Ud infection. MLN and spleen
from mice were infected with 10%° pfu of Ud at 7 and 14 dpi were harvested and processed for analysis

as shown in Figure 3.6.

Ud HA-specific plasmablasts and GC B cells represented a relatively small proportion of the
total plasmablast and GC B cell populations respectively. Ud HA* plasmablasts in the MLN were only
about one hundredth rising to one tenth of the overall plasmablasts (p<0.05 for 7 and 14 dpi, total vs.
HA™ plasmablasts). Similarly, total plasmablast populations in the spleen were found to be at least 30-
fold higher than the HA™ population at 7 and 14 dpi as well as in the control. However, statistical
significance was only noted between total and HA™ populations at 14 dpi (p<0.0001) likely as a result
of the variability between samples. As plasmablasts lose the capacity to bind to its specific antigen
during differentiation into plasma cells (139), this may contribute to the relatively small populations of

HA-specific cells in this subset.

However, this would not explain the results seen in the GC B cell population where cells would
be expected to retain expression of its surface Ig to bind its cognate antigen. While populations of HA*
GC B cells in the MLN appeared to be small at 7 dpi in proportion to the total population (p<0.01),
representing only about 1%, the total number of HA™ GC B cells appear to make up about 10% of the
overall GC B cell population in the MLN by day 14. This may be suggestive of the continued affinity
maturation and proliferation of antigen specific B cells occurring at the draining lymph node of the site
of infection. In comparison, Ud HA* GC B cells in the spleen uniformly represented less than 5% of
the overall GC B cell population at both 7 and 14 dpi as well as the RPMI control (denoted as day 0),
showing significant differences with the overall total GC population (p<0.05 for all groups, total

population vs. HA" population).
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As seen in the results from Figure 3.5, the Ud-specific ASC response by ELISPOT appears to
be relatively uniform at 14 dpi, with the exception of the IgA/G™ ASC response in the MLN which was
seen to be somewhat elevated at 14 dpi. This is reflected by the higher magnitudes of this subset in
comparison with IgM*™ ASC in the MLN (p<0.05).

As plasmablasts and its terminally differentiated counterparts plasma cells are the main
producers of antibodies, antigen secreting cell populations would be expected to correlate with their
numbers. In accordance with this, total combined populations of IgM™ and IgA/G* virus-specific ASC
populations make up a proportion of total plasmablasts (around 20%), while total Ud HA-specific
plasmablasts in turn make a proportion of virus-specific ASCs as would be expected (around 35% for
MLN, 10% for spleen). It is notable that the Ud HA* makes up a relatively small population of virus-
specific cells when compared to Ud-specific ASCs, suggesting that despite the reported
immunodominance of HA-specific antibody, HA-specific B cells still make up a small proportion of all
virus-specific antibody secreting cells. This suggests that the virus-specific B cell response may be far
more diverse than expected and that HA™ B cells may readily release more antibodies against its

antigen despite its relatively small numbers even in the pool of virus-specific B cells.

While this method of analysing the virus HA-specific response was highly informative, these
virus HA-specific probes only became available near the end of the experimental period of this thesis.
Viral HAs of strains used in later chapters (notably Ph82) were tested but not shown due to their

inability to detect virus HA-specific cells even after extensive troubleshooting.
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Figure 3.6. Total Ud HA-specific plasmablasts and germinal centre B cells in murine
compartments during secondary 1AV infection.

6-8-week-old C57BL/6 mice (n= 3-4) were infected with 10*° pfu of Ud72 virus 6-8 weeks post initial
infection. On days 7 and 14 post infection (dpi) of the second dose, spleen, and MLN were collected

and processed for analysis by flow cytometry. The number of cells in each sample was determined
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using a Beckman Coulter Counter. At 14dpi, samples were also processed for Ud virus-specific ASCs
using a B cell ELISPOT assay. Figure shows total numbers of overall and Ud HA-specific
CD138*B220" plasmablasts and GL7*CD38'"° germinal centre (GC) B cells by flow cytometry as well
as total Ud-specific ASCs at 14dpi by ELISPOT. Control mice were given RPMI as mock infections
and analysed at the same time points as the infected groups before spleen data was pooled and
displayed at Odpi or control on the x-axis of resultant graphs. Symbols represent *p<0.05, ***p<0.001
by two-way ANOVA.

Reinfection with an identical strain of influenza virus induces an earlier response in

MLN and spleen as expected of a secondary B cell response.

To further examine the kinetics and magnitude of B cell responses against influenza virus, B6 mice
were infected with 100 pfu of Ud72 and then challenged with 10° pfu Ud72 virus 7 weeks later as a
model of secondary homologous infection. A larger dose of virus was used for the secondary infection
to avoid its rapid neutralization by antibodies raised in response to the primary infection. MLN, spleen,
BM and peripheral blood were harvested on days 3, 5, 7 and 10 post-infection to be processed and

analysed by flow cytometry with the gating scheme as shown in Figure 3.7A.

As shown in Figure 3.7 B-D, total B cell, plasmablast and GC B cell responses in the MLN in
this secondary model peaked on day 5, two days earlier than that seen in the primary responses (Fig.
3.1-3). By day 7, all MLN B cell populations had significantly declined. Interestingly, in the spleen, B
cell subsets appeared to show a ‘double peak’ pattern previously not shown in primary responses. This
may be indicative of an initial activation of the Ud72-specific memory B cell population in the spleen
at 3 dpi. The subsequent slight drop in numbers may represent recruitment of these activated cells into
the MLN by 5 dpi in parallel with additional expansion of cells in the spleen that peak at 7 dpi.
Analysis of additional animals is needed to confirm the significance of the double peak pattern. The
rise of overall B cells from 3 to 5 dpi in the blood (p<0.05) and a significant decrease from 5 to 7 dpi in
plasmablasts (p<0.01) may be indicative of patterns of B cell and plasma cell recruitment during the

course of infection.

It should be noted that, although the number of total B cells is markedly higher in the spleen
than the MLN, it can be seen that GC B cells in the MLN outnumber even those seen in the spleen at 5

dpi despite their relative organ sizes. This further supports that the major site of activation is located in
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the MLN as the draining lymph node of the lung where the infection is taking place. Overall, these

results confirm that secondary B cell responses against Ud72 influenza virus respond earlier to

reinfection than primary infection, with an initial peak in the draining lymph node by day 5 after

infection that may correspond to the recall of memory B cells.

A

SSC-A

BV711-B220

Lymphocytes Single cells Live cells
Lymphocytes - - 250k JSingle Cells Q5 i
895 3 ms E Jlive
- 200K / S ams
E 10 3
L.IJ 150K QI ]
E 1DDK—§ 3 10
50K-§ g o
T AR RaALd B o :----| LRARR! RARR) RALM B o 0 BLRARALAAL AL A
0 100K 200K 0 100K 200K 0 100K 200K
FSCA N rsca N FSC-A
B cells GCB cells IgD-
c0 5 :
P+ [T
o E
8 i 10 g
o ® ]
S | g
¥.8220+c019+ S © dco38loGL7s @ o -
80.0 [a] _103 - 0.20 , ,,I,,:—...,.,.| . _103 Z g_4g|
Lk R T T
0 w0 \7\ 0 0t 0 100K 200K
APC-CD19 PerCPCy5.5-GL7 FSC-A

63

g BV711-B220

Plasmablasts

CD138+B220l0
337

4
10 10 10

PE-CD138



B Total B cells

10°- -» Spleen
2 -~ MLN
S 40 - Blood
m | ———
N 1071 i/x\*/”\l
o /I\
5 .
B }\{/!\\;E
c
= .
*2 1054
[=]
o
E 104.
°
=
1031— T T . r
Control 3 5 7 10
days post infection (dpi)
C Total GC B cells D Total Plasmablasts
108 . a 109
® . @
= 1 R
3 105 S 105
) : E
3 5
o 104 o 104
g [=]
o _ §
}: 103 *Bo 1034
3 2
o a
£ 102 © 102
[
= °
=
10— T T T r 10— T r T T
Control 3 5 7 10 Control 3 5 7 10
days post infection (dpi) days post infection (dpi)

Figure 3.7. Kinetics of total B cells, plasmablasts and germinal centre B cells in murine

compartments during secondary 1AV infection.

6-8-week-old C57BL/6 mice (n=5) were infected with 100 pfu of Ud72 virus, and re-infected with 10°
pfu of Ud72 virus 6-8 weeks post initial infection. On days 3, 5, 7 and 10 post infection (dpi) of the
second dose, spleen, MLN, BM, and peripheral blood were collected and processed for analysis by
flow cytometry. The number of cells in each sample was determined using a Beckman Coulter Counter.
A) the gating scheme for cellular events B) total numbers of overall CD19"B220" B cells, C)
GL7*CD38'"° germinal centre (GC) B cells and D) CD138"B220" plasmablasts are shown. Control
mice were given RPMI as mock infections and analysed at the same time points as the infected groups
before data was pooled and displayed as ‘control’ on the x-axis of resultant graphs. Symbols represent
*p<0.05, **p<0.01, ***p<0.001 by one-way AVOVA.
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In a model of antigenic shift, infection of H3N2 Ud72 in the context of prior

exposure to HIN1 PR8 induces early secondary-like B cell responses.

Characterization of both primary and secondary B cell response kinetics enabled the further
examination of B cell responses in the varied contexts of influenza infection. Especially pertinent is the
scenario of antigenic shift where a virus of a novel subtype, bearing a completely distinct HA and
sometimes also NA, is introduced to the human population. To model the effect of antigenic shift on
the B cell response against influenza infection and compare the kinetics and magnitude of the responses
to those obtained in primary or secondary influenza infection, BL6 mice were infected with 10° pfu
Ud72 (H3NZ2) virus after prior infection with either 30 pfu PR8 (H1N1), 100 pfu Ud72 or media alone
as a control (Figure 3.8). This experimental design simulates secondary infection with a homologous
virus to which B cells are already primed, and with a heterologous subtype virus that is not expected to

have substantial antibody cross-reactivity to the surface antigens.
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ELISPOT
50ul RPMI |[p=======——- =» pUd group
Quantify B cell responses via
flow cytometry
_____________ RPMI group
SE o > (control) Measure viral titres via

plaque assay
(n=4)

Figure 3.8. Experimental protocol to investigate the kinetics of the B cell and Ud72-specific ASC

response during H3N2 Ud72 infection in mice with prior exposure to HIN1 PR8 infection.

C57BL/6 mice (n=4) were infected according to the schedule shown. On days 3, 5, 7 and 10 post Ud72
infection (dpi), spleen and MLN were collected and processed for analysis by flow cytometry and

ELISPOT. The number of cells in each sample was determined using a Beckman Coulter Counter.
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The total MLN lymphocyte and B cell numbers were found not to vary substantially between
infected groups (Figure 3.9), suggesting that overall numbers of B cells are relativity similar during
influenza infection — whether primary, homologous secondary or heterosubtypic secondary. Similarly,
total B cell subset population in the spleen of all groups appears to be relatively similar to those seen in
the RPMI group, likely due to the large relative population of B cells in the lymphoid organ. Although
significant differences were observed in splenic B cell populations, it is noted that no groups were
significantly different from the control RPMI mice which suggests that all responses were still within
baseline. The only exception appears to be the primary responders (pUd) which appear to have a
marginally lower proportion of B cells compared to RPMI control at 10 dpi, which may be indicative of

recruitment to germinal centres and/or the site of infection.
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Figure 3.9. Kinetics of the B cell response during H3N2 Ud72 infection in mice with prior
exposure to HIN1 PR8 infection.

C57BL/6 mice (n=4) were infected and processed according to the schedule shown in Fig. 3.8. Figure
shows total numbers of cells and overall CD19"B220" B cells. Symbols above timepoints indicative of
statistical significance by Mann Whitney test (* symbols) or two-way ANOVA (+ symbols). Number
of symbols indicative of level of significance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Colours represent the comparisons made — colours conforming to the key represent pUd compared to

the group with the same colour in the key and purple represents comparisons between sUd and PR8Ud.

In agreement with the data shown in primary models, the MLN plasmablast responses in the
pUd group rose sharply to a peak on day 7 post infection (Figure 3.10). This contrasts with the pattern
observed for both secondary Ud72 infection (sUd) and heterosubtypic infection (PR8Ud) where the
responses on day 3 appeared greater than for the primary response and rose steeply (by at least 10-fold)
at day 5 then more gradually to day 7, subsequently declining at a similar rate to the pUd group once
the infection has been cleared. Although this experiment did not have enough power to show a
statistically significant difference in these two patterns by two-way ANOVA, analysis of day 3 and day
5 responses in isolation using a Mann-Whitney test revealed a significant increase in the PR8Ud group
over the pUd group on both days (p<0.05), indicative of an earlier and potentially more secondary-like
response in mice with prior heterosubtypic infection. The sUd group, despite having a similar pattern to
the PR8Ud was not different to the pUd at early timepoints which could be a reflection of the
difference in antigen stimulus compared to the PR8Ud group. It is likely that a substantial amount of
the challenge virus in the sUd group was neutralized by antibody raised in the primary infection. This is
less likely to have occurred in the group previously infected with PR8 which is antigenically dissimilar
to the challenge virus. Of interest is the observation that, even at the peak of the secondary response,
the number of PR8Ud plasmablasts was no greater than in the primary response. Similar to prior
experiments, IgA/G™ plasmablast responses in the MLN were found to match the trends and kinetics
seen in overall populations, including significant increases of the subset in PR8Ud compared to pUd
(p<0.05) in the earlier time points of 3 and 5 dpi by Mann-Whitney test. The similar magnitudes of
IgA/G* compared to overall plasmablast responses later during infection suggests a predominately

class-switched plasmablast response as the B cell response matures over the course of the infection.
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The similar kinetics also suggests that timing of class switching corresponds closely with overall

expansion of plasmablasts in the MLN.

In comparison, minimal differences between groups were found for plasmablasts in the spleen.
No statistical differences were noted in overall plasmablast populations by Mann-Whitney or two-way
ANOVA tests, likely due to the spleen being distal from the site of infection. Class-switched IgA/G™*
plasmablasts were found to significantly increase in pUd populations as compared to the sUd and
RPMI groups by two-way ANOVA at 10 dpi (p<0.05), however, suggestive of the development of
class-switch responses expected near the post-infection resolution.
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Figure 3.10. Kinetics of the plasmablast response during H3N2 Ud72 infection in mice with prior
exposure to HIN1 PR8 infection.

C57BL/6 mice (n=4) were infected and processed according to the schedule shown in Fig. 3.8. Figure
shows total numbers of CD19* B220" plasmablasts and IgA/G* plasmablasts. Symbols above
timepoints indicative of statistical significance by Mann Whitney test (* symbols) or two-way ANOVA
(+ symbols). Number of symbols indicative of level of significance: * p<0.05, ** p<0.01, *** p<0.001,
**** n<0.0001. Colours represent the comparisons made — colours conforming to the key represent
pUd compared to the group with the same colour in the key and purple represents comparisons between
sUd and PR8Ud.

While general patterns in MLN and splenic GC B cells (Figure 3.11) show similarities to those
seen in plasmablasts, statistical analysis indicated that the PR8Ud group showed elevated levels of
overall GC B cells compared to sUd at 7 dpi (p<0.01, two-way ANOVA). Using Mann-Whitney tests,
it was shown that both sUd and PR8Ud were significantly elevated at 3 dpi compared to pUd (p<0.05),
suggestive of an initial secondary-like response. This is in line with the trends in magnitudes seen in
overall B cell and plasmablast responses and suggests that prior exposure to influenza infection may
allow for a higher magnitude GC response at early time points in the secondary response. As noted in
MLN plasmablasts, IgA/G* subsets within the population appear to follow trends seen in the GC B
cells, with PR8Ud and sUd significantly elevated responses compared to pUd at 3 dpi (p<0.05, Mann-
Whitney test) suggestive of an initially secondary-like response before becoming more primary-like at
later timepoints as shown by the significant increase compared to sUd by two-way ANOVA at 7 dpi
(p<0.05).

In comparison, splenic GC B cell responses between groups were found to be similar in
response apart from a significant elevation in the pUd group compared to sUd and RPMI at 10 dpi
(p<0.05). While the GC B cell response in the spleen seems unchanged from baseline, results suggest
that mice exposed to Ud for the first time as a primary infection have elevated levels of GC B cells,
likely as a result of developing germinal centre reactions near the resolution of infection as expected.
This trend can be seen more prominently in the IgA/G* subset of GC B cells where populations of
class-switched GC B cells are from the pUd group significantly lower than sUd initially at 3 dpi
(p<0.05, Mann-Whitney & two-way ANOVA) but gradually rise at least one log-fold by 10 dpi and is

significantly higher than sUd by two-way ANOVA at this time point (p<0.05). Interestingly, it was also
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found that initial IgA/G* GC B cell numbers at 3 dpi were elevated in the sUd group compared to the
RPMI control group (p<0.05, two-way ANOVA), suggestive of pre-existing class-switched B cells as
expected in a secondary response. Similarly, numbers of IgA/G*™ GC B cells were found to be
significantly higher than control at 7 dpi for PR8Ud (p<0.05, two-way ANOVA) which may reflect an
elevated response due to some pre-existing memory combined with increased stimulation due to

differences in B cell antigens as a result of heterologous infection.
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Figure 3.11. Kinetics of the GC B cell response during H3N2 Ud72 infection in mice with prior

exposure to HIN1 PR8 infection.
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C57BL/6 mice (n=4) were infected and processed according to the schedule shown in Fig. 3.8. Figure
shows total numbers of GL7*CD38'° germinal centre (GC) B cells and IgA/G* GC B cells. Symbols
above timepoints indicative of statistical significance by Mann Whitney test (* symbols) or two-way
ANOVA (+ symbols). Number of symbols indicative of level of significance: * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. Colours represent the comparisons made — colours conforming to the key
represent pUd compared to the group with the same colour in the key and purple represents
comparisons between sUd and PR8Ud. The ” symbol was used to indicate comparisons with RPMI

with the group of the same colour by two-way ANOVA.

These results were similarly reflected in the trends of the ELISPOT assays evaluating Ud72-
specific antibody secreting cells as seen in Figure 3.12. In the MLN, it was found that the PR8Ud group
showed significant differences with sUd at both early timepoints of 3 and 5dpi (p<0.05, Mann
Whitney) as well as later at 7 dpi (p<0.001, two-way ANOVA). While some secondary-like kinetics
are occurring in the PR8Ud responses, virus-specific antibody secreting cell responses in the context of
prior infection of influenza with a differing subtype still shows aspects of responding in a primary-like
fashion with regards to an initial non-class switched virus-specific B cell response. However, results
from the pooled IgA/G* ASC response in the MLN also indicates that the PR8Ud group has a marked
elevation in class switched responses early during the infection at 5 dpi compared to both sUd and pUd
(p<0.05, Mann Whitney). This appears to suggest that exposure to a different subtype prior to infection
puts the PR8Ud in a unique situation where class-switched responses are enhanced during infection. It
is likely that greater antigen stimulus than with sUd due to an inability to completely neutralize the
virus, together with pre-existing cross-reactive T cell immunity, may contribute to this enhancement.
While trends in IgM™ ASC responses in the spleen suggest that PR8Ud responses appear to peak at 7
dpi as pUd does, no statistical significances between any groups were found and suggests a minimal
response no different from baseline in all groups. In addition, splenic IgA/G™ ASC responses showed
an early elevated PR8Ud response at 5 dpi compared to pUd (p<0.05, Mann-Whitney test), which
suggests a potentially more secondary-like response early during infection as observed in flow
cytometry. Also similar to responses seen in class-switched plasmablasts and GC B cells, pUd
responses appeared to significantly elevate by 10 dpi compared to RPMI and sUd (p<0.01, two-way
ANOVA) which may be indicative of maturing GC responses and its resultant class-switched,

differentiated populations.
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Figure 3.12. Kinetics of the Ud-specific ASC response during H3N2 Ud72 infection in mice with

prior exposure to HIN1 PR8 infection.

C57BL/6 mice (n=4) were infected and processed according to the schedule shown in Fig. 3.8.

ELISPOT assay was used to determine the number of IgM* and pooled IgA/G* Ud72-specific antibody

secreting cells in the MLN and spleen. Symbols above timepoints indicative of statistical significance

by Mann Whitney test (* symbols) or two-way ANOVA (+ symbols). Number of symbols indicative of
level of significance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Colours represent the

comparisons made — colours conforming to the key represent pUd compared to the group with the same

colour in the key and purple represents comparisons between sUd and PR8Ud.
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Examination of viral loads in the lungs from the influenza infected mice after Ud72 infection
(Figure 3.13 A) shows that mice from the pUd group had the highest initial titres in their lungs at
around 10° pfu/mL which cleared around days 7-10 while the PR8Ud group appeared to be a log-fold
lower in titre at 3 dpi (p<0.05, two-way ANOVA) before titres quickly dropped and cleared by 7 dpi. In
comparison, mice with prior exposure to Ud72 had no detectable viral titres and were significantly
lower in titre compared to pUd and PR8Ud at 3 dpi (p<0.001). Although Ud72 is capable of replicating
to high titres in the lung as seen in the pUd group, which still showed significantly higher titres
compared to sUd and PR8Ud at 5 dpi (p<0.001), the humoral and cellular memory induced by Ud72 in
the initial infection likely provided protection to the sUd group and prevented the secondary Ud72
infection from becoming established. This provides validation of the proposal that the lower magnitude
of B cell responses in sUd compared to PR8Ud groups, including differences seen at 5 dpi between
these groups (p<0.05) was due to neutralization of the challenge virus with a resulting decrease in
antigen stimulus for the secondary B cell responses. In addition, some level of cross-protection against
Ud72 by prior exposure to heterosubtypic PR8 virus that allowed mice to more rapidly clear the
infection was likely contributed to by CD8 T cells or cross-reactive helper CD4 T cells (140, 141).

Mice were also monitored over the course of the primary and secondary infections for body
weight and clinical signs. As viral doses were low and sublethal, mice showed minimal clinical signs
over the course of primary infection (Figure 3.13 B). Animals infected with a small dose of the mouse-
adapted strain PR8 lost a maximum of 10% of their body weight as expected but recovered to their
initial starting weight within 14 days. Loss of body weight for groups infected with the high dose of 10°
pfu Ud72 correlated with prior exposure history. Mice exposed to influenza virus for the first time
(pUd) lost the most weight, followed by a moderate weight loss in mice previously infected with a
different subtype (PR8Ud) while mice previously exposed to Ud72 showed virtually no loss in body
weight. As a surrogate for disease severity, the weight loss data appeared to align perfectly with the
observed viral titres, with prominent weight loss and highest viral titres seen in the pUd group,
followed by moderate weight loss combined with lower titres of infection in the PR8Ud group and
finally no weight loss and undetectable viral titres in the sUd group. This also aligns with the expected
quality of immunological memory against Ud72 from each group, with sUd fully protected from
reinfection of Ud72, PR8Ud likely having some level of protection against influenza virus and finally,

no prior memory in puUd mice.
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Figure 3.13. Viral replication and weight loss during H3N2 Ud72 infection in mice with
prior exposure to HIN1 PR8 infection.

C57BL/6 mice (n=4) were infected and processed according to the schedule shown in Fig. 3.8.
Figure shows A) Infectious viral titres were determined by plaque assay of homogenized lungs
and B) body weight of mice infected with primary (low dose) and secondary (high dose)
influenza viruses. Symbols above timepoints indicative of statistical significance by two-way
ANOVA (+ symbols). Number of symbols indicative of level of significance: * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. Colours represent the comparisons made — colours
conforming to the key represent pUd compared to the group with the same colour in the key and
purple represents comparisons between sUd and PR8Ud.
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Sera raised against PR8 is unable to neutralize Ud72 virus.

To confirm that the enhanced viral clearing responses we observed with prior exposure of Ud72-
infected mice to PR8 virus is unlikely to be due to classical neutralizing antibodies, BL6 mice
were infected with 30 pfu of PR8 or 10*° pfu Ud72 and blood was obtained 7 weeks post
infection by heart puncture for processing and extraction of sera. Sera was then assessed for
inhibition of H3N2 Ud72 and H1N1 PR8 viruses by hemagglutination inhibition (HI) assay,
indicative of antibodies capable of blocking attachment to sialic acid receptors. As shown in
Table 3.2, sera raised against H3N2 Ud72 was able to successfully inhibit Ud72 virus but not
H1N1 PR8 virus, while likewise, sera raised against HIN1 PR8 was able to inhibit PR8 virus but
not Ud72. Sera from mock RPMI infected mice were unable to inhibit Ud72 or PR8 virus as
expected. In line with the current literature, sera raised against Ud72 or PR8 show minimal
inhibition of viruses outside of the infected subtype likely due to the large differences in
antigenic properties. Such results suggest that the earlier and higher magnitude responses seen in
mice infected with Ud72 after prior PR8 infection are likely not influenced by pre-existing HI
antibodies although the role of cross-reactive antibodies that function by other mechanisms (such

as antibody-dependent cellular cytotoxicity) cannot be ruled out.

Table 3.2. Average & standard deviation of hemagglutination inhibition (HI) titres of

mouse sera raised against H3N2 Ud72 and H1N1 PR8 viruses.

Virus PRS8 udr2
ud72/72 <10? 288 + 72
HIN1 PR8 280 + 80 <10
RPMI (control) <10 <10

4Detection limit of the assay was 10 HI units.

Given that HA is known to be the immunodominant antigen against influenza for B cell
responses, it was unexpected for B cell responses against H3N2 Ud to respond in a secondary-
like manner in mice with prior exposure to the HIN1 virus PR8 in the experiment described from
figures 3.8-13. While flow cytometry data informs of populations of differing subsets, it should
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be noted that a prominent proportion do not appear to be virus-specific (as seen from results from
Figures 3.6), which suggests that the secondary-like response may be in part a result of the
stimulatory environment due to infection. Furthermore, data from Figure 3.6 also suggested that
the HA-specific response against influenza then only makes up less than 30% of the virus-
specific B cell response. Hence it may be possible that a large proportion of these boosted
secondary-like responses seen in Ud-infected mice with prior infection of PR8 may be the result
of recognition of other antigenic sites of the influenza virus by B cells or T cells such as internal
proteins or more conserved sites of the NA surface glycoprotein. While HA-specific responses
are known to be most prevalent in mammalian responses and most efficiently prevent infection
(82), results from this chapter appear to suggest that the specificity of the B cell responses
against influenza may be much broader than first thought which, in turn, appears to have a
profound effect on the ability of the adaptive immunity to respond to the same virus with

differing surface antigens.
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CHAPTER 4 - THE EFFECT OF ANTIGENIC
DISTANCE ON B CELL RESPONSES DURING
SECONDARY INFLUENZA INFECTION

INTRODUCTION

While characterizing the primary, secondary and heterologous responses against influenza aids in
the understanding of how B cell immunity is developed against the virus, most
immunocompetent adult humans have pre-existing immunity to some strain of influenza A as a
result of previous infection or vaccination during their lifetime (109). While some component of
a secondary response would be expected in these individuals, the effect of ongoing antigenic
drift complicates the expected response against infection with newer strains.

As previously discussed, various models to explain the effect of antigenic drift on B cell
responses against influenza have been proposed. These models, which include original antigenic
sin and antigenic seniority, are often based on observations of human antibody responses against
influenza. Over the course of decades of research, it has become clear that the short-term and
long-term responses against influenza strains as well as the immune responses against
vaccination versus infection play important roles in how the B cell and antibody responses
develop.

The humoral response against influenza has been plotted in various studies (34, 142) as an
“antibody landscape” representing antibody reactivity of a current antiserum against a spectrum
of prior drifting strains that is shaped according to whether an individual is exposed to various
strains over their lifetime. In the short-term, Fonville et al’s study showed that individuals raise
the highest antibody titres against the current infecting strain compared to other drifted strains of
the same subtype in the case of infection, but that serum inhibition of prior strains is also
boosted, termed ‘back-boosting’. In the long term, these titres decline over the years leading to
the observation of ‘antigenic seniority’, whereby sera from individuals show the highest titres
against strains exposed during childhood followed by the next chronological strain and so on as a
hierarchy (117). Ongoing exposure to various influenza strains undergoing antigenic drift has
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been clearly shown to have a profound effect on the antibody landscape of hosts, reflecting the

underlying B cells that produce these responses.

To further study the effect of antigenic similarities on the antibody response against
influenza, O’Donnell et al. (129) infected ferrets with strains of HLN1 from different decades
before challenging with the more recent but immunologically distinct 2009 pandemic HIN1.
This experiment examined the effects of varying degrees of antigenic distance between the first
infecting virus and the challenge strain, the HA of which had previously been shown to be
similar in its antigenic sites to the pandemic 1918 strain (143). It was found that with the
exception of an antigenically similar swine-origin virus, ferrets showed less protection against
the 2009 pandemic strain the closer the HIN1 priming virus was to 2009 chronologically. This
was similarly reflected in the antibody reactivity of the ferret’s serum against each strain, where
only sera from ferrets primed with early HIN1 viruses showed some level of neutralization of
the 2009 pandemic strain. Hence later strains that had undergone antigenic drift over the last 90
or so years became more antigenically distant from the emerging pandemic virus. This correlated
with observations during the 2009 pandemic, where infections and hospitalizations occurred in
children and young adults but were less than expected in older adults, likely due to the higher
proportions of cross-reactive antibodies against the pandemic strain found in this group (144).
Overall, results showed that as antigenic distance between the prior and infecting strains
increased, the weaker the ability of sera to inhibit the infecting strain.

While the focus has largely been directed towards antibody responses against drifting strains,
the overall dynamics of the strain-specific B cell response in the context of antigenic drift still
remains unclear, particularly in the light of the large degree of activation of B cells observed in
the last chapter in response to heterosubtypic infection. In this chapter, the overall and strain-
specific B cell response against an H3N2 influenza strain were investigated in the context of
prior exposure to previously isolated H3N2 strains as a method to examine the effect of antigenic
drift. Cross-reactivity of sera from C57BL/6 mice infected with different H3N2 strains was also

assessed.
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RESULTS

Serum antibodies show cross-reactivity between H3N2 strains up to 3 years
apart in C57BL/6 mice.

To commence investigation of the B cell response against antigenically drifted strains of viruses
in the context of exposure to prior strains in the murine model, a selection of available human
H3N2 viruses were chosen based on antigenic distance as determined from ferret data (Figure
1.2) as well as their ability to infect mice, as later human H3N2 strains are unable to efficiently

establish infection in mice due to loss of appropriate receptor specificity.

Although the antigenic properties of ferret antisera would be anticipated to be similar in
our B6 mouse model, it was pertinent to characterize the antigenic properties of murine antisera
against the chosen strains of influenza using a hemagglutinin inhibition assay. Mice were
infected with 10*° pfu of either A/Udorn/307/1972 (Ud72), A/Victoria/3/1975 (Vic75),
A/Bangkok/1/1979 (BK79), A/Philippines/2/1982 (Ph82) (all H3N2) or 30 pfu of A/Puerto
Rico/8/1934 (H1N1) and serum was harvested at 7 weeks post infection to measure antibody
levels at the time of reinfection to be used in the subsequent study. Samples were tested against

these same strains in a hemagglutination inhibition assay.

The inhibitory profiles of sera raised against each strain are shown in Table 4.1. As
expected, sera raised against the HIN1 virus PR8 was able to inhibit PR8 virus but unable to
inhibit any H3N2 strains. The H3N2 viruses fell into two distinct antigenic clusters; antibodies
to Vic75 reacted only to Vic75 and to the earlier isolate Ud72 but not with later strains, whereas
antibodies to Ph82 reacted only to Ph82 and BK79 but not earlier strains. In addition, the data
clearly show that antibody cross-reactivity to earlier strains is much stronger than to future
strains. For example, despite only 3 years difference, sera raised against Ud72 was not able to
inhibit Vic75 while the reverse was not true. Similarly, mice infected with BK79 virus showed

titres near undetectable against Ph82 despite the strains falling within 3 years of each other.

It was hoped that these data would allow generation of an antigenic map similar to
Fonville et al. (34). However, due to very limited cross-reactivity and small number of strains it

was not possible to mathematically derive relationships between viruses and sera, meaning that
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antigenic distances could not be mapped. Nonetheless, results aligned with the trends seen in

other ferret antisera studies with more comprehensive viral strain panels (129).

Table 4.1. HI titres of mouse sera raised against H3N2 viruses and H1IN1 PR8 virus?.

HIN1 H3N2
Virus PR8 ud72 Vic75 BK79 Ph82
RPMI - <10° <10 <10 <10 <10
Z’ H3N2 Ud72 <10 88 +44 <10 <10 <10
% Vic75 <10 57+ 34 64 + 22 <10 <10
'% BK79 <10 <10 <10 80+0 19+ 13
% Ph82 <10 <10 <10 9x7 80 =49
HIN1 PRS 145+117 <10 <10 <10 <10

aH]J titres were calculated as the average Hl titre and standard deviations raised against specific strains
from 5 mice per group (n=5).
b Detection limit of the assay was 10 HI units.

¢ Samples with undetectable titres were denoted as 5 HI units for the purpose of this calculation.

Antigenically distinct H3N2 strains differ in their ability to infect mouse

lungs.

As a part of the multiple infection schedule established in Chapter 3 (Figure 3.4A), mice would
be infected with a low dose of virus followed by a higher dose 6-8 weeks later. To characterize
the replicative capacity of the chosen H3N2 strains — Ud72, Vic75, BK79 and Ph82 — within the
mouse model, B6 mice were infected with 100 pfu for Ud72 and 500 pfu for all other viruses.
Lungs were extracted at one hour post infection as an indicator of infectious virus in the
inoculum that can be recovered prior to replication, and then again at 1, 2, 3, 5 and 7 days post
infection. Lungs were homogenized and viral titres quantified by plaque assay. The H3N2 strain
AlTexas/77 was also tested at 500 pfu for possible inclusion in subsequent experiments as a
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potential bridge between the Vic75 and BK79 “antigenic clusters” as discussed in Smith et al.
(28) and displayed in Figure 1.2.

As shown in Figure 4.1, almost all H3N2 strains were able to replicate in mouse lungs.
Earlier strains such as Ud72 and Vic75 appeared to replicate most efficiently, reaching a plateau
of approximately 10° pfu at around 3-5 dpi before being cleared by 7 dpi. Although Ph82 virus
peaked at around 10* pfu in the lungs by 2 dpi, the virus persisted at lower titres of 102 pfu from
3-5 dpi before resolving by 7 dpi, suggestive of a milder infection. In comparison, BK79, despite
its antigenic similarities to Ph82, did not establish a consistent infection in the mouse lungs over

time, and TX77 replicated in only a proportion of the mice infected with virus.

Overall, the results indicate that earlier H3N2 strains such as Ud72 and Vic75 can
replicate in B6 mouse lungs to high titres while the more recent strains including TX77 and
BK79 have difficulty establishing a productive infection as corroborated by a study by Reading
et al. (145). This is due in part to their susceptibility to the innate inhibitor SP-D which can bind
to the highly glycosylated head domain of the HA of these strains (145-147). Although the
aforementioned study found that Ph82 is similarly unable to replicate efficiently in mice, our lab
stock of Ph82 was selected for resistance to these mouse innate inhibitors. Given the inability for
TXT77 virus to adequately and consistently infect mice at 500 pfu, this strain was not used in
further experiments. While BK79 showed comparatively limited replication in the lungs at lower

doses, the strain was included due to its antigenic similarity to Ph82.
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Figure 4.1. Viral replication kinetics of H3N2 viruses during primary, low-dose infection in
B6 mice.

Six to eight week old C57BL/6 mice (n= 5) were infected with 500 pfu Vic75, TX77, BK79, Ph82 or
100pfu Ud72 virus by total respiratory tract (TRT) infection. At 1 hour post infectionand 1, 2, 3, 5and 7
dpi, lungs were collected and homogenized for quantification of viral titre by plaque assay. Dotted line

shows the lowest detectable titre for this assay.

Primary B cell responses against different strains of H3N2 influenza virus

infection appear to be similar in magnitude and kinetics.

Considering the differences in replication of the H3N2 viruses in our panel it was necessary to
establish the impact of this on the primary B cell response kinetics and magnitude for each virus
strain. B6 mice were infected with 10*° pfu of either Ud72, Vic75, BK79 or Ph82 virus and
spleen, MLN and lungs were harvested on days 3, 5 and 7 pi. MLN and spleen cells were stained
and analysed by flow cytometry to enumerate B cells and replication of each virus was
determined by plaque assay of lung homogenates. Lung viral titres determined by plagque assay
(Figure 4.2) confirmed the earlier viral replication hierarchy. At an dose of 10*° pfu, BK79
showed lower initial titres compared to Ud72 and Vic75 at 3 dpi (p<0.05 by two-way ANOVA).

However, all strains replicated to moderate or high titres by 5 dpi and were not significantly
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different to the well-established model H3N2 virus Ud72. As expected, all viruses were

declining in titre by 7 dpi.

Lung Viral Titres

udr2
Vic75
BK79
Ph82

bt

- = = |owest
detectable titre

days post infection(dpi)

Figure 4.2. Kinetics of viral replication during primary H3N2 1AV infection.

C57BL/6 mice (n=3-4) were infected with 10*°pfu of Ud72, PC73, Vic75, BK79, Ph82 or mock
RPMI. On days 3, 5, and 7 post infection (dpi), lung, spleen and MLN were collected and
processed. Lung viral titres were determined by plaque assay on MDCK cells. Symbols represent
*p<0.05 for comparisons between BK79 versus the group corresponding to the colour of the

symbol by two-way ANOVA with Tukey’s multiple comparisons.

Flow cytometry analysis (gated as shown in Figure 4.3) revealed that total cellular and B
cell responses in MLN and spleen were not significantly different between the different virus
strains (Figure 4.4). The only exception was a small but statistical difference in MLN B cell
responses between BK79 and Ud72 at 7 dpi (p<0.05), but given the magnitude of this difference
(less than half a log), it may not be biologically relevant. Overall, total cellular and overall B cell
responses appeared to be maintained at relatively uniform levels throughout the course of
infection in both the MLN and spleen. This appeared to be the case for splenic responses even
within subsets such as plasmablasts and GC B cells (Figures 4.5 and 4.6), likely a reflection of

the spleen’s location distal from the site of infection compared to the MLN. In contrast, both
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plasmablasts and GC B cell responses in the MLN appeared to rise several log-fold from 3to 7
dpi, for all the virus strains. The kinetics of this rise was not significantly different between virus
strains (two-way ANOVA) with the exception of BK79 versus Ud72 at 7 dpi in the GC B cell
subset (p<0.05). Similarly, IgA/G* responses in plasmablasts and GC B cells of the MLN
seemed to reflect the overall totals of each subtype in trend. Notably, MLN IgA/G™ plasmablasts
appeared to undergo a 10%“-fold increase in number depending on strain over the course of 3 to 7
dpi while IgA/G* GC B cells increased from 10%3-fold, likely a reflection of the developing

class-switched response over the course of infection.

An additional time point at 10 dpi may further distinguish the viral kinetics of each virus,
but data showed that all selected H3N2 viruses were capable of replicating in C57BL/6 mice and
displayed similar B cell response kinetics during primary infection. This suggested that these
viruses would provide an adequate immune response for future experiments involving primary

and secondary challenge.
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Figure 4.3. Gating scheme for B cell subsets during primary H3N2 1AV infection using flow

cytometry.

C57BL/6 mice (n=3-4) were infected as described in Figure 4.2. On days 3, 5, and 7 post
infection (dpi), spleen and MLN were collected and processed for flow cytometry. The gating

scheme used to delineate cellular events is shown.
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Figure 4.4. Kinetics of total lymphocytes and B cells during primary H3N2 1AV infection.

C57BL/6 mice (n=3-4) were infected as described in Figure 4.2 and processed in Figure 4.3.
Total numbers of cells and overall CD19"B220" B cells are shown. Symbol represents *p<0.05
between BK79 and Ud72 by two-way ANOVA with Tukey’s multiple comparisons.
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Figure 4.5. Kinetics of total overall and IgA/G+ plasmablasts during primary H3N2 1AV

infection.

C57BL/6 mice (n=3-4) were infected as described in Figure 4.2 and processed in Figure 4.3.
Total numbers of overall and IgA/G* CD138*B220"° B cells are shown.
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Figure 4.6. Kinetics of viral replication and B cell subsets during primary H3N2 1AV

infection.

C57BL/6 mice (n=3-4) were infected as described in Figure 4.2 and processed in Figure 4.3.
Total numbers of overall and IgA/G* GL7*CD38' B cells are shown. Symbol represents *p<0.05
between Ud72 versus BK79 by two-way ANOVA with Tukey’s multiple comparisons.
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Establishment of a protocol for the investigation of B cell responses in the

context of antigenic drift.

Upon characterization of infection of the chosen H3N2 viral strains in B6 mice, a model was
established to investigate the kinetics of the B cell response to drifted H3N2 strains in the context
of pre-existing memory against prior strains. Based upon the model previously used to examine

B cell responses in the context of antigenic shift, the experimental design is shown in Figure 4.7.

Figure 4.7 describes three separate experiments that compare primary and secondary
responses against Ph82 virus infection to prior infection with different drift variants (one per
experiment). Homologous secondary infection groups designated as ‘sPhil’ were infected with
500 pfu of Ph82, while primary groups, ‘pPhil’, received an initial mock infection of RPMI,
before both groups were infected with 10° pfu of Ph82 6-8 weeks later. Experimental groups
were infected with 500 pfu of an earlier strain of either Ud72, Vic75 or BK79 before infection
with 10° pfu Ph82 6-8 weeks later, designated ‘UdPhil’, *VicPhil’ and ‘BKPhil” accordingly. A
group of RPMI mock infection at both timepoints was also included as a negative control.

Experimental groups represent differing scenarios of host infection by drifted strains of
H3N2 with increasing antigenic difference from Ph82. The BKPhil group represents minimal
drift at 3 years apart, VicPhil represents 7 years of drift while UdPhil represents a total of 10
years of antigenic drift between first and second infecting strains. Each experimental group was
examined with the same protocol in separate studies before results were collated for collective

analyses.

Upon days 3, 5, 7 and 10 post infection, mice were sacrificed and spleen and MLN
harvested for processing and analysis of B cell responses by flow cytometry and anti-Ph82
specific ASC responses by ELISPOT. Lungs were also harvested and homogenized samples used

to determine lung viral titres during infection by plaque assay on MDCK cells.
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Figure 4.7. Experimental plan to investigate the kinetics of the B cell response against Ph82

infection in the presence of prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection.

Eight to ten week-old C57BL/6 mice (n= 4) were infected with Ph82, mock RPMI or in three
separate experiments either 100 pfu Ud72, 500 pfu BK79 or Vic75. Mice were then infected with
10° pfu of Ph82 virus 6-8 weeks post infection in groups as shown. On days 3, 5, 7 and 10 post
infection (dpi), spleen, MLN, and lungs were collected and processed for ELISPOT, flow

cytometry and plaque assay respectively.

The secondary-like pattern of recall B cell responses after sequential infection
with antigenically distant strains is confirmed by analysis of the total

responding B cell populations.

To dissect the B cell response into its effector subsets in the scenario of antigenic drift, the
samples from the experiments above were processed and analysed by flow cytometry as
indicated in Figure 4.7. Individual experiments using the same protocol were then collated for
analysis as shown in Figure 4.8-10. Total numbers of mice in each group are indicated.
Differences in the number of experimental repeats for the respective groups account for the

different group sizes and the fact that pPhil and sPhil are included in every experiment.

The magnitude and kinetics of both the primary (pPhil) and secondary (sPhil) responses
were used to assess whether experimental group kinetics were more ‘primary-like’or ‘secondary-

like’, guided by statistical analysis. The spleen from RPMI-treated animals was used to
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determine the baseline (steady-state) response. As indicated previously, MLN are not visible for
detection without infectious stimuli so no RPMI control was available for MLN responses,
although the assumption is that the number of B cells would be very low prior to visible
expansion of these tissues.

As shown in Figure 4.8, total numbers of MLN and splenic lymphocytes were quite
similar in magnitude between groups throughout the course of infection with only some minor
differences detected. The same findings were reflected in the B cell populations but differences
were more marked in the MLN with pPhil and sPhil showing more prominent differences at days
3, 5and 10 dpi (p<0.01). In comparison, primary and secondary plasmablast responses (Fig. 4.9)
in the MLN showed consistent differences in trends throughout the course of infection (at least
p<0.05 for all time points), with an earlier response in sPhil which appeared to peak around 5 dpi
compared to a later peak response at 7 dpi in pPhil. Of the experimental groups, both VicPhil and
UdPhil responses were significantly different to pPhil from 5-10 dpi (p<0.05), suggestive of a
more secondary-like response. Although BKPhil appeared to be visually different from pPhil in
kinetics, this was only significant at days 7-10 dpi (p<0.01). These trends appear to extend to the
class-switched IgA/G* responses. While the pPhil response peaks at 7 dpi, the IgA/G*
plasmablast responses of all other groups either approach or reach their peak earlier at 5 dpi, with
sPhil, UdPhil and VicPhil all showing significantly higher numbers at this timepoint compared to
pPhil (at least p<0.05). This suggests groups with any prior H3N2 strain exposure are either able
to class-switch more rapidly or that pre-existing class-switched cells can be quickly recruited to
respond to the infection. Differences between IgM™* responses were less pronounced at early time
points, but sPhil, UdPhil and VicPhil groups showed significant differences with pPhil at 7 dpi
(at least p<0.05) and at 10 dpi. All groups showed a lower magnitude response compared to
pPhil (at least p<0.05). This is in line with the idea of a more directed class-switched response

against the pathogen near the site of infection.

Similar to splenic B cells, splenic plasmablast populations did not appear to vary
significantly from the control RPMI response, with the exception of pPhil at 7 dpi (p<0.0001,
pPhil vs. RPMI). The number of splenic plasmablasts in the pPhil group was also found to be
significantly higher in number than sPhil and VicPhil at 10 dpi (at least p<0.05). Taken together
with the difference observed in VicPhil compared to pPhil at 7dpi (p<0.05), this may provide
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stronger evidence of a more secondary-like response for VicPhil than for other groups in this
instance. However, the overall trends also suggest that all other responses are likely to be more
secondary-like in nature given that the splenic plasmablast response was not statistically different
to RPMI. Despite an elevated initial response at 3 dpi by BKPhil and a significantly elevated
response at 7 dpi compared to pPhil, IgM™ plasmablast responses in the spleen largely appeared
to remain within baseline levels, showing no differences to RPMI. While there may be some
elevation of responses at 7 dpi compared to RPMI and all other groups apart from BKPhil for
IgA/G™ plasmablast responses, the kinetics between primary and secondary responses up to that
timepoint were too similar to draw any solid conclusions from this data. Statistically significant
differences were also noted at 10 dpi with numbers of pPhil IgA/G* plasmablasts in the spleen
significantly higher than those in sPhil, BKPhil, VicPhil and RPMI groups which may suggest
more secondary-like responses in these experimental groups. As a whole, for both MLN and
spleen, the IgA/G* plasmablast responses were lower on day 10 for the recalled responses
compared to the primary response, possibly due to contraction after earlier infection resolution in

these groups.
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Figure 4.8. Kinetics of the total cellular and B cell response against Phil/82 infection in the

presence of prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection.

C57BL/6 mice (n=4) were infected as outlined in Figure 4.7. Total numbers of cells and overall

CD19" B220* B cells in the MLN and spleen are shown. Symbols above timepoints indicative of

statistical significance by two-way ANOVA — comparisons were made between pUd and the

group of the same colour as the symbol as indicated by the key. Number of symbols indicative of
level of significance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 4.9. Kinetics of the plasmablast response against Ph82 infection in the presence of
prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection.

C57BL/6 mice (n=4) were infected as outlined in Figure 4.7. Total numbers of overall, IgM™ and
IgA/G* CD19" B220" plasmablasts in the MLN and spleen are shown. Symbols above
timepoints indicative of statistical significance by two-way ANOVA — comparisons were made
between pUd and the group of the same colour as the symbol as indicated by the key.
Comparisons in black are indicated by the notes below each graph. Number of symbols
indicative of level of significance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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As seen in Figure 4.10, primary GC B cell responses in the MLN have a clearly
distinguishable kinetic profile compared to other groups during the course of infection which
increases over 100-fold from around 10° to 10° cells from 3 to 10 dpi. This was markedly
different to sPhil at early time points with >1 log-fold higher response seen at 3 dpi for sPhil, a
peak at 5 dpi followed by a slow decline from this point onwards (p<0.001, pPhil vs sPhil at 3, 5
and 10 dpi). These contrasting profiles enabled a clearer differentiation of responses in the
experimental groups into primary- or secondary-like. VicPhil showed significantly different
trends to pPhil by two-way ANOVA (p<0.05, pPhil vs. VicPhil at 3, 5 and 10 dpi) while almost
overlapping sPhil in kinetics and magnitude, suggestive of a similar recall response. While
BKPhil and UdPhil showed similar kinetics to sPhil, significant differences to pPhil were only
noted at 10 dpi for these two groups (p<0.01 for pPhil vs. UdPhil and p<0.001 for pPhil vs.
BKPhil) perhaps in part due to smaller sample sizes and larger variability for these groups. As
previously seen, these trends seemed to be reflected in the IgA/G* GC B cell responses. In
particular, UdPhil appears to show elevated levels of IgA/G™ GC B cells at 5 dpi compared to
pPhil (p<0.05) before descending to levels below pPhil by 10 dpi (p<0.05) which may be
suggestive of a more secondary-like response in the group with high magnitudes early during
infection before declining by 10 dpi. Overall, all groups apart from pPhil declined in response by

10 dpi while numbers of IgA/G*™ GC B cells in the MLN continued on an incline in pPhil.

Overall, splenic GC B cell responses across all groups were not significantly different to
the RPMI control until 7 dpi, where responses in the pPhil group rose to plateau between 7 to 10
dpi. Paradoxically, mice infected with more distant strains prior to Phil such as UdPhil and
VicPhil were found to be more secondary-like by their difference with pPhil on both 7 and 10
dpi (p<0.001) while BKPhil appeared to differ from primary responses only on 10 dpi (p<0.01).
This, however, may be the effect of a smaller sample size and thus higher variability in response.
Taken with the IgA/G* GC B cell response in the spleen that echoed these trends, results suggest

that all groups with prior H3N2 exposure responded in a secondary-like manner in this subset.

95



GC B cells IgAIG”

Total MLN GC B cells Total IgA/G* MLN GC B cells
108, 108 -~ pPhil n=21
E e -& sPhil n=21
4 o .
g8 19 g 10 ~ BKPhil n=4
g% *kk P ” VICPhll n=10
e 54l ~= 404l .
MLN 22’ ag '° UdPhil n=7
0 O +
8% 0y RPMI  n=12
O o 103 <@ 103
+|"~ = E!
a2 =
ok E
= = 102 P 102
°
=
10° T T 107 T T
0 5 10 0 5 10
days post infection (dpi) days post infection (dpi)
*#*+ n<0.001, pPhil vs. sPhil, VicPhil or BKPhil
Total Spleen GC B cells Total IgA/G™ Spleen GC B cells
106 e S 10¢-
= *
L] vex
Eé 1054 2 108
@ 2 8
)
o g' 1044 ~ 2 1044
o & 23
Spleen 2g o
Q g 103 E O 1034
S > ©
a2 =
°% .2 [:
w ] ] 2
2 s 10
[
101 . : |
0 5 10 1075 : o

days post infection (dpi) days post infection (dpi)
**** p<0.0001 pPhil vs:

sPhil, VicPhil, UdPhil, RPMI ***p<0.001 pPhil vs:
sPhil, VicPhil, BKPhil or RPMI

Figure 4.10. Kinetics of the GC B cell response against Ph82 infection in the presence of
prior exposure to Ph82, BK79, Vic75, Ud72 or mock infection.

C57BL/6 mice (n=4) were infected as outlined in Figure 4.7. Total numbers of overall and
IgA/G* GL7*CD38'"° germinal centre (GC) B cells in the MLN and spleen are shown. Symbols
above timepoints indicative of statistical significance by two-way ANOVA — comparisons were
made between pUd and the group of the same colour as the symbol as indicated by the key.
Comparisons in black are indicated by the notes below each graph. Number of symbols
indicative of level of significance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Prior infection with H3N2 strains induces an early secondary-like Ph82-
specific antibody secreting cell response even when strains differ by 10 years

of antigenic drift.

ELISPOT data from the experiments outlined in Figure 4.7 were collated into Figure 4.11 to
investigate the correlations between prior infection of H3N2 strains of varying antigenic distance
on the kinetics of Ph82-specific ASC responses upon Ph82 infection. As in the flow cytometry
data, total numbers of mice in each group are indicated and differences in the number of

experimental repeats account for the different group sizes.

Primary responses were similar to prior experiments with Ud72 and PR8 as expected
(Figure 3.4), in that more prominent IgM* responses were observed in the spleen while IgA/G*
ASC responses dominated in the MLN (note the difference in scale between IgM* and IgA/G™).
As for sUd in earlier experiments, the sPhil group showed fewer ASCs at the peak of the
response in the MLN than was evident in pPhil, likely due to reduced antigen stimulus through
neutralization of the inoculum, and for those MLN ASCs producing IgA/G antibodies, the

response peaked at day 5 rather than day 7 for the primary response.

In the MLN, IgM* ASC responses of the sPhil and pPhil groups were significantly
different from days 5 to 10 post infection (p<0.001 by two-way ANOVA), with a minimal
response in sPhil mice while pPhil showed a distinguishable level of ASC responses over the
course of infection. The responses of the BKPhil group, representing sequential infection by two
closely related viruses, also showed a pattern of minimal response like sPhil (p<0.001 at 5 and 7
dpi). The response of the VicPhil group was found to be similar to BKPhil, with significant
differences to pPhil on days 5 (p<0.01), 7 (p<0.05) and 10 (p<0.01) post infection and no
signficant differences to sPhil for all time points. Although the UdPhil group had less power to
distinguish differences due to less replicates, it could be seen that responses reached a similar
magnitude to pPhil at 5 dpi, but declined to minimal levels by 10 dpi, distinguishing the response
from pPhil (p<0.01). In terms of the class-switched IgA/G* responses in the MLN, BKPhil and
VicPhil showed a significantly greater response at the day 5 time point than did pPhil (p<0.01 for
BKPhil, p<0.05 for VicPhil), which was the same trend observed for sPhil and UdPhil.

However, unlike sPhil, the UdPhil group continued to increase, trending towards a peak at day 7
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as observed for pPhil. Taking both non-class switched and class switched responses together, the
data suggest that the pattern of responses of BKPhil and VicPhil more closely resembled that of
sPhil, while those of UdPhil displayed characteristics of both pPhil and sPhil, with secondary-
like early IgA/G™ ASC responses but a delayed peak. This may suggest that perhaps the larger
antigenic difference between Udorn and Phil viruses may mean less of the antibody produced is
neutralising so antigen stimulus is greater and B cells continue to respond. However, a greater
number of mice in the UdPhil group is necessary to confirm these findings. Overall, the results
are suggestive of a bolstered class-switched ASC response in mice with prior exposure to H3N2

strains differing across 10 years of drift as a result of some form of immune memory.

In the spleen, IgM™ responses appeared to be minimal across all groups with the
exception of pPhil. No groups were significantly different to the baseline RPMI control apart
from pPhil at 7 dpi (p<0.0001) and 10 dpi (p<0.01). Splenic IgA/G*™ ASC responses likewise
supported a secondary-like response in all experimental groups, with significantly higher
responses than pPhil on day 3 and 5 observed with sPhil (p<0.0001 both days) and BKPhil
(p<0.05 at 3 dpi, p<0.0001 at 5 dpi) and the same trend for VicPhil and UdPhil. The UdPhil
response appeared to be the largest, as in the MLN, however again this observation did not reach

significance due to a smaller sample size.

Overall, these data indicate that prior infection with H3N2 strains followed by infection
with a more recent strain, separated by up to 10 years of antigenic drift, induce secondary-like
virus-specific ASC responses in the mouse, with earlier class switching in both the MLN and
spleen and minimal IgM™* responses in the spleen. From the data shown, antigenic distance
appears to only impact the kinetics and magnitude of ASC responses in the MLN with UdPhil

potentially having somewhat different response profile than pairs with less antigenic distance.
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Figure 4.11. Kinetics of the MLN and Spleen Phil-specific ASC response against Ph82

infection in the presence of prior exposure to selected H3N2 strains or mock infection.

C57BL/6 mice (n=4) were infected with H3N2 viruses as per Figure 4.7. Spleen and MLN were
collected on days 3, 5, 7 and 10 post infection and processed into single cell suspensions to be
overlaid onto purified Ph82 virus coated plates to detect Ph82-specific antibody secreting cells
by ELISPOT. Groups with different infection models with the number of IgM* and IgA/G*
ASCs per million cells in the MLN and spleen for each experiment are shown. Symbols above
timepoints indicative of statistical significance by two-way ANOVA. Colors represent
comparisons between the group of the same colour in the key versus pPhil (+ symbols) or versus
RPMI (* symbols). Number of symbols indicative of level of significance: + p<0.05, ++ p<0.01,

+++ p<0.001, ++++ p<0.0001.

99



In accord with a secondary-like response in the experimental groups, lung viral titres of
sPhil, VicPhil and BKPhil (Figure 4.12) dropped to below the limit of detection by day 3 and
were thus significantly lower in comparison to pPhil even at early timepoints (p<0.05, two-way
ANOVA, Tukey post-hoc), suggesting early clearance before the infection took hold. Lung viral
titres of UdPhil were not measured at 1 dpi but at 3-10 dpi, titres remained below the detection
limit, also indicative of enhanced viral clearance. Overall, titres appeared to align with the
observations from ELISPOT and flow cytometry data, suggesting that these secondary-like

responses resulted in faster clearance of infection.

Lung Viral Titres in B6 mice
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Figure 4.12. Kinetics of the B cell response against Ph82 infection in the presence of prior
exposure to Ph82, BK79, Vic75, Ud72 or mock infection.

C57BL/6 mice (n=4) were infected as outlined in Figure 4.3. The viral titres of lungs from
infected mice is shown. Symbols above timepoints indicative of statistical significance by two-
way ANOVA — comparisons were made between pUd and the group of the same colour as the
symbol as indicated by the key. Comparison in black represents significance between sPhil
versus BKPhil. Number of symbols indicative of level of significance: * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. Due to overlapping data, UdPhil is not visible, but titres of UdPhil
were below detectable threshold from 3 to 10dpi. No data was obtained for 1 hpi for UdPhil.
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Overall, the results from both Ph82-specific ASCs and B cell subsets indicate a more
secondary-like response in all experimental groups, from 3 years of antigenic drift between
BK79 and Ph82 to 10 years between Ud72 and Ph82. Further studies would be necessary to
confirm this phenomenon, but this suggests that prior infection with H3N2 strains representing
up to 10 years of antigenic drift may still induce some capacity to respond in a secondary-like

fashion against infection of a drifted strain.

Primary infection by H3N2 strains in B6 mice appear to induce B cell

responses that are largely unable to cross-react to drifted strains.

Results from the above experiments suggested secondary-like responses were possible in
influenza experienced mice exposed to newer strains, despite 10 years of antigenic drift, yet the
lack of cross-reactivity of serum raised against differing strains in response to Ph82 virus as seen
in the HI assay shown in Table 4.1 appeared to contradict this assertion. To further investigate
this apparent disparity between B cells and the antibodies produced against H3N2 infection, the
Ud72 HA probe, described in the previous chapter, was used to investigate the cross-reactivity of
B cells by flow cytometry. Ideally the experiment would have also used a probe specific for the

Phil HA but several attempts to make such a probe proved unsuccessful.

B6 mice were infected with 10*° pfu of either Ud72, Vic75, BK79, Ph82 or mock
infected with RPMI. MLN and spleen were harvested on 14 dpi, processed and analysed by flow
cytometry, using the panel of antibodies shown in Supplementary Table 1 and gated as shown in
Figure 4.13. Figures 4.14 show the total number of cells in each compartment as well as the
percentage and total number of B cells, plasmablasts and GC B cells in the cellular population. A
broad gating strategy was used for gating lymphocytes to capture larger plasmablasts. All of
these responses were of a similar magnitude for each strain in both the MLN and spleen as seen
previously (ns, p>0.05 by two-way ANOVA), although Ud72 B cell subsets were slightly

elevated showing an incremental increase in both cell number and percentage for each subset.
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Figure 4.13. Gating scheme in the analysis of Ud72 HA+ B cell subsets during primary
H3NZ2 infection.

Six to eight week-old C57BL/6 mice (n=5) were infected with 10*° pfu of Ud72, Vic75, BK79
or Ph82 virus. At 14 days post infection (dpi), mediastinal lymph nodes (MLN) were collected
and processed for analysis by flow cytometry. The number of cells in each sample was
determined using a Beckman Coulter Counter. The gating scheme used to delineate cellular

events is shown.
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Figure 4.14. Proportions and total numbers of B cells and their subsets during primary
H3N2 infection at 14 dpi.

Six to eight-week-old C57BL/6 mice (n=5) were infected and processed as outlined in Figure
4.13. Total number of cells per sample, percentage of and total numbers of the B cell subsets in
the overall lymphocyte population, including CD19* B220* B cells, CD38"°GL7* GC B cells and
CD138*B220" plasmablasts are shown.

Ud72 HA" cells in the overall B cell population, Ud72 HA™ cells in the GC B cell
population and GC B cells in the Ud72 HA* B cell population were all examined to further
elucidate the proportions and subsets involved in the Ud72 HA™ B cell response (Fig. 4.15). In
analyses of both Ud HA* B cell and GC B cell populations, mice infected with Ud72 responded
with the highest proportions (p<0.05) and numbers (p<0.0001) of Ud72 HA" B cells and GC B
cells in the spleen as expected. Although proportions of Ud72 HA™ cells were significantly
higher than other groups in the MLN, a contraction in total cells in the MLN (as seen in Figure
4.6B) after the resolution of infection (14 dpi) likely accounts for the minimal total MLN
responses. Mice infected with Vic75 showed mildly elevated numbers of Ud72 HA" cells —
especially in the total B cell and GC B cell populations in the spleen — but this was not
statistically significant. B cells or GC B cells in groups infected with BK79 and Ph82 appeared
to be unable to bind to the Ud72 probe beyond baseline levels.

Notably, of the Ud72 HA* B cell population in Ud72 and Vic75 infected mice, a sizable
proportion of these B cells in the MLN were GC B cells as identified by the markers CD38 and
GL7 as outlined in Figure 4.13. This suggests a significant proportion of these responding B cells
mature in germinal centres to hone their responses against reinfection with similar strains,
despite their numbers in Vic75-infected mice and the contracting numbers of cells in the MLN.
The minimal proportion and numbers of GC B cells in the Ud72 HA™ B cell population for
BK79, Ph82 and RPMI groups reflects the minimal responses against Ud72 HA™ in the B cell

population.
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Figure 4.15. The proportion and total number of Ud72 HA+ B cells in the GC B cell and B
cell populations.

Six to eight-week-old C57BL/6 mice (n=5) were infected and processed as outlined in Figure
4.13. Percentages and total numbers of Ud HA™ cells in the CD19" B220* B cell population, Ud
HA* cells in the CD38°GL7* GC B cell population and GC B cells in the Ud HA* B cell
population are shown. Symbols represent *p<0.05, **p<0.01, ***p<0.001 and **** p<0.0001 by
ordinary two-way ANOVA with Tukey’s multiple comparisons.
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Taken together, results suggest that only mice infected with the Ud72 strain
corresponding to virus with a matched HA, or mice infected with the relatively antigenically
similar Vic75 strain (observed by cross-reactive neutralization of Ud72 virus by Vic75 sera
measured by HI assay) will induce any level of B cells recognizing Ud72 HA. Although the
response of the antigenically similar virus Vic75 was much lower in magnitude, it was
nevertheless significant compared to other strains in terms of the percentage of germinal centre B
cells that could bind to the Ud HA. Further investigation using these probes will be of great
interest, especially with regards to the effects of recall of these cross-reactive B cells during

subsequent infections.
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CHAPTER 5 - DISCUSSION

In this thesis, the kinetics of B cell responses during influenza infection in the context of primary
and secondary homologous, heterosubtypic and drifted strain infection have been studied using
the B6 mouse model. It was hypothesized that, as HA is reported to be the immunodominant
antigen in the response to influenza infection in the mouse (29), that the expansion of B cells
during secondary infection would be determined by the antigenic relationship of the virus to that

previously encountered during the primary infection.

The primary response against influenza infection was first characterised in the B6 mouse
model to establish the pattern of B cell expansion during infection in naive hosts. In prior studies
involving primary PR8 infection of BALB/c mice, plasmablasts in the mediastinal lymph node
(MLN) appeared to respond a few days earlier at 10 dpi followed by a peak GC B cell response
at 15 dpi (132). An earlier response was also observed in our model, where MLN plasmablast
populations peaked at around 7 dpi while GC B cells peaked at 10 dpi. Such differences in
timing could be the effect of the different mouse strains given that the susceptibility and degree
of inflammatory responses against influenza virus differs between BALB/c and C57BL/6 strains
(148) and also the strain of virus, as much lower doses of PR8 are used to infect mice than are
needed to establish primary infection with the Udorn virus used here. Although it is known that
influenza-specific GC B cell responses continue to mature until as long as 14 — 21 dpi in B6 mice
(149), data obtained from the Ud72-specific ELISPOT assay (Figure 3.5) indicated that the
primary antibody secreting response against Ud72 virus peaked sharply at 7 dpi in the MLN
suggesting that further B cell differentiation to effector cells in the MLN did not occur once the
infection had been cleared. Such results are also in line with studies of peripheral blood effector
B cell responses after influenza vaccination, where IgA* and IgG* influenza-specific effector B
cells were largely detected from 7-11 days post vaccination in human participants before
declining and reaching undetectable levels by day 21 (114). Overall, initial studies established
important groundwork about the kinetic trends of primary B cell responses to Udorn virus,

especially with regards to its differentiated subsets.

To examine B cell responses in the context of secondary infection, it was first necessary

to determine whether primary and secondary homologous infections could be distinguished in
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our model. Initial experiments characterized GC B cell and plasmablast responses during
primary and homologous secondary Udorn influenza infection in the MLN, where most of the B
cell expansion occurred, and also the spleen. Consistently differentiating the overall kinetic
curves of primary and homologous secondary B cell responses measured by flow cytometry
using two-way ANOVA was not possible as statistically significant differences were not always
observed (Figure 3.9-11). The small sample size (n=4) and variation within these initial
experiments undoubtedly played a role in this. However, given that the secondary (sUd)
responses were initially 2 logs higher in magnitude compared to pUd at 3 dpi (Figure 3.11) for
GC B cells in the MLN, the Mann-Whitney test was used to further analyse the earlier
timepoints. Consequently, sUd was found to be significantly elevated in comparison to pUd by
Mann-Whitney test at 3 dpi for total MLN GC B cells (p<0.05, Figure 3.11). In comparison, days
5 to 10 dpi showed no significant differences between primary and secondary responses in same
subset. While the dogma of adaptive immune responses dictates that secondary responses would
be expected to reach a higher magnitude compared to the primary response, this was not seen in
these results. However, the viral load in the sUd group was below the detectable threshold
throughout the course of infection, likely due to pre-existing antibodies and recall of memory
cytotoxic T cell responses. These responses, which allowed rapid control of viral replication in
comparison to the pUd mice (Figure 3.13) meant that the overall effective antigenic stimulus in
the secondary response was much less despite the mice receiving a higher virus inoculum dose.
The initial spike of GC B cells in the MLN at 3 dpi followed by responses that are non-
significant from pUd from 5 dpi onwards was hence likely a result of the rapid decline in viral
antigen availability as secondary and protective adaptive responses (including aforementioned B
cell responses) were mobilised. This may also account for the non-significantly different MLN
plasmablast responses between sUd and pUd. Although the subsets trended towards a similar
response as GC B cells, the initial 3 dpi ‘spike’ in response was not prominent in the sUd group,

possibly reflective of the absence of sufficient antigen stimuli.

To investigate B cell responses recalled by a heterosubtypic infection, the antigenically
distinct HIN1 PR8 virus was used to initially infect mice followed by a secondary infection with
H3N2 Udorn virus and the responses examined for their similarity to pUd or sUd. If the original
hypothesis is correct, in this scenario it would be expected that the B cells would respond in a
primary-like manner due to the antigenic differences between the surface antigens of PR8 and
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Udorn viruses. However, when analysed by flow cytometry, significant differences were
typically identified between the PR8Ud and pUd groups during earlier time points at 3 dpi within
MLN GC B cells and both 3 and 5 dpi for MLN plasmablasts (Figure 3.10+11), with a single
point of significant difference between PR8Ud and sUd found at 7 dpi in total and IgA/G™ MLN
GC B cells (p<0.01, Figure 3.11). Hence, heterosubtypic responses against influenza displayed
early responses at higher magnitudes similar to a secondary response despite later elevated
responses at 7 dpi. Through the use of the ELISPOT assay, the class-switched IgA/G* Ud-
specific ASC responses in the MLN and to a lesser extent in the spleen, were shown to be
elevated in the PR8Ud group compared to both pUd and sUd, especially early during the
infection in the MLN (p<0.05, Mann-Whitney test for PR8Ud vs. puUd, PR8Ud vs. sUd at both 3
and 5 dpi). While the IgM™ response in the MLN of the PR8Ud group appeared to differ from
sUd from 3 to 7 dpi, the overall magnitudes of all groups were relatively low in comparison to
the class-switched IgA/G* responses which may suggest they are not as biologically significant.
These results appear to indicate that despite prior immunity against an antigenically unrelated
strain — HIN1 PR8 virus — the PR8Ud mouse group was able to induce an elevated and more
rapid class-switched secondary-like ASC response against the heterosubtypic H3N2 Udorn

strain.

Given the importance of T cell help in the production of class-switched, affinity matured
antibody-secreting cells (150), CD4* T cell memory likely plays a key role in this boosted
response in early differentiated subsets and class-switching despite an assumed lack of antigenic
recognition of the Ud HA and NA by memory B cells. Memory CD4" T cells originally primed
against PR8 virus may be cross-reactive with conserved internal protein epitopes also found in
Ud72, stimulating a more rapid and higher magnitude B cell response against subsequent
influenza infection. Evidence for this boosting effect of CD4" T cell memory on B cells during
influenza infection was shown by the higher magnitude of responses seen in mice with NP-
specific memory CD4" T cells as a result of NP-peptide immunization. These mice displayed
higher levels of antibody secreting cells, GC B cells and T follicular helper cells upon influenza
infection compared to mice primed with an unrelated protein (151). Interestingly, the specificity
of the CD4" T cells also appeared to shape the specificity of the B cells that were boosted by
these cells — HA-specific T cells boosted HA-specific antibody responses, while NP-specific T
cells boosted NP-specific responses - which may imply a higher prevalence of internal protein-
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specific B cells in the case of heterologous infection where cross-reactivity would be restricted to
mostly non-surface antigens. While the study by Alam et al. investigated NP and HA-specific
ASCs in particular, the present study used ELISPOT plates coated with whole lysed virus, which
would be expected to capture all influenza protein-specific ASC responses including those to the
internal proteins such as NP, so does not provide any definition of the ASC specificity. In
addition to CD4* T cell memory, the antiviral effect of cross-reactive cytotoxic T cells in the
case of heterologous infection has been well-established and may have contributed to the more
rapid clearance as well as potential effects on B cell responses (152, 153). In studies where mice
were primed with seasonal H3N2 (sH3N2) followed by a pandemic H1N1 virus or the same
strains in reverse order, CD8" T cell populations were found to correlate with protection despite
some variation in PA and NP epitopes between the viruses. In addition, adoptive transfer of T
cells from mice infected with SH3N2 provided protection against pH1N1 infection of the
recipient mouse, but only when both CD4" and CD8" T cells were transferred from the donor
(153). Such phenomena may explain the reduction in viral titre observed in PR8Ud-infected mice
lungs compared to primary infection despite a lack of cross-reactive hemagglutination-inhibiting
antibodies as seen by results in Table 3.2.

It is also likely that cross-reactive virus-specific B cell responses directed towards non-
HA epitopes may have been boosted upon Ud72 infection and contributed to virus control.
Although HA-specific B cell and antibody responses are immunodominant for protection (88),
studies have shown that internal protein-specific B cells may also play a role in combatting
infection. In a study by LaMere et al. (97), it has been shown that anti-NP IgG antibodies aided
in viral clearance in the case of heterosubtypic infection through engaging FcR-dependant
mechanisms. Furthermore, injection of NP-specific IgG, in conjunction with enhanced CD8+ T
cell numbers, was able to rescue poor viral clearance in B cell deficient mice during

heterosubtypic infection (97).

Studies have also shown that in cases where pre-existing neutralizing antibodies to the
head of HA do not react with the novel virus, such as in heterosubtypic infection, antibodies that
target the stem of the HA can play an important role in assisting with controlling the infection.
Such was the case during pandemic H1N1 infection or avian H5N1 influenza vaccination where
broadly cross-reactive antibodies were found to be produced against the stem of the HA in the
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absence of cross-reactive head epitopes (154, 155). Furthermore, investigation of the antibodies
produced against the pandemic H1N1 vaccine in healthy adults showed that a substantial
proportion of B cells secreting broadly cross-reactive antibodies were specific for the HA stem
and derived from a memory pool as evidenced by high levels of somatic hypermutation (156,
157). This suggests that in the absence of epitopes on the HA head that memory B cells can
recognise, the remaining memory B cell repertoire against more conserved regions are boosted in
response to the novel strain, some of which may have anti-viral function. Taking this into
consideration, these responses may have contributed to the secondary-like results seen in mice
previously infected with HIN1 PR8 followed by H3N2 Udorn.

Prior studies of serum antibody responses against strains of H3N2 influenza virus have
shown that antigenic drift occurs in a staggered, punctuated manner with ‘clusters’ of drift
occurring every 3 to 8 years (30). While antigenic distance between strains has been typically
measured with ferret antisera (28, 34), it has been shown that different mammalian models result
in differing antigenic maps between strains evident in a comparison of human with ferret antisera
against cell-grown and egg-grown H3 viruses (158). In the present study, antisera from B6 mice
were measured in HI assays to characterize antigenic relatedness of the strains under study.
Results obtained showed similar trends found previously with ferret antisera against H3N2
strains, where sera were most likely to show some level of inhibition against strains that were
within 3 years of isolation of the virus sera were raised against (Table 4.1). Although the
intention was to form an antigenic map using the resultant HI data, the lack of detectable cross-
reactivity interconnecting the samples prevented production of a viable data set for a map to be
constructed. This may result from suboptimal generation of robust antibody responses against the
H3NZ2 strains in mice or simply not having enough strains to provide sufficient empirical data to
enable the relationship between antisera and strain-specific inhibition to be mathematically
calculated to construct a map. Viral replication data from low dose infection (500 pfu) of mice
shown in Figure 4.1 suggests less robust viral replication for later H3N2 strains (BK79 and
TX77) which may have in turn led to a more focused antibody response with subdominant cross-
reactive antibodies under-represented. However, this dose was 60-fold lower than that used to
infect mice to generate the antisera. Data from Figure 4.2 where mice were infected with the
same high dose (10*° pfu) used to generate antisera suggested similar viral loads and kinetics

between all strains as well as B cell responses of similar magnitude and kinetics, suggesting the
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magnitude of the response between H3N2 strains does not vary significantly at higher doses. It
therefore appears likely that a wider coverage of strains would be necessary to compute an

antigenic map of seasonal H3N2 strains in mice at a resolution beyond the scope of this study.

As discussed previously, it is known that seasonal H3N2 strains have shown gradual
reduction of receptor specificity towards avian sialic acid receptors over the course of their
adaptation to and circulation in human populations (159). This phenomenon has been noted such
that by the 1990s, strains circulating in humans were shown to have reduced ability to
agglutinate chicken red blood cells containing the a.2-3-linked sialic acid receptors of avian
species (160). As mouse lungs have been shown to contain only avian-like sialic acid receptors
(161), this loss of receptor specificity in more recent H3N2 strains affects their ability to infect
mice (159, 162). However, some historical strains of H3N2 viruses have also been shown to have
a lowered capacity to infect mice due to another mechanism involving glycosylation sites. As
shown by Reading et al. (145), H3N2 strains from 77 to *92 have reduced capacity to infect
mice due to an increased number of glycosylation sites on the HA and a resultant increase in
sensitivity to the innate lung surfactant SP-D. For all H3N2 virus strains selected here to study
drift, the virus could be isolated from the lungs over the course of several days (Figure 4.1).
However, the efficiency of replication differed, with older strains such as Ud72 and Vic75
showing the highest levels of replication. TX77 proved to be inconsistent, with only one in five
mice showing any virus in the lungs by plaque assay, likely as a result of inhibition by SP-D as
discussed and was excluded from further study. While BK79 also showed reduced replication in
mice, this strain was used for further studies due to its antigenic closeness to Ph82 and ability to
consistently induce immune responses in mice as seen in experiments shown in Figure 4.2.
Overall trends appeared to align with Reading’s study (145) that showed a reduction in infection
and replication in mice as H3N2 strains acquired more glycosylation sites, with earlier strains
such as Vic75 and Ud72 able to efficiently replicate while later more glycosylated strains such as
TX77 and BK79 were less efficient. In this respect, Ph82 appears to defy this trend in its ability
to replicate to similar magnitudes to Ud72 and Vic75. While previous studies have shown that
inoculation of mice with wild-type Ph82 does not lead to productive infection, the strain of Ph82
used here to infect mice was a B-inhibitor resistant variant of this virus (130). This variant
contained a mutation at residue 165 of the HA enabling resistance to mannose binding lectin

(MBL), allowing more efficient infection of mice. Previously, the Ph82 variant was found to
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replicate to 1000-fold higher titres in mouse lung than the parent Ph82 and had acquired lethality
for mice. However, in the present study, mice appeared to show little to no clinical signs at the
dose of 10*° pfu used. While it is acknowledged that the mutation at residue 165 in the HA may
alter the antigenic properties of this strain compared to wild-type Ph82, the focus of this study
was not to analyse the strains themselves but rather how the differences between strains over
time impact the B cell response. In this context and from the data presented, it is apparent that

the strain used was sufficient to analyse the phenomenon of drift on B cell responses.

As the variable of primary interest in Chapter 4 is the effect of antigenic distance between
two strains on the B cell response of a host, a possible confounding factor would be differences
in the immunogenicity of the strains involved. To address this, mice challenged with the selected
strains were analysed for their B cell responses as shown in Figure 4.4-4.6. It was apparent that
there was minimal variation between strains in terms of B cell responsiveness, with similar
numbers of total B cells, GC B cells and plasmablasts in the MLN and spleen. This shows that
the strains analysed in this study induced similar humoral responses to the model H3N2 Ud72
strain, ruling out the possibility of differences in consequent secondary responses stemming from

discrepancies in the immune response to various strains.

In the context of secondary infection, it is expected that the host would respond more
rapidly and efficiently against reinfection of the same pathogen as a result of adaptive immunity.
However, influenza virus subverts the adaptive response through the process of antigenic drift,
whereby the selective pressure of host immunity causes escape mutants which alter the antigenic
properties of its surface antigens. As drift is a staggered but linear process (30), prior exposure to
influenza strains followed by infection of a drifted strain would be expected to yield fewer
protective responses with increasing antigenic distance as the antibodies and underlying memory
B cells against the prior strain gradually become less able to recognize and react to the surface
antigens of drifted strains. This can be seen in the previously discussed study by O’Donnell,
where it was found that priming with earlier strains of HLIN1 viruses were more likely to reduce
lung viral titres of ferrets subsequently infected with the pandemic 2009 H1N1 strain (CA/09) as
earlier seasonal H1N1 strains showed more antigenic similarities towards CA/09 (129). In
comparison, our study of the effect of antigenic drift on the underlying B cell responses during
influenza infection proved to be less clear cut. Upon infection of Ph82 in the context of prior
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infection with Ud72, Vic75 or BK79, the numbers of Ph82-specific ASCs from all groups
appeared secondary-like in terms of its kinetics and magnitude — trending towards an elevated
IgA/G+ ASC response as early as 5 dpi in both MLN and spleen — with only minor variations.
While there were some apparent differences in the IgM* ASC responses in the MLN between
pPhil and other groups including BKPhil, VicPhil and sPhil, the numbers of these cells were far
outnumbered by populations of class-switched IgA/G* ASCs in the same compartment — around
a 10-fold difference — suggesting they were not as biologically relevant to the overall response.
Hence a robust, secondary-like IgA/G™ ASC response in both the MLN and spleen for all
experimental groups would suggest that strains up to 10 years apart and separated by 3 antigenic
clusters can still be recognized by the adaptive immune response and induce a secondary-like B

cell response against the drifted strain.

When results from this drift experiment were compared to responses seen in the
heterologous infection model used in Figure 3.8 involving PR8 and Ud72 viruses, responses
appeared surprisingly similar, especially when considering the vast antigenic differences from
drifted strains of the same lineage versus heterologous infections of entirely different subtypes.
Statistical analysis showed that heterologous infection — first of PR8 followed by Ud72 7 weeks
later — induced responses that appeared more secondary-like than expected between strains of
completely different subtypes. Similarly, infection of strains from the same subtype but varying
antigenic distance appeared to induce more consistent secondary-like responses throughout the
course of infection. Hence, both shift and drift models tested in this thesis appeared to provide
evidence against the hypothesis that the degree and nature of B cell responses and B cell cross-
reactivity during secondary influenza infection would reflect the antigenic relationships of the
HA between viruses shown through antibody reactivity.

Factors that may contribute to the results observed may include recall of underlying
cross-reactive T cell memory responses that boost B cells reacting towards the second strain
and/or B cell memory against conserved components or epitopes between strains such as the NP
or HA stem respectively as mentioned previously. Another potential factor to account for is the
effect of serum antibodies against the initial infecting strain (Ud72, Vic75 or BK79) on the
infecting dose of Ph82. As replication of the second virus was greatly reduced, the presence of

any cross-reactive pre-existing antibodies against the infecting strain may neutralize the second
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dose of virus and cause a similar secondary-like trend. However as shown in Table 4.1, cross
reactivity would only be expected of the BK79 strain, which induced some level of HI response

against Ph82, a correlate of virus neutralizing antibody (163) against Ph82 virus.

The anti-Ph82 ASC responses in the context of prior exposure to earlier H3N2 strains as
seen in Figure 4.11 suggest that measurement of antibody responses by HI assay alone — which
measures the capacity of serum to inhibit hemagglutination of RBCs by virus, mediated by
binding of HA to sialic acid on RBCs - does not account for the full breadth of the immune
response against drifted strains in the context of prior influenza infection. The data obtained from
flow cytometry within the same experiments (Figure 4.8-10) also support the secondary-like
trends observed by ELISPOT assays. While the splenic data proved largely inconclusive or
similar to baseline responses depending on subset — likely as a result of its biological distance
from the site of infection, the results obtained from the MLN trended towards a largely
secondary-like response in mice with exposure to any H3N2 strain prior to Ph82 infection for
both plasmablasts and GC B cells in line with the ELISPOT data. Although the markers used in
these studies did not allow for the identification of memory B cells, the marked elevation of
class-switched IgA/G* MLN GC B cells at 3 dpi in all mouse groups with prior exposure to
H3N2 virus compared to the primary response may hint at some recognition of Ph82 by cross-
reactive memory B cells and/or a boosting and acceleration of class switching by memory T
cells.

As postulated in the theory behind the concept of original antigenic sin (164), it is
possible that the memory B cells from which these ASCs may have originated have a higher
capacity to recognize and bind strains that contain epitopes drifted from its target antigen due to
the higher avidity and valency of B cell receptors compared to secreted antibodies. This may
contribute to observed secondary-like responses either in conjunction with or instead of other
memory T cell or B cell mechanisms discussed earlier. From the doctrine of original antigenic
sin, antigenic seniority and the changes in antibody landscape over an individual’s lifetime, the
effect of prior immunity against older strains on protection and clearance of newer strains in the
context of antigenic drift have been a topic of ongoing discussion (109, 112-114, 116, 165)
(refs). The results from our studies suggest a secondary-like response in mouse groups with any

prior exposure to H3N2 viruses upon infection by a drifted strain of the same subtype. Aligning
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with this data, viral replication within mouse lungs (Figure 4.12) indicated that mice infected
with any H3N2 strain prior to Ph82 exposure had minimal titres and next to no clinical signs
upon infection. This suggests that the observed secondary-like B cell responses and other virus-
specific concomitant immunity induced by prior infection were likely protective and aided in
viral clearance. As the antibody responses against both prior and drifted strains were not tested, it
cannot be definitively proven that the data fully contradicts the concept of original antigenic sin
as described by Davenport (113), but in contrast to observations and predictions of memory
responses hindering responses against drifted strains, this data suggest that pre-existing
secondary-like immunity to prior H3N2 strains enabled mice to clear Ph82 infection much more
rapidly than a primary infection irrespective of any diminished capacity to produce antibody to
the second strain. These results appear to be in line with those seen by Wrammert et al. (109) and
Fonville et al. (34) whereby infection or vaccination with a drifted strain produces the maximal
response against the newer strain rather than the older ones despite evidence of immunological
memory. However, further studies beyond the scope of this project would be necessary to
provide more insight into the phenomenon of original antigenic sin, such as the investigation of
the antibody responses before and after secondary infection as well as comparisons of the prior
strain-specific ASCs with anti-Ph82 ASCs post-Ph82 infection. Furthermore, as shown by
previous studies (122), prior infection as compared with vaccination has a tendency to induce a
more effective response against subsequent infection or vaccination, so care must be taken to

avoid over-generalization of any data presented through a single means of virus exposure.

As shown in Figures 4.8-10, 4.11 and Table 4.1, the sera from mice did not appear to
cross-react with strains beyond 3 years of the infecting strain by HI assay, yet upon infection
with the drifted Ph82 strain, both Ph82-specific ASCs and B cell subsets including plasmablasts
and GC B cells appeared to respond in a secondary-like manner. While ideally, the use of
recombinant Ph82 HA to probe Ph82 HA-specific B cell responses with flow cytometry would
have provided a wealth of information as to the specificity of B cells against antigenically drifted
strains, the recombinant Ph82 HA that was generated for this project was unable to bind to Ph82-
specific B cells despite thorough troubleshooting. Hence to further investigate the HA cross-
reactivity of the underlying B cell response, mice were infected with the chosen H3N2 strains at
10*° pfu. At 14 dpi, MLN and spleen were harvested and processed for staining with a modified
marker for Ud72 HA before samples were analysed by flow cytometry as shown in Figure 4.13.
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Although results observed in Figures 4.8-11 suggested the responding B cell populations as a
whole appeared to be more cross-reactive than the antibodies produced, the use of a Ud72 HA
marker appears to suggest HA-specific B cells react similarly to its virus-specific serum
antibodies — that is, potential cross-reactivity observed up to three years of drift — in terms of

cross-reactivity with other H3N2 strains.

Taking this experiment together with the secondary-like Ph82 virus-specific responses
against Ph82 in the context of prior infection by prior strains, the data appears to further refute
the hypothesis that recall of virus-specific B cells would reflect the antigenic relatedness of the
HA between the first and second infecting strains. While the antibody response against influenza
has been thought to be immunodominant against the HA, our experiments appear to indicate that
the pool of available virus-specific B cell responses against influenza infection in the context of
prior exposure may be more diverse than expected. If the cross-reactivity of HA-specific B cells
against other influenza strains was the sole or main determinant of secondary-like and/or cross-
reactive responses against infections of newer strains, then the prior experiments involving
paired H3N2 strains of varying antigenic distance as well as the heterosubtypic model involving
PR8 and Udorn would be expected to show more primary-like trends rather than the secondary-

like responses seen throughout these studies.

However, there are several factors to be considered about these studies prior to making
any solid conclusions. Firstly, experiments involving the measurement of cross-reactivity both in
sera and in B cells were both conducted in conditions of primary infection when the infection
had largely or completely resolved, whereas the experiments that contribute to the investigation
of the effect of antigenic drift on B cell kinetics was conducted during a secondary infection 6-8
weeks post initial infection. The consistent secondary-like responses in mice infected with strains
of increasing antigenic distance would suggest an underlying, pre-existing immunity against the
drifted strain rather than an arising cross-reactive response, but it is possible that the ongoing
infection may have stimulated the immune response and inflammation so as to promote
secondary-like reactivity against the infecting strain. It would hence be of great interest to study
whether the specificity of B cell responses may diversify as a result of secondary infection before
further conclusions are made. Finally, while experiments from Figures 4.8-11 produced a wealth
of data on the kinetics and magnitudes of the B cell responses and Ph82-specific ASC responses,
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little can be said of the specificity of the B cell subsets measured by flow cytometry. In order to
thoroughly investigate the potential cross-reactive response of HA-specific B cells against drifted
strains, investigation of serum and HA-specific B cell responses against both the initial and
drifted strains in a similar model involving sequential infection of drifted H3N2 strains as

described in Figure 4.7 would be necessary.

Furthermore, it would be of great interest to further study the component specificity of
the non-HA head virus-specific B cells — whether through purification of specific viral proteins
to coat in ELISPOT assays or generation of further recombinant viral proteins as probes to look
at specific responses. In particular, the recent approach of Tan et al. (166), who used
recombinant NP to probe the NP-specific B cell responses, would provide much insight as to the
potential cross-reactive responses in the context of secondary influenza infections. This would be
especially pertinent as it was found that NP-specific GC B cells were present in high frequencies
at 35 days post infection in the lungs, MLN and spleen, even higher in percentage compared to
HA-specific GC B cell responses. This corroborates our results which also suggest a large
quantity of virus-specific B cell responses recalled during secondary infection may not be HA-
specific. Another factor that would expect to contribute to secondary B cell responses is that of T
cell memory in contexts of both drift and shift. Further studies involving the use of T cell
markers in flow cytometry experiments and further HA strain-specific markers would be
necessary to confirm this and further elucidate whether the ‘boost’ from recall of a pre-existing
memory helper T cell population translates to an earlier secondary strain-specific B cell response

Or even a more cross-reactive response.

Contrary to our initial hypothesis that the B cell response during infection of an
antigenically related strain would reflect the antigenic relatedness between the HA of the first
and second infecting strains, this study points to a previously unidentified high degree of cross-
reactivity in the response to antigenically diverse influenza strains at the level of B cells.
Whether these responding B cells can induce antibodies or other factors that might aid in
curtailing a secondary infection of an antigenically distinct strain or are functionally irrelevant
and place an drain on the hosts reserves to fight infection remains unclear and difficult to address
in the context of a recalled cross-reactive cytotoxic response that itself would limit a secondary

infection. Further studies to investigate the specificity of the responding B cells, determine
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whether they are primary or memory B cells and determine the relevance of the antibodies that
they produce would be highly informative and provide much needed data on the breadth and

nature of these observed secondary-like responses in the context of prior influenza exposure.
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Supplementary Figure 1. Gating Strategy for Figure 3.1, Kinetics of B cells and their subsets in
murine compartments during primary IAV infection by flow cytometry. 6-8 week old C57BL/6 mice
(n=5) were infected with 10*°PFU of Ud72 virus. On days 5, 7, 10 and 14 post infection (dpi), spleen,
mediastinal lymph nodes (MLN), bone marrow (BM) and peripheral blood were collected and processed
for analysis by flow cytometry. Figure shows the gating scheme with the gated populations of each
scatterplot for A) blood, B) bone marrow (BM), C) mediastinal lymph node (MLN) and D) spleen. Data

obtained from a sample at 7 dpi and is representative of the gating strategy throughout the experiment.
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Supplementary Table 1. Selection panel for flow cytometric analysis of B cell subsets with virus-
specific HA probes as shown in Figure 4.6.

Specific Marker Aids detection of Fluorochrome
HA Virus-specific HA* B cells Brilliant Violet 421
Streptavidin (SA) + Non-B cells & dead cells for L )

) ) Brilliant Violet 510
Live/Dead-Aqua exclusion
CD38 GC B cells Brilliant Violet 605
B220 Pan B cell marker Brilliant Violet 711
IgD Non-class switched B cells Brilliant Violet 786
IgA/G1/G2c/G3 )

Class-switched B cells FITC

(pooled)
GL7 GC B cells PerCP-Cy5.5
CD138 Plasmablasts & Plasma cells PE
IgM Non-class switched B cells PE-Cy7
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