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Summary

Current seasonal influenza vaccines provide limited protection against antigenically
drifted influenza viruses. Consequently, vaccine compositions must be re-evaluated on
a biannual basis and annual vaccination is recommended for high-risk groups. The
objective of this thesis was to study immune responses after vaccination and infection
with influenza virus and severe acute respiratory syndrome corona virus 2 (SARS-
CoV-2), with the overarching aim of informing strategies for improving future
influenza vaccines.

Here, we investigated the antibody response to neuraminidase (NA), the second
most abundant surface glycoprotein of the influenza virus, after infection and
vaccination to explore its potential as a target for broader protection against influenza.
We found that ASO03 adjuvanted pandemic HIN1 vaccination induced durable NA
antibody responses and that NA was highly immunogenic, even with low doses in the
vaccine. We also found that repeated seasonal vaccination led to maintenance of NA
inhibition (NAI) titres but also to reduced seroconversion rates. Our findings support
inclusion of adjuvants to increase NA immunogenicity of influenza vaccines and
highlights the need for standardisation of the NA component of current vaccines.

Furthermore, we isolated and characterised human anti-NA monoclonal
antibodies (mAbs) after pandemic HINT infection in 2009. The mAbs had potent NA
inhibition activity in vitro and they also protected against lethal challenge with
influenza A HIN1 and H5N1 viruses in vivo. This work led to the discovery of a highly
conserved epitope on the N1 NA that can guide rational design of future NA-based
vaccines.

Messenger RNA (mRNA) vaccines against SARS-CoV-2 have been highly
successful during the coronavirus disease 19 (COVID-19) pandemic and are now
emerging as a promising vaccine platform for next-generation influenza vaccines. We
have broadly investigated the kinetics and durability of immune responses after
vaccination and infection in young and elderly. Our findings indicate that different
vaccination regimen may be needed for optimal protection in older adults and can
inform immunisation regimens for mRNA vaccination in this high-risk group in the

future.



Sammendrag

Influensa er et luftveisvirus som kan forarsake alvorlig sykdom og under stadig
forandring (drift). Dagens influensavaksiner gir begrenset beskyttelse mot slike
driftede influensavirus. Dette forer til at vaksinesammensetningen ma revurderes pa
halvarlig basis, og érlig vaksinasjon anbefales til hoyrisikogrupper. Malet med denne
avhandlingen var & studere immunresponser etter vaksinasjon og infeksjon med
influensavirus og koronaviruset Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2), med et overordnet mél om a forbedre fremtidige influensavaksiner.

Vi studerte antistoffresponser mot overflate-proteinet neuraminidase (NA) pé
influensaviruset etter infeksjon og vaksinasjon. Vi ville studere dette proteinets
potensiale til & aktivere bredere immunresponser og evne til & forbedre eksisterende
influensavaksiner. Vi fant at den pandemiske H1N1-vaksinen med AS03-adjuvans
induserte langvarige NA-antistoffresponser og at NA var svaert immunogent, selv i lave
mengder. Vi fant ogsa at arlig sesongvaksinasjon bidro til & vedlikeholde antistofttiter
mot NA, men resulterte i reduserte serokonversjon, malt som en stigning i NA-
antistoffer. Vare funn stetter bruken av adjuvanser for & gke NA-immunogenisiteten til
influensavaksiner, samtidig som de understreker behovet for en standardisering av NA-
komponenten i eksisterende vaksiner.

Videre ble humane anti-NA monoklonale antistoffer isolert og karakterisert etter
pandemisk H1N1-infeksjon i 2009. De monoklonale antistoffene hadde kraftig NA-
hemmende aktivitet in vitro og beskyttet ogsa mot infeksjon med influensa A HIN1 og
HS5N1 virus in vivo. Dette arbeidet ledet til oppdagelsen av en svart konservert epitop
pd N1 NA, som en kan dra nytte av i fremtidige NA-baserte vaksineformuleringer.

Messenger RNA (mRNA)-vaksiner mot SARS-CoV-2 har vert svert
vellykkede under Covid-19-pandemien, og mRNA-vaksiner fremstar nd som en
lovende vaksineplattform for neste generasjons influensavaksiner. Vi sammenlignet
kinetikken og varigheten av immunresponser etter vaksinasjon og infeksjon hos unge
og eldre voksne. Vare funn indikerer at eldre kan ha behov for et annerledes
vaksinasjonsregime enn yngre for & oppnd en gunstig beskyttelse. Denne innsikten
bidrar til 4 utvikle nye, fremtidige mRNA-vaksinasjonsanbefalinger til denne

heyrisikogruppen.
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Introduction

1. Introduction

Respiratory pathogens are major threats to public health that can cause significant
morbidity and mortality, and vaccines are our most effective prevention against
infection and severe disease. In 2009, the world experienced the first influenza
pandemic of the 21% century. Although it was a novel influenza A HIN1 virus, we had
pre-existing immunity that provided some protection and older adults were better
protected than the younger adults (1). This was an unusual pattern because older adults
are usually disproportionately affected by severe outcomes from seasonal influenza
infection. Nonetheless, this pandemic emphasised the need for rapid vaccine

production.

Ten years later, a novel coronavirus emerged to cause a new pandemic. The severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spread rapidly across the
globe and has had an unimaginable impact on public health, sending ripple effects
through global health care systems, global politics and economy. Unlike the influenza
A HINT1 pandemic in 2009, the global population had no pre-existing immunity against
SARS-CoV-2 and high-risk populations, such as the elderly, have experienced high
morbidity and mortality by coronavirus disease-19 (COVID-19). The rapid
development and implementation of vaccines have successfully changed the trajectory
of this pandemic and has demonstrated the power of vaccines to mitigate the impact of

a pandemic.

No one knows which pathogen will cause the next pandemic or when it will occur,
however, many lessons can be learned from the two pandemics of the 21% century that
can inform the next pandemic outbreak. Here, we have used insight gained from
vaccination and infection with SARS-CoV-2 and pandemic influenza A HINI1 to

explore different strategies for improving future influenza vaccines.



Introduction

1.1 Influenza virus

The influenza virus is a single stranded negative sense ribonucleic (RNA) virus that
belongs to the Orthomyxoviridae family. The influenza virus causes acute respiratory
infections that results in significant morbidity and mortality worldwide and is an
enormous burden on health care systems. Globally, it is estimated that the 250 000 —

690 000 deaths are associated with seasonal influenza infection each year (2).

1.1.1 Influenza virus structure and genome

The genome of the influenza virus consists of eight single stranded negative sense RNA
segments. The segmented genome is bound by ribonucleoproteins and encapsulated in
a viral envelope derived from the host cell membrane. The genome encodes ten
structural proteins and nine non-structural proteins (3-5). This includes polymerase
basic protein 1 (PB1), polymerase basic protein 2 (PB2), polymerase acidic protein
(PA), nucleoprotein (NP), matrix protein 1 (M1), non-structural protein 1 (NS1) and
nuclear export protein (NEP), which are the internal proteins, and matrix protein 2
(M2), hemagglutinin (HA) and neuraminidase (NA), which are embedded in the
envelope (Figure 1). The M2 protein serves as an ion channel, while the M1 protein
contributes to the structure of the virion. HA is the most abundant surface protein,

followed by NA, and both proteins have essential roles during the replication cycle.
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Figure 1: Structure of influenza virus

This figure shows the influenza virion. The envelope of the influenza virus is a lipid bilayer
derived from the host cell membrane. It contains the two major surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA) and the ion channel matrix protein 2 (M2). The
matrix protein 1 (M1) is located in the inside the viral envelope. The viral genome of the
influenza virus consists of eight RNA segments that are located inside the virus particle and
each segment is bound by the nucleoprotein (NP) and the three viral RNA-dependent RNA
polymerases (RdRp). The illustration was created with Biorender.

1.1.2 Viral replication cycle

In humans, influenza virus replication primarily happens in epithelial cells in the
respiratory tract. The replication cycle is initiated by HA binding to terminal sialic
acids linked to glycans on glycoproteins found on the surface of host cells (Figure 2).
The HA-sialic acid binding initiates internalisation of the virus by endocytosis. The
endosome is trafficked in the cell and the endosomal pH is reduced, which initiates
conformational changes of HA. These conformational changes expose the HA fusion
peptide, which is proteolytically cleaved and mediates fusion of the viral and cellular
membranes. Following fusion of the viral and host cell membranes, the viral genome,
that consists of eight viral ribonucleoproteins (VRNPs), is released into the cytoplasm
of the host cell and imported transported to the nucleus. In the nucleus, the viral
polymerase complex of the VRNP initiates transcription and replication of the viral
RNA. The viral RNA is transcribed into messenger RNA (mRNA) and exported out to

the cytoplasm where it is translated into viral proteins. The newly synthesised PBI,
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PB2, PA and NP are imported into the nucleus to further facilitate viral RNA synthesis,
while the HA, NA and M2 proteins are transported to the plasma membrane. The M1
and NEP proteins are also imported to the nucleus where they bind to newly synthesised
vRNPs, which ensures their export to the plasma membrane for virion assembly. Eight
vRNPs are incorporated into new virions with a membrane derived upon budding from
the host cell plasma membrane that contains the viral surface proteins. During their
release, NA cleaves sialic acids on the host cell to reduce binding substrates of HA,

which prevents aggregation and facilitates viral spread.
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Figure 2: Viral replication cycle

The replication cycle is initiated by binding of HA to sialic acids on the host cell surface,
which initiates endocytosis. The endosome is acidified and the reduced pH triggers
conformational changes in the HA that initiates fusion of the viral and endosomal membranes,
followed by the release of the viral genome. The viral ribonucleoproteins (VRNP) are imported
into the nucleus where the viral polymerase complex transcribes and replicates the RNA. The
viral RNA (VRNA) is transcribed into messenger RNA (mRNA), which is exported to
cytoplasm where it translated into viral proteins. The viral proteins and the VRNPs are
transported to the plasma membrane and are assembled into new virions that are released from
the host cell surface. The illustration was created with Biorender.
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1.1.3 Influenza virus classification

Influenza viruses can be divided into four types: A, B, C and D, where only types A
and B cause seasonal epidemics in humans. Influenza A viruses are further divided into
subtypes according to the two major surface glycoproteins hemagglutinin (HA) and
neuraminidase (NA). HA and NA are divided into different subtypes based on their
genetic and antigenic similarities. There are 18 different HA subtypes (H1-18) and 11
NA subtypes (N1-11) found in IAVs. The HA and NA subtypes are further grouped
into two groups, groups 1 and 2, based on phylogeny (Figure 3). Influenza B viruses
are not divided into subtypes or groups; however, the viruses have diverged into two
antigenically distinct lineages that circulate in humans, the Victoria and Yamagata

lineages.

Figure 3: Phylogenetic trees HA and NA subtypes

Phylogenetic tree of HA (H1-18) (A) and NA (N1-11) (B) subtypes used by influenza A
and B viruses. Amino acid sequences of representative viruses from each HA and NA
subtype were downloaded from www.gisaid.org and www.fludb.org. The phylogenetic tree
was generated in ClustalOmega and visualised in FigTree. The subtypes found in human
seasonal influenza viruses are indicated by asterisks. The scale bar represents amino acid
substitutions per site.
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1.1.4 Hemagglutinin and neuraminidase functional balance

HA is the most abundant surface protein of the influenza virus. It is a trimeric protein
with a globular head domain that contains the receptor binding site (RBS) that is
specific for sialic acids. NA is the second most abundant surface protein of influenza
virus. It is a tetrameric protein with enzymatic function that cleaves terminal sialic
acids. An early study from 1942 described the ability of influenza viruses to destroyed
cellular receptors that released viruses from red blood cells (6). The enzymatic function
of NA was identified in 1957 and it got its name due to its ability to release N-acetyl
neuraminic acid (7). The NA enzyme activity is essential for the release of newly
formed viruses from the host cell by cleavage of the sialic acids on glycosylated host
surface proteins. If the enzyme activity is inhibited, the viruses aggregate on the host
cell surface through HA-sialic acid binding (8). In addition to its function at the end of
the replication cycle, NA may also contribute to increased infectivity by facilitating
movement through mucus in the respiratory tract (9), where sialic acids are highly
abundant. The spatial distribution of HA and NA on the viral surface has been found
to be clustered and asymmetrical (10, 11), which may aide the movement of viruses in

the mucus of the upper respiratory tract (12).

Due to the antagonistic properties of these two proteins, a functional balance of the
abundance, affinity, avidity, enzymatic activity and the spatial distribution of these
proteins on the virion is essential for optimal infectivity. Although the avidity of a
single HA trimer for sialic acid is low, multivalent binding of multiple HA trimers
results in significant avidity. This makes attachment nearly irreversible without
mitigating factors, such as NA enzyme activity or RBS-blocking antibodies. On the
other hand, NA must have sufficient activity to release and disaggregate virions, but
not so much that it reduces HA-mediated attachment required for initiating infection.
The influenza virus utilises several mechanisms for optimising the stoichiometry of
HA and NA. Influenza virus with an NA with short stalk length was found to have
reduced NA activity and reduced fitness. However, mutations in the HA gene close to
the RBS was identified, which compensated for the reduced NA activity, that restored

viral replication (13). Furthermore, escape mutant virus (EMV) generated with anti-
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HA mAbs acquired mutations in the NA gene that interfered with NA assembly or
trafficking to the plasma membrane, resulting in reduced incorporation of NA on the
virion (14, 15). Mutant viruses that lacked sialidase activity were capable of replication
due to acquiring mutations surrounding the RBS that decrease affinity and binding to

sialic acids (16).

1.1.5 Determinants of influenza A host tropism

Zoonotic influenza A viruses that cross between species, that are antigenically distinct
from those circulating in human and are capable of efficient infection and sustained
transmission in humans are likely to cause pandemics. The primary reservoir of
influenza A viruses is wild aquatic birds; however, these viruses also circulate in a wide
range of other host species including, but not limited to, humans, swine and poultry.
Fortunately, there are several factors that determine host tropism and limits the
likelihood of novel viruses crossing over to humans to cause pandemics. These factors
influence specificity of virus attachment, genome delivery, polymerase activity and
evasion of host innate responses. Some of the determinants of host tropism for

influenza A viruses are described below.

The specificity of HA for various types of sialic acid linkage is a major contributor to
their host and organ tropism. The linkage of terminal sialic acids to the galactose of
glycoproteins dictates specificity of HA. Avian HAs favour a2,3-linked sialic acids
(17), whereas human influenza B viruses have acquired mutations that generally
favours binding to a2,6-linked sialic acids (18). The acquisition of mutations that allow
for changes in HA specificity that do not come at a significant fitness cost is a key
determining factor for the pandemic potential of many viruses. NA has also been found
to contribute to host tropism. Viruses that have NA proteins with shorter stalks have
lower airborne transmission between ferrets, possibly due to reduced cleavage of decoy
receptors in the mucus (19). The functional balance of HA and NA is essential for
efficient replication and is a determinant of host tropism (13). The HA-NA balance has

implications for airborne transmission of viruses, which was found to be a contributing
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factor for sustained transmission of the influenza A HIN1 pandemic virus in 2009 (20-

22).

Some factors determine host tropism at the stage of viral genome delivery. Endosomal
pH varies between host species and the pH that triggers HA conformational changes
differ among HA proteins, thus the pH stability of HA is one of the determinants of
viral tropism (23). The activity of the viral RNA polymerase protein is affected by
temperature (24, 25). The temperature of the upper respiratory tract in humans is lower
than that of swine and birds, which affects the activity of the RNA polymerase and the
replication of viral RNA. Furthermore, the transport of vVRNPs to the nucleus is
inhibited by interferon-regulated GTP-binding protein myxovirus resistance protein A
(MxA) (26, 27). The vRNP transportation in avian influenza viruses are inhibited by
the human MxA, however, mutations in the NP protein of H7N9 have been found evade

this effect (28).

1.1.6 Antigenic drift and shift

The high genetic diversity and rapid evolution of influenza viruses is a result of
antigenic drift and antigenic shift. Antigenic drift is the accumulation of point
mutations during replication (Figure 4). The virus acquires mutations due to the lack
of proofreading mechanism of the viral RNA polymerase, which contributes to the high
mutation rate of influenza viruses. Antigenic drift facilitates efficient immune evasion,
which is often driven by selective pressure from antibodies to the surface proteins HA

and NA.

Antigenic shift is the recombination of gene segments between two or more viruses
during co-infection, which result in novel viruses (Figure 4). The segmented genome
of influenza viruses permits for novel combinations of the gene segments, resulting in
reassortant viruses that are antigenically distinct from those circulating and may have

the potential to cause a pandemic.
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Figure 4: Antigenic shift and drift

A schematic showing the basis of antigenic drift and shift using influenza A H3N2 as an
example. Antigenic shift describes the recombination of RNA segments of one or more
viruses during co-infection to make a novel influenza virus. The 1968 H3N2 pandemic
was caused by the reassortment of the seasonal H2N2 virus and an avian H3Nx virus,
where the NA was of unknown subtype. This resulted in the novel H3N2 virus that caused
a pandemic in 1968. Antigenic shift is the accumulation of mutations that arise during
viral replication. The surface proteins HA and NA of the H3N2 virus mutate, resulting in
the emergence of new strains of the H3N2 virus that evade our pre-existing immunity to
cause seasonal epidemics. The illustration was created with biorender.

1.1.7 History of influenza pandemics

Influenza A viruses have caused several pandemics in the 20" and 21% centuries
(Figure 5). The deadliest influenza pandemic was caused by the HIN1 virus in 1918
and is estimated to have caused 50 million deaths globally (29, 30). Descendants of the
1918 HINT1 virus have circulated in humans since its emergence, with the exception of
a 20-year period between 1957 to 1977. The HIN1 virus re-emerged in 1977 and
caused a pseudo-pandemic, however, it primarily infected individuals under the age of
30. This virus was similar to the HIN1 strains that had circulated from 1946 to 1957,
which explained the disproportionate impact among younger individuals as they had
never been exposed to any HIN1 viruses during their lifetime and had limited pre-

existing immunity (31). A H2N2 virus emerged to cause a pandemic in 1957 that
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resulted in 1.1 million deaths and the H2N2 continued to circulate and cause epidemics
in human until 1968 (32). In 1968, another pandemic was caused by a novel H3N2
virus, which displaced the H2N2 virus and continues to circulate in humans today
(Figure 4). The N2 NA remained unchanged (33) and pre-existing antibodies to N2
NA antibodies protected against infection, which likely decreased the impact of this

pandemic (34, 35).
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Figure 5: History of influenza pandemics
Historical overview of influenza A viruses that have caused pandemics in humans in the
20™ and 21% centuries. The illustration was created with Inkscape.

The first influenza virus pandemic of the 21% century was caused by a novel HINI
virus in 2009. The virus originated from pigs and resulted from the reassortment of
North American H3N2 and H2N1 swine viruses with the Eurasian avian-like swine
viruses (36) (Figure 6). The HA gene was of classical swine virus origin and NA was
of Eurasian avian-like swine virus origin (36). The first case of pandemic HIN1 virus
was reported in Mexico in February of 2009 and on June 11" 2009, the World Health
Organization (WHO) declared a pandemic (37). On the 21% of April, the Centers for
Disease Control and Prevention (CDC) in the US began working on developing a
vaccine and the first clinical trials were started on the 22" of July. The pandemic
vaccine was approved by the Food and Drug Agency (FDA) on 15" September and the
first doses were administered on the 30" September (38). In Europe, the European
Medicines Agency (EMA) recommended the approval of pandemic vaccines from
Novartis and GlaxoSmithKline (GSK) on the 25" September and mass vaccination in
Europe started on the 25" October 2009, four months after the start of the pandemic.
By 19" November, the WHO announced that around 65 million individuals had been
vaccinated worldwide (39). The global mortality caused by the 2009 HIN1 pandemic
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during the first year was estimated to be around 200 000 (40), although this was

probably a vast underestimate.

Classical North American
swine avian

-~

Eurasian avian- Influenza A/H1N1

like swine

Figure 6: Origin of the 2009 pandemic HIN1 virus

A novel HIN1 virus emerged and caused a pandemic in 2009. A reassortment of a
human H2N2, North American avian and a classical swine virus generated a triple
reassortant virus and circulated in North American pigs. The triple reassortant virus
reassorted with a Eurasian avian-like swine virus to generate the pandemic HIN1
virus that is now circulating in humans. The illustration was created in Inkscape.
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1.2 Immune responses to influenza
1.2.1 Innate immune responses

The innate immune response is essential for the initial control of influenza infection.
Its primary functions are to restrict viral replication in infected cells, to induce an
antiviral state for alerting surrounding cells of infection and lastly, to prime the

adaptive immune response.

Pattern recognition receptors (PRRs) recognise pathogen associated molecular patterns
(PAMPs) and activate innate immune signalling pathways for the production of
cytokines and antiviral molecules. The main PRRs that are important for the innate
immune response against influenza virus are retinoic acid-inducible gene-I protein
(RIG-I) and toll-like receptors (TLR) 3, 7 and 8. RIG-I recognises single stranded RNA
(ssRNA) and transcriptional intermediates of the influenza virus. TLR-3 is found on
the membrane of the cell surface and in the endosome. It recognises double stranded
RNA; however, the RNA of the influenza virus is single stranded. The dsRNA
intermediated of the influenza virus during replication is rapidly degraded (41), thus
the exact interaction of the TLR3 and influenza virus is not entirely clear. Nevertheless,
mice that do not express TLR3 have higher viral loads (42) and humans with mutations
in the TLR3 gene is associated with encephalopathy due to influenza infection (43).
TLR7 and 8 are found on the endosomal membrane and recognise ssSRNA of influenza

viruses at the early stages of the replication cycle during entry.

These PRRs initiate a signalling cascade that results in activation of transcription
factors, such as kappa-light-chain-enhancer of activated B cells (NF-kB). This initiates
production of proinflammatory cytokines and chemokines that are important for
recruitment and activation of innate immune cells, such as dendritic cells, neutrophils,
macrophages. Macrophages are phagocytes that are essential for eliminating influenza
virus from the lower respiratory tract and macrophage ablation is known to enhance
morbidity and mortality in animal models (44, 45). Type I and III IFNs induce an

antiviral state by promoting expression of IFN-stimulating genes (ISGs). The proteins
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encoded by ISGs have two main functions, to limit viral replication by shutting down
protein synthesis (46) and to trigger apoptosis (47). They also promote antigen
presentation and production of cytokines involved in T and B cell activation. The ISG
encoding the MxA is important in influenza infection because it inhibits the transport

of the vRNPs to the nucleus (26, 27).

In addition to initiating an antiviral state in infected cells and their surrounding
environment, the innate immune response is also important for priming of the adaptive
immune response. Dendritic cells (DCs) are professional antigen-presenting cells that
are surveying for pathogens, which are internalised and presented to B and T cells in

the draining lymph nodes.

1.2.2 Adaptive immunity

The adaptive immune response is essential for controlling most viral infections,
including influenza, and the three principal cellular components of the adaptive
response are B cells, CD4" T cells and CD8" T cells. B cells produce antibodies, CD4"
T cells have several important helper and effector functions that modulate other
immune cells, and CD8" T cells kill infected cells. The adaptive immune response is
instrumental for the prevention, control and elimination of influenza virus infections.
Thus, the adaptive immune response and the induction of immune memory are essential

for the success of influenza vaccines.

1.2.3 Humoral immunity

B cells and antibodies are essential for protection against influenza virus infection and
the main targets of the antibody response are the surface proteins HA and NA. Most
naive B cells are activated in a T cell-dependent manner, which involves help from
CD4* T cells for B cell differentiation and affinity maturation (Figure 7A). Naive B
cells are activated and become extrafollicular plasmablasts or germinal centre (GC) B
cells. Activated B cells that differentiate into antibody-secreting plasmablasts are an

important immediate source of antibodies. B cells that enter the GC will proliferate and
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go through affinity maturation to increase the affinity of the B cell receptor (BCR). B
cells in the dark zone of the GC proliferate and mutate their antibody genes to increase
BCR affinity. Then, they migrate to the light zone where they compete for binding to
antigen presented by folicular dendritic cells (fDC). The B cells internalise the antigens
and present them as peptides to cognate CD4" T follicular helper cells (Tth) that
produce pro-survival signals, while B cells that do not engage Tth cells wil undergo
apoptosis. The Tfh cells select for high-affinity B cell clones that goes on to
differentiate into long-lived plasma cells or memory B cells. Long-lived plasma cells
reside in the bone marrow where they persist for many years and continue to produce
antibodies that are an important source of long-term antibodies to influenza virus.
Memory B cells also persist for many years but reside in tissues and the periphery
where they can be rapidly reactivated upon re-exposure to the influenza virus. Seasonal
influenza vaccines have been found to induced GC responses that engage both memory

B and naive B cells in humans (48).
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Figure 7: B cell response and antibody structure

(A) Naive and memory B cells are activated by influenza antigens and rapidly differentiate
into plasmablasts or enter the germinal centre (GC) for clonal expansion and affinity
maturation. B cells in the dark zone of the GC will proliferate and mutate the antibody genes
to increase affinity of the B cell receptor. The B cells migrate to the light zone where they
compete for binding to antigen presented by folicular dendritic cells (fDC). The B cells
internalise the antigens and present them as peptides to cognate CD4" T follicular helper cells
(Tfh) that produce pro-survival signals. The B cells can differentiate into long-lived plasma
cells or memory B cells. (B) An illustration of the structure of an antibody. The two light
chains are coloured in blue and the heavy chains are coloured in green.

The illustrations were created with Biorender and Inkscape.
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Antibodies are Y-shaped glycoproteins belonging to the immunoglobulin (Ig)
superfamily. An antibody consists of four polypeptide chains: two identical heavy
chains and two identical light chains (Figure 7B). The light chain consists of one
variable domain (V) and one constant domain (Cv). Similarly, the heavy chain consists
of one variable domain (V) but has three constant domains (Cxul, 2, 3). The antibody
has a fragment crystallisable (Fc) region and two identical antigen-binding fragments
(Fab). The two heavy chains are connected through two disulphide bonds, which form
the flexible hinge region. The Fc region determines the isotypes of the antibody, which
for human antibodies include IgG, IgM, IgA, IgE and IgD. The isotype of the antibody
dictates its effector functions. The heavy and light chains of the Fabs are joined by one
sulphide bond and the dimerization of paired heavy and light variable regions creates
one antigen binding site. The heavy chain variable region is encoded by the three gene
segments called variable (V), diversity (D) and joining (J) segments, while the light
chain variable region is only encoded by the V and L segments. There are multiple
copies of the V, D and J genes and it is the somatic recombination of these genes that
generates the different variable regions with unique binding specificities. This process
is known as V(D)J recombination. The antigen binding site consists of three
hypervariable loops called complementarity-determining region (CDR) 1-3 and four

framework regions (FR) on either side of the CDRs.

The high polymorphism of the heavy and light chain loci results in extensive
combinatorial diversity. In addition to this, the process of joining these segments
together is not perfect and nucleotides may be added or lost during this process, adding
to this diversity. The diversity is further increased by the combination of different
heavy and light chains. Another mechanism that contributes to the breadth of the BCR
repertoire is somatic hypermutation, which is a process that takes place in the germinal
centre where the variable region genes mutate to form higher affinity BCRs. In theory,
an infinite number of antibodies with unique binding specificities can therefore be

generated.
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1.2.4 Antibody responses to neuraminidase

Early studies in the 1970s and 1990s found that NA was immunogenic in humans and
mice, and that NA-specific antibodies reduced morbidity of influenza infection (49-
54). The benefit of NA-specific antibodies was clearly demonstrated during the 1968
H3N2 pandemic where pre-existing antibodies to the N2 NA from H2N2 exposure
protected against infection (34, 35). Since then, the correlation between NA-specific
antibodies and protection has been corroborated in both human challenge and field
studies (55-57). Furthermore, several animal studies have found that NA-specific
antibodies protect against lethal influenza infection and are capable of preventing

transmission in guinea pigs (58-61).

NA-specific antibodies can inhibit the enzyme activity of NA. Antibodies can inhibit
the enzyme activity allosterically by binding directly to the active site or through steric
hindrance by binding to epitopes surrounding the active site and restricting access to
substrates. Inhibition of NA enzyme activity prevents the release of newly formed
viruses from the host cell membrane during budding, causing them to aggregate on the
surface of the dying host cell, which inhibits viral spread (Figure 8) (8). It is also
possible that NA inhibition (NAI) antibodies may have a role in reducing infectivity
by preventing penetration of the mucus layer in the airways to reach the underlying
epithelial cells. Lastly, NA-specific antibodies that activate of Fc-mediated effector
functions have been shown to suppress virus pathogenicity in vivo and antibodies
lacking NAI activity may require Fc-mediated effector cell activation to achieve

protection (62-64).

1.2.5 Antibody responses to hemagglutinin

HA-specific antibodies target two domains of the HA protein, the head and the stalk
domain. Antibodies that target these two domains have different modes of action and
inhibit the influenza virus at different stages of the replication cycle (Figure 8). HA
head antibodies are often neutralising by blocking the binding between HA and sialic

acids to prevent infection. These antibodies can be measured by the hemagglutination
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inhibition (HAI) assay. The HA head has high plasticity and mutations accumulate in

this domain, which limits the breadth of these antibodies.
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Figure 8: Mode of action for antiviral drugs and antibodies to influenza virus
Antibodies and antiviral drugs target and inhibit the viral replication cycle at various stages.
Antibodies to the HA head domain can block attachment to sialic acids on the host cell
surface proteins and inhibit endocytosis. HA stalk antibodies that are endocytosed together
with the virus can inhibit fusion of the viral and endosomal membranes by locking the HA
in the pre-fusion conformation. NA enzyme activity can be inhibited by NA antibodies and
prevent release of budding viruses. HA stalk antibodies can also inhibit NA enzyme activity
by steric hindrance (not shown). Both NA and HA antibodies can bind activate antibody
dependent cellular cytotoxicity through effector cells such as natural killer (NK) cells.The
amantadine antiviral drug inhibits M2 and prevent fusion of viral and endosomal
membranes. Baloxavir marboxil inhibits the endonuclease activity of the viral polymerase
complex and prevents replication of viral RNA (VRNA) in the nucleus. Oseltamivir,
zanamivir and peramivir are NA inhibitors and prevent the release of budding viruses,
similarly to NA antibodies. The illustration was created with Biorender.

HA stalk antibodies can also be neutralising but through different mechanisms than the
HA head antibodies. Some stalk antibodies can inhibit the proteolytic cleavage of HA
needed for the conformational changes that initiates fusion of the host and viral

membranes (65). Consequently, they do not block attachment of the virus to the host
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cell or endocytosis and cannot be measured by the HAI assay, but neutralisation can be
measured by the microneutralisation assay. Some HA stalk antibodies need to interact
with Fc receptor for IgG (FcyR) and to provide protection in vivo, possibly mediated
by ADCC (62, 63).

Additionally, some HA stalk antibodies have been found to inhibit NA by steric
hindrance (66, 67). The stalk is more conserved than the head domain and stalk
antibodies are usually more broadly reactive. Antibodies with cross-reactivity to
multiple HAs within group 1 and within group 2 (68), and even across groups and
between influenza A and B viruses have been identified (69, 70). HA stalk antibodies
have also been shown to reduce replication and transmission of influenza virus in
ferrets (71). Therefore, the HA-stalk has been explored as a potential target for

universal influenza vaccines (72).

Other influenza proteins, such as the NP, M2e are also targeted by antibodies and may
contribute to protection (73), however they will not be described in further detail as it

is outside the scope of this thesis.

1.2.6 Cellular immune responses

CD4" T cells have several important helper and effector functions that modulate other
immune cells, including B cells and CD8" T cells, where the latter is important for
killing infected cells. These functions are important for controlling infection and the
contribution of influenza-specific CD4" and CD8" T cells have been reported in several
human studies. CD4" Tth cells are important for proliferation and differentiation of GC
B cells and have been correlated with increased number of antibody-secreting cells and
antibody titres after vaccination (74, 75). Pre-existing CD4" T cells have also been
associated with reduced illness and viral shedding of influenza A H3N2 and HIN1
viruses in a human challenge study (76) and pre-existing CD8" T cells were inversely
correlated with disease severity during pandemic HINI infection (77). In addition to

surface proteins HA and NA, T cells also target the internal proteins, such as M1 and
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NP (78), which are more conserved than the surface proteins HA and NA.
Consequently, T cell responses can react to more influenza viruses and contribute to

heterosubtypic immunity (79).

1.2.7 Correlates of protection

The primary correlate of protection (CoP) against influenza infection is the HAI titre,
which is widely used by regulators for the evaluation and approval of seasonal
influenza vaccines. Antibodies measured by the HAI assay block the binding between
HA and sialic acids, which inhibits the attachment of the virus and are therefore
considered a surrogate of neutralisation (80). Early studies conducted in the 1970s laid
the foundation for the HAI titre as a CoP against influenza virus infection. A study by
Hobson et al. in 1972 found that serum HALI titres of 40-60 were associated with 50%
infection rate among individuals in a human challenge study (81). In 1977, Potter et al.
found that only 29% of individuals with HAI titres between 40-60 were infected (82).

This has since been corroborated by recent human challenge and field studies (55, 56).

Although the HI antibody titre is the only recognised CoP by regulators, there are other
types of immunity and immune targets that correlate with protection against influenza
infection and illness. NA-specific antibodies have also been correlated with protection,
reduced viral shedding and reduce disease severity in humans (55, 57, 83, 84). Several
studies have identified binding NA antibodies and NAI antibody titre as CoP, which in
some studies correlated with protection independently of HAI titres (49, 55, 56, 84).
HA stalk antibodies have also been correlated with protection from influenza infection
(56). As mentioned in the section above, pre-existing CD4" T cells were associated
with reduced illness and viral shedding of influenza A H3N2 and HINI virus in a
human challenge study (76) and pre-existing CD8* T cells were inversely correlated

with disease severity during pandemic HINT1 infection (77).
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1.2.8 Repeated vaccination and pre-existing immunity

Immunity to influenza is complex as we undergo a number of influenza infections
during our lifetime with most children primed against influenza virus by five years of
age (85, 86). Original antigenic sin (OAS) was first described in 1960 by Francis
Thomas Jr. (87). They found that the highest HAI titres were against the seasonal
influenza strains that a specific age cohort had first been exposed to, thus originating
“a sin” (88). The anamnestic recall of B cells to earlier influenza virus strains may
preferentially boost responses to shared epitopes of the new vaccine strain. Although
these B cells may recognise these shared epitopes, they may have lower affinity to the
new strain, resulting in a low-affinity antibody response. Whether the OAS
phenomenon can be used to explain findings of blunted immune responses after

repeated vaccination remain controversial.

Annual influenza vaccination is recommended for high-risk and occupational groups,
which contributes to high levels of pre-existing immunity that may impact upon
vaccine-induced responses. The impact of exposure history and pre-existing immunity
to influenza virus on induction of vaccine responses is a complex issue that is not fully
understood. Early studies found that individuals with high pre-existing HAI titres had
reduced boosting of HAI titres after re-vaccination (89, 90). Since then, other studies
have elaborated on those findings. Repeated vaccination and high pre-existing titres
have been associated with reduced boosting of B cell responses and antibody titres after
vaccination (91-93). These studies focused on HA-specific responses, however,
reduced antibody responses to NA after a second vaccination have been reported in
individuals vaccinated in two consecutive years (94). Furthermore, repeated seasonal
influenza vaccination has been associated with reduced immunogenicity (95-97) and

VE, especially for H3N2 viruses (98-100).

Although there is evidence showing that pre-existing immunity modulates vaccine
responses against influenza, the underlying mechanisms are not well understood. Three
mathematical models have been proposed to explain this effect by immunological

mechanisms (101, 102). The antigen clearance model propose that pre-existing
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antibodies bind to and clear the antigen after vaccination. This reduces the duration and
amount of available antigen, which again reduces proliferation of B cell and antibody
production. The second model is the Fc receptor-mediated inhibition model, which
proposes that pre-existing antibodies bind to antigens and form inhibitory immune

complexes that inhibit B cell activation.

Lastly, the epitope masking model propose that pre-existing antibodies and B cells that
are specific for the same epitope will compete for binding and inhibit proliferation of
epitope-specific B cells. This could also happen as a result of physical inference due to
the size of the antibody and would not inhibit binding of B cells that bind to spatially
distant epitopes. Therefore, this model allows for boosting of antibodies to other
epitopes on the antigen. This model was found to be most statistically likely to explain
why antibody responses to HA after primary immunisation with novel H5SN1 were
skewed toward the stem, whereas the antibody response was skewed towards the HA
head after secondary immunisation. They hypothesise that cross-reactive memory B
cells specific for conserved stem epitopes dominate the primary response and that the
high level of pre-existing antibody titres to the stem interfere with further boosting of
stem antibodies in the secondary response. Epitopes on the HA head are distant to the

stem, which would allow for binding and activation of head-specific B cells (102, 103).

1.3 Influenza treatment

There are several antiviral drugs used for treatment of influenza infection and they
target various processes during the replication cycle (Figure 8). The NA inhibitors
include oseltamivir, that is taken orally, zanamivir that is administered by oral
inhalation, and peramivir, which is administered intravenously. Solving the three-
dimensional structure of NA led to the rational design of NA inhibitors that mimic the
natural substrate (104-107). A systematic review of 83 clinical trials involving
oseltamivir found that it reduced the duration of symptoms, however, early
administrations appear to be key for treatment efficacy (108, 109). Oseltamivir-

resistance was a major issue among seasonal HIN1 viruses circulating before the 2009
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pandemic (110), however, the pandemic HIN1 virus with N1 NA from Eurasian avian-
like swine was sensitive to oseltamivir (111). Amantadine is an M2 inhibitor that stops
the influx of protons onto the virion in the endosome, which inhibits membrane fusion
and release of the viral genome. Nearly all influenza A viruses have acquired resistance
to this drug now (112). The antiviral drug Baloxavir marboxil inhibits the endonuclease
activity of the viral polymerase complex and prevents replication of viral RNA. This
drug has been found to reduce symptoms and have similar efficacy as oseltamivir for

influenza infection (113).

1.4 Seasonal influenza vaccines

Vaccination is the most effective method of preventing influenza infections during
epidemics and pandemics. There are currently three different types of seasonal
influenza vaccines available on the market, including inactivated split and subunit
vaccines, live attenuated influenza virus (LAIV) and recombinant HA protein (Figure

9).

v [ W
Inactivated virus Live attenuated Recombinant
(split and subunit) influenza vaccine (LAIV) HA protein

Figure 9: Types of seasonal influenza vaccines

There are currently three different types of vaccines commonly used as seasonal influenza
vaccines. Inactivated virus vaccines are produced as split and subunit vaccines, which can
be produced in embryonated chicken eggs or cell culture. The live attenuated influenza
vaccine (LAIV) is a vaccine administered intranasally and contains temperature sensitive,
cold adapted influenza virus that limits viral replication to the upper respiratory tract. These
vaccines are produced in embryonated chicken eggs. Recombinant hemagglutinin (HA)
protein vaccines consist of HA proteins expressed in insect cells though the baculovirus
expression system. The illustration was created with Biorender.
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The Global Influenza Surveillance and Response System (GISRS) is a global
surveillance network for monitoring the spread of influenza viruses. The GISRS
consists of more than 150 laboratories in 114 countries, which represents 91% of the
global population. Over two million respiratory specimens are tested each year to
monitor the spread and evolution of influenza viruses (114). The WHO reviews the
data collected by the GISRS on a biannually basis and uses antigenic and genetic
characterisation, antigenic cartography and predictive modelling for selecting the
viruses to be included in the influenza vaccines for the upcoming Northern and
Southern hemisphere season. Once the candidate viruses have been selected, seed
viruses for vaccine production are generated through reassortment. The HA and NA
genes of the recommended influenza A HIN1 and H3N2 viruses are reassorted with
the internal protein genes of the A/Puerto Rico/8/1934 (HIN1) virus (Figure 6A). The
A/Puerto Rico/8/1934 (HIN1) virus is adapted to growth in chicken eggs and ensures
high yields and rapid production of vaccines. These reassortant viruses are then
provided to vaccine manufacturers for large-scale production and global distribution of

influenza vaccines.

Propagation of influenza viruses in embryonated chicken eggs is a well-established
platform for influenza vaccine production that have been use since the 1940s. Today,
approximately 85% of seasonal influenza vaccines are produced by this platform, while
the remaining 15% are produced in cell-culture (115). The egg-based platform is used
for the production of both inactivated and live attenuated influenza vaccines.
Inactivated influenza vaccines (II'V) are produced as trivalent influenza vaccines (TIV),
which contains one influenza A virus from each of the HIN1 and H3N2 subtypes and
one influenza B virus from either the Yamagata or Victoria lineages. Quadrivalent
vaccines (QIV) contain two influenza B viruses, one from each of the lineages, in
addition to the influenza A HIN1 and H3N2 viruses. The TIV and QIV can be produced
as inactivated whole virus, split virus or subunit virus vaccines. Inactivated whole virus
vaccines have higher levels of reactogenicity, therefore split or subunit vaccines are
more commonly used. Both split and subunit vaccines are produced from inactivated

virus, but the downstream purification processes are different for the two vaccine types.
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These vaccines involve splitting of the individual viral components by treating the
inactivated virus with detergents or solvents to disrupt the viral membrane, followed
by purification to enrich the viral proteins HA and NA for split vaccines, or nearly pure
HA for the subunit vaccines. The LAIV is an intra-nasal vaccine. It consists of live
attenuated influenza virus engineered to grow at 33°C, which limits the viral replication

to the upper respiratory tract.
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Figure 10: Production of influenza vaccines and SARS-CoV-2 mRNA vaccines

(A) Production of egg-based seasonal inactivated influenza vaccines. The WHO selects the
vaccine strains in February and generates reassortant seed viruses that have the HA and NA
proteins of the vaccine strains and the internal proteins of the A/Puerto Rico/8/1934 (HIN1)
virus (PR/8 virus) to ensure rapid replication of vaccine viruses. The reassortant seed viruses
are distributed to vaccine manufacturers that produce the vaccines by growing the viruses in
embryonated chicken eggs. The allantoic fluid is harvested from the eggs and the viruses are
chemically inactivated and enriched for HA and NA proteins, and purified. The vaccines are
distributed and deployed 6-8 months later at the start of the influenza season. (B) Production
of SARS-CoV-2 mRNA vaccines. A plasmid encoding the genetic sequence of the SARS-
CoV-2 spike protein is generated and transformed in E. coli for rapid plasmid replication. The
plasmids are purified, and the DNA is transcribed into mRNA, which is encapsulated in lipid
nanoparticles and purified. This illustration was created with Biorender and inspired by
Bartley et al. (116).

Although the majority of seasonal influenza vaccines are egg-based, there are several
downsides associated with this production platform. The production of egg-based

vaccines is time-consuming and consequently the vaccine production must start 6
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months before the start of the upcoming influenza season. Therefore, the WHO has to
select viruses for vaccine composition many months before the start of the influenza
season to ensure adequate supply of vaccines. This increases the likelihood of
mismatch of vaccine and circulating strains, as the viruses continue to mutate during
this time. Mutations may arise during virus propagation due to adaptation to growth in
eggs, which can also contribute to mismatching of vaccine and circulating strains (117).
Furthermore, the platform is dependent on the availability of embryonated chicken
eggs, which may be a limiting factor, especially in the event of a new influenza

pandemic.

In addition to the egg-based vaccines, cell-based and recombinant influenza vaccines
are available. The cell-based vaccine platform uses cell lines to grow up the viruses,
e.g. the Madin-Darby canine kidney (MDCK) and Vero cell lines, which are more
versatile than embryonated eggs. Recombinant vaccines contain recombinant influenza
protein produced in insect cells that are infected by baculovirus that is engineered to
express the influenza genes. Both of these vaccine platforms bypass the issue of egg-
adapted mutations that may arise during virus propagation and they are safe to use for

individuals with egg allergies.

Older adults are prioritised for influenza vaccination as they are considered a high-risk
group with increased risk of developing severe disease, hospitalisation and death by
influenza infection. The CDC estimated that 70-85% of deaths associated with seasonal
influenza virus infection occur in individuals over 65 years and that 50-70% of
hospitalisations occur in this age group in the United States (118). Aging is associated
with reduced immune responses, a state known as immunosenescence, which leads to
increased susceptibility to infections. Both humoral and cellular immune responses and
the durability of the antibody response is significantly reduced in older compared to
younger adults (119, 120). To overcome the effects of immunosenescence, there are
several enhanced influenza vaccines available for people aged 65 years and older.
These include high-dose vaccines that contain four times more antigen than standard

vaccines, MF59-adjuvanted vaccines and recombinant HA protein vaccines. These
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enhanced vaccines induce superior humoral and cellular immune responses compared

to the standard-dose vaccines in older adults (121).

1.4.1 Production capacity of influenza vaccines

Eighty-five percent of seasonal influenza vaccines are produced in eggs, while the
remaining 15% are cell culture-based vaccines. In a best-case scenario, the annual
production capacity of seasonal influenza vaccine is estimated to 1.48 billion doses,
with IIV making up 90%, followed by LAIV and recombinant protein vaccines at 5%
each (115). These numbers demonstrate how reliant we currently are on the egg-based
vaccine platform for production of seasonal influenza vaccines. Similarly, the
production capacity of a pandemic vaccine is estimated to be 8.3 billion doses with

egg-based vaccines making up 79% of the production capacity (115).

1.4.2 Necessity of improved influenza vaccines

Due to the rapid antigenic drift of influenza viruses, seasonal vaccines are the most
effective method of preventing infections, and annual vaccination is recommended. It
was estimated that seasonal vaccines saved 40 000 lives between 2005 and 2014 and
that 4.4 million cases of influenza illness and 3500 deaths were prevented in the US
during the 2018/2019 season (122, 123). However, vaccine effectiveness (VE) of
seasonal vaccines varies greatly between different influenza seasons and has ranged
from 10 — 60% in the last 15 years (124). Similar to seasonal vaccines, pandemic
vaccines need to be antigenically matched, thus current seasonal vaccines provide
limited or no protection against novel pandemic influenza viruses. The issue of rapid
antigenic drift and the long production process of seasonal vaccines increases the
likelihood of mismatch of vaccine and circulating strains, which subsequently reduces
VE. Additionally, mutations may arise due to adaptation to growth in eggs that limits
sequence fidelity. This has been demonstrated for influenza A H3N2 virus (125) and it
has been suggested that this contributed to the low VE observed against the H3N2 virus
during the 2012/2013 season (126). Consequently, there is a need for improved

vaccines that provide broader and more durable immune responses, and for vaccines
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that can be produced faster to limit the impact of mismatching and mutations caused

by egg-adaptation.

1.4.3 Neuraminidase in seasonal influenza vaccines

Although early studies from the 1970s demonstrated that NA-specific antibodies
contribute to protection against symptomatic disease (35, 49, 52), there has never been
any requirements for the amount or the quality of NA in seasonal vaccines. One dose
of seasonal inactivated vaccine is required to contain 15 ug HA of each virus, whereas

the NA is only required to be present.

There are several reasons why there have been no specifications for the NA component
of influenza vaccines, which have mainly been related to issues with measuring the NA
content and immunogenicity of vaccines. Firstly, the concentration of NA in vaccines
could not be easily measured. Measuring NA enzyme activity could be an appropriate
method of quantification; however, this method only measures the total NA
concentration and does not determine the concentration of different subtypes in
seasonal vaccines. The enzymatic activity and the amount of NA on the surface varies
among different viruses, making enzyme activity an inaccurate measurement for
seasonal TIV and QIV that contain three and four different influenza viruses,
respectively. Secondly, the current methods of inactivation might not be optimal for
conserving NA in its native tetrameric form necessary for enzyme activity, which
would result in misrepresentation of the NA concentration using this assay. And lastly,
the method for measuring functional NAI titres have not been optimal. The
thiobarbituric acid (TBA) assay was previously used for measuring NAI titres, but it is
laborious, not optimal for large-scale serological measurements, and uses hazardous

chemicals, thus making it unsuitable for routine use.
Historically, the lack of standardisation of NA and the issues associated with measuring

NALI titres would cause the relationship between NA content and immunogenicity to

be underestimated. In addition, NA-specific antibodies are not considered to be
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neutralising as they do not block initial infection. This led to the belief that these
antibodies could not prevent infection and only provided permissive immunity and
were therefore inferior to HA-specific antibodies. Consequently, NA immunity and
vaccine composition were not given the same attention as HA. However, we now have
better methods of measuring NAI titres and the concentration of NA in vaccines. The
enzyme linked lectin assay (ELLA) allows for high-throughput analysis of sera using
non-hazardous reagents. Furthermore, capture ELISA has been used to measure the
concentration of HA and NA of seasonal influenza vaccines, which was found to
correspond with immunogenicity levels (127, 128). This could be a reliable method for

measuring and standardising the NA concentration of future influenza vaccines.

1.4.4 NA as an antigen for improved influenza vaccines

The number of studies on NA and immune responses to NA have increased in the last
decade. NA is well conserved within subtypes and has slower mutation rates compared
to HA, making it an attractive target for broader protection (129). Thus, NA is now
emerging as a promising vaccine target is considered a low-hanging fruit for improving
influenza vaccines (130). However, induction of NA-specific antibody responses by
season influenza vaccines is not optimal. NAI titre seroconversion rates following
seasonal vaccination are generally poor and varies for different seasonal vaccines
(131). Influenza infection has been found to induce more robust NA-specific antibody
responses compared to inactivated seasonal influenza vaccines (59). Furthermore, the
NA of current seasonal influenza vaccines poorly display epitopes targeted by broadly
reactive human mAbs, likely limiting NA immunogenicity (59). A high-dose influenza
vaccine that contained eight times more NA than standard-dose vaccines was found to
induce significantly higher NA-specific antibody responses than a standard-dose
vaccine in older adults (132). This suggests that increasing, or at least standardising,
the amount of NA in current vaccines is important and a viable option for improving
NA-specific responses and seasonal vaccines. This is particularly important for older
adults as they are a high-risk group vulnerable to severe outcomes and hospitalisation

from influenza infection (118, 133).
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Current vaccines do not efficiently induce broadly cross-reactive antibodies to NA and
optimisation of the NA antigen to direct antibody responses toward conserved epitopes
is one strategy to achieve this. Several subtype-specific, multi-subtype, pan-group and
universal anti-NA mAbs have been characterised, demonstrating the potential for NA
as an immunogen for improved influenza vaccines (59, 134-139). However, several
knowledge gaps are restricting advancements in this field, including discovery of

epitopes targeted by human antibodies coupled with their functional capacities.

1.5 Rational vaccine design

Classical vaccines that are based on live attenuated or inactivated whole virus have
traditionally been incredibly effective because they present the true molecular shapes
found on the actual pathogen. This strategy has been highly effective against pathogens
such as the measles and polio viruses, however, these viruses do not easily evolve to
evade immune recognition. This is not the case for other pathogens, such as influenza
virus, human immunodeficiency virus (HIV), malaria and SARS-CoV-2, which have
acquired many mechanisms to aid immune evasion that complicates the design of
vaccine antigens. Thus, rationally designed vaccines, rather than empirical approaches,

may be needed to induce protective antibody responses against these pathogens.

To achieve rational design, we need to identify epitopes that are: (I) highly conserved,

(II) targeted by the human BCR germline, and (II1) targeted by functional antibodies.

An easier task may be to reverse this scenario and isolate these broadly reactive
functional antibodies first, then identify the epitope by structural characterisation, and
use this information to guide antigen design to target these epitopes. This approach is
known as reverse vaccinology 2.0 and describes how human immunology, structural
biology and genomics can be synergised to inform rational vaccine design (140)
(Figure 11). Immune responses induced by natural infection or vaccination can often
provide insights into how functional antibodies are elicited and which epitopes they

target. Monoclonal antibodies (mAbs) can be produced by cloning and expressing
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mAbs from single-sorted B cells, which will provide information on their
corresponding paired heavy and light chain Ig gene sequences. The functionality of the
mADbs can be determined by in vitro laboratory assays and promising mAbs can be used
for structural characterisation by cryo-electron microscopy (cryo-EM) or x-ray
crystallography to identify target epitopes. This information can be used to inform
antigen design and new antigens can be produced from genomic information, either as
recombinant proteins or e.g. in the form of an mRNA vaccine. Moreover, additional
protein engineering can be used to further target the immune response toward specific

epitopes through removal or occlusion of undesired epitopes (141).
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Figure 11: Reverse vaccinology 2.0

Blood samples collected from infected or vaccinated subjects can be used for isolation of B
cells. B cells are single-cell sorted and used for sequencing of paired heavy and light chain
immunoglobulin (Ig) genes. Ig genes amplified by PCR can be cloned into plasmid expression
vectors for transfection and mAb expression in cell culture. The mAbs can be used for
screening by functional assays to determine their neutralising capacity. Promising mAbs with
broad binding and/or functional properties can be used to identify novel epitopes by structural
methods. The information gained from structural analyses can be used to guide structure-based
design of antigens for improved vaccines. Ultimately, leading to the development of new
vaccine candidates that can be tested in clinical trials.

The illustration was inspired by De Gregorio and Rappuoli (142) and created with Biorender.
PDB: 64NV
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1.6 SARS-CoV-2

SARS-CoV-2 is a betacoronavirus belonging to of the Coronaviridae family. It is a
positive sense single stranded RNA virus that is the causal agent of COVID-19. SARS-
CoV-2 emerged late in December of 2019 in Wuhan, China. The Chinese government
reported cases of pneumonia of unknown cause (143). The patients presented with
similar symptoms as those infected with SARS and Middle Eastern Respiratory
Syndrome (MERS), including fever, cough, dyspnoea and lung infiltration (143, 144).
On the 31% December 2019, the WHO was notified about the outbreak and on 10%
January 2020 the first genomic sequence of the virus was made available online (145).
The virus spread rapidly around the world and on 11" March the WHO declared it a
pandemic. As of 30th May 2022, the total number of cumulative COVID-19 cases and
deaths are 525 million and 6.28 million, respectively (146).

1.6.1 Viral strucure and replication

The viral envelope of SARS-CoV-2 is a lipid bilayer derived from the host cell
membrane during budding and contains the surface proteins spike, membrane and
envelope. The spike is a trimeric surface protein that consists of two subunits: S1 and
S2. The S1 subunit contains the receptor binding domain (RBD), which binds to the
host cell receptor angiotensin-converting enzyme 2 (ACE2), whereas the S2 mediates
membrane fusion (Figure 12A). The two subunits are separated by the S1-S2 site that
contains a furin cleavage motif. After binding to the ACE2 on host cells, the spike
protein is cleaved by host transmembrane serine protease 2 (TMPRSS2) (147), which
activates the S2 subunit trimers to fuse the viral and host cell membranes. This releases
the viral RNA genome into the host cell and the positive sense RNA is immediately
translated into viral proteins, which happens solely in the cytoplasm. SARS-CoV-2 has
also been found to enter cells by endocytosis and the fusion between the endosomal
and viral membranes releases the viral genome into the cytoplasm for translation (148).
The viral RNA genome encodes at least 13 open reading frames (ORFs) that encodes
four structural proteins (spike, membrane, envelope, nucleocapsid), 16 non-structural

proteins (NSP1-16), and nine accessory factors.
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The viral replicase proteins NSP3, NSP4 and NSP6 form vesicles by hijacking the
intracellular membranes of the host cell. These vesicles are called replication
organelles and is where transcription of the viral genome occurs (149-151). This
compartmentalisation may shield the double stranded RNA (dsRNA) transcriptional
intermediates from detection by cytoplasmic PRRs. The RNA-dependent RNA
polymerase (RdRp) synthesises the viral RNA. Unlike the influenza virus,
coronaviruses have a unique proofreading activity that is mediated by the RNA
proofreading complex and ensures high replication fidelity (152-154). The newly
synthesised viral RNA can either be translated into viral proteins, used as templates for
further RNA replication or coated with nucleocapsid proteins for packaging into

budding viruses.

1.6.2 COVID-19 vaccines

The whole world was racing to develop vaccine candidates for SARS-CoV-2 from the
moment that the first genetic sequences were made available. Fortunately, the previous
work on SARS-CoV and MERS-CoV provided useful information that could
accelerate the process and showed the importance of spike-specific neutralising
antibodies. The finding that two proline mutations stabilised the spike protein of
MERS-CoV and seasonal coronaviruses in the prefusion state was rapidly implemented
for the design of SARS-CoV-2 vaccines (155, 156). The mRNA vaccines produced by

Pfizer-BioNTech and Moderna encode this mutated prefusion spike protein.

COVID-19 vaccines have been developed, tested and approved in record breaking
time. Several different vaccine-platforms have been tested, including inactivated or live
attenuated virus vaccines, recombinant protein, virus-like particles, nucleic acid-based
vectors and replication-competent and -incompetent vectored vaccines (157). As of
30% of May 2022, 11.8 billion doses of COVID-19 vaccine have been administered
globally, which is equivalent to 66% of the global population (158). Thirty-five
different vaccines have been approved for use by at least one national regulatory

authority, with Pfizer-BioNTech Comirnaty being the vaccine approved by the highest
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number of regulatory authorities (159). Furthermore, there are currently 160 vaccine
candidates in clinical development based on 11 different vaccine-platforms, protein
subunit vaccines making up the largest portion (33%) followed by RNA vaccines

(21%) (160).

Once the genomic sequence of SARS-CoV-2 was published, it took approximately one
week for Moderna to produce the mRNA vaccine candidates and 45 days to produce
enough vaccines to the start the phase I clinical trial (161). On the other hand, it took
two months to produce the protein-based candidates (162). Unlike egg-based influenza
vaccines that are made using a biological system, the mRNA vaccines are synthetically
and chemically produced in E. coli, which significantly shortens the production time
(Figure 10B). The mRNA vaccines entered clinical trials after only 66 days, whereas
clinical trials involving protein-based vaccines started after six months, demonstrating
how rapidly these vaccine candidates can be produced (161, 162). Although the mRNA
vaccine platform has existed for many years, the COVID-19 pandemic represents the

first time mRNA vaccines have been authorised and deployed at this scale.

1.6.3 Immune responses to SARS-CoV-2

Studies on immunity after COVID-19 and vaccination have demonstrated that the
immune response to SARS-CoV-2 is multi-faceted and generates long-term immune
memory (Figure 12B). Neutralising spike-specific antibodies are induced after
infection, with increased levels observed with more severe disease (163), and are also
the main mediator of protective immunity after vaccination. Furthermore, spike-
specific antibodies that mediate antibody effector functions may also contribute to
protection independently of virus neutralisation (164, 165). Persistent memory B cells
have been detected six to 12 months after infection (166-168). The frequency of
memory B cells have been found to increase gradually and they undergo affinity
maturation to express neutralising antibodies with increased potency (169). This could
potentially be linked to the presence of Tth memory cells, as Tth cells are important

for aiding in affinity maturation of B cells in the GCs. Furthermore, mild infection
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induces spike-specific long-lived bone marrow-resident plasma cells that contribute to
the long-term supply of antibodies (170). CD4* and CD8* T memory cells have been
detected after infection, where Thl and Tth CD4" T cells were most abundant (166,
171). One year after infection, polyfunctional memory T cells secreting IL-2 and IFN-
vy were observed, with higher frequencies detected with increased disease severity

(172).

Vaccination has also been shown to induce CD8" and CD4" T cells and persistent
memory B cells (173) (174). Interestingly, these spike-specific memory B cells can be
activated by natural SARS-CoV-2 infection to rapidly produce serum IgG antibodies
and IgA antibodies in the saliva within 3-5 days, aiding in the control of SARS-CoV-
2 infection at mucosal surfaces (175). Furthermore, mRNA vaccination has been shown
to induce persistent germinal centre and Tth responses in humans (176, 177), which

are essential for induction of robust and durable humoral immunity.

There is currently no CoP recognised for SARS-CoV-2 by regulatory agencies,
however, several forms of immunity and viral targets have been correlated with
protection against infection and symptomatic disease. Neutralising antibodies have
been found to target various sites on the spike protein and antibodies to both the RBD
on S1 and the N-terminal domain on S2 have been shown to neutralise SARS-CoV-2
in vitro and in vivo (178, 179). Spike-specific antibodies have been correlated with
protection against infection and reduced viral replication (180-182). CD8* T cell
responses have been correlated with viral clearance and mild disease, whilst effective
viral control has been associated with a type 1 CD4" T cell phenotype (183, 184).The
rapid advances in understanding of immunity to SARS-CoV-2 will also benefit the

influenza field.

The emergence of variants of concern (VOC) with increased transmission rates and
immune escape leads to reduced vaccine effectiveness and stretches health care
systems. These VOC have amino acid changes in their spike protein, particularly the

RBD, and have caused waves of Alpha, Delta and then Omicron VOC across the globe.
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In Norway, the Delta VOC dominated from mid-summer 2021 leading to increased
infection rates, particularly in the younger unvaccinated population, with vaccination
effectiveness reduced from 84% to 65% (185). Since the emergence of the Omicron
VOC in late 2021, it has quickly become the dominating strain with new subvariants
emerging. Significant decline in cross-reactive neutralizing antibodies is observed to
Omicron (186) and significant replication advantages even compared to Delta (187,

188), highlighting the importance of a booster dose (189).
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Figure 12: SARS-CoV-2 infection and vaccination

(A) Infection with SARS-CoV-2 is initiated by the binding of the spike protein to the host cell
receptor ACE2. Cleavage of the S2 subunit of the spike protein by host transmembrane serine
protease TMPRSS2 leads to fusion of the viral and host cell membranes and release of the
viral genome. Antibodies that bind to the spike protein can block the interaction between spike
and ACE2 to prevent infection. (B) Two illustrations showing the immune responses
generated after SARS-CoV-2 infection (top) or after primary and secondary vaccination
(bottom). The two principle cellular components of the adaptive immune response are B and
T cells. Together with antibodies, these cells are essential for preventing and eliminating
infection and are therefore also necessary for protection by vaccination. SARS-CoV-2
infection causes an initial increase in antibodies, B cells, and CD4" and CD8" T cell during
acute infection. The magnitude of these responses decreases once the virus is cleared but
immune memory is generated. Memory B cells, antibodies produced by long-lived plasma
cells, and CD4" and C8" T memory cells persist long after the initial infection and contribute
to immunity. Similarly, primary vaccination against SARS-CoV-2 induces a B cell response,
followed by an increase in antibody levels, and CD4" and CD8" T cells. These responses are
boosted upon vaccination with a second dose that results in immune memory in the form of
memory B cells, T cells and increased levels of antibodies. The illustration was created with
Biorender.
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1.6.4 COVID-19 and SARS-CoV-2 immunity in older adults

The CDC in the US estimated that older adults between 65-84 years old had equal rates
of infection as 18-29 years old but a 5-8 times higher rate of hospitalisation and
strikingly 65-140 times higher rate of death (190). Although old age is a well-known
risk factor for severe disease, the licensure trials for COVID-19 vaccines did not
include the oldest adults aged 80 years and above (191). This meant that there was
limited data to inform dose and immunisation regimens, and for assessment of adverse
events for COVID-19 vaccination in this age group. We already know from influenza
that immunosenescence impacts on the immune responses induced by vaccination and
that enhanced influenza vaccines are necessary to overcome this effect. One could
argue that inclusion of the elderly in the clinical trials should have been prioritised for
COVID-19 vaccine trials to inform optimal vaccine dosing and spacing for this risk-
group. Especially because there was no pre-existing immunity to SARS-CoV-2,
causing the elderly being disproportionately affected by severe disease and death. This
contrasted with the situation during the 2009 influenza A HIN1 pandemic where the
oldest adults were less affected than the younger adults due to pre-existing immunity
(1). Others have shown that immunogenicity of mRNA vaccines are reduced in elderly
compared to younger adults (173, 192, 193). Therefore, it was important to study the

kinetics and durability of the immune response after COVID-19 vaccination in this age

group.

The last literature search was performed in May 2022.
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2. Aims and objectives

The main aim of this thesis was to investigate strategies for improving influenza

vaccines.

Primary objective
To investigate NA as a target for broader protection against influenza virus, by:
I.  Discovery of conserved epitopes by characterisation of human mAbs induced
by pandemic HIN1 infection (paper I)
II.  Studying NA-specific antibody responses after adjuvanted pandemic HIN1

vaccination and repeated seasonal vaccination (paper II)

Secondary objective
To inform the use of future influenza mRNA vaccines for older adults, by:
I. Broadly investigating immune responses after SARS-CoV-2 mRNA

vaccination or infection in older and younger adults (paper I1I)
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3. Materials and methods

3.1 Study designs
3.1.1 Pandemic influenza A HINT1 infection (paper I)

The samples used for cloning and expression of mAbs were collected from a patient
during acute infection with pandemic influenza A HIN1 virus in 2009. The subject was
a 28-year-old female with a severe influenza virus infection. The blood samples were
collected while the patient was hospitalised and admitted to the intensive care unit in
2009 at the National Institute of Respiratory Diseases in Mexico City, Mexico (IRB
no. B08-09). The patient was discharged after 13 days. The number of days since

symptoms onset was not known at the time of sample collection.

3.1.2 Pandemic influenza A HIN1 vaccination (paper II)

Health care workers (HCWs) (n=50) were vaccinated with pandemic influenza A
HINI between October 2009 and March 2010 at Haukeland University Hospital,
Norway (Figure 13). They were vaccinated with the AS03-adjuvanted low dose
pandemic HIN1 split virus vaccine (3.75 pg HA A/California/7/2009) (Pandemrix,
GSK). The AS03 adjuvant is composed of a-tocopherol, squalene and polysorbate 80
in an oil-in-water emulsion (194). Written informed consent was obtained from all
vaccinees before inclusion in the study and additional informed consent was obtained
for the 4-year extension between 2010/2011-2013/2014. The study was approved by
the regional ethics committee (REKVest-2012/1772) and the Norwegian Medicines
Agency (National Institute for Health database Clinical trials.gov NCT01003288)
(195). In the 2010/2011-2013/2014 influenza seasons, the HCWs were vaccinated with
the seasonal TIV (either subunit (Influvac, Abbott Laboratories) or split-virion
(Vaxigrip, Sanofi Pasteur)) containing 15 pg HA per strain. The A/HINI strain was
the same for all seasonal vaccines, while the A/H3N2 and B viruses changed between

s€asons.
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Blood samples were collected pre-vaccination, 21 days, 3, 6, and 12 months after
vaccination. The HCWs were divided into two groups, repeated (n=26) and single
group (n=24), based on their vaccination status in influenza seasons 2010/2011 —
2013/2014. The repeated group was vaccinated with two or three TIVs in the four
seasons following the 2009 pandemic. This means that HCWs in the repeated group
were not vaccinated at least once during the study. The data were grouped based on
number of vaccines (i.e., 1%, 2", 3" seasonal TIV), rather than season, in order to study
the effect each vaccination and the impact of repeated vaccination. The same sampling
schedule was used for seasonal vaccination as for pandemic vaccination. The 12-month
timepoint was collected from all HCW irrespective of vaccination and used as day 0
for HCWs in the repeated group for each season. HCWs in the single group were only
vaccinated in 2009 but provided blood samples at the start of each influenza season,

i.e. 24, 36, 48 and 60 months after pandemic HIN1 vaccination in 2009.

2009 .

Pandemic é
vaccination
= T T T I T
= D0 D213M 6M 12M
1
I 1
Repeated group Single group
n=26 n=24
i 2010/2011 =
F . 10
DO D21 3M 6M 12M 24M
' 2011/2012 =
i é
_—
DO D21 3M 6M 12M 36M
2012/2013 -
;ﬁ é
—_—
DO D213M 6M 12M 48M
e 2013/2014 -
i é é
D0 D21 3M 6M 12M 60M

Figure 13: Study design of influenza vaccine
study

An overview of the timepoints vaccination and
blood sampling during the influenza A HINI
pandemic in 2009 and subsequent influenza
seasons 2010/2011 - 2013/2014.
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3.1.3 COVID-19 (paper I1I)

A prospective cohort study of younger and older adults vaccinated with COVID-19
mRNA vaccine BNT162b2 (Pfizer-BioNTech) between January and November 2021
from Eidsvag general practice and Haukeland University Hospital in Bergen, Norway.
One hundred elderly subjects (63% female) aged 70-99 years old (median age 86 years
old) were recruited and 449 healthy younger adults (69% female) aged 23-69 years
(median age 38 years old) at the time of enrolment. All subjects provided written
informed consent before inclusion in the study. The study was approved by the regional
ethics committee (Regional Committee for Medical Research Ethics, Northern Norway
(REK Nord) and is registered in the National Institute for Health database Clinical
trials.gov (NCT04706390). The infected cohort was recruited during March and April
2020 from home-isolated SARS-CoV-2-infected individuals and were followed
clinically and immunologically at 2 weeks, and 6 and 12 months after infection. All
patients had mild to moderate infection and were not hospitalized, details are

described elsewhere (196).

All participants were vaccinated intramuscularly into the deltoid muscle with two doses
of BNT162b2 mRNA COVID-19 vaccine at 3-week intervals. Subjects provided blood
for serum samples prior to or on the day of vaccination, at 21 and 42-56 days and at 5-
and 9-months post-vaccination (Figure 14). A subgroup of subjects in the vaccine and
infection cohorts also provided PBMCs pre- and post-vaccination or post-infection,
respectively, for investigation of memory B cell and T cell responses. The infected

cohort provided blood samples at 8 weeks, 6- and 12-months post-infection.
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‘Younger adults
n=505

Vaccinated
n=614

Older adults
n=109

Infected
n=183

PCR or seropositive PCR or seropositive
prior to vaccination prior to vaccination
n=10 n=4
8 weeks
Serum n=183
Lost during Lost during PBMC n=0
follow up follow up
n=46 n=5
3, 6 weeks, 5 months 3, 6 weeks, 5 months 6 months
PBMC e PBMG 24 Serum n=5
n= n= PBMC n=166
Not prioritized for Lost during
9 months follow up | +—— follow up
n=338 n=10 12 months
9 month follow up 9 month follow up Serum n—_‘l83
- - PBMC n=63
n=111 n=90
PBMC n=34 PBMC n=24

Figure 14: Study design for COVID-19 study
An overview of the number of COVID-19 infected individuals in the infected group and
vaccinees eligible for inclusion at baseline.

3.2 Cloning and expression of influenza NA-specific monoclonal

antibodies

Plasmablasts (live singlet CD19" CD4- IgD'*¥ CD38* CD20- CD71") were single-cell
sorted from cryopreserved PBMCs into 96-well plates using a FACSAria II and
immediately frozen on dry ice. The mAbs were cloned as previously described (197).
Briefly, reverse transcription polymerase chain reaction (RT-PCR) with single-sorted
plasmablasts was performed and VH, Vi and VA genes were amplified by polymerase
chain reaction (PCR) using primers specific for IgM/A, IgG, Igk and IgA and sequenced
(198). Heavy chain VDJ and light chain VJ gene fragments were amplified by PCR
and cloned into IgG: and Igk expression vectors by Gibson assembly (199). Heavy and
light chain plasmids were co-transfected into Expi293F cells at a ratio of 1:2 for
expression and the antibodies were purified from the supernatant by gravity

chromatography using protein A agarose.

3.3 Influenza and SARS-CoV-2 ELISA (papers I-11I)

Enzyme-linked immunosorbent assay (ELISA) was used to measure binding serum

antibodies to recombinant protein or purified virus. Serum was collected from clotted
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blood CAT plus blood tubes after coagulatination by centrifuging at 2000 rpm for 10
min at 4°C. Sera was aliquoted and immediately frozen at -80°C until used in the
serological assays. Each individual was allocated a unique identification number.
Ninety-six-well plates we coated with 100 pl/well of recombinant NA
A/California/07/09 (HIN1) protein (1 pug/ml) in paper II, 50 ul/well of recombinant
NA protein (2 pg/ml) or purified influenza virus (5 pg/ml) in paper I and 50 pl/well of
SARS-CoV-2 spike protein (2 pg/ml) in paper III. Coating antigens were diluted in
phosphate buffer saline (PBS). The plates were incubated at 4°C overnight. The
following day, the plates were washed three times with PBS with Tween (PBS-T)
(0.05% Tween-20) and blocked with 200 ul/well of blocking solution for 2 hours at
RT. The composition of solutions used for blocking and dilution of samples and

conjugated secondary antibodies can be found in Table 1.

Table 1. Compositions of solutions used for ELISA in papers I-111

Blocking solution Sample and conjugate diluent
Paver 1 PBS with 0.05% Tween-20 (v/v), PBS with 0.05% Tween-20 (v/v),
P 1% milk (w/v), 3% goat serum (v/v) | 1% milk (w/v), 3% goat serum (v/v)
PBS with 0.01% Tween-20 (v/v), PBS with 0.01% Tween-20 (v/v),
Paper 11

5% milk (w/v), 1% BSA (v/v) 5% milk (w/v), 1% BSA (v/v)

Paper PBS with 0.01% Tween-20 (v/v), PBS with 0.01% Tween-20 (v/v),
11 3% milk (w/v) 1% milk (w/v)

Volume (v), weight (w), bovine serum albumin (BSA).

MADs were diluted in blocking solution to a concentration of 30 pg/ml and then 3-fold
serially diluted with 100 ul/well in duplicates. Human sera were diluted in blocking
solution and 4-fold serially diluted from a starting dilution of 1:100. The plates were
incubated for 1.5 hours a RT. After incubation, the plates were washed six times with
PBS-T. A secondary horseradish peroxidase (HRP)-conjugated anti-human IgG
antibody was diluted in blocking solution (1:1000) and 50 pl/well was added and
incubated for 2 hours at RT. The plates were washed 6 times with PBS-T and 100
pl/well of o-Phenylenediamine dihydrochloride (OPD) substrate (paper I) or 3,3',5,5'-
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tetramethylbenzidine (TMB) substrate (papers II and III) was added. The colour
development was stopped after 10 min by adding 50 ul/well of HCI (3M) (paper I) or
100 pl/well of HCI (0.5M) (papers II and III). The optical density (OD) was measured
immediately after stopping the reaction by a spectrophotometer at 490 nm (paper I) or
450 nm (papers II and III). The minimal binding concentration was determined as the
lowest mAb concentration that was higher than the mean of blanks + 3x standard
deviation (paper I). Endpoint titres were calculated in paper II and III using cut off
values of 0.2 and 0.478, respectively. Analyses were performed in Graphpad Prism 9.
A complete list of recombinant proteins and virus strains used in ELISA for mAb

characterisation in paper I can found in Table 2.

3.4 ELLA (papers I and II)

ELLA was used to determine the influenza-specific NAI endpoint titre of human sera
and inhibitory concentration 50 (ICso) for mAbs and Fabs, as previously described
(200). Ninety-six-well plates were coated with 100 pl/well of fetuin diluted in PBS
(paper I: 10 pg/ml, paper 1I: 25 pg/ml) and incubated for minimum 18 hours at 4°C.
On the day of the assay, the plates were washed six times with PBS-T. Sera, mAbs and
Fabs were diluted in sample diluent (PBS with 0.9 mM CaClz, 0.5 mM MgCl, 1%
BSA, 0.5% Tween-20). The mAbs were diluted to a starting concentration of 30 pg/ml
(200 nM) and Fabs to 10 pg/ml (200 nM) and 3-fold serially diluted. Sera were 3-fold
serially diluted in sample diluent from 1:20 in duplicates. The diluted sera, mAbs and
Fabs were added to the fetuin-coated plates (50 ul/well) and mixed with diluted virus
(50 pl/well). The appropriate virus concentration was determined in a separate
experiment and a virus dilution equivalent to 2x 50% effective concentration (ECso)
(paper 1) or 90% of maximum signal was used (paper II). A reassortant H7N1 virus
with an irrelevant HA from A/Equine/Prague/1956 (H7N7), NA form
A/California/07/2009 (HIN1) on a A/Puerto Rico/8/1934 (HIN1) backbone was used
in paper II to avoid interference from HA stalk antibodies. A complete list of virus
strains used in ELLA for mAb characterisation in paper I can be found in Table 2. The
plates were incubated for 18 hours at 37°C. After incubation, the plates were washed 6

times with PBS-T and 100 pl/well of HRP-conjugated peanut agglutinin (PNA)
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(1:1000) was added and incubated for 2 hours at RT in the dark. The plates were
washed 6 times with PBS-T and 100 pl/well of OPD substrate was incubated for 10
min. The reaction was stopped by adding 50 pl/well of HCI (3M) (paper 1) or 100
ul/well of sulfuric acid (1N) (paper II). The absorbance was read immediately after
stopping the reaction at 490 nm. The percentage of NAI was calculated as reduction in
signal from the control wells that only contained virus. The percentage of NAI for each
dilution step was plotted in GraphPad Prism 9 and the ICso (ug/ml) was calculated by
non-linear regression (paper I). The 50% NAI endpoint titre of sera was calculated by

non-linear regression and a cut off equivalent to 50% of the signal for the virus control

wells was used (paper II).

Table 2: Influenza virus strains used for mAb characterisation (paper I)

ELLA influenza A virus strains

ELISA influenza A virus strains

A/Cambodia/0371/2007 (HIN1)

A/California/04/2009 (HIN1)

A/Denver/1/1957 (HIN1)

A/Michigan/45/2015 (HIN1)

A/Fort Monmouth/1/1947 (HIN1)

A/Nicaragua/1815/TR2/2013 (HIN1)

A/Netherlands/602/2009 (HIN1)

A/rhea/North Carolina/39482/1993 (H7N1)*

A/New Caledonia/20/1999 (HIN1)

A/swine/Jiangsu/40/2011 (HIN1)*

A/New York City/PV02669/2019 (HINT1)

A/Texas/36/1991 (HIN1)

A/Puerto Rico/8/34 (HIN1)

A/mallard/Sweden/24/2002 (HON4)*

A/Singapore/GP1908/2015 (HIN1)

A/Vietnam/1204/2004 (H5N1)

A/Solomon Islands/03/2006 (HIN1)

A/Hong Kong/4801/2014 (H3N2)

A/Texas/36/1991 (HIN1)

A/swine/Jiangsu/40/2011 (HIN1)

A/mallard/Sweden/24/2002 (H6N4)$

A/Vietnam/1204/2004 (HSN1)#

A/rhea/North Carolina/39482/1993
(H7N1)

* Purified virus was used as coating antigen, otherwise recombinant NA was used
$ cH6/1 chimeric HA. Head: A/mallard/Sweden/81/02. Stalk: A/Puerto Rico/8/34.

# Low pathogenic 6:2 reassortant with HA and NA from A/Vietnam/1204/04 (H5N1).

Remaining genes from A/Puerto Rico/8/34 (HIN1). HA polybasic cleavage site removed.
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3.5 Competition ELISA (paper I)

We used a competition ELISA to determine if the 2H0O8 and 3H03 had overlapping
epitopes on the influenza A NA. The mAbs were biotinylated with 20x molar excess
of biotin according to the manufacturer’s instruction (Thermo Fisher) and buffer
exchanged into PBS using Zeba spin desalting columns. Ninety-six-well plates were
coated with recombinant NA A/Michigan/45/15 (HIN1) protein (2 pg/ml, 50 ul/well)
and incubated overnight at 4°C. The following day, the plates were washed three times
with PBS-T and blocked with blocking solution (200 pl/well) for 1.5 hours (Table 1).
Unbiotinylated competing mAbs 2H08, 3HO03, and 1G01 (positive control mAb
specific for the NA active site) were added to the plate (20 pug/ml, 200 pl/well) and
incubated for 2 hours at 20°C. One unbiotinylated competing mAb was added to all
wells in one 96-well plate, with the exception of control wells where an anti-anthrax
mADb was added (negative control) and blank wells (no mAb). After incubation, the
plates were washed three times with PBS-T. Biotinylated mAbs (bio-mAbs) were 3-
fold serially diluted from 30 ug/ml in blocking buffer and added in duplicates (100
pl/well). The bio-mAbs were added to the three plates containing competing mAbs to
assess the competition of the 2H08, 3H03 and 1G01 mAbs against themselves and also
to each other. The plates were incubated for 2 hours at 20°C and washed three times
with PBS-T. HRP-conjugated streptavidin diluted in blocking solution was added
(1:3000, 50 pl/well) and incubated for 1 hour at 20°C. The plates were washed four
times with PBS-T and OPD substrate was added (100 ul/well) and incubated for 10
min. The development was stopped by adding 3M HCI (50 pul/well) and the absorbance
was measured immediately at 490 nm using a spectrophotometer. The area under the
curve (AUC) was calculated for each bio-mAb in Graphpad Prism 9. The AUC of bio-
mAD incubated with the competing negative control mAb was considered maximum

binding and was used to calculated percentage of reduced binding for each bio-mAb.
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3.6 Neuraminidase inhibition by NA-Star (paper I)

NAI was assessed by the NA-Star assay and was performed according to the
manufacturer’s instructions (Applied Biosystems). The NA-star assay uses a small
chemical substrate and NAI is observed when the enzyme activity of NA is inhibited
allosterically. A/Singapore/GP1908/15 (HIN1) virus was diluted in assay buffer to a
concentration equivalent to 40x the mean of blank wells, as determined in a separate
experiment. The mAbs were 2-fold serially diluted in assay buffer from 30 pg/ml in
duplicates (25 ul/well) and added to white flat-bottom 96-well plates. Diluted virus
was added to each well (25 pl/well) and the mAb-virus mixture was incubated for 20
min at 37°C. Following incubation, NA-Star substrate was added per well (10 pl/well)
and incubated for 30 min at RT. NA-Star Accelerator was added to the plate (60

ul/well) and the luminescence was measured immediately using a plate reader.

3.7 Influenza plaque reduction neutralisation assay (paper I)

The plaque reduction neutralisation assay (PRNA) was used to investigate if the mAbs
could reduce plaque sizes. The mAbs were included before and/or after infection to
assess their inhibitory capacity at different stages of the viral replication cycle. Three
different conditions were tested in order to assess their function during various stages
of the viral replication cycle:

I.  mAbs present only in inoculum during infection (inhibition of viral entry)

II.  mAbs present in inoculum during infection and in the overlay after infection

(inhibition of viral entry and release)

III.  mAbs not present in the inoculum and only in the overlay after infection

(inhibition of viral release)

MDCK cells were seeded in 12-well plates (5 x10%/well) in DMEM and incubated at
37°C overnight. The following day, A/Singapore/GP1908 (HIN1) virus was diluted to
1 x10* pfu/ml in 1X minimum essential medium (MEM) consisting of 10% minimum
essential medium supplemented with L-glutamine (2 mM), 0.1% sodium bicarbonate

(w/v), HEPES (10 mM), streptomycin (100 pg/ml), penicillin (100 U/ml), 0.2% bovine

46



Materials and methods

serum albumin (BSA) and water. MAbs were 5-fold serially diluted from a starting
concentration of (100 pg/ml) and 240 pl was added per well. Fifty pl of virus was
diluted to a predetermined concentration equivalent to 30 pfu/50 pl/well, mixed with
the diluted mAbs and incubated for 1 hour at RT with shaking (300 rpm). For condition
IIT where mAbs were not included in the inoculum during infection, the virus was
mixed with 240 pl of 1X MEM. The cells were washed once with PBS and 200 pl of
the virus-mAb mixture was added per well at incubated at 37°C for 40 min with shaking

every 10 min to avoid the cells drying.

The agar overlay consisted of 1X MEM, 0.67% agar (Oxoid), 0.01% diethylaminoethyl
(DEAE)-dextran and 1 pg/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone
(TPCK)-treated trypsin. The overlay containing mAb was prepared by 5-fold serial
dilution of mAbs in 1X MEM, which was added to the agar mixture. The final
concentration of mAbs in the agar overlay was 100, 20, 4, 0.8 or 0.16 pg/ml. Mab 1G01
was used as positive control, anti-anthrax IgG was used as negative control and no mAb
was used for the control wells. The plates were incubated at 37°C for 72 hours.
Following incubation, the cells were fixed with 1 ml/well of paraformaldehyde (PBS
with 3.7% formalin) at 4°C overnight. Following fixation, the agar was removed, and
the plates were blocked with 3% milk in PBS for 1 hour at RT. The blocking solution
was removed and 0.5 ml/well of A/Michigan/45/15 (HIN1)-reactive guinea pig sera
diluted in 1% milk (1:1000) was added and incubated for 1 hour at RT with shaking.
The plates were washed 3 times with PBS and HRP-conjugated donkey anti-guinea pig
IgG was added (1:3000 in 1% milk) and incubated for 1 hour at RT with shaking. The
plates were washed 3 times with PBS and plaques were visualized by adding 200
pl/well of KPL TrueBlue peroxidase substrate.

3.8 Microplate plaque reduction neutralisation assay (paper II)

A microplate PRNA was used to determine if sera from vaccinated individuals could
reduce plaque formation by influenza NAI. The assay was performed as described by
Matrosovich et al. (201). Briefly, MDCK cells overexpressing a-2,6-sialyltransferase
(MDCK-SIATI) (202) were seeded in 96-well plates (2x10*well) and incubated at
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37°C and 5% CO: overnight. The following day, sera were diluted 1:20 and 1:100 in
infection medium and mixed with virus and incubated for 1 hour at 37°C. A reassortant
H7N1 virus with an irrelevant HA from A/Equine/Prague/1956 (H7N7), NA from
A/California/07/2009 (H1NT1) on an A/Puerto Rico/8/1934 (HIN1) backbone was used
to avoid interference from HA stalk antibodies. The virus was diluted to a
predetermined concentration equivalent to 100 pfu/well. The inoculum was added to
the cell plate in quadruplets (100 pl/well) and incubated at 37°C for one hour. After
incubation, a low-viscosity Avicel overlay was added to the plates together with the
inoculum (100 pl/well). The plates were incubated for 24 hours at 37° and 5% CO..
The following day, the overlay was removed and the cells were fixed with fixing
solution for 30 min at 4°C. the plates were washed with PBS and the plaques were
visualised by immunostaining. The cells were treated with Triton-X-100 in PBS (0.5%)
for 10 min at RT and incubated with an anti-NP mAb for one hour at RT. The cells
were washed again, and a peroxidase-labelled anti-mouse antibody was added and
incubated for 1 hour at RT. Lastly, the cells were washed and 50 pl/well of TrueBlue
peroxidase substrate was added and incubated for 40 min at RT. The development was
stopped by washing the plates with distilled water and the plates were left to dry in the
dark. The plaques were counted using an enzyme-linked immune absorbent spot
(ELISPOT) reader. The reciprocal serum dilution resulting in 50% reduction in plaque
formation was calculated using non-linear regression and defined as the plaque

reduction neutralizing titer (PRNTS5o).

3.9 Influenza escape mutant virus (paper I)

Generation of escape mutant virus (EMV) was used to identify the binding footprint of
the mAbs. MDCK cells were plated in 12-well plates (5x10°/well) and incubated
overnight at 37°C. The following day, the cells were infected with 1x10* pfu of
A/Singapore/GP1908/15 (HIN1) virus diluted in 1X MEM (200 pl/well) with TPCK-
treated trypsin (1 pg/ml). The cells were infected with 200 pl/well of virus at 37°C with
shaking every 10 min to avoid drying of the cells. After infection, 800 ul/well of diluted

mADb was added. The starting concentration of the mAb was 0.5x ICsp as determined
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by ELLA. The virus-mAb mixture was incubated for 72 hours at 37°C. After
incubation, the medium was collected and centrifuged for 5 min at 300 x g to remove
cell debris. The harvested media were used to infect new cells (200 pl/well) and a
doubling of the mAb concentration was added. This process was repeated for 7-8
passages. The medium from each passage was used to infect MDCK cells in 96-well
plates for immunofluorescent staining to verify the presence of virus and for the loss
of binding for the mAbs to check for viral escape. Once the mAb had reduced binding,
the virus medium was used in plaque assay with the mAb present in the overlay at a
concentration of 10 pg/ml for 48 hours at 37°C. Individual plaques were sampled and
injected into 8-10 day old embryonated hens’ eggs and incubated at 37°C. After 72
hours, the allantoic fluid was collected and the presence of virus was determined by
hemagglutination assay. Viral escape was confirmed by ELLA. The viruses were
sequenced to identify the escape mutations, P93L and 1117M. To further verify the role
of these mutations, we generated recombinant A/Singapore/GP1908/15 (HIN1) NA
proteins containing both mutations and each mutation individually and were used as

coating antigens in ELISA.

3.10 Influenza ADCC bioreporter assay (paper I)

The assay was performed according to the manufacturer’s instructions (Promega). This
assay is a bioluminescent reporter assay that quantifies activation of the nuclear factor
of activated T cell (NFAT) pathway, which is needed for ADCC. The assay uses Jurkat
cells that are engineered to express luciferase when the NFAT signalling pathway is
activated. The assay measures the activation of gene transcription through the NFAT

pathway in effector cells as a surrogate of ADCC.

Briefly, MDCK cell were seeded in 96-well white flat bottom plates (1.8 x10%/well)
and infected with A/Singapore/GP1908/15 (HIN1) virus (5x multiplicity of infection
(MOI)) overnight at 37°C. The following day, medium was removed from the cells and
fresh medium was added (25 pl/well). ADCC FcyRllla effector cells were diluted in
RPMI-1640 medium (3 x10° cells/ml) and added to the cells (25 ul/well). MAbs were
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2-fold serially diluted from 60 pg/ml and added to the cells (25 pl/well), total volume
75 wl/well. The cells were incubated for 6 hours at 37°C. Following incubation, the
Bio-Glo Luciferase assay reagent was added (75 pl/well) and the luminescence was

measured after 10 min using a plate reader.

3.11 Biolayer interferometry (paper I)

Biolayer interferometry (BLI) was used to measure the binding affinity of 2H08 and
3HO8 to NA A/Singapore/GP1908/15 protein. Full length mAbs (2 mg/ml) were
incubated with 20 pg/ml papain in PBS containing 20 mM EDTA and 20 mM cysteine
for two hours at 37°C. After incubation, the enzyme was quenched with 30 mM
iodoacetamide in PBS, and the Fc was removed using a protein A column. Cleavage
was confirmed by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and the Fabs were run over a size-exclusion column in PBS. The Fabs were
used to measure the binding kinetics to NA A/Singapore/GP1908/15 (HIN1) by BLI
using an Octet-Red96 instrument. Recombinant NA protein (0.92 mg/ml) was labelled
with 3x molar excess (monomer) of NHS-biotin, and buffer was exchanged using Zeba
desalting spin columns. The Octet SA sensors were soaked in BLI buffer (10 mM
HEPES pH 7.6, 150 mM sodium chloride, 3 mM EDTA, 0.05% Tween-20, 1% BSA
(w/v)). Biotinylated NA (3 pg/ml) were loaded onto Octet SA biosensors for 600 sec
and baseline was measured in BLI buffer for 300 sec. Following baseline
measurements, the sensors were loaded with Fabs (3-fold serially diluted from 50
pg/ml) and association and dissociation was measured for 600 and 1200 sec,
respectively. The data was analyzed using the Octet-Red96 software and the
association and dissociation rates were calculated using a 1:1 model with global curve

fitting.

3.12 Murine experiments (paper I)

The capacity of mAbs 2H08 and 3HO03 to protect prophylactically and therapeutically
against lethal influenza infection was investigated in a murine model, as previously

described (203). The challenge viruses contained the HA and NA from
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A/Singapore/GP1908/2015 (HIN1) on an A/Texas/1/77 (H3N2) backbone and low
pathogenic virus containing HA and NA from A/Vietnam/1204/04 (H5N1) on an
A/Puerto Rico/8/34 backbone with the HA polybasic cleavage site removed. Six to
eight-week-old female BALB/c mice were used for all experiments. MAbs 2H08,
3HO03, anti-anthrax mAb (negative control) were administered as 100 pl and by
intraperitoneal injection. The mice were anesthetized with a ketamine/xylazine mixture
and challenged intranasally two hours after the passive transfer for the prophylactic
experiments or 48 hours before the passive transfer for the therapeutic experiment. The
mice used in the lung titre experiment were infected with 0.1 x 50% mouse lethal dose
(mLDsp) and all other mice were infected with 5 x mLDso. In the prophylactic
experiments, the mice were given 5 mg/kg of each individual mAb for the
A/Vietnam/1204/04 (H5N1) challenge (n=5 mice/mAb) and 5, 1 or 0.2 mg/kg mAb for
the A/Singapore/GP1908/15 (HIN1) challenge (n=5 mice/concentration for each
individual mAb). For the therapeutic setting, the mice were given 5 mg/kg mAb 48
hours after infection with A/Singapore/GP1908/15 (HIN1) and the
A/Vietnam/1204/04 (HSN1) (n=5 mice/mAb). Weight loss was monitored daily for 14
days and mice that lost more than 25% of their initial body weight were euthanized.
Lung viral titres were measured in mice treated with 5 mg/kg of mAb and challenged
with A/Singapore/GP1908/15 (HIN1) virus. The lungs were harvested on day 3 (n=5
mice/mAb) and 6 post-infection (n=3 mice/mAb) and homogenized in 1 ml PBS using
a BeadBlaster24 (Benchmark). The viral titers were measured in lung homogenate by

plaque assay assay as described below and reported as pfu/ml.

3.13 Plaque assay (paper 1)

The plaque assay was used to determine influenza viral titres using lung homogenate
from the in vivo experiments. MDCK cells were seeded in 12-well plates (5 x10°/well)
in DMEM and incubated at 37°C overnight. On the day of infection, the cells were
washed once with PBS and 200 pl/well of lung homogenate was added in triplicates.
The homogenate was 10-fold serially diluted in 1x MEM. The cells were infected for

1 hour at 37°C with shaking every 15 min. After infection, the inoculum was aspirated,
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and 1 ml overlay was added per well and incubated at 37°C for 72 hours. The plaques
were visualised by immunostaining as described for the plaque reduction neutralisation

assay in section 3.7.

3.14 SARS-CoV-2 microneutralisation assay (paper III)

The microneutralisation assay was conducted to measure SARS-CoV-2-specific
neutralising antibodies in the elderly (n=100), the infected subjects (n=183) and a
subgroup of younger adult vaccinees (n=41). The microneutralization assay was
conducted in a certified Biosafety Level 3 Laboratory as previously described (204).
Briefly, serum samples were 3-fold serially diluted from 1:20 in duplicates. Serum
dilutions were mixed with 100x 50% tissue culture infectious dose (TCIDso) of
ancestral D614G hCoV-19/Norway/Bergen-01/2020 virus (GISAID accession ID
EPI ISL 541970) and incubated for 1 hour at 37°C. The inoculum was transferred to
96-well plates seeded with Vero cells and incubated at 37°C for 24 hours. The
following day, the cells were fixed with methanol and 0.6% H»0-, and incubated with
anti-nucleocapsid rabbit IgG. The cells were incubated with a biotinylated secondary
goat anti-rabbit IgG (H+L) antibody, followed by Extravidin-peroxidase, and
developed using OPD substrate. Neutralising titres were calculated as the reciprocal of
the serum dilution resulting in 50% inhibition of virus infectivity. For calculation

purposes negative titres (<20) were assigned a value of 10.

3.15 SARS-CoV-2 memory B cell ELISPOT (paper III)

ELISPOT assay was used to detect SARS-CoV-2 spike-specific memory B cells after
COVID-19 mRNA vaccination. The PBMCs were separated using cell preparation tube
(CPT) to investigate the MBC and T cell responses, pre- and post-vaccination or post-
infection (paper III). CPT tubes were mixed 3-4 times before centrifugation at 1750 x
g for 20 min at RT. The plasma was removed, and the lymphocyte layer removed and
washed twice with PBS by centrifuging at 350 x g for 10 min at 4°C. PBMCs were
resuspended in cell culture medium alone (negative control) or in medium containing

R848 (1 mg/ml) and rhIL-2 (1 pg/ml) for expansion of B cells. The cell culture medium
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consisted of Roswell Park Memorial Institute (RPMI)-1640 medium supplemented
with 10% heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (0.1 mg/ml).
Two million cells were added per well in 24-well plates and incubated for 6 days at
37°C with 5% COz. ELISPOT plates were coated with anti-human IgG (15 mg/ml),
Spike protein (10 mg/ml), or PBS only (negative control) at 4°C overnight. Non-
stimulated and stimulated PBMCs were washed twice with medium and transferred to
ELISPOT plates in duplicates and incubated undisturbed for 16 hours (37°C, 5% CO»).
Plates were washed with PBS and IgG™ memory B cells were detected with biotinylated
anti-IgG mAb (1 pg/ml) for 2 hours at RT followed by HRP-conjugated streptavidin.
Spots were developed with 3,3',5,5'-tetramethylbenzidine (TMB) ELISPOT substrate.
The plates were dried and counted using an ELISPOT reader. SARS-CoV-2 spike-
specific spots were calculated as the mean of duplicate wells after subtraction of

negative control wells and presented as spot forming units per million PMBCs

(SFU/106 PBMCs).

3.16 SARS-CoV-2 FluoroSpot assay (paper 11I)

FluoroSpot assay was used to measure functional T cell response after COVID-19
mRNA vaccination by an interferon-y/interleukin-2 FluoroSpot kit (MabTech).
Synthetic peptides of the full-length SARS-CoV-2 USA-WA1/2020 spike protein were
solubilised in anhydrous dimethyl sulfoxide (DMSO). The PBMCs were separated by
CPT tubes as described above for memory B cell ELISpot. PBMCs (2x10°/well) were
stimulated in duplicates with spike peptides (1 pg/ml), or medium (negative control)
and anti-CD3 antibody (positive control). The plates were incubated for 16 hours
(37°C, 5% CO») and developed according to the manufacturer’s instructions. Spots
were counted using a fluorescence reader (Advanced Imaging Devices, Germany)
fitted with colour filters for FITC and Cy3. Spike-specific IFN-y, IL-2, and double-
positive IFN-y*, IL-2" cytokine-producing T cells were quantified. The mean of spike-
specific SFU per 10° PBMCs of duplicate wells were calculated after subtracting the

background from negative controls.
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3.17 SARS-CoV-2 T cell receptor sequencing (paper I1I)

Blood samples were collected in Ethylene diamine tetra acetic acid (EDTA) tubes and
used for sequencing of the T cell receptor (TCR). The immunoSEQ assay is a high
throughput ultra-deep sequence-based method to quantify spike-specific T cell
responses after natural infection or vaccination (205). It provides a quantitative view
of the T cell repertoire by sequencing the CDR3 of rearranged TCRp-chains. This
method allowed us to assess the breadth and depth of the spike-specific TCR repertoire
for all vaccinees at baseline and after the first (3 weeks) and second vaccination (6
weeks). Clonal breadth was defined as the relative number of distinct spike-specific T
cell clonotypes of the total number of unique productive rearrangements (i.e. the total
TCR repertoire) (Figure 15). Clonal depth accounts for the frequency of those
rearrangements and was defined as the extent of expansion of spike-specific T cells.
The TCR sequencing and the subsequent analysis of spike-specific breadth and depth
was performed by Adaptive Biotechnologies (WA, USA).

TCR Total TCR Bredth of Depth of
sequencing repertoire spike-specific TCRs spike-specific TCRs
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Figure 15: T cell receptor breadth and depth

The CDR3 of rearranged T cell receptor (TCR) B-chains are sequenced in bulk to examine
the breadth and depth of the SARS-CoV-2 spike-specific TCR repertoire. The total
repertoire represents all unique rearrangements of productive rearrangements. The breadth
of the Spike-specific TCR repertoire is defined as the proportion of unique TCRs reactive
to the spike protein relative to the total TCR repertoire. In the depicted example, the total
TCR repertoire consists of eight unique TCR sequences, where three are spike-specific,
meaning that the spike-specific TCR breadth is 3/8=0.38. The TCR breadth only measures
how many unique T cell clones there are in a sample and does not take into account how
many there are of each clonotype, however, some T cell clones may have undergone a
larger clonal expansion than others. The depth of the spike-specific repertoire is a
measurement of the frequency of the unique T cell clones that make up the total spike-
specific TCR repertoire. The illustration was created with Biorender.
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3.18 Statistical analysis

A non-parametric Kruskal-Wallis test was used for analysing differences in lung virus
titres after lethal influenza challenge in mice treated with 2HO8 and 3H03 mAbs in
paper 1. In paper II, non-parametric Spearman correlation was used to assess the
relationship between pre-existing antibodies to NA and induction of NA-specific
antibodies post-vaccination. The statistical difference between NA-specific antibody
titres in the single and repeated group were determined by non-parametric Kruskal-

Wallis test. The analyses were done in Graphpad Prism (version 9).

A linear mixed-effect model was used for statistical analysis of immune responses after
influenza vaccination in paper II and SARS-CoV-2 vaccination and infection in paper
III. The linear mixed-effects models were performed with log-transformed data with
adjustments for demographic characteristics and repeated-measure subject variance.
Both papers II and III were longitudinal studies and due to the long follow-up period,
there were missing data for participants that did not provide samples at all timepoints
during the studies (five years in paper II, one year in paper III). Any timepoints with
missing data were excluded from the analyses. The linear mixed-effect model analyses
were done in IBM SPSS Statistics version 26 (paper II) and in R (version 4.1.2) with
libraries nlme, emmeans and ggplot (paper III). Post-hoc tests adjusted for multiple

testing by Sidak (paper II) and Bonferroni correction (paper I1I).
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4. Results

4.1 Paperl

“Human anti-N1 neuraminidase monoclonal antibodies broadly inhibit N1 subtype

influenza viruses in vitro and in vivo”.

In this paper, we cloned and expressed mAbs isolated from an individual infected with
pandemic influenza A HINI1 virus in 2009. Thirty-three mAbs were cloned from
clonally distinct plasmablasts, where five mAbs were reactive to inactivated
A/California/04/09 (HIN1) virus by ELISA. The mAbs were tested against
recombinant HA and NA proteins by ELISA and two of the mAbs were found to be
NA-specific, while the other three had unknown specificity.

The breadth of binding and NAI activity was determined for the two NA-specific
mAbs, 2H08 and 3HO03. Heterosubtypic cross-reactivity was assessed against N2 of
A/Hong Kong/4801/14 (H3N2) and avian N4 of A/mallard/Sweden/24/02 (H6N4) by
ELISA, however, neither of the mAbs bound to these NA proteins. Among N1 NA
proteins, the mAbs exhibited broad binding and NAI activity against seasonal HIN1
viruses that had circulated between 1934 and 2018. Furthermore, the mAbs bound to
and had NAI activity against swine virus A/swine/Jiangsu/40/11 (HIN1) and avian
origin viruses A/Vietnam/1204/04 (H5N1) and A/rhea/North Carolina/39482/93
(H7NT1). 2HO08 had the broadest reactivity, while 3H03 had reduced binding and NAI
activity against A/New Caledonia/20/99 (HIN1), A/Solomon Islands/03/06 (H1NT1)
and A/Cambodia/0371/07 (HIN1). Our data indicated that the mAbs targeted highly
conserved epitopes on N1 NA proteins. A competition ELISA revealed that the two
mADbs inhibited each other’s binding, indicating that they had overlapping binding
footprints. 3HO3 had higher affinity to NA A/Singapore/GP1908/15 (HIN1) than
2HO08, as measured by BLI. EMV was generated using the 2H08 mAb and
A/Singapore/GP1908/15 (HIN1) virus to identify the epitope. Sequencing of the NA
gene segment of the 2HO8 EMV revealed that Proline 93 residue was essential for the
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binding and NAI activity of both mAbs. Neither of the mAbs had NAI activity by NA-

Star, which indicated that the epitope was located outside of the enzymatic site.

Their functionality was further investigated in vitro by plaque reduction assay and
ADCC bioreporter assay. Neither mAb reduced the actual formation of plaques,
however, both reduced plaque sizes, most prominently when they were present in the
agar overlay. This demonstrated that they functioned by reducing the release of virions
from infected cells rather than inhibiting the initial infection, which is commonly
considered the mode of action for anti-NA antibodies. Furthermore, the mAbs activated
signalling pathways needed for ADCC in jurkat cells, indicating that the mAbs and
target epitopes mediated effector functions. /n vivo protection was assessed by lethal
influenza A HINI and H5N1 influenza challenge in a murine model. Both mAbs
provided prophylactic protection against HIN1 (100% survival) and H5N1 viruses
(80% survival). The mAbs also protected therapeutically when administered 48 hours
post-infection with A/Singapore/GP1908/15 (HIN1) (60-100% survival) and
A/Vietnam/1204/04 (H5N1) virus (40-60% survival).

In conclusion, this study identified human mAbs that targeted a highly conserved, non-
enzymatic site, epitope on the N1 NA that conferred broad NAI in vitro and in vivo.
Our findings contribute to epitope-mapping of the N1 NA, combined with valuable

information of the functional properties that these mAbs harbour.

4.2 Paper 1l

“Repeated Influenza Vaccination Boosts and Maintains HIN1pdm09 Neuraminidase

Antibody Titers”.

In this paper we, aimed to study the induction and durability of NA-specific antibody
responses after ASO3-adjuvanted monovalent pandemic influenza A HIN1 vaccination
in HCWs and to investigate the impact of repeated seasonal vaccination in subsequent

influenza seasons after 2009. We found that the adjuvanted pandemic vaccine induced
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robust NA-specific IgG and NAI antibodies, despite the presumed low concentration
of NA in the vaccine. The pandemic vaccine significantly boosted NAI titres at 21 days,
with a 5-fold geometric mean fold rise from baseline. We defined the NAI
seroconversion rate as >4-fold increase and found that 53% of the vaccinees met the
criterium of seroconversion. Functional NA-specific antibodies measured by plaque
reduction neutralisation assay were significantly boosted. Furthermore, NA-specific
endpoint titres also increased 21 days after pandemic vaccination, although this was

not significant (p=0.056).

A second aim of this paper was to investigate the induction of NA-specific antibody
responses after seasonal TIVs and assess the impact of repeated annual vaccination
with the same vaccine antigen. We found that the NAI titre seroconversion rate
declined with each seasonal vaccine, none of the vaccinees seroconverted after the third
TIV (n=16). There was a trend of increasing antibody titres after seasonal vaccination,
however, the magnitude of fold increase was reduced with repeated vaccination. Pre-
existing antibody titres seemed to influence the magnitude of fold-increase, which was
most pronounced for functional antibodies measured by ELLA and plaque reduction

neutralisation assay.

Although the magnitude of the antibody responses decreased with repeated
vaccination, the repeated group had significantly higher NA-specific IgG and NAI
titres five years after pandemic HIN1 vaccination compared to the single group. This
indicated that seasonal vaccines contributed to the maintenance of durable NA-specific

antibody responses.

In conclusion, AS03-adjuvanted pandemic influenza A HIN1 vaccine induced robust
levels of NA-specific antibodies, which were maintained by repeated seasonal
vaccination, although pre-existing antibodies may impact upon the induction of

function NA antibody levels.
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4.3 Paper 111

“Durable immune responses after SARS-CoV-2 vaccination or infection in younger

and older adults”.

The aim of this paper was to study spike-specific immune responses after SARS-CoV-
2 vaccination and infection in younger and older adults. We chose to focus on the oldest
adults (aged 70-99) as they are considered a high-risk group and often have poorer
immune responses due to immunosenescence. Here, we performed a comprehensive
analysis of durable spike-specific humoral and cellular immune responses after
BNT162b2 SARS-CoV-2 vaccination in seronegative older (n=100, median age 86,
range 70-99 years) and younger adults (n=449, median age 36, range 23-69 years).

We found that the oldest adults had significantly lower spike-specific IgG and
neutralising titres, which was particularly prominent after the first dose. The younger
adults had significantly higher durability of antibody titres also after 9 months. The
estimated antibody half-life was comparable for the two vaccine groups, however, due
to the lower magnitude of antibody levels in the older adults, the estimated durability
of antibodies titres was significantly shorter than for the younger adults. Neutralising
titres were estimated to be detectable for 1 year in the younger adults but only 6 months
for the older adults. The oldest adults had stronger boosting of the memory B cell
response after the second dose, while the response was unchanged in younger adults.

Both age groups maintained MBC responses 9 months after vaccination.

The vaccine primarily induced a CD4" T cell response based on TCRB CDR3
sequencing. Lower spike-specific TCR breadth and depth was observed in the oldest
adults after the first and second dose than younger vaccinees. Functional T cell
responses were measured as secretion of IFN-y and/or IL-2 by FluoroSpot. No
significant differences were observed between the groups in their T cell responses,

which were short-lived in both groups.
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We compared immune responses to naturally infected non-hospitalised individuals that
had experienced mild to moderate COVID-19 (n=183, median age 47, range 23-80).
We found that immune responses were better maintained in the infected individuals,
particularly the T cell and antibody responses between 6- and 12-months post-
infection. Interestingly, spike-specific IgG and neutralising titres were better
maintained in the oldest adults after infection. The duration of detectable neutralising
antibody titres was estimated to last for one year in vaccinated younger adults, but only
6 months in older adults. In contrast, infected older adults had an estimated durability
of 14 months, revealing an interesting effect of age for immune responses induced by

infection and BNT162b2 vaccination.

In conclusion, we found lower magnitudes of spike-specific humoral and cellular
immune responses after BNT162b2 vaccination in older compared to younger adult
vaccinees, however, the estimated antibody half-life, memory B cell and T cell

responses were comparable after 9 months.
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5. Discussion

Continuous antigenic drift of circulating viruses and short-lived antibody responses are
factors that limit the breadth and durability of immune responses against influenza
viruses. Consequently, the composition of seasonal vaccines is re-evaluated biannually,
and annual vaccination is recommended to maintain immunological protection. Despite
this, VE of seasonal vaccines fluctuates greatly and has ranged from 10 — 60% in the
last 15 years (124). Thus, influenza vaccines that induce broader and more durable

immune responses are urgently needed.

A universal influenza vaccine targeting conserved epitopes on the influenza virus could
potentially provide protection against both seasonal and pandemic strains. The exact
definition of what constitutes a universal influenza vaccine is still under debate,
however, several criteria have been proposed (Table 3). The criteria for breadth and
durability of the immune response varies somewhat, however, the consensus is that the
vaccine should provide protection against all influenza A subtypes, and possibly also

influenza B viruses, for more than one year.

Table 3: Overview of the criteria for universal influenza vaccines

WHO (206) BMGF (207) NIAID (208)
Breadth All influenza A viruses All 1nﬂu§nza A and B All 1nﬂu.enza. A viruses,
viruses and possibly influenza B
Durability 1 year or more 3-5 years 1 year or more
Efficacy Better thaq >70% against >75% against
seasonal vaccines symptomatic infection symptomatic infection
Target All ages over >6 weeks All ages All ages
group

The table was inspired by (209). World health organization (WHO); Bill & Melinda Gates
Foundation (BMGF); National Institute of Allergy and Infectious Diseases (NIAID).

Although having a universal influenza vaccine is the most advantageous, designing

these vaccines have been proven to be very challenging. On the other hand, improved

61



Discussion

seasonal vaccines may be a more rapidly achievable strategy to increase VE. Influenza
vaccines can offer various levels of immunological breadth, starting with strain-
specific, subtype-specific and multi subtype-specific responses, leading up to a
universal influenza vaccine (Figure 16). Currently, seasonal vaccines primarily aim to
induce strain-specific protection, yet there is room for significant improvement even at
this level. Various aspects of influenza vaccine development could be modified to
improve breadth and durability of immune responses. This includes optimising vaccine
compositions, designing antigens to direct responses to conserved epitopes, inclusion

of adjuvants, and utilising new vaccine platforms.

The aims of this thesis were to investigate immune responses to pandemic influenza A
HIN1 and SARS-CoV-2 and use these insights to inform the improvement of future
influenza vaccines. This included studies on NA-specific antibody responses (papers |

and II) and SARS-CoV-2 mRNA vaccination in old and young adults (paper I1I).

Vaccine Coverage

Strain-specific Circulating strains

Subtype-specific All strains within a subtype
(e.g. H1)

Multi-subtype specific Multiple subtypes within the same group
(e.g. H1, H5, H9)

Pan-group All group 1 or 2 subtypes

Breadt

Universal vaccine All influenza A (and B)

Figure 16: Improving the breadth of influenza vaccines

Immune responses to influenza virus can vary in breadth from strain-specific to universal
coverage. Our current vaccines aim to achieve strain-specific immunity that covers the
circulating strains. Vaccines can be improved to increase the breadth of protection to cover all
influenza strains within a subtype, e.g. all viruses of the H1 subtype (subtype-specific), or to
multiple strains of different subtypes within the same group, e.g. group 1 subtypes H1, H5 and
H9 HA (multi-subtype). The next level of breadth would include cross-reactivity to both group
1 and group 2 subtype viruses (pan-group). The ultimate goal is to achieve breadth that
provides universal protection against all influenza viruses, including type A and B influenza
viruses. The figure was inspired by Erbelding et al. (208) and created with Inkscape.
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5.1 NA as an immunogen for broader protection

NA is considered a low-hanging fruit for improving influenza vaccines (130). Anti-NA
antibodies correlate with protection, reduce viral shedding and reduce disease severity
in humans (55, 57, 83, 84). Several studies have identified anti-NA antibodies and NAI
antibody titre as an independent correlate of protection (49, 55, 56, 84). Furthermore,
NA is well conserved within subtypes and has slower mutation rates compared to HA
(129). NA can evolve independently of HA, which was demonstrated during the 1968
pandemic with the emergence of the influenza A H3N2 virus, replacing the H2N2
virus. There was a shift in HA of the novel H3N2 virus but the NA of H2N2 remained
the same (33). Individuals with higher NAI titres against N2 NA were less likely to be
infected, demonstrating the contribution of NA immunity (34, 35). This indicates that
NA-specific antibody responses can provide an additional layer of protection to HI
antibodies, which could be important when there is a mismatch of HA sequences
between vaccine and circulating strains. Furthermore, several subtype-specific, multi-
subtype, pan-group and universal anti-NA mAbs have been -characterised,
demonstrating the potential for NA as an immunogen for improved influenza vaccines
(59, 134, 135). Thus, optimising the design of the NA antigen and induction of NA-
specific immune responses could potentially improve influenza vaccines by both

increasing durability and by broadening protection.

In paper I, we identified an epitope on NA that was conserved among seasonal
influenza A HIN1 viruses, swine HIN1 and avian H5N1 and H7N1 viruses. Both
swine HIN1 and avian H5N1 viruses have pandemic potential (210, 211) and
antibodies with cross-reactivity to the N1 subtype could potentially offer protection in
the event of a pandemic. The escape mutation P93L revealed that the Pro93 residue
was critical for binding of the 2HO8 and 3H03 mAbs, which has not been identified as

a part of a human epitope previously.

Current inactivated seasonal influenza vaccines induces a less robust anti-NA antibody
response compared to infection (59). Furthermore, the NA of seasonal influenza

vaccines has been found to poorly display epitopes targeted by broadly reactive human
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mAbs, demonstrating the need for antigen optimisation (59). A recent study found that
recombinant soluble NA proteins had an “open” conformation, which was not seen for
native membrane-bound NA (212). They used structure-based design to generate
recombinant NAs with a “closed” conformation, which improved stability and affinity
to antibodies induced by infection. The murine mAb CD6 was found to bind better to
NAs with the “closed” than the “open” conformation. The CD6 mAb binds to
neighbouring monomers where the Pro93 residue is part of the epitope (213). These
mutated NAs could be more native-like and may potentially improve NA-
immunogenicity, particularly for mAbs targeting the Pro93 residue and area on the side
of the NA. Structure-based rational design has already been described for respiratory
syncytial virus (RSV) and severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). The fusion protein of RSV and spike protein of SARS-CoV-2 were mutated
to produce stable pre-fusion conformations of the proteins (214, 215). The modified
spike protein has subsequently been used in both Moderna’s and Pfizer-BioNTech’s
mRNA vaccines (161, 216), demonstrating how rational design of antigens can be

integrated with the mRNA vaccine platform.

As described in section 1.5 Rational vaccine design, characterisation of mAbs can be a
powerful tool for epitope discovery and vaccine design. Our knowledge of NA epitopes
that are targeted by human antibodies is still limited. Therefore, further characterisation
of more human anti-NA mAbs is needed to guide rational design of improved NA

antigens.

5.2 Increasing NA immunogenicity using an adjuvant

Current seasonal vaccines induce NA-specific IgG and NAI antibodies, however, the
responses are often poor, and the immunogenicity varies greatly among different
vaccines. Our study showed that the AS03-adjuvanted monovalent pandemic HINI
vaccine induced robust and durable NA-specific antibody responses. The NAI
seroconversion rate in our study, defined as >4-fold increase, was 53% and exceeded

many of the seroconversion rates reported after unadjuvanted seasonal vaccination (84,
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131, 217). These studies defined seroconversion rates as >2- or 4-fold, which limits
direct comparability between studies. A study by Couch er al. investigated the
induction of NAI antibody responses after vaccination with various seasonal 1IVs in
the 2008/2009 season. They defined seroconversion as a 2-fold increase and found that
the seroconversion rates for N1 NA ranged between 23-57% for three 1IVs produced
by different manufacturers (131). The EMA Committee for Medicinal Products for
Human Use (CHMP) had three immunological criteria for HAI titre for the pandemic
vaccine: >2.5 geometric mean fold rise, and >40% seroconversion rate defined as >4
fold-increase, and >70% or higher seroprotection rate (HAI titre >40). Despite using
>4-fold increase, matching the CHMP definition for HAI seroconversion, we found
that NAI seroconversion rates in our study were still among the highest reported after
vaccination, despite low NA concentration in the vaccine, which highlights the benefit

of the AS03 adjuvant.

A study found that an ASO3 adjuvanted H5N1 vaccine induced significantly higher
NALI titres compared to an unadjuvanted vaccine (218). It is likely that the ASO03
adjuvant was critical for the induction of robust and durable NA-specific antibody
responses after pandemic HIN1 vaccination, however, a caveat of our study is the lack
of control group receiving an unadjuvanted pandemic vaccine. The adjuvanted vaccine
was the only vaccine offered in Norway to the general public during the 2009
pandemic, with the exception of cell culture vaccines for people with severe egg
allergies. Consequently, we cannot conclude that the AS03 adjuvant was instrumental
for the high NAI seroconversion rates or the long-term maintenance of NAI titres.
Although an unadjuvanted monovalent pandemic HIN1 vaccine was used in Japan and
a study found lower NAI seroconversion rates than in our vaccinated HCWs in paper
II (219). Among the HCWs that were responders based on HAI titre, only 12% had a
>4-fold increase in NAI titre, demonstrating that our cohort had more robust and

durable NAI antibody responses, possibly due to the AS03 adjuvant.

The use of the AS03 adjuvant may be controversial due to the reported incidences of

narcolepsy in children after vaccination with the Pandemrix vaccine in Nordic
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countries (220). The EMA no longer recommended the use of Pandemrix in 2010
where other pandemic vaccines were available in children. Although the mechanism of
narcolepsy has not been proven, there are several observations which strengthens the
association with the Pandemrix vaccine. It has been linked to the HLA-DQB1*0602
haplotype and dysregulation of the hypocretin ligand-hypocretin receptor pathway.
Anti-NP antibodies that cross-react with hypocretin receptor 2 and high amounts of NP
in the Pandemrix vaccine have been proposed as potential explanations for the
increased rates of narcolepsy after vaccination (221). Arepanrix was an ASO03-
adjuvanted pandemic HIN1 vaccine manufactured in Canada and was found to contain
less NP than the Pandemrix vaccine produced in Germany in 2009 (221). A systemic
review did not find any elevated risk of narcolepsy after vaccination with Arepanrix
(222). Furthermore, an MF59-adjuvanted pandemic vaccine, which also had lower
amounts of NP than Pandemrix, have not been associated with narcolepsy (221, 223).
Despite these findings, it could be problematic to use this adjuvant in the future as the
public may be sceptical and reluctant to get vaccinated. The COVID-19 pandemic has
recently demonstrated that vaccine hesitancy is a globally important issue that can
severely limit vaccine uptake. Ultimately, the most effective vaccines are the ones that

make it into people’s arms.

5.3 NA-specific antibody responses in the context of pre-existing

immunity

In paper II, we also showed that repeated vaccination with seasonal influenza vaccines
contributed to the maintenance of NAI antibodies but resulted in declining
seroconversion rates and diminished magnitude of fold-induction at 21 days after
vaccination. Several studies have found that repeated influenza vaccination and high
pre-existing antibody levels have been associated with reduced induction of immune
responses after vaccination (91-94, 224, 225). The negative effect of repeated
vaccination and pre-existing immunity have primarily focused on HA-specific
antibody responses. Here, we found that pre-existing immunity also impedes induction

of NA-specific antibody responses, particularly for functional NAI antibodies. This
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may be a consequence of functional NAI antibodies being restricted to certain
epitopes/areas surrounding the enzyme active site. Masking of epitopes by pre-existing
antibodies that block binding and proliferation of B cells specific for the same epitope
may be a possible explanation for this observation. A mathematical model of epitope
masking predicts that pre-existing antibodies and B cells that compete for binding to
the same epitope, will inhibit proliferation of other B cells specific for the same epitope
(101, 102). This model allows for B cells specific for other epitopes to proliferate,
which is consistent with functional antibodies being more influenced by pre-existing
antibody levels than the total binding antibody levels. A potential strategy to overcome
this issue could be to increase the antigen dose (102), possibly by supplementing the
vaccine with recombinant NA protein. This could be particularly beneficial when the
same antigen is used over several consecutive seasons and pre-existing antibody levels
are high. Overall, our findings highlight the need for standardisation and potentially

supplementing of the NA component of seasonal vaccines.

SARS-CoV-2 has clearly demonstrated its capacity for immune evasion with the
emergence of several successful variants of concern that have influenced VE (226,
227). If SARS-CoV-2 becomes endemic and causes seasonal outbreaks in the future,
updating vaccine composition and periodic boosters may be needed to maintain
protection, similarly to the updating of influenza vaccines. Repeated influenza
vaccination has been associated with reduced induction of immune responses,
especially when the vaccine antigen is unchanged from previous seasons (224). A third
homologous booster shot of the COVID-19 mRNA vaccine has been found to induce
similar levels of VE as the second dose (228) and to induce potent neutralising antibody
responses to the Omicron variant (229). A fourth dose has been used in Israel which
further reduced infection, although short lived, and severe disease (230). However, we
do not know how further booster vaccinations and emergence of other variants of
concern may impact effectiveness in the future. Thus, the issue of repeated vaccination
may be taken into consideration for choosing vaccine composition and vaccination

schedules for COVID-19 vaccines in the future (231).
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5.4 Lessons from SARS-CoV-2 mRNA vaccines

COVID-19 mRNA vaccines were the first mRNA vaccines approved for use in humans
and will likely represent a paradigm shift in vaccine development going forwards.
There are many lessons to be learned from the development and deployment of these
vaccines that can inform the design, production and use of mRNA vaccines for other

pathogens, including influenza virus.

The COVID-19 pandemic has become the deadliest since the influenza A HIN1
pandemic in 1918. An estimate of years of life lost due to COVID-19 deaths during the
first year of the pandemic in the United States alone was found to be 3.9 million years
(232). Today, nearly 2.5 years after the start of the pandemic, there have been 525
million COVID-19 cases and 6.28 million deaths registered (146). This pandemic has
been unique in numerous ways, but one aspect is the modern tools for efficient real-
time surveillance of transmission and evolution of the virus combined with rapid data
sharing. This allowed scientific knowledge and vaccine development to be conducted
at an unprecedented pace. The first official cases of COVID-19 was reported in
December of 2019 in Wuhan, China (233), and the genetic sequence of SARS-CoV-2
was made available online in January 10™ 2020 (145). Once the sequence was
published, it only took approximately one week for Moderna and the National Institute
of Health (NIH) Vaccine Research Center to produce the mRNA vaccine candidates
and 45 days to produce enough vaccines to the start the phase I clinical trial (234, 235).

A major advantage of the mRNA vaccine platform is that it is faster to produce than
the classical inactivated whole virus vaccines. This aspect is especially relevant for
future influenza vaccines and for future outbreaks. Today, approximately 85% of
seasonal influenza vaccines are produced in embryonated chicken eggs, which is a
well-established manufacturing platform for influenza vaccines with current
production estimated at 1.5 billion doses annually (115). However, there are several
downsides to the egg-based platform. The production is time-consuming
(approximately 6 months) and consequently the recommendation for vaccine strains is

made several months before the start of the influenza season, increasing the likelihood
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of mismatching of vaccine and circulating strains. The platform is dependent on the
availability of embryonated chicken eggs, which may be a limiting factor in the event
of a new influenza pandemic. The production timeline for mRNA vaccines is estimated
to be 2-3 months and can start once the sequence is available, which is substantially
shorter than for egg-based seasonal influenza vaccines. The reduced production time
would allow for strain recommendations to be made closer to the start of the influenza
season, resulting in more accurate strain selection. This would reduce the risk of
mismatch of vaccine and circulating strains and could significantly increase vaccine
effectiveness. Furthermore, viral mutations may arise due to adaptation to growth in
eggs, which limits sequence fidelity and contributes to mismatch of vaccine and
circulating strains. This has been demonstrated for influenza A H3N2 virus (125) and
it has been suggested that this contributed to the low VE observed against the H3N2
virus during the 2012/2013 season (126). This issue is bypassed by mRNA vaccines
because they are manufactured synthetically by inserting the gene of interest into a

plasmid, which is replicated with high sequence fidelity in E. coli.

Vaccines are essential for mitigating the impact of a pandemic. The current production
timeline and capacity of influenza vaccines are not sufficient to meet the global demand
during a pandemic. The production capacity of a pandemic vaccine is estimated to be
8.3 billion doses in a best-case scenario with 80% of the vaccines being produced in
eggs. Furthermore, it is estimated that it would take 23-34 weeks from the time of the
vaccine strain recommendation is made and the genetic sequence is available until first
doses are ready for deployment (115). The egg-based platform and IIVs are dominating
the production capacity of pandemic influenza vaccines, however, the use of other
platforms may be considered to increase production capacity. The successful
production and deployment of COVID-19 mRNA vaccines demonstrates the feasibility
of this platform in a pandemic setting. Increasing production capacity of pandemic
influenza vaccines by also using the mRNA platform in addition to egg-based vaccines
may help to meet the global demand for pandemic vaccines more rapidly. Furthermore,
this platform is faster to produce and could potentially mitigate the impact of the

pandemic at the early stages, while II'Vs are under production. This may be appropriate
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for high-risk groups, such as elderly and HCWSs, where we and others have shown that

COVID-19 mRNA vaccines are immunogenic and protective.

As highlighted by the criteria for universal influenza vaccines, they should be suitable
for all ages, including elderly that are at higher risk of developing severe disease and
dying. In paper III, we investigated the kinetics and durability of humoral and cellular
immune responses to SARS-CoV-2 spike after BNT162b2 mRNA vaccination in a
high-risk elderly group and younger adult HCWs. Seasonal influenza vaccines for
individuals aged 65 years and over have been developed to address the issue of reduced
vaccine responses in older adults. This includes the inclusion of adjuvants, such as
MF59, and high-dose vaccines that contain four times more antigen than the standard-
dose vaccines. Based on our findings of older adults having immune responses with
lower magnitude after COVID-19 mRNA vaccination, future mRNA vaccines against
influenza may also require certain adjustments to accommodate the reduced
immunogenicity in this age group. Using a high-dose mRNA vaccine for the oldest
adults could be a potential solution, as the mRNA vaccines were well-tolerated and
resulted in low frequencies of side reactions in this age group (236). Despite the lower
magnitude of antibody responses in older adults, this group had comparable rates of
antibody waning to the younger adults. This suggests that the durability of protection
can be similar for younger and older adults if the magnitude of antibody response
induced by initial vaccinations is significantly increased in the elderly. Overall, we
found that the BNT162b2 mRNA vaccine was suitable for older adults, although some
adjustments of the immunisation schedule may be necessary optimise immunogenicity
compared to younger adults. These findings can guide the use of mRNA vaccines in

the future against other pathogens during both endemic and pandemic outbreaks.

The initial FDA guidance for emergency use authorisation of COVID-19 vaccine stated
that the primary efficacy endpoint should be at least 50% (237, 238). However, the
mRNA vaccines proved to be far better and provided up to 96% protection against
severe disease during the first two months after the second dose of BNT162b2 and 84%

protection up to 7 months after the second dose (239). With the success and licensure
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of COVID-19 mRNA vaccines, it is less risky for pharmaceutical companies to use the
mRNA platform to make vaccines against other pathogens in the future. The platform
is easily adaptable to other pathogens with a known antigenic target and its
corresponding genetic sequence. Additionally, the COVID-19 pandemic has
demonstrated the feasibility of this platform for emerging novel pathogens and in the
event of another pandemic. More manufacturing sites are available, increasing the
manufacturing capacity to meet the global demand of vaccines during a pandemic.
Importantly, the global deployment of COVID-19 mRNA vaccines have proven to the
general public that these vaccines are safe and effective, increasing their trust in this

“new” technology.

Influenza mRNA vaccines have already shown promise in preclinical trials in mice,
rabbits and ferrets (240, 241). These studies showed induction of protective antibody
responses after vaccination with mRNA vaccines encoding full length HA or a
combination of HA stalk, NA, NP and M2e. However, influenza mRNA vaccine
candidates in human clinical trials have been less successful. The phase I clinical trial
of Moderna’s mRNA vaccine encoding the HA of avian HION8 and H7N9 viruses was
found to be well tolerated and induced HAI antibodies (242). However, the antibody

responses were short-lived, and the vaccine did not induce T cell responses.

Since the start of the COVID-19 pandemic, four leading vaccine manufacturers
(Sanofi, GSK, Moderna, Pfizer) have started clinical testing of seasonal influenza
mRNA vaccine candidates. The vaccine manufacturers are taking different approaches
for the selection of antigens to include in their vaccines. Sanofi started a phase 1 clinical
trial in July 2021 testing a monovalent influenza A H3N2 HA mRNA vaccine (243).
Moderna is currently conducting a phase 1/2 clinal trial testing vaccine candidates that
contain eight mRNAs each. The mRNA encodes HA and NA of the influenza A HIN1,
H3N2 and influenza B Yamagata and Victoria lineages based on sequences
recommended by the WHO (244). Pfizer is testing monovalent, bivalent and
quadrivalent mRNA vaccines encoding the HA of the vaccine strains recommended by

the WHO (245).

71



Discussion

COVID-19 mRNA vaccines undeniably changed the trajectory of the current pandemic
and proved that it is a viable and effective vaccine platform that can be produced
rapidly and in large scale to keep up with global demand. Messenger RNA vaccines
will undoubtedly influence future vaccine design, however, factors such as pre-existing
immunity, repeated vaccination and age may impact the efficacy of this vaccine
platform against influenza. Only time will tell if they will be as successful for influenza

as they have been for COVID-19.

5.5 Limitations and methodological considerations
5.5.1 Paper I

As with all scientific work, there are also some limitations to our studies. We did not
use any antigen-probes for single-cell sorting of plasmablasts in paper 1. This likely
minimised the proportion of NA-specific plasmablasts that were used for mAb cloning.
However, we lacked antigens with high structural integrity that we were confident
displayed all the native epitopes of the NA protein. This was the basis of our decision

to not include antigen-probes for the plasmablasts sorting in our experiment.

We generated escape mutant viruses to identify the epitope of the anti-NA mAbs. A
limitation with this method is that mutations may arise at residues that are not part of
the binding interface of the mAb but still reduce or inhibit mAb-binding. Mutations
that disrupt and alter the structure of a conformation epitope or that add or remove
glycosylation sites can significantly interfere with antibody binding. Although only one
mutation was needed to abolish binding of the mAbs, an epitope will typically comprise
more than one amino acid and there are likely other residues that make up the epitopes
of 2H08 and 3HO03. Structural methods, such as cryo-EM or x-ray crystallography
would be needed to determine the total antibody-antigen binding interface for each

mAb.
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5.5.2 Paper 11

In paper II, the HCWs received two or three seasonal vaccinations in the four
subsequent influenza seasons following 2009. This meant that the vaccinees were not
vaccinated in at least one season, however, which year this occurred varied among the
HCWs. Although this is not optimal for the design of our study, these vaccination habits
reflect that of HCWs in a busy clinical environment. Due to the small group sizes, we
were not able to stratify the vaccine responses based on the vaccine intervals and
consequently we were not able to determine the effect that the various vaccination
intervals had on vaccine immunogenicity. This may have influenced our results seeing
as repeated vaccination impacted on induction of NA-specific antibody responses and
the group sizes were not large enough to determine if the vaccinees that had skipped
seasonal vaccination the previous year had a superior antibody response than those that
had been vaccinated in consecutive years. However, it would have been interesting to

investigate this for our vaccination cohort.

In paper II, we only measured serum antibody levels to NA. It is possible that other
NA-specific immune responses were boosted, such as memory B and T cell responses.
Thus, it may be misleading to say that repeated vaccination resulted in limited boosting
of NA-specific immune responses. Furthermore, the durability of the immune
responses was measured as serum antibody levels; however, memory B cells are an
important part of the durable immune response, which is not measured by serological
assays. A study recent demonstrated the benefit of vaccine-induced memory B cells
during infection with SARS-CoV-2. They found that spike-specific memory B cells
induced by mRNA vaccination were activated by SARS-CoV-2 infection and rapidly
produced antibodies found in both serum and saliva after 3-5 days (175).

5.5.3 Paper 111

Our study had few infected individuals over 80 years old, as we focused on home-
dwelling isolated cases, whilst the majority of the elderly vaccinees were over 80 years

old. This limited the comparability of age-related variation of the immune response
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after vaccination and infection in the oldest adults. Although all infected individuals
experienced mild-to-moderate disease, we do not know how disease severity and the
duration of illness and viral shedding impacted on the magnitude and durability of the

immune responses.

The timing of sample collection for the infection (8 weeks, 6 and 12 months) and
vaccination (6 weeks, 5 and 9 months) groups could have been more similar to improve
comparability of the two groups. Furthermore, the sample sizes of adults (n=41) that
were tested by microneutralisation assay and vaccinees that provided PBMC samples
were small as they were limited by laboratory capacity (adults n=34, elderly n=24).
This limited the power of our statistical analyses for neutralising antibodies, functional

T and memory B cell responses in relation to age.
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6. Conclusions

The objective of this thesis was to study immune responses after vaccination and
infection with SARS-CoV-2 or influenza virus, with the overarching aim of informing
strategies for improving future influenza vaccines. Here, we have broadly investigated
immune responses after vaccination and infection in different populations groups and
gained valuable knowledge of how factors such as age, pre-existing immunity,

adjuvants and type of vaccine influence immunity.

NA has emerged as a potential target for broader protection against influenza virus
infection. We investigated immune responses to NA after repeated vaccination and
found that the AS03 adjuvant improved NA-specific immune responses and that after
repeated vaccination pre-existing immunity negatively influenced induction of
antibody responses to NA after vaccination. Although we found that seasonal vaccines
induced NA-specific antibody responses, our findings highlight the need for
standardisation of the NA component of current vaccines and an official requirement
for the amount and quality of antigen per dose. A possible solution to increase the NA
concentration of vaccines is by supplementing current vaccines with recombinant NA.
This would be particularly important for overcoming pre-existing immunity when the
NA vaccine component is unchanged in consecutive seasons and levels of pre-existing

antibodies are high.

Epitope-mapping of NA, particularly epitopes targeted by antibodies that confer NAI
activity, can inform the design of improved NA antigens. We found that pandemic
HINT1 infection induced broadly cross-reactive antibodies that inhibited N1 NA in vitro
and in vivo. Characterisation of anti-NA mAbs revealed a novel epitope involving the
Pro93 residue on the underside of the NA head that is targeted by human antibodies.
This can guide the design of future NA-based vaccines for broader protection against

influenza A viruses expressing N1 NA.

75



Conclusions

As influenza mRNA vaccines move ahead in clinical trials, we need to take advantage
of and apply the knowledge we have gained from current influenza vaccines and the
deployment of COVID-19 vaccines to maximise their immunogenicity and efficacy.
The main findings from our study on SARS-CoV-2 mRNA vaccination in older and
younger adults are that the vaccination schedule in older adults should be optimised for
this age group to increase immunogenicity of mRNA vaccines. Furthermore, SARS-
CoV-2 infection induces more robust and durable immune responses in the elderly,

suggesting that vaccine immunogenicity can be further improved for this age group.
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7. Future perspectives

NA is emerging as a potential target for improved influenza vaccines and consequently
there is a need for characterisation of epitopes to guide the design of NA antigens for
targeting of broadly reactive B cells. Several knowledge gaps are restricting
advancements in this field, including characterisation of epitopes targeted by human
antibodies coupled with their functional capacities. Therefore, characterisation of both
strain- and subtype-specific human mAbs is necessary for epitope-mapping of the NA.
LIBRA-seq (linking B cell receptor to antigen specificity through sequencing) is a
high-throughput method for single-cell sequencing that allows for coupling of paired
heavy and light chain B cell receptor sequences with antigen-specificity. This method
may be more efficient for identifying broadly reactive B cells compared to the method
that were used in paper I where antigen-specificity and breadth was determined after
cloning and expression of the mAbs. The LIBRA-seq method can easily feed into the
reverse vaccinology 2.0 pipeline and be combined with the mRNA vaccine platform.
Furthermore, as we identify more epitopes on NA, we can utilise protein engineering

to selectively focus antibody responses toward these epitope (141).

In paper I, we generated escape mutant viruses with a mutation on Pro93, which was
highly conserved in viruses expressing N1 NA. Substitution of highly conserved
residues to enable immune evasion may result in viruses with reduce fitness.
Understanding how certain mutations impacts viral fitness can provide insights on
possible antibody-related antigenic drift. It would be interesting to investigate if and
how the mutation of residue Pro93 affected viral fitness in future in vitro and in vivo

experiments.

Currently, the NAI antibody titre is not a correlate of protection recognised by
regulators, however, a correlate of protection for NAI antibodies is needed for
evaluating immunogenicity and efficacy for NA-based vaccine in the future. Therefore,
studies to establish a recognised correlate of protection for NAI antibody titres are

warranted, including infection cohort studies and human challenge studies.
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Our finding of superior magnitude and durability of antibody responses in the elderly
after SARS-CoV-2 infection compared to vaccination in paper III demonstrates that
there is room for improving vaccine responses in this age group. By dissecting and
comparing immune responses after vaccination and infection, we may identify
strategies for improving immunogenicity of mRNA vaccines in older adults. Future
studies comparing vaccine- and infection-induced immune responses in the elderly are

therefore warranted.
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Antibodies to influenza surface protein neuraminidase (NA) have been found to reduce
disease severity and may be an independent correlate of protection. Despite this, current
influenza vaccines have no regulatory requirements for the quality or quantity of the NA
antigen and are not optimized for induction of NA-specific antibodies. Here we investigate
the induction and durability of NA-specific antibody titers after pandemic AS03-
adjuvanted monovalent H1N1 vaccination and subsequent annual vaccination in health
care workers in a five-year longitudinal study. NA-specific antibodies were measured by
endpoint ELISA and functional antibodies measured by enzyme-linked lectin assay (ELLA)
and plaque reduction naturalisation assay. We found robust induction of NA inhibition
(NAI) titers with a 53% seroconversion rate (>4-fold) after pandemic vaccination in 2009.
Furthermore, the endpoint and NAI geometric mean titers persisted above pre-
vaccination levels up to five years after vaccination in HCWs that only received the
pandemic vaccine, which demonstrates considerable durability. Vaccination with non-
adjuvanted trivalent influenza vaccines (TIV) in subsequent influenza seasons 2010/2011 -
2013/2014 further boosted NA-specific antibody responses. We found that each
subsequent vaccination increased durable endpoint titers and contributed to
maintaining the durability of functional antibody titers. Although the trivalent influenza
vaccines boosted NA-specific antibodies, the magnitude of fold-increase at day 21
declined with repeated vaccination, particularly for functional antibody titers. High levels
of pre-existing antibodies were associated with lower fold-induction in repeatedly
vaccinated HCWs. In summary, our results show that durable NA-specific antibody
responses can be induced by an adjuvanted influenza vaccine, which can be maintained
and further boosted by TIVs. Although NA-specific antibody responses are boosted by
annual influenza vaccines, high pre-existing titers may negatively affect the magnitude of
fold-increase in repeatedly vaccinated individuals. Our results support continued
development and standardization of the NA antigen to supplement current influenza
vaccines and reduce the burden of morbidity and mortality.

Keywords: influenza, neuraminidase, neuraminidase inhibition, neuraminidase inhibition (NAI) titer, repeated
vaccination, pre-existing immunity, pandemic vaccination
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INTRODUCTION

Influenza is an acute respiratory disease that is annually
estimated to cause 3 — 5 million cases of severe illness and 290
000 — 650 000 deaths worldwide (1, 2). Influenza vaccines are
currently the most effective method of prevention of influenza
infection. Hemagglutinin (HA) is the major surface glycoprotein
on the virus that mediates viral entry by binding to sialic acid
receptors on the surface of host cells. Antibodies that target the
HA globular head and block binding to sialic acids are
considered the classical mediators of protection against
influenza infection. These antibodies are measured by
hemagglutination inhibition (HI) assay and the HI titer has
been the gold standard for measuring vaccine immunogenicity
for many years. Thus, current seasonal influenza vaccines are
optimized for induction of HA-specific antibodies. Each vaccine
dose is standardized by the HA content, however, there are no
concentration requirements for the other vaccine components,
such as neuraminidase. Neuraminidase (NA) is the second major
surface glycoprotein. It is a sialidase that cleaves terminal sialic
acids and facilitates the release and spread of newly formed
viruses from host cells (3). HI antibodies tend to be strain-
specific and have reduced cross-reactivity with new and drifted
influenza strains due to the high mutation rate of the HA head
region. Antigenic drift and shift may occur independently for
HA and NA proteins and NA is a potential target for more
broadly protective vaccines. Early studies established that NA is
immunogenic and that NA-specific antibodies reduce disease in
humans (4, 5). More recent studies have found that antibodies
with NA inhibition (NAI) activity correlate with reduced viral
shedding and clinical disease, and may be a possible correlate of
protection (6, 7). Despite NA being an antigenic target for
induction of protective antibody responses, the quantity and
quality of NA is not regulated in current influenza vaccines.
Consequently, the amount and stability of the NA antigen has
been found to vary between influenza vaccines and key epitopes
targeted by human monoclonal antibodies are poorly displayed
(8, 9). Studies have reported variable seroconversion rates for
NA-specific antibody responses after vaccination with
inactivated influenza vaccines, ranging between 23 - 64% (7,
10, 11).

Annual vaccination is recommended due to antigenic drift of
influenza viruses and waning of antibody titers. However, there is
growing evidence showing that repeated influenza vaccination
can lead to a diminished B cell response (12) and that high pre-
existing antibody titers can reduce boosting of antibody titers
after vaccination (13). The impact of repeated vaccination has
mainly been studied in the context of HA-specific antibody
responses (12, 13). Thus, there is limited data on whether
repeated vaccination and pre-existing titers impact the
induction of NA-specific antibody responses after vaccination.

This study aimed to investigate the induction and durability
of NA-specific antibodies with AS03-adjuvanted pandemic
HIN1pdmo09 vaccination and determine the impact of
subsequent annual vaccination with trivalent inactivated
vaccines (TIV) in health care workers (HCWs). We found that
AS03-adjuvanted monovalent HIN1pdm09 vaccination induced

Neuraminidase Antibodies After Influenza Vaccination

robust and durable NA-specific antibody responses. The
antibody titers were further boosted after immunization with
TIVs, however, we found that the magnitude of the functional
NA antibody fold-increase declined with repeated vaccination.

MATERIALS AND METHODS

Study Design and Blood Sampling

Healthy HCWs (n=50) were vaccinated between October 2009
and March 2010 at Haukeland University Hospital, Norway with
the AS03-adjuvanted pandemic HIN1pdmO09 split virus vaccine
(3.75 ug hemagglutinin A/California/7/2009 (HIN1)
(Pandemrix, GlaxoSmithKline-GSK, Belgium). Written
informed consent was obtained before inclusion in the study.
Further informed consent was obtained for the 4-year extension
between 2010/2011-2013/2014 where vaccination was with the
trivalent seasonal inactivated influenza vaccine [TIV; either
subunit (Influvac, Abbott Laboratories) or split-virion
(Vaxigrip, Sanofi Pasteur)] containing 15 pig hemagglutinin per
strain. Throughout the study, the A/HINI strain remained the
same [A/California/07/2009 (HIN1)], however the A/H3N2 and
B viruses changed between seasons. Demographic and clinical
information including working department were collected. The
study was approved by the regional ethics committee (REKVest-
2012/1772) and the Norwegian Medicines Agency (Clinical
trials.gov NCT01003288) (14).

Blood samples were collected pre-vaccination (DO0), 21 days
(D21), 3, 6, and 12 months (3M, 6M, 12M, respectively) after
vaccination. Annual influenza vaccination is recommended, but
not mandatory for HCWs in Norway. The HCWs were divided
into two groups, repeated and single group, based on their
vaccination status in influenza seasons 2010/2011 - 2013/2014.
The single group did not receive any TIVs during the study. The
repeated group was vaccinated with two or three TIVs in the four
seasons following the 2009 pandemic. An overview of the
number of vaccinations and the intervals that these were given
for the repeated group can be found in Supplemental Table 2.
The same sampling schedule was followed after all vaccinations.
The 12M timepoint was collected from all HCW irrespective of
vaccination and used as DO for HCWs in the repeated group for
each season. Blood samples collected before vaccination were
considered as day 0 whenever HCWs had not been vaccinated
during the previous season, which more accurately reflected the
true baseline titers. HCWs in the single group (n=24) were only
vaccinated in 2009 but provided yearly blood samples at the start
of each influenza season, i.e. 24, 36, 48 and 60 months after
HIN1pdmo09 vaccination. The samples collected from the single
group after the 2009 season were labelled as 12M for each
subsequent season as seen in Figure 2. All serum samples were
heat inactivated at 56°C for one hour before use in
serological assays.

ELISA

Flat bottom 96-well plates (Invitrogen) were coated with
recombinant N1 NA A/California/07/2009 (HIN1) (Cal09)
produced in a baculovirus expression system as previously
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described (15). N1 NA Cal09 (100 ul/well) diluted in PBS (1 pg/
ml) was added and incubated overnight at 4°C. The plates were
washed six times with PBS-T (PBS with 0.05% Tween 20) and
blocked with 200 pul of blocking solution [PBS with 0.1% Tween-
20 (Sigma), 1% BSA (Sigma), 5% milk (Marvel)] and incubated
for 1 hour at 37°C. Sera were 4-fold serially diluted from 1:100 in
blocking solution and 100 ul of diluted serum was added per well
in duplicates and incubated at 37°C for 1 hour. Following
incubation, the plates were washed six times with PBS-T and
100 pl horseradish peroxidase (HRP)-conjugated mouse anti-
human IgG (BD Biosciences) diluted in blocking buffer (1:4000)
was added per well and incubated at 37°C for 1 hour. The plates
were washed six times with PBS-T and the secondary antibody
signal was developed by adding 100 ul per well of 3,3',5,5'-
Tetramethylbenzidine (TMB) substrate (BD Biosciences). The
reaction was stopped after 10 min by adding 100 ul of 1M HCI
(Sigma). Absorbance was measured at 450 and 620 nm with a
microplate reader (Bio-Tek). Background measured at 620 nm
was subtracted from the absorbance measured at 450 nm. The
endpoint titer was determined using a sigmoidal dose response
curve in GraphPad Prism 9.

ELLA

Inhibition of NA enzyme activity was determined using enzyme-
linked lectin assay (ELLA) using an influenza reassortant H7N1
virus (NIBSC, UK) with an irrelevant HA from A/Equine/
Prague/56 (H7N7) and NA from A/California/07/09 (HIN1),
matching the vaccine strain. ELLA was performed according to
Couzens et al. (16). Briefly, 96-well plates were coated with 100
ul/well of fetuin (25 ug/ml) (Sigma) diluted in PBS and incubated
at 4°C for a minimum of 18 hours. The plates were washed three
times with PBS-T. Sera were 5-fold serially diluted from 1:50 in
sample diluent (PBS with 0.9 mM CaCl, and 0.5 mM MgCl, (Life
Technologies), 1% BSA (Sigma), 0.5% Tween-20) and 50 ul was
added per well in duplicates. The virus was diluted in sample
buffer at a concentration equivalent to 90% of the maximum
signal and 50 ul was added per well. The plates were incubated at
37°C for 18 hours. After incubation, the plates were washed six
times with PBS-T and 100 ul of HRP-conjugated peanut
agglutinin (1 mg/ml) (Sigma) diluted in conjugate diluent (PBS
with 0.9 mM CaCl, and 0.5 mM MgCl,, 1% BSA) was added to
per well and incubated in the dark at room temperature for 2
hours. The plates were washed three times with PBS-T. 100 pl of
o-Phenylenediamine dihydrochloride (OPD) substrate (Sigma)
in phosphate-citrate buffer (50 mM) (Sigma) was added to each

TABLE 1 | Demographics of the study participants.

Neuraminidase Antibodies After Influenza Vaccination

well and incubated in the dark for 10 min. The reaction was
stopped by adding 100 ul IN sulfuric acid (Sigma). The
absorbance was measured at 490 nm. 50% inhibitory
concentration was calculated for each serum sample using a
sigmoidal dose response curve in GraphPad Prism 9 and
considered as the neuraminidase inhibition (NAI) titer.

Plaque Reduction Neutralization Assay

A 96-well microplate plaque reduction neutralization assay was
used to measure the capacity of sera to inhibit viral replication in
vitro. The reassortant H7N1 virus used in ELLA was used for this
assay. The plaque reduction neutralization assay was performed
according to Matrosovich et al. (17, 18). MDCK SIAT1 cells were
seeded (2x10" per well) and incubated overnight at 37°C. The
virus was diluted to a concentration that would generate 100
plaques per well. Sera were diluted 1:20 and 1:100 and mixed
with the virus, and incubated at 37°C for one hour. This
inoculum was added in quadruplets and incubated at 37°C for
40 min. A low-viscosity Avicel overlay (FMC BioPolymer) was
added to each well and the plates were incubated with the
inoculum-overlay mixture for 24 hours. The plaques were
visualized by immunostaining of nucleoprotein and the
plaques were counted using ELISpot counter (AID). The
number of plaques in the control wells was used to determine
50% inhibition and the highest reciprocal dilution giving 50%
reduction in plaque formation was defined as plaque reduction
neutralizing titer (PRNTS3, titer). The NA inhibitor oseltamivir
(Roche) was used as a positive control to confirm that the assay
could detect reduction in plaque forming units (PFU) as a result
of NA inhibition in a dose-dependent manner (Supplementary
Figure 1). Human serum depleted for IgA, IgM, and IgG (Sigma)
was used as negative control.

Statistical Analysis

Endpoint, NAI and PRNTs, titers were log-transformed and
analyzed by linear mixed effects model with adjustments for
demographic factors and multiple comparisons by Sidak
correction. Demographic factors used for adjustments included
age, sex, influenza vaccination prior to 2009 and working
department (Table 1). The linear-mixed effects model analyses
were performed in IBM SPSS Statistics version 26 and was the
statistical test used unless otherwise stated. Analyzes of statistical
difference between the single and repeated group was done by
non-parametric Kruskal-Wallis test in GraphPad Prism 9.
Correlation coefficients were calculated by non-parametric

Demographics All HCWs Single group Repeated group
Number of participants 50 24 26

Male (%) 9(18) 4(17) 5(19)
Female (%) 41 (82) 20 (83) 21 (81)
Median age (range) 39 (22 - 63) 38 (26 - 59) 43 (22 - 63)
Seasonal vaccination before 2009 (%) 32 (65.3) 11 (47.8) 21 (80.8)
Working department(non-clinical, clinical, infectious) 23,21,6 13,9, 2 10,12, 4

HCW healthcare workers (HCWs). The single group had only pandemic vaccination in 2009. The repeated group were vaccinated with pandemic vaccine in 2009 and trivalent influenza

vaccine in two or three seasons after 2009.
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Spearman correlation in GraphPad Prism 9. Statistical
significance was defined as P<0.05 for all tests.

RESULTS

In this study we investigated NA-specific antibody responses
after pandemic vaccination and subsequent annual influenza
vaccination. Fifty HCWs were included in the study, which
consisted of 9 men and 41 women. These numbers reflect the
gender distribution in the Norwegian healthcare system. The
median age at the start of the study was 38 years old (range 22 -
63). The majority of the HCWSs (65%) had been vaccinated with
TIVs before 2009 (Table 1).

Robust and Durable NA-Specific

Antibody Responses After 2009

Pandemic Vaccination

One objective of this study was to investigate the induction of
NA-specific antibody responses after AS03-adjuvanted
monovalent pandemic vaccine (HIN1pdm09) in healthy
adults. All HCWs in the study were vaccinated with the
HIN1pdm09 vaccine in 2009 and blood samples were collected
before and 21 days, 3, 6 and 12 months after vaccination.
Endpoint titers were determined by ELISA against
recombinant N1 NA Cal09 (Figure 1A). NA-specific endpoint
titers were detected in all HCWs pre-vaccination with a
geometric mean titer (GMT) of 322. The endpoint titers were
significantly boosted to a GMT of 773, a geometric fold rise
(GMFR) of 2.4, at 21 days post-vaccination (P<0.0001). The
endpoint titers gradually waned during the following 12 months,
although titers were significantly higher than pre-vaccination
levels up to the 3-month time point (P=0.004).

The capacity of the antibody response to inhibit NA enzyme
activity was measured by ELLA. A reassortant H7N1 virus, with an
irrelevant H7 HA from A/Equine/Prague/02/56 and N1 NA from
Cal09, was used to avoid interference from HA-specific antibodies.
The HIN1pdm09 vaccine met the European Committee for
Medicinal Products for Human Use (CHMP) criteria for
immunogenicity set for HI titers (Supplementary Table 1).
These criteria were used to assess induction of NAI titers. Pre-
vaccination NAI titers were detected in all HCWs, albeit with a
modest NAT GMT of 19. HIN1pdm09 vaccination significantly
increased NAI GMT at 21 days post-vaccination to 84 (P<0.0001),
a 4.4-fold increase from pre-vaccination levels (Figure 1B). The
seroconversion rate for NAI titers was 53% (32/49). Similarly to
endpoint titers, the NAI titers gradually waned but remained
significantly higher than the pre-vaccination level up to 12 months
after vaccination (P=0.014).

Approximately half of the HCWs (26/50) chose to receive two or
three TIVs during the four-year follow-up study after the 2009
pandemic (repeated group). The remaining 24 HCWs chose not to
be further vaccinated (single group) (Figure 2A). The repeated
group had higher endpoint and NAI titers than the single group,
especially during the influenza season (defined as November -
April) (Figures 2B, C). Annual blood samples were collected prior
to the start of each season from the single group, which allowed us

Neuraminidase Antibodies After Influenza Vaccination
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FIGURE 1 | NA-specific antibody responses after H1N1pdm09 vaccination.
Health care workers (n = 50) were vaccinated with ASO3-adjuvanted
H1N1pdm09 vaccine. The NA-specific antibody response was measured
before and 21 days, 3, 6 and 12 months after vaccination (DO, D21, 3M, 6M,
12M, respectively). Endpoint titers were measured by ELISA (A) and NA
inhibition (NAI) titers were measured by ELLA (B). Each subject is shown as
one symbol with geometric mean and 95% confidence intervals. A linear
mixed effects model was used for statistical analyses between pre- and post-
vaccination titers with adjustments for demographic factors. *P < 0.05, **P <
0.01, ™**P < 0.0001.

to investigate the durability of antibody responses induced by the
HIN1pdm09 vaccine. We found that three HCWs in the single
group seroconverted during the study (HI titer >4-fold increase),
probably due to infection. Samples collected after seroconversion
were excluded to ensure that the durability was only measured from
pandemic vaccination. Endpoint and NAI titers were maintained at
low stable levels above baseline in the single group throughout the
study (Figures 2B, C). The GMFR was 1.38- and 1.33-fold above
pre-vaccination levels for endpoint and NAI titers, respectively, five
years after HIN1pdm09 vaccination. This demonstrated that a
single dose of AS03-adjuvanted HINIpdm09 vaccine induced
durable antibody responses that persisted for several years after
vaccination, suggesting that long-lived plasma cells were generated.

Trivalent Influenza Vaccines Boost
NA-Specific Antibody Responses

HCWs in the repeated group received two or three TIVs during the
study, resulting in variation in vaccination intervals. The majority of
the HCWs received three TIVs (81%), whereas the remaining
HCWs received two TIVs (19%) (Supplementary Table 2).
We observed that HCWs that had delayed their first TIV until
the 2011/2012 season (6/26) had higher NALI titer than the HCWs

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 748264



Hansen et al Neuraminidase Antibodies After Influenza Vaccination

A B
4096+ 2009/2010 2010/2011 2011/2012 2012/2013 2013/2014
+. 2048
2
H1N1pdmo09 E 1024+
(n=50) 5
0T r_ T T T
DO D213M 6M 12M -E' 512
1 % 256
TIV
2010/2011 128 ‘
2011/2012 BT
2012/2013 c
2013/2014 256+
128 | -
5 L j [
2 64 :|
: y: o *
2 o TS E—
16 | 1 |
5: 2o0r3 5:0

—T—T—T —T— —T —T— —TT
DO D21 3M 6M 12M D21 3M 6M 12M D21 3M 6M 12M D21 3M 6M 12M D21 3M 6M 12M
Time post-vaccination

T
12M
Single group (n=24)

T T T T T
DO D21 3M 6M 12M
Repeated group (n=26)

FIGURE 2 | H1N1pdm089 vaccination induced durable NA-specific antibody responses boosted by trivalent influenza vaccines. Study design (A). Health care
workers were divided into two groups based on their vaccination status after HIN1pdmO9 vaccination in 2009. The repeated group (blue, filled circles) received two
or three trivalent influenza vaccines (TIV) during seasons 2010/2011-2013/2014. Blood samples were collected 21 days (D21), and 3, 6, 12 months (3M, 6M, 12M,
respectively) after vaccination. The single group (green, open circles) chose not to be further vaccinated but provided yearly blood samples prior to the start of each
season (12M). NA-specific antibody responses were measured by ELISA (B) and ELLA (C) during each influenza season from 2009/2010 to 2013/2014. Data are

shown as geometric mean with 95% confidence intervals. Analyzes of statistical difference between the single and repeated group was done by non-parametric

Kruskal-Wallis test in GraphPad Prism 9. *P < 0.05, ***P < 0.001.

that received their second TIV that season. Therefore, HCWs in the
repeated group were grouped based on number of vaccines, rather
than season, in order to study the effect of each vaccine and the
impact of repeated vaccination. The quantity of NA-specific
antibodies were measured by ELISA and functional antibodies
were measured by ELLA and a plaque reduction neutralisation
assay in all HCWs in the repeated group. The three assays
demonstrated that NA-specific antibody responses were boosted
after TIV vaccination (Figure 3). These antibody titers gradually
decreased but persisted above baseline levels throughout the
influenza season. We found that endpoint titers were significantly
boosted after the first (P=0.001) and second TIV (P=0.04)
(Figure 3A), whereas the NAI titers were only significantly
boosted on day 21 after the first TIV (P=0.018) (Figure 3B).
Although the third TIV boosted endpoint and NALI titers, neither
were significant. Plaque reduction neutralisation assay was used to
further assess the functionality of the NA-specific antibody response
in vitro using the same reassortant H7N1 virus with N1 NA Cal09.
This assay measures inhibition of the viral replication cycle and NA-
specific inhibition of plaque formation was confirmed using
oseltamivir (Supplementary Figure 1). We found a significant
increase in antibody titer that resulted in 50% reduction in plaque
formation (PRNTs, titer) 21 days after HIN1pdm09 (P<0.0001)
(Figure 3C). Vaccination with TIVs boosted PRNTSs, titers,
although not significant for any of the three TIVs. The PRNTS5,
titers confirmed our findings in the ELLA and demonstrated that
the vaccine-induced NA-specific antibodies were capable of

inhibiting enzyme activity and viral replication in vitro.
Collectively, our results show that seasonal TIV vaccination
readily boosts NA-specific antibody responses following priming
with AS03-adjuvanted HIN1pdm09 vaccination.

Repeated Vaccination Increases Durable
Endpoint Titers and Maintains Durability of
Functional Antibody Titers

Durable antibody titers were measured 12 months after
vaccination. The HIN1 component remained the same in all
vaccines used during this study, which allowed us to investigate
the impact of repeated vaccination with the same antigen. We
compared endpoint and NAI titres in the repeated and single
group at the end of the 5-year study to assess the impact of TIVs
on the durability of antibody titers. Only HCWs in the repeated
group that had been vaccinated with TIV in the final season of
the study were used for comparison using samples collected 12
months post-vaccination. 14/18 HCWs in the repeated group
had received three TIVs and 4/18 had received two TIVs in that
season (Supplementary Table 2). We found that the repeated
group had 3.2-fold higher endpoint titers (P=0.0002)
(Figure 2A) and 2.7-fold higher NAI titers (P=0.01)
(Figure 2B) compared to the single group 5 years after
HIN1pdm09 vaccination. This demonstrated that repeated
vaccination with TIVs after AS03-adjuvanted HIN1pdm09
vaccination contributed to maintenance and further increase of
the durable NA-specific antibody responses.
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Immunization with three TIVs gradually increased the
magnitude of durable endpoint titers and collectively increased
the GMT by 3-fold from titers measured 12 months after the
HIN1pdm09 vaccination (Figure 4B). Durable antibody levels
measured 12 months after the first (P=0.008), second (P=0.001)
and third TIV (P<0.0001) were all significantly higher than the
level measured after HIN1pdm09 vaccination (Figure 4B). This
demonstrates that all TIVs contributed to further increase and
maintenance of durable endpoint titers. The first TIV increased
NAI titers 12 months after vaccination, which reached an
antibody ceiling for the two subsequent TIVs (Figure 4E). No
change was observed in PRNTj, titers after vaccination with
TIVs (Figure 4H). Overall, our results indicate that the TIVs
increased durable endpoint titers and maintained the durability
of functional antibody titers.

Repeated Vaccination Boosts Antibody
Titers but With Reduced Fold-Increase
We analyzed the impact of repeated vaccination on endpoint titers,
and functional NAI and PRNTs, titers measured at 21 days and 12
months after vaccination in the repeated group. The TIVs boosted
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FIGURE 3 | Antibody responses to NA induced by H1N1pdm09 and TIV vaccination. Health care workers in the repeated group received two or three trivalent
influenza vaccines (TIV) in the four subsequent seasons after the 2009 pandemic during the five-year study. Blood samples were collected pre-season (DO) and 21
days, 3, 6 and 12 months (D21, 3M, 6M, 12M, respectively) after each vaccination. Antibody responses were measured by ELISA (A), ELLA (B) and plague reduction
neutralization assay (C) after vaccination with HIN1pdmO09 and the first, second or third TIV. All vaccinated HCWs in the repeated group is included in this figure
regardless of their vaccination intervals. Data are shown as geometric mean with 95% confidence intervals. A linear mixed effects model with adjustments for
demographic factors was used to determine statistical difference between antibody titers measured on day 0 and day 21 for each vaccination. *P < 0.05, ***P <
0.001, ***P < 0.0001.

endpoint titers measured on day 21 and the endpoint GMT
increased gradually with each TIV (Figure 4A). The endpoint
GMT was measured at 740 after HIN1pdm09 vaccination and
was significantly higher after the second TIV when GMT increased
to 1579 (P=0.039). Among the HCWs receiving the second TIV, 7/
26 had not been vaccinated the year before and one HCW had not
been vaccinated for two years (Supplementary Table 2). The
endpoint GMT further increased to 1827 after the third TIV,
which was the highest level measured during the study, although
this was not significantly different from the endpoint GMTs
measured after HIN1pdm09 or the other TIVs. The number of
HCWs that received a third TIV was 19/26, however, two HCWs
did not provide day 21 samples. Of these 19 HCWs, only 4 had not
been vaccinated the season prior to the third TIV (Supplementary
Table 2). We observed a different trend for the functional NAI titers
on day 21. Although NALI titers were boosted by the TIVs, there
were minimal differences in GMT on day 21 after the first, second
and third TIV (Figure 4D). In fact, NAI GMT measured on day 21
was lowest after the third TIV. PRNTj titers were also boosted after
vaccination with TIVs and the highest GMT was observed 21 days
after HIN1pdm09 vaccination, whereas TIVs induced lower but
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factors was used to determine statistical difference between antibody titers measured after vaccination with HIN1pdm09 and TIVs. *P < 0.05, **P < 0.01,
P < 0.0001.

similar titers (Figure 4G). The level of PRNTS, titers measured 21
days after vaccination was not significantly different among
the TIVs.

Although TIV vaccination boosted NA-specific antibody
responses, the magnitude of the fold- increase on day 21 was
not augmented by the number of vaccinations reflecting an
antibody ceiling (Figures 4C, F, I). The GMFR for functional
NAI and PRNTSj titers in the repeated group was highest after
HIN1pdm09 vaccination and declined with each subsequent
TIV (Figures 4F, I). The GMEFR for NAI titers was significantly
lower after the second (P=0.038) and third TIV (P=0.014)
compared to HINIpdm09 vaccination. A trend of decreasing
GMFR for the PRNTSj, titers was observed after the second
(P=0.054) and third TIVs (P=0.077) although not significant
compared to HIN1pdm09 vaccination. The seroconversion rate
for NALI titers also declined with each TIV, where none of the
HCWs had >4-fold increase after the third TIV. Seroconversion
rates for the first and second TIV were 27 and 11%, respectively.
Reduction in GMEFR for endpoint titers was also observed with
repeated vaccination but the effect was less pronounced than for
functional antibody titers (Figure 4C).

Pre-existing antibody titers to HA may have a negative effect on
boosting of antibody titers after vaccination, however, it is unknown
if this applies to NA-specific responses. Spearman correlation

analysis was performed to investigate the relationship between
baseline titers and fold-increase 21 days after vaccination
(Figure 5). We found trends of inverse correlation, which was
strongest for functional NAI (Figures 5E-H) and PRNTS;, titers
(Figures 5I-L). Significant inverse correlations were found for NAI
titers after HIN1pdm09 and second TIV, and after HIN1pdm09
and the two first TIVs for PRNTj5 titers. In contrast, a significant
correlation was only found for endpoint titers after the first TIV
(Figures 5A-D). Although the sample size was low, HCWs did not
have a higher fold-increase when they had not been vaccinated
during the previous year compared to those who had been
vaccinated in the previous year (Figure 5). Overall, our results
indicate that vaccination boosts and maintains NA-specific
antibody titers but the magnitude of fold-increase at day 21 is
reduced by repeated vaccination with the same vaccine strain over
five years. The level of pre-existing antibody titers influenced the
magnitude of fold-increase, particularly for functional
antibody titers.

DISCUSSION

NA is required to be present in current influenza vaccines,
however, there are no regulatory requirements for the amount
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day 21 post-vaccination (day 21/day 0) for endpoint (A-D), NAI (E-H) and PRNTs titers (I-L) in the repeated group. Health care workers (HCWs) were vaccinated
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The correlation coefficient (rs) was calculated by non-parametric Spearman correlation.

or the quality of the antigen. Historically, NA content has not
been regulated for vaccines due to a lack of standardized assays
for measuring the NA concentration and also NA
immunogenicity. Recent studies have emphasized the
importance of NA-specific antibodies in protection against
influenza disease and found that it may be an independent
correlate of protection (6, 7). Here, we studied NA-specific
antibody responses in HCWs after AS03-adjuvanted
monovalent HIN1pdm09 vaccination in 2009 and annual
vaccination with TIVs in the four subsequent influenza
seasons. Our main finding is repeated influenza vaccination
contributes to durable functional HIN1pdm09 NA-specific
antibodies, although there is a reduced magnitude of fold-
induction with increasing number of TIVs.

Early studies have shown that individuals with high pre-
existing HAI titers have reduced boosting after re-vaccination
(19, 20). Others have since reported that repeated vaccination
and high pre-existing titers may reduce boosting of B cell
responses and antibody titers after vaccination (12, 13, 21, 22).
These studies have mostly focused on HA-specific antibody
responses, however, lower antibody responses to NA after a
second vaccination have been reported in individuals vaccinated
in two consecutive years (23). Here we show that repeated
vaccination has a similar effect on the NA-specific antibody

response also after a third and fourth vaccination. We found that,
although antibody titers were boosted after repeated vaccination,
the magnitude of fold-induction declined, which was most
prominent for functional NAI and PRNTs, titers. Additionally,
the NAI and PRNTj titer fold-increase on day 21 was inversely
correlated with pre-existing titers. Others have hypothesized that
boosting after repeated vaccination could be limited by pre-
existing immunity and several mechanisms has been suggested
based on mathematical modeling, which includes epitope
masking model (24). This model proposes that pre-existing
antibodies will bind and mask epitopes, blocking B cells that
bind to the same or nearby epitopes, which results in limited B
cell stimulation and expansion. Epitope masking may be a
possible explanation for why the functional NA antibodies
(measured by fold-increase for NAI and PRNTs, titers) peak
after HIN1pdmO09 vaccination but declines after subsequent
TIVs, whereas this effect is less prominent for total NA-specific
IgG binding antibodies measured by ELISA. Functional
antibodies that are capable of conferring NAI activity bind
directly or close to the enzyme active site, however, antigenic
sites for human mAbs that do not have functional NAI activity
have been described (25). Masking of NAI epitopes would still
allow for stimulation of B cells reactive to other parts of the NA,
which are readily measured by ELISA. Our observational study

Frontiers in Immunology | www.frontiersin.org 8

October 2021 | Volume 12 | Article 748264



Hansen et al

showed that repeated vaccination with the same strain induced
durable NA-specific antibodies although it may reduce the
magnitude of fold-increase, particularly functional antibodies
capable of NAL The persistence of durable antibody titers
suggests that long-lived plasma cells are generated after
adjuvanted HIN1pdm09 and subsequent non-adjuvanted
TIVs. Further studies are warranted to understand the
immunological mechanisms influencing this. This study was
unique because the HIN1 vaccine component was the same
for five consecutive influenza seasons. Antibody responses after
vaccination with TIV during seasons 2006 - 2013 was found to
be highest whenever one or more of the vaccine strains varied
from year to year (21). More diversification of the HIN1 vaccine
strain or addition of adjuvant could possibly have reduced the
negative impact of repeated vaccination on antibody responses to
NA and should be taken into consideration when choosing the
vaccine strains for seasonal vaccines in the future.

A second objective of our study was to investigate the induction
of NA-specific antibodies after AS03-adjuvanted monovalent
HIN1pdm09 vaccination in healthy adults. This vaccine only
contained 3.75 ug HA per dose due to dose-sparing during the
2009 pandemic, whereas TIVs are required to contain 15 ug HA.
Quantification of the HIN1pdm09 vaccine composition by mass
spectrometry revealed that one dose contained 21% HA and 6.9%
NA, demonstrating that the amount of NA was even lower than that
of HA per dose. Based on this estimation, the amount of NA would
have been 1.23 pg per dose (26). Despite this, we found robust
induction of NA-specific antibodies and a 53% seroconversion rate
for NAI titers defined seroconversion as >4-fold increase. Other
studies have found seroconversion rates ranging from 23 - 64%,
however, the definition of seroconversion in these studies varied
from 2 - 4-fold increase on day 21 from baseline (7, 10, 11). The
seroconversion rate in our study is among the highest reported after
influenza vaccination. This shows that robust and durable NA-
specific antibody responses can be induced, even with low amounts
of antigen when given with an appropriate adjuvant. Our results
further support that standardization of the amount and stability of
the NA antigen should be implemented for optimization of current
influenza vaccines.

NA may undergo antigenic drift and shift independently of
HA and NA immunity could provide protection in the event of
mismatching of vaccine and circulating strains, and possibly
against newly emerging strains. Broadly reactive NA antibodies
have been described, demonstrating the breadth of immunity
that could potentially be achieved through vaccination (8, 27).
Standardizing the amount and supplementing current vaccines
with NA have been proposed as a strategy for improving NA
immunogenicity (28). A high dosage influenza vaccine
containing eight times more NA activity than standard TIVs
was found to induce higher levels of NATI antibodies compared to
the standard TIV dosage in humans (29). Furthermore,
computationally designed NA antigens tested in mice have
shown that NA antigens can be designed for optimal cross
reactivity (30). These strategies could possibly overcome the
influence of pre-existing immunity and aid in the design of
diverse antigens for optimal NA immunogenicity.

Neuraminidase Antibodies After Influenza Vaccination

The current study has several limitations. HCWs may have
been infected with influenza virus during the five-year study.
This was more easily identified in the single group by increases of
HI titers during a season, three HCWs were excluded from
further analysis after seroconversion had occurred. However, this
was more complicated for HCWs in the repeated group because
it is not possible to distinguish increase in HI titer induced by
vaccination versus infection. Furthermore, HCWs in the repeated
group had different intervals of TIV vaccination and the sample
size for the various regimens was low. However, we did not find
that HCWs that had not been vaccinated for one or two years
had higher antibody titer fold-increase compared to those who
received TIVs in consecutive years. Only serological responses
were measured in this study and therefore it is not known if and
how the B cells are affected by repeated vaccination. Others have
found inverse correlations between HA-specific pre-existing
titers and the number of vaccine-induced antibody secreting
cells (12, 21). Investigating this relationship for NA-specific
humoral responses is important in future work as it could
provide a better understanding of the interplay between pre-
existing immunity and boosting, and its role in repeated
influenza vaccination.

In conclusion, we found that AS03-adjvuanted pandemic
vaccination boosted the NA-specific antibodies that persisted
above pre-vaccination levels for 5 years. Repeated vaccination
boosted NA-specific antibody titers, although with reduced the
magnitude of fold-increase, particularly for functional
antibodies. It is important to emphasize that vaccination is the
best method of preventing influenza infection and annual
vaccination remains beneficial. Our results support continued
development and standardization of the NA antigen to
supplement current influenza vaccines and reduce the burden
of morbidity and mortality.
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Supplementary Figure 1 | NA inhibitor oseltamivir was used to verify that the plaque
reduction neutralization assay was capable of measuring reduction of plaque forming units
per well (PFU/well) as a result of NA inhibition in a dose-dependent manner.

Supplemental table 1. CHMP immunological criteria for influenza vaccines

CHMP criteria for HI titer All HCWs (day 21)
Geometric mean fold rise >2.5 49.4
Seroconversion rate (>4-fold increase) >40% 92%
Seroprotection rate (HI titer >40) >70% 100%

European Medicines Agency Committee for Medicinal product for human use (CHMP)

Supplemental table 2. Overview of vaccination intervals and number of vaccinations in the
repeated group

Vaccine intervals HCWs
2009-2010-2011-2012-2013 n (%)
1-0-0-1-1 1(4)
1-0-1-0-1 2 (8)
1-1-0-0-1 1(4)
1-1-1-0-0 1(4)
1-0-1-1-1 5(19)
1-1-0-1-1 5(19)
1-1-1-0-1 4 (15)
1-1-1-1-0 727)

HCW healthcare workers (HCWs).
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Highlights

e Humoral and cellular responses after SARS-CoV-2 vaccination or infection in elderly
o Elderly vaccinees had narrower spike-specific T-cell receptor repertoires

e T-cell responses short-lived after vaccination but long-lived after infection

e Memory B-cells maintained 9-months post-vaccination and 12-months post-infection

e Neutralizing antibodies lasted 6 months in old and 12 months in younger vaccinees

Abstract

Objectives

Elderly are an understudied, high-risk group vulnerable to severe COVID-19. We
comprehensively analyzed the durability of humoral and cellular immune responses after

BNT162b2 vaccination and SARS-CoV-2 infection in elderly and younger adults.



Methods

Home-dwelling old (n=100, median 86 years) and younger adults (n=449, median 38 years)
were vaccinated with two doses of BNT162b2 vaccine at 3-week intervals and followed for 9-
months. Vaccine-induced responses were compared to home-isolated COVID-19 patients
(n=183, median 47 years). Our analysis included neutralizing antibodies, spike-specific IgG,
memory B-cells, IFN-y and IL-2 secreting T-cells and sequencing of the T-cell receptor (TCR)

repertoire.

Results

Spike-specific breadth and depth of the CD4" and CD8* TCR repertoires were significantly
lower in the elderly after one and two vaccinations. Both vaccinations boosted IFN-y and IL-2
secreting spike-specific T-cells responses, with 96% of the elderly and 100% of the younger
adults responding after the second dose, although responses were not maintained at 9-months.
In contrast, T-cell responses persisted up to 12-months in infected patients. Spike-specific
memory B-cells were induced after the first dose in 87% of the younger adults compared to
38% of the elderly, which increased to 83% after the second dose. Memory B-cells were
maintained at 9-months post-vaccination in both vaccination groups. Neutralizing antibody
titers were estimated to last for 1-year in younger adults but only 6-months in the older
vaccinees. Interestingly, infected older patients (n=15, median 75 years) had more durable

neutralizing titers estimated to last 14-months, 8-months longer than the older vaccinees.

Conclusions

Vaccine-induced spike-specific IgG and neutralizing antibodies were consistently lower in the
older than younger vaccinees. Overall, our data provide valuable insights into the kinetics of
the humoral and cellular immune response in the elderly after SARS-CoV-2 vaccination or
infection, highlighting the need for two doses, which can guide future vaccine design.

Clinical trials.gov;NCT04706390

Keywords
Elderly, BNT162b2, memory B-cell, T-cell, SARS-CoV-2, neutralising antibody



Introduction

The rapid development and licensing of mRNA vaccines has resulted in a significant reduction
in morbidity and mortality due to coronavirus disease 2019 (COVID-19) [1, 2]. Based on
preclinical studies of severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle
Eastern Respiratory Syndrome Coronavirus (MERS-CoV) [3], the spike protein was quickly
identified as an antigenic target for SARS-CoV-2 vaccines. The elderly are at the highest risk
of severe disease and death after COVID-19 [4, 5], thus optimal protection for this group is a
major goal of vaccine design and public health efforts. Despite this, the elderly were not
included in the original COVID-19 vaccine licensure trials [6]. BNT162b2 vaccine induced a
strong humoral response against SARS-CoV-2 in people over 80, while cellular responses were
only detectable in 63% [7]. Furthermore, humoral and cellular immune responses in older

persons are lower compared to younger adults up to 6-months post-vaccination [8].

A reliable correlate of protection recognized by regulators has yet to be defined, however, there
is compelling evidence in support of both humoral and cellular immunity in preventing severe
disease [9, 10]. Although protection against severe disease for the first few months after
vaccination is well documented, the duration of vaccine-induced protection has been found to
wane 6-months after vaccination [11]. It is currently unclear how the durability of humoral and
cellular responses differs between younger adults and elderly persons after vaccination, and

how this compares to immunity after infection.

We conducted a longitudinal study comparing the magnitude and durability of the immune
responses elicited after vaccination and infection in different age groups. Here, we measured
the immune response for up to 9-months after BNT162b2 vaccination in SARS-CoV-2 naive
old and younger adults. We performed a comprehensive analysis of both humoral and cellular
immune responses covering SARS-CoV-2 spike-binding and neutralizing antibodies, memory
B-cells, functional T-cell responses and sequencing of the T-cell receptor (TCR) repertoire.
Our data provide valuable information on the kinetics and durability of SARS-CoV-2 immune
responses for younger adults and an understudied, high-risk, elderly group. We also compared
the durability of vaccine-induced immune responses with those after mild-to-moderate
infection in unvaccinated individuals, demonstrating that age differentially shapes immune

responses after vaccination and infection.



Methods

Participants

We conducted a prospective cohort study of adults receiving pandemic COVID-19 vaccine
(BNT162b2 Pfizer-BioNTech) between January and November 2021 from Eidsvag general
practice and Haukeland University Hospital in Bergen, Norway. All subjects provided written
informed consent before inclusion in the study, which was approved by the regional ethics
committee (Regional Committee for Medical Research Ethics, Northern Norway (REK Nord).
The study is registered in the National Institute for Health database Clinical trials.gov
(NCT04706390). The inclusion criteria were willingness to attend scheduled blood sampling
visits and no previous SARS-CoV-2 infection. The exclusion criteria were history of
anaphylaxis or hypersensitivity to vaccines. The infected cohort was recruited during March
and April 2020 from home-isolated SARS-CoV-2 infected individuals and were followed
clinically and immunologically at 2-, -6 and 12-months post-infection. The inclusion criteria
were positive PCR test or antibody positivity at convalescence. All patients had mild-to-

moderate infection and were not hospitalized, details are described elsewhere [12].

Vaccine
Each dose (0.45 ml) of BNT162b2 mRNA vaccine embedded in lipid nanoparticles contained
30 ug of a purified single-stranded, 5'-capped mRNA, encoding the spike protein from the

founder Wuhan-Hul strain.

Vaccine study design

All participants were vaccinated intramuscularly into the deltoid muscle with two doses of
BNT162b2 mRNA vaccine at 3-week intervals. Subjects provided blood samples prior to and
3- and 6-weeks, 5- and 9-months after vaccination. Blood samples were collected using plastic
serum tubes (BD Biosciences) and ethylene diamine tetra acetic acid (EDTA) tubes (BD
Biosciences). A subgroup of the vaccination and infection cohorts provided a cell preparation
tube (CPT) (BD Biosciences) for PBMC separation pre- and post-vaccination or post-infection,
respectively, to examine MBC and T-cell responses. The infected cohort provided serum at 8-

weeks, 6- and 12-months post-infection.

Clinical information
Electronic case report forms (eCRF) were developed using the Research Electronic Data

Capture database (REDCap®) (Vanderbilt University, Nashville, Tennessee). The eCRF



contained demographics, comorbidities, medication, exposure and infection history (RT-PCR

results and presence of symptoms) and vaccination data.

Serological assays

ELISA

ELISA was used for detecting spike-specific IgG [12, 13]. Baseline sera were screened by RBD
ELISA to test for seropositivity, positive samples were run in spike I[gG ELISA. Endpoint titers
were calculated as the reciprocal of the serum dilution giving an optical density value of 3

standard deviations above the mean of historical pre-pandemic sera (n=128).

Microneutralization assay

The microneutralization assay was performed with ancestral D614G hCoV-
19/Norway/Bergen-01/2020 (GISAID accession ID EPI_ISL_541970) in a certified Biosafety
Level 3 Laboratory, as previously described [13]. Neutralizing titers were calculated as the
reciprocal of the serum dilution giving 50% inhibition of virus infectivity. For calculation

purposes negative titers (<20) were assigned a value of 10.

Memory B-cell ELISPOT

PBMCs were resuspended in RPMI-1640 (Lonza) with 10% fetal bovine serum (Hyclone), 100
U/ml penicillin, 0.1 mg/ml streptomycin (Sigma Aldrich) (negative control) or in medium
containing 1 pg/ml R848 (MabTech) and 1 pg/ml rhIL-2 (MabTech) for expansion of B-cells.
Two million cells were added per well in 24-well plates (Nunc) and incubated for 6 days at
37°C, 5% COz. ELISPOT plates (Millipore) were coated with 15 pg/ml anti-human IgG
(MabTech), 10 pg/ml SARS-CoV-2 spike protein, or PBS only (negative control) at 4°C
overnight. Lymphocytes were incubated in ELISPOT plates for 16 hours (37°C, 5% CO»). IgG*
MBCs were detected with 1 pg/ml biotinylated anti-IgG monoclonal antibody (MabTech) for
2 hours at room temperature followed by Streptavidin-HRP (1:1000) (MabTech). Spots were
developed with 3,3'.5,5'-tetramethylbenzidine (TMB) ELISPOT substrate (MabTech). The
plates were counted using an ELISPOT reader (Advanced Imaging Devices, Germany). Spike-
specific spots were calculated as the mean of duplicate wells after subtraction of negative

controls and presented as spot forming units per million PMBCs (SFU/10° PBMCs).



SARS-CoV-2 T-cell responses

Spike-specific interferon-y (IFN-y), interleukin 2 (IL-2), and double-positive IFN-y*, IL-2*
cytokine-producing T-cells were quantified using an IFN-y/IL-2 FluoroSpot kit (MabTech), as
previously described [14].

T-cell receptor (TCR) variable beta chain sequencing

EDTA samples were collected 0, 3- and 6-weeks post-vaccination from all vaccinees for
immunosequencing of the human TCRp chains complementarity determining region 3 (CDR3)
using the immunoSEQ Assay (Adaptive Biotechnologies, Seattle, WA). Extracted genomic
DNA was amplified in a bias-controlled multiplex PCR, followed by high-throughput
sequencing. Sequences were collapsed and filtered in order to identify and quantitate the
absolute abundance of each unique TCRB CDR3 for further analysis as previously described
[15].

Identifying SARS-CoV-2-associated TCRp sequences

One-tailed Fisher’s exact tests were performed on all unique TCRp sequences comparing their
presence in SARS-CoV-2 PCR-positive samples (n=1954) with negative controls (n=3903)
generating a list of SARS-CoV-2-associated sequences which are exclusive to, or greatly
enriched, in PCR-positive samples. Filtering was performed to remove potential false positives
associated with cytomegalovirus (CMV) seropositivity or human leukocyte antigen (HLA)
alleles in SARS-CoV-2 negative healthy populations[16]. SARS-CoV-2-associated sequences

contains 8631 rearrangements.

We assigned subsets of our enhanced TCR sequences to spike and non-spike antigens based
on data from multiplexed antigen stimulation assays. 917 TCRs were assigned to the SARS-
CoV-2 spike protein and 1564 to non-spike viral proteins. We inferred whether an enhanced
sequence was a CD4" or CD8" T-cell by statistically associating each sequence to a Class II or
Class THLA. HLA associations are derived from a set of 657 SARS-CoV-2 positive individuals
who have genotyped HLAs. We built a binary logistic regression classifier with L1
regularization to determine which HLA best predicts the observed distribution of a given
enhanced sequence across all HLA-typed cases. The L1 regularization strength was tuned to
yield a single non-zero coefficient, giving a single inferred HLA association for each enhanced
sequence. The inferred HLA associations were validated against the subset of enhanced

sequences which overlap with our multiplex antigen stimulation assays [15, 17].



Spike-specific TCR clonal breadth and depth were calculated as previously described, using
the set of SARS-CoV-2-associated TCRP sequences [18]. Breadth is calculated as the number
of unique SARS-CoV-2-associated rearrangements out of the total number of unique
productive rearrangements, while depth accounts for the frequency of those rearrangements in

the repertoire.

Statistical analysis

Data were plotted using Graphpad Prism (version 9, La Jolla, USA). Statistical analyses were
performed in R (Version 4.1.2) using the following libraries: nlme, emmeans, and ggplot. We
used linear mixed-effect models to compare humoral and cellular responses after vaccination
in younger and older adults over the 9-months and compared to infected individuals with
adjustments for demographic and clinical data, and for subject variation with repeated
measures. A single global test for all possible 2-way interaction terms was performed for each
model to avoid multiple testing. The interaction term was included in the model only if P<0.01
to lower the likelihood of a false positive result. The estimated effects of covariates are
presented with 95% confidence intervals. Statistical differences between pairs of group means
was done by post-hoc tests using Bonferroni adjustment for multiple comparisons. P<0.05 was

considered statistically significant.

Results

Demographics of study population

We prospectively enrolled elderly and younger adults after BNT162b2 vaccination (2 doses at
3-week intervals), consisting of 449 younger adults (median 38 years old (yo), range 23-69yo,
69% female) and 100 elderly (median 86yo, range 70-99yo, 63% female) (Fig. 1, Table 1).
The elderly had more comorbidities (84%), mainly chronic heart disease, than younger adults
(12%). Fifteen percent of the elderly were taking immunosuppressive medication compared to
1% of the younger adults. Blood samples were collected at baseline, at 3-weeks, 6-weeks, 5-
and 9-months after the first vaccination (Fig. 2A) and all vaccinees were pre-vaccination

seronegative by RBD ELISA.



Vaccinated
n=614

Younger adults
n=505

PCR or seropositive
prior to vaccination
n=10

—

Lost during
follow up
n=46

3, 6 weeks, 5 months
n=449
PBMC n=34

Not prioritized for
9 months follow up
n=338

9 month follow up
n=111
PBMC n=34

FIG 1. Study population flowchart
Number of vaccinees eligible for inclusion at baseline and sampling of serum and peripheral
blood mononuclear cell (PBMC) for the participants during the study.

Table 1. Demographics of the study population

Older adults
n=109
PCR or seropositive
——| prior to vaccination
n=4
Lost during
e follow up
n=5
3, 6 weeks, 5 months
n=100
PBMC n=24
Lost during
— follow up
n=10

9 month follow up
n=90
PBMC n=24

Younger adults, n (%) Older adults, n (%) Infected, n (%)
Subgroup All! B-and | Subgroup | AIl? | B-and T- AlB B- and
T-cells> | 9 months cells? T-cells*
Total number of 449 34 111 100 24 183 68
subjects
Female/male 309/140 | 22/13 75/36 63/37 15/9 95/88 33/35
(69/31) | (63/37) (66/34) | (63/37) | (62/38) (52/48) (5149)
Median age 38 39 41 86 86 47 45
[range] [23-69] | [27-63] [23-66] [70-99] [73-93] [23-80] | [16-80]
Comorbidity® 54 (12) 2 (6) 13 (12) 84 (84) 21 (88) 74 (40) | 27 (40)
Immunosuppression® 6 (1) 1(3) 3(3) 15 (15) 7 (29) 503) 2(3)

1Sampled on day 0, 3- and 6-weeks, 5-months

2Sampled on day 0, 3- and 6-weeks, 5-months, 9-months
3Sampled at 2-, 6- and 12-months after diagnosis
4Sampled at 6-months (B-cells n=10, T-cells n=38) and 12 months (B- and T-cells n=63)
SComorbidities include chronic heart disease, chronic lung disease, chronic liver disease,
chronic kidney disease, diabetes, cancer, rheumatic disease, neurological disease,

autoimmune disease.

SInherent immunosuppressive disease, HIV, organ transplant, chemotherapy, other
immunosuppressive medication.



BNT162b2 vaccination induces durable, but less robust humoral immunity in older
adults

We have conducted a comprehensive analysis of the kinetics and durability of the humoral and
cellular responses after BNT162b2 vaccination. Binding IgG titers were measured against
recombinant spike protein by ELISA. The first vaccination elicited spike-specific IgG in both
groups, although the elderly had significantly lower geometric mean titers (GMT) than the
younger adults (GMT 1503 vs 9578, P<0.0001) (Fig. 2B). The second vaccination boosted
spike-specific IgG titers in all vaccinees with the highest titers observed in younger adults,
however, the elderly had a higher fold increase after the second dose (mean fold increase 30 vs
7). In addition to age, a mixed-effects model showed that IgG titers were also significantly
lower for men than women and for vaccinees with comorbidities (Table S1). The elderly had
significantly lower spike-specific IgG titers compared to the younger adults at 5- and 9-months
(GMT 5 months 4048 vs. 14713, 9-months 1483 vs. 2724, P<0.0001) (Fig. 2B). We used linear
regression models to calculate the half-life of the spike-specific IgG response from peak levels
measured after the second dose. We found that the geometric mean of the estimated IgG half-

life was 3.1 months for the elderly compared to 3.6 months for the younger adults.

We studied the neutralizing antibody response after vaccination in the elderly and a
representative subgroup of younger adults (Fig. 2C). Neutralizing titers were lower in the
elderly than the younger adults after the first dose (GMT 16 vs 29), where only 32% of the
elderly had detectable (>20) neutralizing antibodies compared to 71% of younger adults. The
second dose boosted neutralizing titers for both groups, with 92% of the elderly having
neutralizing titer >20 (GMT 115) compared to 100% of the younger adults (GMT 469).
Although neutralizing antibodies waned in both groups, titers were detectable in 100% of
younger adults (GMT 142) and 82% of elderly (GMT 45) after 5-months. At 9-months post-
vaccination, 95% of younger adults still had detectable neutralizing antibodies (GMT 57),
whereas the percentage of elderly had decreased to 58% (GMT 24). We estimated the half-life
and time for the neutralizing titers to fall below the level of detection (<20). The geometric
mean of the estimated half-life of neutralizing titers was comparable for the younger adults
(4.0 months) and the elderly (4.3 months). However, the estimated duration of detectable
neutralizing titers was 12.5 months for the younger adults and only 6.2 months in the elderly
(Fig. S1). Similarly to spike-specific IgG, the linear mixed-effects model analysis showed that

the neutralizing antibodies were also lower for the elderly and for men (Table S1).
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FIG 2. Durability of spike-specific humoral immune responses after BNT162b2 vaccination
(A) Study design showing time points for vaccination and blood sampling in young adults (blue
circles) aged 23-69 years (n=449) and elderly persons (red triangles) aged 70-99 years (n=100).
Each symbol represents one individual.

(B) Anti-spike serum IgG endpoint titers measured by ELISA. Data are presented as geometric
mean titer (GMT) with 95% confidence intervals (CIs).

(C) Neutralizing antibody responses measured by microneutralization assay against the
ancestral D614G strain in all elderly and a subgroup of adults including those that provided
peripheral blood mononuclear cells (PBMCs) (n=41). The neutralizing titer was defined as the
reciprocal serum dilution resulting in 50% neutralization. The data are presented as GMT with
95% Cls.

(D) Spike-specific memory B-cell responses were measured by ELISpot using PBMCs
collected from a subgroup of vaccinated younger adults (n=35) and elderly (n=24). The
frequency of spike-specific memory B-cells were defined as spot forming units (SFU) per 10°
PBMC. The data are presented as mean with 95% Cls.

Mixed-effects model with normalized outcome variables with fixed effects of sex, age group,
presence of comorbidity, use of immunosuppressive medication and age-by-time interaction
(except neutralization and memory B-cells), and individual repeated measures as a random
factor. Significance of differences between pairs of group means was assessed by post-hoc
tests. P values were only reported if they were significant at the 5% level after Bonferroni
correction.

**4%p<0.0001, **P<0.01, ¥*P<0.05

We collected PBMC from a subgroup of 34 younger adults and 24 elderly to investigate the
spike-specific memory B-cell (MBC) response by ELISpot after the first and second dose, and
long-term after 5- and 9-months (Table 1, Fig. 2D). The first dose induced significantly higher
levels of MBCs in the younger adults compared to the elderly (P<0.05). After the first dose,
87% of younger adults had detectable spike-specific MBCs (mean SFU 329, range 0-790),
whereas MBCs were only detected in 38% of the elderly (mean SFU 68, range 0-440). The
second vaccination boosted the number of MBCs in the elderly (mean SFU 198, range 0-1560),



although four elderly subjects were non-responders (17%), two of whom were taking
immunosuppressive medication. In contrast, we found that the second dose induced limited
boosting of MBCs in the younger adults (mean SFU 348, range 0-1030), where two younger
adults (6%) had no increase in MBCs. The MBCs were generally maintained after 5- and 9-
months post-vaccination or increased moderately in younger adults. The frequency of MBCs
in the elderly increased to mean SFU 228 (range 0-1240) after 5-months and mean SFU 251
(range 0-870) after 9-months, although this increase was not significant. Similarly, the
frequency of MBCs in younger adults increased moderately to mean SFU 456 (range 10-2000)
after 5-months and mean SFU 521 (range 0-1360) after 9-months.

BNT162b2 vaccination expands the spike-specific T-cell response

The immunoSEQ assay is a high throughput ultra-deep sequence-based method to quantify
spike-specific T-cell responses after natural infection or vaccination [18]. This method allowed
us to assess the breadth and depth of the spike-specific TCR repertoire for all vaccinees at
baseline and after the first and second vaccination. Clonal breadth was defined as the relative
number of distinct spike-specific T-cell clonotypes as a fraction of the overall repertoire, and

clonal depth as the extent of expansion of spike-specific T-cells.

The spike-specific TCR breadth and depth increased in both groups after the first and second
vaccination, demonstrating expansion of spike-specific T-cells (Fig. 3). The younger adults
had significantly higher TCR breadth (Fig. 3A) and depth (Fig. 3B) compared to the elderly
after the first and the second vaccination, indicating that the elderly had fewer expanded T-
cells and a narrower spike-specific TCR repertoire (Table S2). The younger adults had the
highest fold increase in spike-specific TCR breadth after the first vaccination (mean fold
increase 11 vs. 4), while the fold increase was comparable between the groups after the second
dose (mean fold increase 1 vs. 2). Overall, both the breadth and depth of the spike-specific
TCR repertoire was highest for the human leukocyte antigen (HLA) class II-associated T-cells,
indicating that CD4" T-cells made up the largest proportion of the vaccine-induced T-cell

response.



>
w

TCR breadth TCR depth
1x10’31 o *x 300 i
°
£ sx10* £ 8
E 5x104 5 g 200 o O Younger adults
S 4x104 3 o : © Older adults
s 4 g 2 100 g 9
O 3x10% 8 =
T 2x10%4 £
o =
= 1x104 04 gam - ——
o s o -50 -
baseline 3 weeks 6 weeks baseline 3 weeks 6 weeks
1*10'31 J— e 300 . -
<
T 7x10% ° £ 2001 E
8 5x104 1 g 100 8
jd °
5 4x104 ° z 60 o o Younger adults
o -
2 3x104 8 2 40 Older adults
kS < S 20
3 2x10°4 g
O 1x10-4 04 =
==
N ‘ - = ol ol wbel -~ -
baseline 3 weeks 6 weeks baseline 3 weeks 6 weeks
5x10~51 . ok 1(;% 5 *
<
T 3x10% 8 © £ 0 8
8 ax105 ¢ S 2+ o
o g E 5 2 § ©  Younger adults
o
O 2x10° o Ider adul
e F 101 Older adults
ES - 2
3 1x105+ 3 .15
——&! = .20-_&__ . 3
baseline 3 weeks 6 weeks baseline 3 weeks 6 weeks

FIG 3. Spike-specific T-cell receptor sequencing after BNT162b2 vaccination

(A) The clonal breadth of the spike-specific T-cell receptor (TCR) repertoire measured by
immunoSEQ in vaccinated adults (blue circles) aged 23-69 years (n=449) and elderly persons
(red triangles) aged 70-99 years (n=100). Blood samples were tested at baseline, and 3 weeks
after first and second vaccination (6 weeks post-first vaccination). Each symbol represents one
individual. The proportion of unique spike-specific TCR sequences (breadth) for all T-cells
(top), CD4* T-cells (middle) and CD8" T-cells (bottom). Data are presented as mean with 95%
confidence intervals.

(B) The frequency of unique spike-specific TCR sequences (depth) for the total TCR repertoire
(top), CD4" T-cells (middle) and CD8* T-cells (bottom).

Mixed-effects model with normalized outcome variables with fixed effects of sex, age group,
presence of comorbidity, use of immunosuppressive medication and age-by-time interaction
(except CD8* TCR depth), and individual repeated measures as a random factor. Significance
of differences between pairs of group means was assessed by post-hoc tests. P values were
only reported if they were significant at the 5% level after Bonferroni correction.
**#%P<0.0001, ***P<0.001, **P<0.01, *P<0.05

To complement the TCR data, we analyzed the functionality of the spike-specific T-cell
response using PBMCs in the FluoroSpot assay in a subgroup of younger adults (n=34) and
elderly (n=24) (Fig. 4, Table 1). Single cytokine-producing (IFN-y or IL-2) T-cells (Fig. 4A-
B) and double cytokine-producing IFN-y*, IL-2* T-cells (Fig. 4C) were measured using
overlapping peptide pools from the spike protein. Spike-specific TCR breadth and depth
correlated with the number of functional spike-specific T-cells measured by FluoroSpot (Fig.

S2). The first vaccination increased IFN-y and IL-2 single-producing and double-producing T-



cells from baseline levels in both groups, with all but one younger adult and two elderly
responding. The magnitude of the response was higher in the younger adults than the elderly
after the first dose, although not significant. The second vaccination boosted T-cell responses
in both groups, with 96% (23/24) responders among the elderly and 100% (34/34) responders
among the younger adults. No significant difference in the T-cell responses were observed
between the younger adults and the elderly, although a trend towards higher frequencies was
consistently observed in the younger adults. The spike-specific T-cells gradually declined from
peak levels after the second dose in both groups. Low frequencies of T-cells were detected at
9-months in both vaccine groups, with no significant differences between the groups. The
proportion of single cytokine-producing T-cells secreting IFN-y or IL-2 was similar after 3-
weeks in both groups but became skewed more towards IFN-y over time. This transition was
faster in the younger adults than the elderly (Fig. 4D). The proportion of IFN-y and IL-2
double-producing T-cells was always lower than single cytokine producing cells for both

groups at all timepoints.
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FIG 4. Functional spike-specific T-cell responses after BNT162b2 vaccination

(A-C) The frequency of interferon-y (IFN-y) (A), interleukin-2 (IL-2) (B) and double cytokine-
producing spike-specific T-cell responses (C) measured by fluorospot in vaccinated adults
(n=35, blue circles) and elderly (n=24, red triangles). Each symbol represents one individual.
T-cell frequencies are reported as spot-forming units (SFU) per 10° peripheral blood
mononuclear cells at baseline, and 3 weeks after first and second vaccination (6 weeks post-
first vaccination) and 5- and 9-months post-first vaccination. Data are presented as mean with
95% confidence intervals.

(D) The proportion of T-cells producing single cytokines IFN-y (green) or IL-2 (blue), or
double-producing IFN-y and IL-2 (gray) in adults (top row) and elderly (bottom row). The
proportions are presented as percentage of single or double-producing T-cells of the total
number of T-cells measured in the younger (n=35) and older adults (n=24).
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Age-dependent variation in spike-specific immune responses induced by SARS-CoV-2
infection and vaccination

We then compared the magnitude and durability of spike-specific immune responses induced
by vaccination and SARS-CoV-2 infection. Home-isolated, naturally infected participants
were prospectively recruited in March and April 2020 during the first pandemic wave [12]. The
infected group experienced mild-to-moderate COVID-19 and consisted of 183 subjects
(median age 47 yo, range 23-80 yo, 52% female and 48% male), where 40% had comorbidities
and 15% were taking immunosuppressive medication (Table 1). Immune responses were
measured 8-weeks, 6- and 12-months after SARS-COV-2-confirmed diagnosis and were
compared with responses measured at 6-weeks, 5- and 9-months after first vaccination,

respectively.

The second dose boosted spike-specific IgG to higher peak levels at 6-weeks in both vaccine
groups than the infected group 8-weeks post-infection. Vaccinees had significantly higher IgG
titers at S-months compared to the infected patients after 6-months, although only the younger
adults remained significantly higher than the infected group after 9-months (Fig. SA).
Furthermore, the younger adults had significantly higher peak neutralizing titers at 6-weeks
while the infected group had significantly higher neutralizing titers after 12-months compared

to the vaccinated elderly at 9-months.

The durability of the spike-specific memory B and T-cell responses were compared after
vaccination and infection in a subgroup of individuals (Table 1). There was a non-significant
trend of higher frequencies of MBCs in the infected group compared to the vaccinees, with
lower responses consistently observed in the vaccinated elderly (Fig. 5A). Durable single
cytokine-producing IL-2* and double cytokine-producing IFN-y*, IL-2* T-cells were
significantly higher 12-months post-infection compared to 9-months post-vaccination in
elderly and younger adults (Fig. 5B). Whereas, single cytokine-producing IFN-y* T-cells were
significantly higher in the infected group at 6-12 months compared to only the elderly
vaccinees after 5-9 months. The radar chart shows that the infected group maintained humoral
and cellular responses between 6- and 12-months, whereas this was not observed in either of
the vaccine groups between 5- and 9-months post-vaccination with the exception of MBCs

(Fig. 5C).
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FIG 5. Spike-specific immune responses after vaccination and SARS-CoV-2 infection

(A) Spike-specific IgG titers, neutralizing titers and spike-specific memory B-cell responses
were measured for vaccinees 3 and 6 week, and 5- and 9-months post-vaccination and infected
subjects at 8 weeks, 6- and 12-months post-infection. Spike-specific IgG and neutralizing titers
are presented as geometric means with 95% confidence intervals (Cls). Spike-specific memory
B-cell responses were measured by ELISpot using peripheral blood mononuclear cells
(PBMCs). The frequency of spike-specific memory B-cells were defined as spot forming units
(SFU) per 10° PBMC. The data are presented as the mean with 95% ClIs. Statistical significance
was assessed between the infected group (green) and vaccinated older (red) or younger adults
(blue) using a mixed effects model for normalized outcome measures, adjusted for repeated-
measure subject variance and demographic factors, and post-hoc tests with Bonferroni
correction. Red stars represent the significance level between the older adults and the infected
group and blue stars represent significance level between the younger adults and the infected
group. IgG titer: younger adults n=449, older adults n=100, infected n=198. Neutralizing titer:
younger adults n=43, older adults n=100. Memory B-cells: younger adults n=34, older adults
n=24, infected 6 months n=10, infected 12 months n=63.

(B) Spike-specific T-cell responses measured as the frequency of interferon-y (IFN-y),
interleukin-2 (IL-2) and double cytokine-producing spike-specific T-cells measured by
FluoroSpot assay in vaccinees at 3- and 6-week, and 5- and 9-months post-vaccination
(younger adults n=35, older adults n=24) and infected subjects at 6 and 12 months post-
infection (6 months n=38, 12 months n=63). Data are reported as mean SFU/10° PBMC with
95% Cls.

(C) Radar chart summarizing durable spike-specific immune responses in SARS-CoV-2
infected (left) and vaccinated younger adults (middle) and older adults (right). The data are
presented as means on a log-axis. NT (neutralizing titer), memory B-cell (MBC).



We further compared the age-specific magnitude and durability of spike-specific antibody
responses following vaccination and infection. There were notable differences in the magnitude
and durability of IgG and neutralizing titers following vaccination and infection for all age
groups. We found that younger vaccinated subjects (23-55 yo) had significantly higher IgG
and neutralizing titers than infected individuals of the same age during peak levels (6 vs. 8
weeks post-infection) (Fig. 6A, D, Table S3). The difference in IgG and neutralizing titers
between younger infected and vaccinated individuals decreased at 5-months (Fig. 6B, E), with
no significant differences between infected and vaccinated individuals aged 40-69 yo observed
by 9-months (Fig. 6C, F). In contrast, the infected older individuals (70-99 yo) had
significantly higher peak neutralizing titers, although similar peak IgG titers, than the vaccinees
of the same age group. These infected 70-99 yo individuals also had higher and more durable
IgG and neutralizing titers at 12-months post-infection compared to vaccinated subjects at 9-
months (Fig. 6C, F).
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FIG 6. Age-specific antibody responses after vaccination and natural SARS-CoV-2 infection

(A-F) Spike-specific IgG (A-C) and neutralizing titers (D-F) in vaccinated individuals (n=549)
(dark blue circles) and infected individuals (n=183) (green squares) were divided into 15-year
age groups. Blood samples were collected 6-weeks after the first vaccination (3-weeks after
the second vaccination), 5- and 9-months post-vaccination. Home-isolated SARS-CoV-2
infected individuals (n=183) provided blood samples 8-weeks, 6- and 12-months post-acute
infection. Data are presented as geometric mean titer (GMT) with 95% confidence interval (CI)
and each symbol represents one individual. The threshold for detectable neutralizing antibodies
(<20) is indicated with a dotted line. Multiple linear regression analysis was used to test if
vaccination or infection group predicted log normalized IgG or neutralizing titers, adjusted for
repeated-measure subject variance and covariates sex, age, comorbidity, use of
immunosuppressive medication and age-by-group interaction. P values were only reported if
they were significant at the 5% level after Bonferroni correction.

**x*¥P<0.0001, ***P<0.001, **P<0.01, *P<0.05



We compared the geometric mean of estimated time for neutralizing titers to fall below the
level of detection (neutralizing titer <20) for infected and vaccinated subjects. Our calculation
estimated that infected subjects aged 70-99 yo (n=15) would have detectable neutralizing
antibodies for up to 14-months compared to only 6-months for vaccinated elderly (n=93),
demonstrating increased durability after infection for the oldest individuals. This disparity was
largest for subjects aged 56-69 yo where the vaccinees (n=13) were estimated to have
detectable neutralizing antibodies for 15-months compared to 28-months in the infected
subjects (n=36). The durability of neutralizing antibody titers was more comparable for the two
youngest age groups 23-39 yo (vaccinees 12 months, n=20 vs. infected 12 months, n=72) and

40-55 yo (vaccinees 15 months, n=13 vs. infected 17 months, n=65).

In summary, infected individuals had more durable spike-specific humoral and cellular

immune responses at all ages, but particularly antibody responses in older infected individuals.

Discussion

The rapid development and implementation of COVID-19 vaccines have changed the
trajectory of the COVID-19 pandemic. Vaccination is the best method for protection against
severe disease and long-term sequalae. There is limited data on the longevity of immune
responses exceeding 6-months post-vaccination, especially among elderly persons who are at
high risk of severe COVID-19, which we aimed to address in this study. Here, we have
comprehensively investigated the kinetics and durability of humoral and cellular immune
responses in younger and old adults following two doses of BNT162b2 vaccination for up to

9-months and compared this to naturally infected home-isolated individuals.

Overall, we found that home-dwelling old adults had markedly lower spike IgG and
neutralizing antibody responses compared to younger adult vaccinees, particularly 3-weeks
after the first and second vaccinations. At 9-months, both younger and older adults had low
neutralizing antibody titers, with only 58% of the elderly having detectable neutralizing
antibodies compared to 95% in the younger adults. COVID-19 mRNA vaccines have been
found to induce a persistent germinal center reaction in young adults leading to durable
antibody responses [19]. Immunosenescence is commonly observed in older persons and has
been associated with lower humoral and cellular immunity following SARS-CoV-2 vaccination
[8, 20, 21]. A diminished germinal center response has been identified as a key contributing

factor of poor humoral immunity in elderly [20], which could explain the lower magnitude and



hence durability of the antibody response. Although antibody levels wane over time, MBCs are
detectable after mRNA vaccination and have been reported to increase between 3 to 6-months,
and also recognize Delta and Omicron VOC [21-23]. Here we have extended these findings to
show that MBCs continue to increase up to 5S-months post-vaccination in the elderly and up to
9-months in younger adult vaccinees. MBCs are an important part of durable protection and
two doses of BNT162b2 vaccine induce persistent MBCs that rapidly respond to infection and
produce neutralizing antibodies to limit the infection, also local IgA in the saliva [24].
Furthermore, a third booster vaccination results in expansion of MBCs that produce more
potent and broadly reactive antibodies [25]. We found that MBC:s also persisted in the elderly
for up to 9-months, likely contributing to protection and immunogenicity of future booster

vaccinations for this high-risk group.

Older individuals are at significantly higher risk of severe disease and death from COVID-19
[4, 5], thus optimal immunogenicity of vaccines is of great importance for this group. Longer
spacing between priming and booster doses could be beneficial for vaccine distribution during
a pandemic, where vaccine supply is limited. The original licensure trials used a 3-week
interval between the first and second dose [2], however, longer intervals have been associated
with improved vaccine immunogenicity [26, 27]. Our study showed that the kinetics of
homologous humoral immunity differed between older and younger adults. We found that
younger adults had robust antibody responses after the first dose and had minimal boosting of
MBC:s after the second dose, indicating that a prolonged interval is acceptable for this group.
In contrast, the first dose was markedly less immunogenic in the elderly who had superior
boosting of spike-specific IgG titers and MBCs after the second dose compared to the younger
adults. Our data demonstrates the necessity of a short 3-week interval between first and second
vaccine doses for the elderly to provide optimal protection. Another important aspect to inform
public health responses and vaccine deployment is the durability of the vaccine induced
immunity in different age groups. We calculated the estimated half-life for spike-specific IgG
and neutralizing titers and found that the rate of waning was comparable between the younger
and older adults. However, the older vaccinees had significantly lower magnitude of IgG and
neutralizing titers compared to the younger adults at all time points after vaccination, which
may impact the durability of protection. Detectable neutralizing titers were estimated to last
twice as long in the younger adults than the elderly after vaccination. Interestingly, natural
infection induced more durable neutralizing titers estimated to last 8-months longer than

vaccination among the elderly. Real world effectiveness studies show reduced protection from



infection and symptomatic disease 6-months after vaccination, with older adults having the
greatest reduction [28]. These findings suggest that SARS-CoV-2 naive individuals over 70
years would benefit from a third booster dose by 5-months after the first vaccination. Overall,
our data provide valuable insights into the kinetics of the antibody response in the elderly and

may have implications for vaccine regimens and distribution in the future.

Emerging data have demonstrated the importance of T-cells in reducing infection and disease
severity [29]. IL-2 is a cytokine primarily produced by activated CD4" T-cells and it is essential
for T-cell survival and differentiation, whilst IFN-y is important for modulating the adaptive
immune response and for clearance of viral pathogens. The frequencies of the spike-specific
single and double IFN-y and IL-2 producing T-cells were higher in the younger adults than the
elderly at early time points after vaccination, although not significant, which is in agreement
with previous findings [8]. Single IL-2* and double IFN-y*, IL-2* T-cell responses were
maintained at a significantly higher level one year after infection than in vaccinees, irrespective
of age. Future studies to investigate hybrid immunity after infection and vaccination are needed

for the elderly.

The immunoSEQ assay is a sequence-based method to quantify spike-specific T-cell responses
after natural infection or vaccination [18]. Our study demonstrates how recent developments
in understanding of the unique rearrangements (breadth) and frequency of unique TCRs (depth)
allows for high-throughput evaluation of spike-specific T-cell responses in large cohorts after
vaccination. Lower TCR diversity against SARS-CoV-2 epitopes has been associated with
severe COVID-19 [30, 31], demonstrating the value of broader TCR repertoires. We found that
BNT162b2 vaccination increased the breadth and depth of the spike-specific CD4" and CD8"
TCR repertoire in both younger and older adults, with the second vaccination being particularly
important in the elderly. Others have shown that mRNA vaccination induce durable
polyfunctional CD4" and CD8" T-cell responses with a stem cell memory phenotype [32]. Our
results show that one dose of mMRNA BNT162b2 vaccine elicited broader spike-specific T-cell
responses, compared to previous reports of one dose of Ad26.COV2.S vaccine [33].
Importantly, vaccine-induced spike-specific T-cell responses are not severely impacted by
SARS-CoV-2 VOC [33] and Omicron is predicted to have 20-30% reduction in CD4" and
CD8" spike-specific T-cell responses [34, 35]. Therefore, T-cells may still provide some degree

of protection severe disease.



Strengths of our study include the comprehensive immunological comparison over time of
vaccinated and infected cohorts, and inclusion of the oldest vaccinees. Although the elderly
subjects in our study were home-dwelling with a number of comorbidities, they may have been
healthier than similar age groups in other geographical areas, as Norway has a high life
expectancy. Although the infected individuals experienced mild-to-moderate COVID-19 and
did not require hospitalization, we cannot determine if age and disease severity independently
influence immune responses. This study focused on spike-specific immune responses, but
infected individuals also have antibody and cross-reactive T-cell responses to the more
conserved nucleocapsid and membrane proteins [36]. Furthermore, a caveat of this study is the
number of subjects providing PBMC, which limits our assessment of MBC and T-cell

responses.

Our data provide valuable information on the kinetics and durability of SARS-CoV-2 immune
responses for younger adults and an understudied, high-risk, elderly group. Of importance is
our finding of more durable binding and neutralizing antibody levels 12-months after natural
infection compared to 9-months after vaccination, even in older individuals 70-99 years old.
Likewise, spike-specific MBC and T-cell responses were maintained one year after infection,
particularly evident for T-cell responses, which waned after vaccination but were maintained
after infection. Although older adults had consistently lower spike-specific immune responses
after vaccination compared to younger adults, the elderly had more robust and durable antibody
responses after infection. Our results indicate that infection induces more robust and durable
immune responses in the elderly, which is not achieved by two doses of BNT162b2 vaccine. It
is important to emphasize that the persistence of symptoms and complications after COVID-
19 are well-documented and vaccine-induced immunity is therefore the best and safest way to
acquire immunity to SARS-CoV-2 [37, 38]. However, our study suggests that SARS-CoV-2
immune responses induced by vaccination and infection are inherently different in young and
old adults. Further studies to investigate how age affects the immune responses induced by
infection and vaccination are needed, and have the potential to inform the rationale design of

vaccines for older adults.
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Supplementary figure 1. Estimated duration of SARS-CoV-2 neutralizing antibodies

A linear regression model was fitted for each individual to estimate the time for neutralizing
titers to fall below the level of detection (neutralizing titer <20) for vaccinated younger (n=41)
and older adults (n=100), and naturally infected individuals (n=183). Data are presented as
geometric mean with 95% confidence interval (CI) and each symbol represents one individual.
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Supplementary figure 2. Correlation between functional T cell responses and TCR

sequencing

Spike-specific T cell responses measured by fluorospot assay three weeks after vaccination
(left) and 6 weeks after vaccination (right) (n=58). Correlation coefficient was calculated by

non-parametric spearman correlation.
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Errata

Summary Missing words: “the most abundant surface protein” — corrected to “the second
most abundant surface protein”

Sammendrag Missing word: “Acute Respiratory Syndrome Coronavirus-2” — corrected to
“Severe Acute Respiratory Syndrome Coronavirus-2”

Page 23 Misspelling: “inactivate” — corrected to “inactivated”

Page 27 Missing word: “Each seasonal vaccine dose” — corrected to “One dose of seasonal
inactivated vaccine”

Page 33 Misspelling: “were” — corrected to “was”

Page 48 Missing words: “the cells were infected with A/Singapore/GP1908/15 (HIN1) virus
diluted in 1X MEM” — corrected to “the cells were infected with 1x10* pfu of
A/Singapore/GP1908/15 (HIN1) virus diluted in 1X MEM (200 pl/well) with TPCK-
treated trypsin (1 pg/ml)”

Pages 15, 43, 50 Misspelling: “fabs” — corrected to “Fabs®
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