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ABSTRACT

Influenza A virus (IAV) poses a persistent global health threat due to its
ability to evolve rapidly, requiring annual updates to seasonal vaccines.
Despite significant advancements, a universal vaccine capable of
providing long-term and broad protection has not been developed yet.
It was investigated here, how pre-existing immune components—
antibodies (Abs), memory B cells (MBCs), and CD4 T cells—shape B cell
responses to drifted IAV haemagglutinin (HA). We also explored
innovative immunogen design strategies, targeting a conserved
epitope to overcome immunodominance (ID) and enhance vaccine
efficacy.

While pre-existing CD4 T cells accelerated Ab and GC responses, pre-
existing Abs were shown to mask epitopes and exhibit feedback
mechanisms, thereby reshaping ID patterns of B cell responses. The
valency of antigens used for vaccination influenced the extent of Ab-
mediated modulation, with multivalent antigens showing greater
effects compared to monovalent counterparts. Whereas MBC rapidly
differentiated into antibody-secreting cells (ASC) rather than re-
entering secondary germinal center reactions (GCs), this localized Ab
secretion contributed to secondary responses rather than the presence
of serum-Abs. Finally, MBC and naive B cells were regulated differently
after vaccination with a multivalent particle.



To address challenges posed by antigenic variability and to induce
broad immunity against IAV, a computationally designed HA stem
mimetic was developed. This immunogen selectively engaged MBCs of
IAV-experienced individuals and induced cross-reactive Ab responses
against both group 1 and group 2 IAV strains after vaccination in mice.

By combining insights into ID, the effect of pre-existing immunity on
secondary B cell responses and rational antigen design, this work
highlights key mechanisms driving protective and broad B cell
responses to IAV, thereby providing valuable insights to inform the
development of a universal IAV vaccine. These findings also offer
broader implications for combating other highly variable pathogens,
including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) and human immunodeficiency virus (HIV).

Keywords: Influenza A virus, haemagglutinin, universal vaccine,
memory B cells, immunodominance, computational vaccine design,
antibodies, CD4 T cells
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SAMMANFATTNING PA SVENSKA

Influensavirus fortsatter att vara ett stort globalt halsoproblem. |
Sverige testade 16.460 personer positivt for influensa under sdsongen
2023-2024 varav 335 behovde intensivvard och 610 avled inom 30
dagar efter diagnos. De flesta av dessa var 6ver 65 eller under 4 ar.
Eftersom influensaviruset snabbt kan férandra sig genom mindre
mutationer och utbyte av sina gener krdvs arliga uppdateringar av
sasongsvacciner. En del av viruset som ofta muterar ar proteinet
hemagglutinin. Ett flertal omraden pa hemagglutinin attackeras av
immunsystemet i en bestamd hierarki, ett fenomen som kallas
immunodominans. Trots stora framsteg finns annu inget universellt
influensavaccin som ger langvarigt och brett skydd.

| denna studie undersokte vi hur befintliga immunkomponenter
paverkar B-cellernas svar mot muterat influensavirus hemagglutinin.
De aktuella immunkomponenterna var:

- antikroppar, som kan binda och oskadliggora viruset eller varna
immunsystemet for det,

- minnes-B-celler, som antingen kan snabbt utsondrar nya antikroppar
eller anpassa sig till eventuella mutationer pa viruset,

- och CD4 T-celler, som hjalper B celler att utveckla ett effektivt
immunforsvar

Vi utforskade ocksa datorbaserade vaccindesigntrategier for att
kringgd immunodominans och forbattra vaccinets effektivitet mot flera
olika influensastammar.

Vara resultat visade att redan existerande CD4 T-celler paskyndar
antikroppssvaret och forbattrar B-cellernas formaga att anpassa sig till
nya virusvarianter. Samtidigt kan befintliga antikroppar blockera vissa
delar av hemagglutinin och darmed omforma hur immunsystemet
riktar in sig, det vill séga immunodominansmonstren. Hur manga
hemagglutinin-molekyler varje vaccinpartikel bar pa paverkade ocksa i
vilken grad antikropparna kunde omforma B-cellssvaret. Minnes-B-
celler foredrog dessutom att snabbt producera antikroppar jamfort
med att anpassa sig vidare mot viruset. Detta innebar att lokalt
producerade antikroppar vid injektionsstéllet paverkar B-cellernas svar
mer &an antikroppar som redan cirkulerar i blodet. Slutligen uppférde sig
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naiva B-celler, dvs de som inte tidigare stott pa influensa, och minnes-
B-celler olika under upprepade exponeringar for viruset.

For att hantera utmaningar med hemagglutininets variation och skapa
bred immunitet mot olika influensastammar tog vi fram ett
datorutformat hemagglutininliknande protein. Det innehdll en mindre,
mer koncentrerad del av hemagglutinin som férekommer hos flera
virustyper. Detta nya antigen engagerade minnes-B-celler fran individer
som tidigare vaccinerats med ett godkant vaccin. Dessutom utldste det
antikroppssvar mot manga olika influensaavirusstammar efter
vaccination hos moss.

Genom att kombinera insikter om immunodominans, effekten av
befintlig immunitet pa sekunddra B-cellssvar och datorstédd
proteindesign, belyser denna avhandling centrala mekanismer som
driver skyddande och breda B-cellssvar mot influensavirus. Detta ger
vardefulla insikter till utvecklingen av universella influensavacciner och
som dessutom ar anvandbara mot andra snabbt muterande patogener
sasom SARS-CoV-2 och HIV.
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HIV human immunodeficiency
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1AV influenza A virus
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1 INTRODUCTION

1.7 INFLUENZA A VIRUS

With three pandemics during the 20™ century and already one
pandemic during the 21° century, we have identified influenza as a
dangerous pathogen and are able to characterize the infective agent
down to the molecular level. But reports of influenza-like diseases have
been recorded for millennia. As early as 410A.D., Hippocrates
described a disease that could be interpreted as influenza; including
coughs, fever and a seasonal re-occurrence [1, 2]. Although it is
debatable whether or not this disease was in fact caused by influenza,
several more accounts of similar diseases have been recorded all
throughout European history through the middle ages to modern times
[3]. The first virological confirmed influenza pandemic with identified
virus subtype was the devastating “Spanish Flu” (A HTN1), with almost
half of the world population infected and 40-50 million fatalities [4].
After 3 more pandemics, the most recent one being the “Swine Flu” (A
H1N1) in 2009 claimed comparably less deaths, 18,449 [5], still the
threat of a new pandemic is high and influenza returns seasonally,
representing a high global burden [6]. It becomes evident that although
humans have been in contact with this virus for centuries and
potentially millennia, we have not developed sufficient immune
responses to keep the disease in check. Neither have we developed a
universal vaccine but rather rely on seasonal vaccines that need to be
updated yearly. A universal vaccine confers broad protection against
multiple seasonal and potential pandemic IAV strains for many
seasons, ideally for a lifetime [7].

1.1.1 STRUCTURE OF INFLUENZA A VIRUS AND ITS
LIFECYCLE

The negative-sense ribonucleic acid (RNA) orthomyxovirus influenza
has four different types, of which A and B are regularly infecting
humans and causing epidemics and pandemics [8]. Until recently, there
were two lineages of Influenza B virus (IBV) called “Victoria” and
“Yamagata” [9]. Although, the “Yamagata” line potentially became
extinct after the COVID-19 pandemic, probably due to social distancing
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practices and evolutionary features of Yamagata IBV [10]. Influenza A
virus (IAV) can be classified by the expression of surface proteins
haemagglutinin (HA) and neuraminidase (NA), of which 18 and 11
variants exist respectively. There are at least 17 more, total 19 proteins
encoded by eight gene segments of IAV [11]. Another one of them being
the nucleoprotein (NP) that plays an important role during replication
as it is a part of the viral ribonucleoprotein (VRNP) [12]. The surface
proteins HA and NA exert two critical and opposing functions in the
lifetime of the virus, attachment and release, respectively. The trimeric
HA binds to sialic acids via the so-called receptor-binding site (RBS)
and is either endocytosed into the cell or released by the enzymatic
activity of NA, cleaving from the sialic acids again [11, 13] (Figure 1,
right). Once a virion enters a host cell, often in the respiratory tract after
contact with virion-containing aerosol, the VRNPs, containing NP, are
released from the endosome and enter the nucleus of the host cell.
Here, the viral genome is replicated, and messenger RNA (mRNA) is
transcribed, exported into the cytoplasm and translated there into IAV
proteins. Surface components are translated in the endoplasmic
reticulum and internal proteins in cytoplasmic ribosomes. Together
with newly replicated VRNPs, the proteins are assembled to virions, with
HA, NA and matrix-2 (M2) on the cell surface, they are released via
budding from the host cell [14], this is facilitated by NA [11, 13]. Now a
new infection cycle can begin (Figure 1, right).

viral entry viral budding

endocytosis ?*‘ :
translation
.

" HA PB1\ PA & a% ‘
Ly & PB2 5 Sh,
%‘j NA :; relefée \ ‘/y C:_'—_
M2 & / % S

transcription

® wm ‘:?:_Np %
replication

Figure 1: Structure (left) and Lifecycle (right) of Influenza A virus. Created with
BioRender.
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1.1.2 INFLUENZA A VIRUS HAEMAGGLUTININ

HA is a surface glycoprotein of IAV and forms trimers, of which each
monomer consist of a globular head, a stem and a short
transmembrane domain [15]. Facilitating fusion of virions to host cells,
it is indispensable for the virus’ lifecycle. In addition to its localization
as a surface protein, this might explain the predominance of HA as the
most abundant surface protein of IAV [16] and the most common target
for Ab (antibody) responses, followed by NA and NP [17](Figure 2, far-
left panel). This phenomenon of hierarchical immune responses to
pathogenic components is called immunodominance (ID) and includes
targeting of proteins, antigenic sites and even peptides by the immune
system [17-20]. HA proteins of IAV can be phylogenetically divided into
2 groups, the common HA 1 (H1) belonging to group 1 and HA 3 (H3)
to group 2.Within HA, the head domain is preferentially targeted by
antibodies (Abs) while anti-stem Abs are rarer [18, 21-23](Figure 2, mid-
left panel).The head undergoes minor mutations readily and in
comparison, the stem is conserved and mutates slower [24]. Universal
vaccine design often focuses on the induction of anti-stem Abs to
induce broadly neutralizing Abs (bnAbs) [7].

1.1.2.1 THE HA STEM AND CROSS-PROTECTIVE ANTIBODIES

In the past decades, several Abs have been isolated from human
subjects that target group 1 and group 2 IAV HAs and are classified
thereby as bnAbs. The first of those, namely C179, was isolated by
Okuno et al in 1993 and had neutralizing activity against both group 1
and group 2 IAVs. This Ab has been shown to target the more
conserved stem region of the HA protein and is therefore considered a
bnAb. [25] Since then, many HA stem binding Abs have been isolated
from infected and or vaccinated human subjects [26-31]. Still, bnAbs
are still rare among those stem-specific Abs. The most famous and
potent HA group cross-reactive bnAb is FI6, isolated by Corti et al in
2011 that could bind all 16 IAV HA subtypes and neutralized several
viruses of HA group 1 and 2 [26] (Figure 2, mid-right panel). The CR9114
Ab offers the broadest protection, as shown in mice after infection with
IAV group 1 and 2 viruses as well as B/Victoria and B/Yamagata strains
[32, 33].

Stem directed bnAbs offer broader protection than head-directed Abs,
partially due to loss of viral fitness after mutations in the stem domain
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[34, 35]. The HA stem contains a conserved antigenic site (= area that
is often targeted by Abs with overlapping epitopes) around a
hydrophobic pocket that is frequently targeted by these bnAbs [36],
such as FI6 [26] (Figure 2, mid-right panel) and CR6261 [37].
Development of vaccines and/or vaccination regimens to induce HA
group 1 and 2 cross-reactive bnAbs by targeting the stem and in
particular this conserved site is crucial for universal vaccine
development and to overcome seasonal drifting HA heads that escape
pre-existing immunity.

In humans, Abs to the stem are observed regularly and they present
sometimes neutralizing but mostly other protective effector functions
[38-40]. Anti stem bnAbs in mice are very rare but anti stem Abs mount
other protective effector functions of steric or fragment-crystallizable
region (Fc-region)-mediated nature [41-43]. Those can include
antibody-dependent cellular cytotoxicity (ADCC), complement
activation, opsonization for phagocytosis, Ab mediated neutrophil
activation, improved antigenic uptake for processing or capture by
follicular dendritic cells (FDC) [44].

1.1.2.2 THE HA HEAD AND ITS IMMUNODOMINANCE PATTERNS
The plasticity and seasonal mutations on the immunodominant HA
head can not only be explained by the error-prone polymerase but its ID
(targeting by Abs) conveys evolutionary pressure and therefore only
escaped variants can successfully infect an individual with pre-existing
immunity. Interestingly, there are also pre-defined ID patterns among
antigenic sites on the HA head. For H3 these are Site A-E [45-47] and
H1 presents antigenic sites Ca1, Ca2, Cb, Sa and Sb (Figure 2, far-right
panel) [48, 49], of which Site A, B and D for H3 and Sa, Sb, Ca2 for H1
partially overlap with the RBS [50, 51]. The S (strain specific) sites Sa
and Sb sites are located towards the top of the head domain; therefore,
the immune system is readily able to recognize those sites on the virion
surface. C (cross-reactive) sites Cal, Ca2 and Cb sites are situated
more towards the middle or the bottom part of the head domain,
therefore seemingly more hidden.

ID among the H1 antigenic sites has been well defined and studied in
recent time in C57BL/6 mice after intranasal (i.n.) infection, UV-
inactivated virus vaccination intramuscular (i.m.) and intraperitoneal
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(i.p.) of the mouse-adapted A/Puerto Rico/8/34 virus (PR8) [18]. These
ID patterns are plastic across time and different immunization methods
(Figure 2, far-right panel). Interestingly, even temperature differences
can affect the folding of HA and therefore hide or expose different
antigenic sites, an example for this are the pre- and post-fusion states
of HA trimers [52].

Other factors to consider when determining B cell ID is also the genetic
background of the model used, as germline complementary-
determining regions (CDRs) will probably be the first ones recognizing
their specific epitopes and those antigenic sites therefore are going to
be dominantly targeted, at least during the early phase of the response.
For example, C57BL/6 and BALB/c mouse models show differences in
B cell ID patterns to the five main antigenic sites on PR8 HA head [18].
Importantly, Abs close to germline immunoglobulin (Ig) specific for the
Cb antigenic site [53] are most abundant in early extrafollicular and
follicular B cell responses [54], during which little to no affinity
maturation occurs and mainly germline or close-germline Ig expressing
B cells can be found [55, 56]. The Sb antigenic site is dominant at later
timepoints in serum and the germinal center (GC) of mice [18] and the
main dominant site targeted in humans [57-59]. We can only speculate
why this site, alongside with spatially close Sa, are the main dominant
antigenic sites in several species. For once, they are situated on the top
end of the HA protein, making them easily accessible when HA is
embedded in a lipid membrane, such as on whole virus particles or
infected cells [14]. Additionally, due to its proximity to the RBS [50, 51],
the antigenic site presents a vulnerable target to block virus attachment
to host cells. Both theories are supported by the fact that Sa and Ca2
antigenic site, which are situated close to Sb and the RBS [50], are
presenting relative high dominance as well in humans [57-59].

Studying responses against close to germline antigenic sites as well as
generally dominant and vulnerable antigenic sites, such as Cb and Sb
respectively, will help gain insights into how and why B cells respond to
certain structures. Considering genetics, location of antigenic sites and
accessibility. By using H1 proteins and appreciating the well-defined ID
patterns of its antigenic sites, we can learn how to direct responses to
more subdominant epitopes and therefore provide valuable insights
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into the development of broader and longer lasting or even universal
vaccines against IAV.
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Figure 2: IAV and H1 HA with their ID characteristics. From left to right: IAV
and serum Abs ID among different proteins (shown are the 3 main targets). HA
trimer and serum Abs ID between head and stem at 28 days post infection
(dpi). H1 stem with hydrophobic, mainly targeted pocket indicated with list of
HA proteins targeted by FI6 monoclonal Ab (mAb). H1 head with the 5 mainly
targeted antigenic sites, with ID patterns of serum Abs as well as in the GC at
28 dpi. Created with BioRender.

1.1.3 ANTIGENIC SHIFT AND DRIFT

IAV is highly plastic and poses a great pandemic risk due to antigenic
shift and drift. Antigenic shift describes the exchange of gene
segments while a host cell is infected by two viral strains. This explains
how new strains containing never observed combinations of HA and
NA genes emerge. These new rearrangements are responsible for
several pandemics [3]. Therefore, understanding as well as monitoring
of antigenic shift is crucial for pandemic preparedness. Antigenic drift
on the other hand is caused by minor mutations, supported by an error-
prone viral polymerase [60]. Seasonal IAV outbreaks are an outcome of
antigenic drift but do only pose a low risk for pandemic outbreaks [61].
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Nevertheless, understanding antigenic drift and targeting more
vulnerable epitopes is needed for universal vaccine development.

1.1.3.1 ANTIGENIC SHIFT: THE EXCHANGE OF GENES

The H1N1 pandemic of 1918, the Spanish Flu is thought to be a product
of an antigenic shift event in which a pig was infected with an avian
virus and then later was transmitted to humans [62]. Viral reassortment
is an antigenic shift event in which several viruses infect the same host
cell, and this results in the output of viral particles containing gene
segments from different strains, therefore producing a completely new
strain if viable. The HIN1 pandemic of 2009, the Swine Flu, is a
quadruple reassortment virus. It contains genes from polymerase
acidic (PA) and polymerase basic 2 (PB2) from avian lineages,
polymerase basic 1 (PB1) from human lineages, HA, NP and non-
structural (NS) from swine lineages and NA and matrix (M) from an
avian-like swine lineage, which is an HIN1 [63]. As demonstrated,
antigenic shift therefore poses a high pandemic risk. Preparation
efforts contain monitoring of emergent strains in animal reservoirs [64,
65], development of antivirals [66] and inducing immunity against
various IAV proteins and conserved sites of IAV proteins across
multiple strains.

1.1.3.2 ANTIGENIC DRIFT: INTRODUCTION OF MINOR MUTATIONS.
Antigenic drift represents a key mechanism of IAV evolution and is
characterized by the accumulation of minor mutations in viral proteins
until the virus escapes pre-existing immunity. It represents therefore a
more gradual change in comparison to antigenic shift. This
phenomenon has been observed for several viruses and proteins,
including IAV HA and NA [18, 67], SARS-CoV2 spike protein and HIV
envelope glycoprotein (gp) [68-72], but seems to be completely absent
and even detrimental in others, such as measles [73].

For IAV HA, the low fidelity of the RNA polymerase is often attributed
the causal effect of antigenic drift and seasonal recurrence of IAVs. It
was although shown to exhibit comparably low mutational rates (2.5x
107° substitutions per nucleotide per cell infection [74]) while still being
able to introduce a few minor aa substitutions [75]. To fully recapitulate
seasonal |AV outbreaks, the host immune system needs to be
considered as well, as escaped variants have a higher potential for
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further dissemination [69]. Abs and CD8 T cells apply evolutionary
pressure to IAV and support the development of antigenic variants [69,
76).

It is crucial for the development of a universal vaccine against IAV to
understand viral drift and to develop strategies bypassing this escape
mechanism [77]. Again, inducing immune responses against more
conserved proteins and epitopes could circumvent viral escapes. Even
if such universal vaccine is ultimately not achievable, if selective
pressure is inducing IAV to mutate even in conserved sites, valuable
lessons can still be learned to redirect immune responses.

1.1.4 CURRENT SEASONAL INFLUENZA VACCINES
AND FUTURE VACCINE DEVELOPMENT

The first “vaccines”, or variolation, were already used somewhere
between the 11" and 17" century in parts of Asia [78]. Since then, we
have successfully developed vaccines against many fatal and high
morbidity-causing diseases such as IAV [79-82], polio [83], measles
[84], cholera [85], rabies [86], SARS-CoV2 [87, 88] and many more.
Various approaches were used for this, and formulations range from
inactivated [89] or live attenuated [83] whole pathogens to recombinant
(r) protein [90] and even mRNA technologies [87, 88].

Several of these approaches have also been applied to IAV vaccines,
though those offer only seasonal protection and rarely are cross-
protective between different IAV strains. Considering the long history
humans have with IAV, mortality and morbidity caused, and efforts put
into vaccine development, the story of influenza vaccines is not a
successful one. Even the first approach to develop a vaccine against
influenza failed miserably. In the late 19" century, Richard Pfeiffer was
able to isolate a pathogen from nasal tissue of infected patients an
thought it was the cause of the influenza disease [91]. During the H1N1
epidemic of 1918, patients with this pathogen were sought after to
generate antisera and develop a vaccine. This pathogen, Haemophilius
influenzae, a bacterium, was later determined to be inducing secondary
disease rather than being the cause of influenza [92, 93]. In the early
twenties after filtration experiments it was proven, that a bacterium
could not cause the influenza, [93]. After successfully developing a
method to grow viruses in embryonated chicken eggs, the United States
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approved the first 1AV vaccine in the 1940s. It was produced by
chemically inactivated whole virus particles from eggs [82]. IAV vaccine
production in chicken eggs continued to be the gold-standard until
shortly after the 2009 H1N1 pandemic, when several novel vaccine
approaches were approved: virus grown in mammalian or insect cell
culture, recombinant protein (rHA) and the formulation of multivalent
vaccines (containing more than one stain of IAV and also IBV) [94].

Today in the European Union, many different formulations of seasonal
IAV are available for the 2024/2025 flu season. Including multivalent,
attenuated nasal vaccines [79], mainly used in children from 2-18 years
of age. Also inactivated, adjuvanted vaccines with surface antigen are
available [80], which in contrast are being used in the elderly (from 50
years of age). An example for use of influenza vaccine in healthy adults
is a quadrivalent, recombinant protein vaccine [81].

Many more strategies are currently in development to not only improve
vaccine efficiency, reduce adverse effects, generate longer lasting
immunity, but also to generate protection against multiple IAV and IBV
strains and ideally create a universal vaccine, that confers protection
against all known and unknown IAV and IBV strains for a lifetime. These
strategies include mRNA vaccines [95-97], targeting vulnerable
epitopes with computationally designed immunogens [98-101], viral
vectored vaccines [102-104] and even DNA vaccines [105, 106].

The need for a universal influenza vaccine is high [7] and especially HA
seems to be a valuable target for such a development due to the
conserved stem domain among influenza strains [24] and the in detail
defined B cell responses to the head [18] that can be leveraged to direct
immune responses to vulnerable targets. Notable advances in the
direction of a universal flu vaccine were made within the last decade,
including the support of subdominant and cross-reactive B cell
responses by an HA mosaic nanoparticle [101], better protection via
anti stem Abs to different IAV strains after immunization with an HA
that presents a hyperglycosylated head [107], induction of anti-stem
bnAbs by a so called “mini HA" in mice and non-human primates that
could outcompete human anti stem bnAbs [108], a structure-based
stem immunogen on nanoparticles that conferred protection to a group
1 1AV [109] and an HA head-stem chimera approach using repeated
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vaccinations with the same stem but different heads that conferred
immunity to IAV via Abs even when CD8 T cells were not present [110,
111]. Harnessing the knowledge about ID patterns against the HA head
and identifying determinants to reshape B cell responses to produce
long-lasting and protective Abs can guide the development of universal
vaccine design. The road to such a vaccine might be very long, but even
small advancements can inform vaccine design to produce immunity
that protects longer than only one season.

1.2 B CELL IMMUNITY

Our immune system consists of two main arms, adaptive and innate
immunity. While the innate immune system is indispensable for survival
of the infected organism, does not require attuning for protection and
is fast-acting, it is often responsible for pathology during disease and
not very specific due to receptors that recognize pathogenic and
danger patterns rather than responding to a unique molecule. The
adaptive immune system on the other hand requires a first contact with
the pathogen, to achieve full functionality. Once immune memory is
generated, it can react fast and protect with high specificity due to
unique antigen receptors of the two memory lymphocytes, Band T cells
[112]. While the T cell receptor (TCR) recognizes peptides loaded onto
major histocompatibility complex (MHC) molecules presented by
antigen presenting cells (APC) that previously processed proteins
intracellularly into those peptides, the B cell receptor (BCR) recognizes
epitopes on whole proteins [113]. Uniquely, the BCR also has a secreted
form, Abs. Since protection against many pathogens, including IAV, is
mostly mediated by Abs, B cells and B cell memory are essential
components of the immune system for combating these diseases [17].

1.2.1 B CELL MEMORY

1.2.1.1 INDUCTION OF MEMORY B CELLS DURING A PRIMARY
INFECTION OR IMMUNIZATION

Naive B cells circulate between secondary lymphoid organs get into

contact with antigens to as fast as possible [114]. Those could stem

from pathogens directly, cellular debris or a vaccination. Once a B cell
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gets in contact with an antigen that binds to its BCR and is internalized,
the primary immune reaction begins. The activated naive B cell will be
attracted to the border of the T cell zone when recognizing a T-
dependent antigen (protein) [56] or directly start to clonally expand if
the recognized antigen induces a T-independent immune reaction;
those are mostly polysaccharide antigens or other molecules with
repeating patterns capable of crosslinking BCRs [115, 116). At the T cell
zone border, B cells encounter a specialized type of T helper cell, the T
follicular helper cell (T+). They in turn have previously been activated by
their specific peptide presented on APCs or are activated by the
antigen, previously internalized via BCR binding, presented on B cells
[117, 118]. This interaction of TCR with MHC + peptide is not sufficient
to fully activate the B cell, several co-stimulatory signals are required
as well. Those include CD40/CD40 ligand (CD40L) interactions [119-
121], cytokine secretion (for example interleukin (IL)-21) [122-124],
CD80/86 and CD28 interactions and many more [125-127]. Once a
naive B cell at the border of the T cell zone receives a sufficient amount
of stimulatory signals, it is fully activated (Figure 3, right) [117, 118].
Famously, anti CD40 or CD40L Abs are being used to disrupt B cell
responses in experimental settings or even in the clinic [119, 128].

To initially and quickly combat pathogens, activated B cells with higher
affinity to the antigen will directly differentiate into early and short-lived
antibody secreting cells (ASC), namely plasma blasts (PB), outside the
B cell follicle (Figure 3, right) [18, 121, 129, 130]. When only limited
amounts of antigen are present, activated B cells prefer differentiation
into early memory B cells (eMBC), which mainly do not class switch,
acquire no somatic hypermutation (SHM) and can be found already 2.5
days after contact with antigen. They are transcriptionally different
from their GC-progeny counterpart [131] and contribute a high diversity
to the memory repertoire and thereby allowing broader protection [132].
MBC fate of activated B cells is governed by for example by
haematopoietically expressed homeobox transcription factors [133].

The third fate an activated naive B cell at the T cell zone border can
undergo is the formation or entry into a GC (Figure 3, left). Before a B
cell enters into the GC, it will most likely undergo class-switching to 1gG,
IgA or IgE first [55], GC progeny therefore rarely expresses isotypes IgM
or IgD [134]. For the initiation of a GC response, the expression of the
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transcription factor B-cell ymphoma 6 (Bcl6) is needed in both B cells
and T cells [118, 135, 136]. Within the two zones of the GC, B cells
proliferate but also undergo SHM and selection. In the dark zone, the B
cells expand and therefore express many genes required for mitosis
[137-140] and SHM [140, 141]. The expanded and hypermutated GC B
cells are then selected in the light zone. This happens based on an
intricate interplay between the capture of limited antigen presented on
FDCs and subsequent antigen presentation for Ts to survival signals.
Therefore, BCR activation as well as CD40-CD40L interactions are
needed [137, 140, 142-144]. GC B cells that can't capture or have only
low affinity to antigen on FDCs and do not receive T-derived survival
signal, will go into apoptosis. Apoptosis of GC B cells occurs to a very
high degree and therefore, efficient mechanisms are needed to remove
dead cells, such as down-regulating the Decay Accelerating Factor to
engage the complement for phagocytosis [145] and influx of
macrophages into the GC that take up B cells in a highly efficient
manner, the tingible body macrophages [146]. Receiving an appropriate
amount of T cell help can either lead into another entry into the dark
zone and the cycle begins again, or B cells are selected for GC output
as a memory B cell (MBC) or plasma cell (PC) (Figure 3, left). Recently,
several groups have shown that not only high affinity clones are
selected for MBC and PC differentiation. Elegant fate mapping and
antibody characterization experiments by Sprumont et al [147] revealed
the generation of both high- and low-affinity PC clones from GCs after
IAV infection and HA immunization, showcasing the evolutionary
advantage of diversified serum responses. If PCs receive the
appropriate signals, they can become long lived PCs (IIPC) and reside
in the bone marrow (BM), secreting Abs over prolonged periods of time,
ideally for a lifetime [148]. MBCs are also selected similarly and
contribute to a broad immune memory [149]. A recent study used single
cell BCR sequencing and transcriptional signatures to delineate the
temporal and spatial output of MBCs from lymphoid organs after IAV
infection [150]. It was illustrated how MBC are exported from GCs all
throughout the immune response and disseminate into various organs.
This in accordance with the fact that GCs after IAV infection can persist
for prolonged amounts of time and therefore antigen specific MBC are
generated even months after IAV infection [151]. It is yet to be fully
defined which signals are required for the differentiation to MCB or PC
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from the GC and which ones determine the cell to enter another cycle

in the dark zone.
In summary, the generation of MBC occurs at different time points and
from different microenvironments in secondary lymphoid organs, they
express several BCR isotypes and display various affinities to antigen.
The circumstances of differentiation are dictated by antigen availability,
BCR affinity and survival/differentiation signals received by Ts.
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Figure 3: Generation of MBC in secondary lymphoid organs. B cells in green, T
cells in orange. GC response (left) and extrafollicular response (right). Created

with BioRender.

1.2.1.2 MEMORY B CELL REACTIVATION
MBCs mostly circulate between blood and in secondary lymphoid

tissues [152], recently also resident MBC (BRM) in various mucosal
tissues as a first layer of defense to reinfection have been
characterized and their reactivation studied in both mice and humans
[150, 153-164]. Generally, BRM are poised to differentiate into ASC
rather than to participate in secondary GC reactions [154, 159, 160].
This fate decision is not as clearly delineated for peripheral lymphoid
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tissue resident MBC as discussed in this work and by many others [125,
141,157, 165-180].

When an MBC recognizes its cognate antigen via the surface expressed
BCR and receives help from T, they are reactivated, requiring less
stimuli than naive B cells for activation [181]. An immediate
differentiation into ASC is the preferred fate and is reasonable in regard
to immediate protection and represents a key role of B cell immune
memory: Quick supply of massive amounts of Ab upon contact with
antigen [154, 155, 158-160, 177, 182-185]. Although the re-entry of MBC
into a secondary GC, the other main function of B cell immune memory,
is indispensable to protect from newly emerging antigenic variants and
to provide diversification of the immune memory repertoire while
maintaining high affinity and replenishing the MBC pool [141, 186]. But
re-entry in secondary GCs of MBC is also very rare, only up to 10% of B
cells in secondary GCs have previously been in contact with antigen
after re-challenge with the same antigen [170, 172].

In the last decades, most studies aiming to identify determinants of
MBC fate decisions (ASC differentiation or GC re-entry) have utilized
the expression of surface molecules to predict differentiation
outcomes. Those include canonical MBC surface markers: the co-
stimulatory receptor CD80, CD73 (producing extracellular adenosine
and therefore down-regulating inflammatory responses [187]), and
immune-checkpoint receptor ligand programmed cell death-ligand 2
(PD-L2) [125, 175, 180, 188]. Zuccarino-Catania et al have shown a
decade ago that double negative MBC of CD80 and PD-L2, that have
less SHM and are therefore considered closer to naive B cells, often re-
enter secondary GCs. Whereas Double positive MBC of CD80 and PD-
L2 have higher SHM and are considered more mature, they were shown
to differentiate into ASC directly. Also, Igisotype expressed was shown
in various works to be highly influential on MBC fate decisions [125].
Adoptive transfers and re-vaccination with an antigen identical to the
priming antigen have shown that IgM* MBC tend to re-enter secondary
GCs, while switched Ig* MBC directly contribute to Ab secretion by
differentiation into ASC [173, 174, 177, 178]. Contradictory, another
study conducted by McHeyzer-Williams et al showed using a cell fat
tracking approach, that switched Ig* MBC do re-enter secondary GCs
and undergo further rounds of SHM [141]. These determinants and their
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correlated outcomes are highly debated as they are contradictory; also
different animal and antigen exposure models have been used that
complicate interpretations [157]. It is especially important to consider
that those studies used very simple and biologically irrelevant antigens
such as nitrophenol or ovalbumin (OVA). Recently, a series of works
dedicated to the question why only very few MBC re-enter secondary
GCs and which factors could influence this fate-decision apart from
surface molecule expression patterns have been conducted using IAV
HA as model antigen and elegant fate-mapping experiments of both B
cells and Abs [170-172]. They as well as other works have considered
B cell intrinsic factors to affect MBC fate decisions, such as SHM
amount/affinity [125, 176, 189] or even the initial variable—diversity—-
joining (V(D)J) region germline arrangement [170]. Using sequential
immunization with recombinant IAV HA protein, Mesin et al have shown
that MBCs re-entering a secondary GC show a wide spread of SHM
amount, but often no mutations in the heavy variable region (Vy); their
common unmutated ancestors had higher affinity to antigen than not
re-entering MBC clones. This led to the conclusion that not SHM
amount, but initial V(D)J germline arrangement was a main factor in
determining MBC fate decisions [170]. In contrast to this, a very recent
study wusing HIV gp140 recombinant protein for sequential
immunizations demonstrated that 1.) a boost with antigen of higher
affinity increases GC re-entry of pre-existing MBC, 2.) a boost with
antigen of lower affinity recruits pre-existing MBC with higher SHM
amount to secondary GCs and 3.) refueled GCs contain more activated
B cells with lower SHM. This indicates, that in the context of HIV gp140,
MBC re-entry into secondary GCs is indeed affinity dependent. [189]

As B cell intrinsic factors did not seem to sufficiently define hallmarks
or even just predictors of MBC fate decisions, more attention has been
pointed towards B cell extrinsic factors, mainly pre-existing immune
components. In section 1.2.3, we will discuss their impact on MBC fate
decisions and review insights from recent studies.

A clear B cell extrinsic factor affecting MBC fate decisions is
localization. As previously mentioned, BRM at mucosal surfaces are
transcriptionally programmed to differentiate rapidly into ASC. In
lymphoid tissue, if boosting is conducted at the priming site, MBC re-
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enter secondary GCs at a higher fraction than during re-challenge at a
distal site [169].

All works mentioned above were conducted using laboratory mouse
models. Cell fate tracking and adoptive transfer experiments cannot be
conducted in humans, therefore recent studies with infected or
vaccinated patients relied on BCR sequencing techniques and their
lineage tracing. Humans have a more complex history of antigen
exposure than mice as they live for much longer and are exposed to
pathogens in the environment constantly. They can only be sampled
from easily accessible or peripheral sites, such as the blood or lymph
nodes (LNs) close to the skin.

B cell intrinsic marker CD27 has recently been identified to differentiate
between MBC developmental stages, a CD27""9" and more mature
population that is replenished by a CD27%" population that acquires
more SHMs and therefore likely re-enters GCs [190]. In the gut, CD45RB"
CD69 MBC subsets, identified in samples from organ donors, was
shown to be predisposed to re-enter GCs while also expressing genes
associated with ASC differentiation.

During the SARS-CoV2 pandemic, several studies have probed
vaccination-draining LNs after SARS-CoV2 [191-193] and IAV [194, 195]
vaccination. They all showed that MBC readily re-enter GCs induced by
vaccination in harsh contrast to what is observed in mice. This was true
for both, SARS-CoV2 that humans were comparably antigenically
inexperienced to [196, 197], and for IAV, that humans tend to have a
complex antigenic history with [198]. When only blood was sampled
and B cells in the periphery were observed, increases in SHM of MBCs
after antigen contact was shown and therefore their re-entry into GCs
indicated by proxy [72, 199].

Factors that make an MBC re-enter a GC reaction or differentiate into
ASC remain to be elucidated and the contradiction between very few
MBC re-entering GCs in mice after PR8 HA vaccination [170, 172] and
more and more improved BCR affinities of MBC after IAV vaccination
in humans [194, 195] requires to be resolved as well.
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1.2.2 T CELL HELP TO B CELLS

Many antigens, such as IAV HA and other proteins, require T cell help
to fully activate B cells. Certain antigens exist, mainly carbohydrate or
other repetitive molecules, do not require T cell help. These antigens
bypass this requirement by crosslinking BCRs and prolonged signaling
[115, 116, 200]. Nevertheless, T cell help is crucial in mounting
successful B cell responses against most pathogens, also IAV [201] by
providing activating signals, supporting the selection process in the GC
and modulating the immune environment [202].

1.2.2.1 T CELL GENERATION AND ACTIVATION

Same as all other leukocytes, T cells stem from a pluripotent
hematopoietic progenitor in the BM but mature in the thymus [203].
Here, a specialized environment in the thymic cortex facilitates and
drives the commitment of thymocytes to various types of mature T
cells. Thymocytes are then selected via their specificity to self-peptides
expressed on thymic epithelial cells, thymic dendritic cells and thymic
B cells and mature into either CD4 or CD8 single-positive lineages. T
cells that have strong interactions to self-peptides in the thymus
medulla are deleted as they pose a risk for autoimmunity. [204, 205]

Mature, naive T cells patrol various tissues, but mainly the lymphatic
system [206] and the blood. Hereby sampling peptides presented on
the MHC of APCs via their TCR. With a high probability, they will
encounter their antigens from pathogens that have infected the host
[207]. Through their TCR co-receptor, conventional T cells are divided
into two subsets: the CD8 and CD4 T cells. CD8 T cells are generally
considered as cytotoxic, responsible for killing infected host cells and
pathogens directly [208]. They recognize peptides presented on MHC
class | (MHC I) molecules and can be activated through various distinct
pathways to differentiate into effector CD8 T cells and might therefore
even require CD4 T cell help [209, 210]. CD4 T cells on the other hand
are generally considered as helper T cells, they recognize peptides
presented on MHC class Il (MHC Il) molecules [211]. CD4 effector cells
can be classified into numerous subsets: T helper 1 (Tu1), Tu2, Tu17, Tt
and regulatory T (Treg) cells [212].

Survival and differentiation co-stimulatory signal are needed from
APCs for final activation of naive T cells to effector differentiation, then
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they can react to their cognate antigen without co-stimulation. These
are delivered in the form of for example via binding of CD28 on T cells
to B7 molecules on APCs [126] and cytokines such as IL-6 [213] or IL-
23 [214, 215]. There are many other co-stimulatory signals at play
between APCs and T cells that fine-tune the immune response. CD4
effector T cell fate decisions and effector functions have been well
defined in the past decades [212]. Critical CD4 T cell responses include
the differentiation into Tu1 effectors. They are induced by interferon
gamma (IFN-y) and IL-12, secrete IFN-y and IL-2 and are thereby take
part mainly in responses to infections of intracellular pathogens, such
as viruses or mycobacteria, but also in autoimmune disease [212, 216].
CDA T cells can also differentiate into T, cells, mentioned previously in
1.2.1.1 and 1.2.1.2. This is induced by IL-6 and T, cells secrete IL-21,
IL-10 and IL-4 [118]. More details about Tr, cell differentiation, effector
functions and memory responses are summarized in the following
section.

1.2.2.2 TFOLLICULAR HELPER CELLS

As Ts, cells are specialized to provide help for B cells and ensure a
functional humoral response to T cell dependent antigens. Within the
GC, they play a key role in the selection of B cells in the light zone [137,
144].

To migrate into B cell follicles and GCs, activated Tr, cells start to
upregulate Bcl6, which is required for differentiation of naive CD4 T
cells to T cells, and thereafter express C-X-C chemokine receptor 5
(CXCR5), which binds to its ligand C-X-C chemokine ligand 13 (CXCL13
[117]. This in turn is initially secreted by FDCs and stromal cells in the
reticular network to attract not only activated B cells but also T cells
to induce a GC reaction [217]. This happens not only in lymphoid tissue
but also at mucosal sites [218]. T+ cells later are the main producers of
CXCL13 themselves [117].

Direct interactions of Tr, cells with B cells are via the MHC-peptide-TCR
complex, CD40 and CD40L interactions and secretion of cytokines such
as IL-21 and IL-4. CD40 activation promotes B cell survival, inducing
CSR and SHM and facilitating B cell proliferation as well as
differentiation into MBC or ASC. In T cells, CD40L signaling will lead
to GC formation, T cell induction and maintenance as helping the T
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cell to select B cells with highest affinities [120]. IL-21 and IL-4 secreted
from T cells bind to IL-21R and IL-4R on B cells respectively and have
synergistic effects to the CD40 signaling [123, 124, 219]. This enables
T cells to fulfill their two main functions: Initiating full naive and
memory B cells activation and selecting GC B cells according to their
affinity in the light zone. Dysregulation of Tr, cells can lead at excessive
activity to autoimmune diseases or at lower/absent activity impaired
humoral responses [118].

Therefore, it is critical for future vaccine design to also consider Tt cells
and to understand their mechanism of help delivered to B cells and
optimizing immune responses in their breadth, duration and quality.
Insights need to be gained into the complex interactions between T,
and B cells as findings from recent indicate that global or bystander
help of T cells that enhance the magnitude of GC and Ab responses
[220-222] and induce a quicker onset of GC reactions [54]. This
represents a contrast to the classical dogma of restricted help only to
B cells that recognize and present the same antigen [223-225].

IAV can be used as a model pathogen to study global versus antigen-
specific Tw cell help to B cells. B cells usually recognize surface
antigens, such as IAV HA, while T cells recognize peptides that
originate from all proteins processed by the proteasome and loaded
onto MHC molecules, like the internal IAV NP [113]. According to the
classical dogma, HA specific B cells could only receive help from HA
specific T cells and vice versa for NP (Figure 4) [223-225]. Non-cognate
versus cognate help can also be described as intra-molecular (help only
to cell of specificity to same molecule) versus inter molecular help (help
to cells of specificity to other molecules). In the case of inter-molecular
or non-cognate help during IAV infection or whole virus particle
vaccination, an HA specific B cells could take up a whole virion, process
and present all antigens on MHC Il and therefore receive help from NP
specific T cells.
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Figure 4: Graphical representation of intermolecular/non-cognate help (left) and
intramolecular/cognate help (right) delivered by CD4 T cells to B cells. Created with
BioRender.
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1.2.3 THE EFFECT OF PRE-EXISTING IMMUNE
COMPONENTS ON B CELL REPSONSES

In recent years, more attention has been given to pre-existing immune
components when dissecting MBC fate decisions and secondary B cell
responses in general, including naive B cells. Presence of Abs could
potentially block epitopes or mediate feedback, similar for MCB that
rapidly differentiate into ASC and secrete high amounts of Ab. And
lastly, helper T cells will be able to provide activation signals to MBC
that accelerate and amplify recall responses.

1.2.3.1 ANTIBODIES

Interestingly, Abs seem to have great effects on B cell fate decisions,
while being also the agent secreted by those cells. This would represent
a certain degree of autologous regulation by secretion of Abs. Several
recent studies have investigated Ab-mediated effects on B cell
reactivation, facilitated by the ease of Ab production and administration
into the murine host [18, 171, 172, 189, 226-253].

Generally, pre-existing Abs were able to modulate B cell responses
mainly via epitope masking or feedback. They reduced GC formation
and naive B cell activation by masking of immunodominant epitopes
and thereby reshaped responses towards subdominant and variant-
specific epitopes and increasing general breadth of secondary B cell
responses while not interacting with secondary serum Ab responses,
as shown for SARS-CoV2, HIV and IAV antigens [72, 77, 189, 226, 229,
235, 245, 248]. Abs with high affinity suppressed B cell responses via
clearing antigen and Fc-receptor signaling [230, 236].

It has been observed that repeated exposures to similar antigens
reduce the response to novel antigenic sites, a phenomenon termed the
“Original Antigenic Sin” (OAS) [254, 255]. As MBC tend to dominate
secondary Ab responses when priming and challenging antigen are not
too distant from each other, the majority of Abs secreted after
secondary antigenic contact are directed against previously
encountered antigen. OAS was recently further investigated after
immunizations with the same antigen and was in these works called
“primary addiction” by Schiepers et al [171, 172]. OAS or “primary
addiction” has been observed not only in the context of its classical
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association with 1AV [172, 230, 254, 255] but also SARS-CoV2, which is
a fairly new pathogen in the human population [72, 243].

While a direct effect of Abs on MBC re-entry in GC is yet to be
determined [172], it has been observed that Ab presence,
concentration, affinity and antigenic site specificity affect the
recruitment of naive B cells into GCs both in silico and in vivo [228-230,
236, 248]. But Abs can via feedback mechanisms also enhance a
diversification of the B cell response and therefore promote the
generation of bnAbs against conserved pathogenic epitopes [77, 228,
233, 248].

Pre-existing Abs need to be considered for future, successful vaccine
design, especially when designing universal vaccines. By simply
designing vaccines that elicit bnAbs targeting conserved or
subdominant epitopes, issues of ID and imprinting can be
circumvented [233, 236]. Additionally, sequential fine-tuned
immunizations can be used to generate broadly neutralizing responses
[243, 248] or Ab-treatment used while vaccinating to guide patient-
responses to desired epitopes [228].

1.2.3.2 MEMORY B CELLS

Most Abs during a secondary response are secreted by MBCs
differentiated into ASCs, especially after heterologous challenges [171,
172, 256], which is supported by the notion that they are generally
poised to differentiate towards Ab secretion rather than GC re-entry
[177, 182-185]. Therefore, local Ab secretion at site of antigen
encounter is very high [159, 160, 257, 258] and would probably locally
inhibit B cell responses to a whole antigen or a single epitope during
secondary responses. MBC are also able to remove antigen from the
environment via BCR internalization, this way MBC are activated and
can present antigen processed to peptides to Tt [259].

Previous studies, mentioned in 1.2.3.1, have focused mainly on the
effect of serum Abs on secondary B cell responses rather than the
effect quickly differentiating an Ab secreting MBCs have. In most of the
system observed, MBCs were present, although their contribution was
not sufficiently delineated.
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1.2.3.3 CD4TCELLS

Cognate help provided by T cells is indispensable for the development
of a B cell response against protein antigens and are required for the
final activation of MBC during second antigen encounter [117, 185,
259]. Several studies have provided an insight into the support of naive,
memory and rare B cell responses by pre-existing Tr against various
pathogens and antigens such as IAV and HA [54, 165, 172, 220, 221,
260-263]. Using cell fate mapping as well as Ab time stamping
experiments, Schiepers et al have shown how while pre-existing Abs
inhibit secondary GC responses to immunization with the same or a
similar antigen, while pre-existing CD4 T cells against the antigen
promoted GC entry of MBCs [172]. The effect of pre-existing CD4 T cell
specificity has so far not been addressed in this regard.
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2 AIMS

The overarching aim of this thesis is to suggest strategies to refocus
ID and B cell responses to IAV HA vulnerable antigenic sites and to
delineate the influence of pre-existing immune components on
secondary B cell responses, in particular MBC responses. Of particular
interest are secondary responses to drifted virus or protein as they can
help to determine factors influencing bnAb development.

2.1 PAPERITAND I

The aim of the first two papers is to dissect the effect of pre-existing T
helper cells (Paper I) as well as pre-existing Abs and MBC (Paper Il) on
secondary naive and memory B cell responses to a drifted/different
antigen. We make use or prime-challenge experiments and adoptive
transfer models to achieve this aim.

2.2 PAPERII

In Paper Ill, we aimed to induce bnAbs by developing an HA stem
epitope mimetic design, detect antigen specific MBC from IAV
immunized donors and to in detail define cross-reactive humoral
responses to various AV strains after immunization with the particle.
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3 METHODS, METHODOLOGICAL
LIMITATIONS AND ETHICAL
CONSIDERATIONS

To be able to induce B cell responses against IAV and its proteins while
being able to fate map cells and supply the immune system with
different pre-existing immune components as well as harvesting
secondary lymphoid organs, we made use of murine experimental
models. IAV ID patterns are well defined for the murine C57BL/6 strain,
which was used for the majority of Paper | and Paper II; all other strains
used in these studies are congenic. In Paper Ill, BALB/c mice were
used. As for further immune response enhancement, the T cell epitope
from the IAV M2e was fused to the stem design proteins developed in
Paper llI, the use of this mouse strain was necessary. Recognition of
the M2e peptide is restricted to the H-2° MHCII, which is expressed by
BALB/c but not C57BL/6 mice [264].

It is important to consider that murine and human immune systems are
differing to a high degree, and we cannot recapitulate the history of
previous IAV infections/immunizations in adult humans with its diverse
memory components. Nevertheless, the murine system provides us
with important advantages in comparison to the human system. We
therefore conducted all experiments in mice. In the future it will be
important to adapt the models also to human studies.

3.1 VIRUSES AND PROTEINS
3.1.1 VIRUS

All viruses (including the A virus panel mutants expressing only one of
the five main antigenic sites of the HA head Ca1A4, Ca2A4, CbA4, SaA4,
SbA4. And the mutant expressing all of the main five antigenic sites of
the HA head except Cb, ACb.) were grown in embryonated chicken eggs
or Madin-Darby canine kidney (MDCK) cells in vitro culture. It is
important to keep in mind that those culture systems will introduce host
proteins into the viral stock, such as for example OVA. Therefore,
appropriate controls were used in all experiments. If needed, virus was
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concentrated on a sucrose gradient as described previously [22].
Subsequently, viral titer was determined by median Tissue Culture
Infectious Dose (TCIDso). For immunization and whole virus ELISA, virus
was ultraviolet (UV)-inactivated for 20-30min in ice. The content of HA
was estimated by hemagglutination assay as described previously [18].

3.1.2 PROTEINS

All proteins used were recombinant and from PR8 wt virus, with
exception of the computationally designed stem-particle and H1 from
A/California/07/2009 virus as well as H3 from A/Brisbane/10/07 virus
used in Paper lll, to ensure genetic similarity to viruses used for
infection and to exclude impurities from other viral proteins.

HA proteins (Figure 5, top; PR8 wildtype (wt) HA, S12 HA, Ca1A4 HA,
Ca2A4 HA, CbA4 HA, SaAd HA, SbA4 HA, ACb HA, H1 from
A/California/07/2009 virus, H3 from A/Brisbane/10/07 virus) were
produced in mammalian cell culture and purified by Protein Production
Sweden, a national core facility. HA proteins were designed with an Avi-
Tag to be biotinylated and subsequently tetramerized via streptavidin
(SA) to a fluorochrome for antigen specific staining of B cells. For
biotinylation, the Biotin Protein Ligase standard reaction kit (Avidity)
was used.

NP protein was obtained from Sino Biologoical and has been used in
other studies [153].

NA protein was produced in-house. In short, Expi293F™ cells (Thermo
Fisher) were transfected with a plasmid expressing the NA construct
via Expifectamine 293 (Thermo Fisher) and processed according to the
manufacturer’s instructions. NA was purified via a HisTrap Excel
column (Cytvia) and stored in a 1:1 mix with glycerol at -20°C.

All recombinant PR8 wt proteins were purified and concentrated using
30 kilodalton (kDa) molecular weight cutoff protein concentrators
(Thermo Fisher) if necessary.
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CbA4 ShA4 ACb
HA HA HA

wt virus

Figure 5: IAV viruses (bottom) and rHA proteins (top) used for infections and
vaccinations in Paper Il. Antigenic sites: Ca1 (red), Ca2 (orange), Cb (green), Sa
(purple), Sh (yellow). Drifted antigenic sites in dark blue. Cal, Ca2 and Sa are
summarized as “other” (purple) on ACb HA. H1 in grey, H3 in blue. Created with
BioRender.

3.1.2.1 COMPUTATIONAL DESIGN AND PRODUCTION OF STEM-
EPITOPE MIMETIC

A protein scaffold containing a similar a-helix to the one contained in
the FI6 epitope on the HA stem was identified and selected for
structural similarity as well as accessibility of the FI6 antibody. Finally,
the scaffold selected for the design was the murine apolipoprotein E.
To finally mimic the FI6 epitope, sidechains from it were grafted onto
the a-helix and mutated if steric hindrance occurred. Epitope mimicry
was not evaluated by sequence but by surface similarity, hydrophobic
residues were preferred to mimic the hydrophobic pocket of the FI6
epitope more closely. Stability was also considered during the design.
The recombinant design was expressed in Escherichia coli cell culture
and purified using Ni-NTA affinity chromatography and lastly size
exclusion chromatography (Cytvia).
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3.2 INFECTION AND VACCINATION

We applied a standardized method of infection and various vaccination
models to induce B cell responses to IAV in mice. This enabled us to
use immunogens of various valencies and antigen contents as well as
infectious versus non-infectious agents.

3.2.1 INFECTION

PR8 virus and its A4 mutants or S12 were used for infection. Virus was
stored at -80°C to retain infectivity and thawed on ice only immediately
before infection. Animals were infected as described previously [265].
Briefly, mice were put to sleep in a chamber with continuous isoflurane
flow and 25-500 TCIDso virus per 25ul Hanks' Balanced Salt Solution
(HBSS) + bovine serum albumin (BSA) was injected intranasally with a
pipette. Mice were observed for subsequent bubbling of the solution
and to let them recover in prone position. Bubbling might indicate that
virus did not reach the lungs. This i.n. infection method ensures virus
to reach the lung and induces potent B cell responses that can be
observed in lungs, the lung-draining mediastinal lymph node (medLN)
and spleen. Generally, virus is cleared from the lungs of mice by latest
9dpi [266].

3.2.2 VACCINATION

We applied several vaccination methods to apply different mixtures of
antigen, varying valency of antigen particles and to induce immune
memory in only the T cell compartment.

The latter is achieved by peptide vaccination. Generally, B cells
recognize in the case of T cell dependent antigens three dimensional
structures on proteins and rarely show specificity to linear peptide
epitopes [267]. T cells on the other hand, recognize linear peptides
presented on MHC molecules [268]. To induce T cell memory and
therefore pre-existing Tr to provide help to B cells, we used peptide
vaccinations [269].

With increasing valency, we used monovalent rHA and UV-inactivated
virus. HA and SA-HA were used for subcutaneous (s.c.) vaccinations
into the foot hock with an MF59®-like squalene-based oil-in-water
adjuvant AddaVax (Invivogen) that induces humoral and cellular
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immune responses; MF59® is used for IAV vaccination in humans
[270]. For monovalent protein, 10ug rHA was used. UV-inactivated virus
provides a high valency of 300-400 HA trimers per virion [271] and
introduces also other IAV antigens into the immune system. UV-
inactivated virus was injected at 2000x hemagglutination units (HAU)
s.c. in the foot hock or i.p. and does not require an adjuvant [272].

For vaccination with the stem mimetic, adjuvant AddaS03 was used.
This is also an oil-in-water emulsion and AS03, the equivalent
formulation used in humans, is used in influenza vaccines regularly
[273]. Here, also both Ty1 and Tu2 immune responses are induced
[274].

3.3 MOUSE MODELS

3.3.1 CELL FATE TRACKING MODEL

When activated B cells enter a GC, they start to express the G-coupled
receptor sphingosine-1-phosphate receptor 2 (S1PR2) on their surface
which binds to sphingosine-1-phosphate (S1P) secreted in the GC and
retains the B cells there [275]. STPR2 overexpression alone caused B
cell clustering in LN follicles even without antigenic challenge [276]. To
make use of this transient expression of STPR2 by all B cells entering a
GC reaction, Shinnakasu et al created a transgenic mouse model with
a tamoxifen-inducible Cre recombinase—estrogen receptor 2 fusion
protein (ERT2cre) in the second exon of the S71pr2 gene [277]. This
model also contained a transgene in which tdTomato is flanked by a
stop cassette controlled by the Rosa26 promotor. In these mice, when
tamoxifen is provided, all GC B cells (expressing STPR2) will also start
to express tdTomato and can be differentiated from non-GC B cells.
Additionally, due to the constitutively expressed RosaZ26, those cells
and all their PC and MCB progeny will be marked with tdToamto. (Figure
6, top right)

We made use of this STpr2-ERT2cre-tdTomato mouse model for our
cell fate tracking experiments and provided mice with tamoxifen during
a primary immune response to an IAV infection until 26dpi, ensuring the
tdTomato marking of as many GC-derived MBC as possible. At 28dpi,
animals are vaccinated with rHA as in the foot hock. We used various
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A4 HA mutants to evaluate the effect of antigenic site-specific immune
components on the secondary response. 7 days post vaccination (dpv),
the animals are sacrificed and primary infection-draining medLN as
well as secondary vaccination-draining popliteal lymph node (pLN) are
taken in addition to serum. (Figure 6, middle). tdTomato-expression is
required to differentiate the secondary GC re-entering MBC from naive
B cells entering a GC for the first time (Figure 6, bottom). With this
approach, we can’t account for MBC generated during an extrafollicular
response. This problem can be overcome using cell-transfer models as
described in 3.4.2.
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Figure 6: Graphic representation of the cell fate tracking mouse model. Induction of
tdTomato expression by tamoxifen (top right), experimental scheme (middle) and
following fate-mapped B cells (bottom). Created with BioRender.

3.3.2 CELL TRANSFER MODEL

Donor mice were C57BL6 mice, expressing the CD45 isoform CD45.2
on all leukocytes [278] and encode the Ig heavy (Igh)[b] allotype [279].
To be able to differentiate not only cells but also Ab secreted of donor
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and recipient, we bred a C57BL/6 congenic mouse strain.
B6.SJLPtprcaPepcb/BoyJ, expressing CD45.1 isoform, and
B6.CgGpilaThy1a Igha/J, expressing the Igh[a] allotype, (both Jackson)
were crossed to generate the PepBoylgha strain expressing both
CD45.1 and Igh[a]. B cells and T cells of donor and recipient can
therefore be differentiated via their CD45 isoform expression and Abs
in serum of recipient can be differentiated using enzyme-linked
immunosorbent assay (ELISA) secondary antibodies specific for either
Igh[a] or Igh[b] allotype.

3.4 ADOPTIVE TRANSFER MODELS

To recreate the presence of pre-existing immune components of
defined specificity, we resorted to adoptive transfer models of Abs as
well as B and T cells. Consequently, we were able to define the
specificity of Abs, CD4 T cells and MBC and in the recipient. Adoptive
transfer models overcame many problems and more accurately
differentiate the origin of such immune components (primary versus
secondary immune reaction). Congenic models were used for adoptive
transfers to ensure MHC-compatibility and engraftment of the
components into the recipient.

3.4.1 ANTIBODIES

Abs used in adoptive transfers were either monoclonal antibodies
(mAbs) or polyclonal IgG (plgG) isolated from infected C57BL/6 mice.

mAbs were purified from hybridoma by BioXCell and are suitable for in
vivo application.

To generate plgG, C57BL/6 mice were infected with PR8 virus, one of
its A4 mutants or S12. At 28dpi, animals were sacrificed and terminally
bled under ketamine anesthesia. IgG was isolated from the obtained
serum using a MelonGel column (Thermo Fisher) on a chromatography
system. MelonGel removes other Ig isotypes (IgM, IgA, IgE) and does
not require elution, therefore being very gentle on the plgG purified and
ensuring a very quick workflow. Following this, the plgG is biotinylated
to be identifiable in recipient serum and so it can be removed from
serum mixtures of recipients that received biotinylated plgG. Finally,
biotinylated plgG is titrated using a standardized ELISA protocol to
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determine maximum binding capacity (Bmax). To determine eventual
differences in plgG avidity, an ELISA- based avidity assay using Urea as
chaotropic agent was applied. Using Bmax as a measure for Ab amount
instead of mass ensures the same amount of HA bound by a defined
Bmax of plgG as serum often contains various affinities of Abs [147].
The same titration technique is also applied to mAbs.

Abs are diluted in PBS and transferred into the recipient i.p.. Four hours
later, the animals are challenged using one of the two vaccination
techniques described in 3.2.2 PR8 wt and the ACb escape mutant
viruses or PR8 wt HA are used for vaccination. Animals are sacrificed
14 dpv after Ab transfer only to ensure a mature GC reaction to develop.
When combined with a MBC transfer, animals are sacrificed at 7dpv..
Organs taken for flow cytometric analysis were spleen (after i.p.
vaccination) or pLN (after s.c. foot hock vaccination). Recipient serum
taken at 14dpv is treated with SA-gel bead for 30min to remove
biotinylated donor plgG.

Adoptive Abs transfers can in theory be combined with any cell transfer
desired.

3.4.2 MEMORY B CELLS

As the ST1pr2-ERT2cre-tdTomato mouse model did not allow for the
differentiation between progeny of MBCs generated during an
extrafollicular response and GC progeny, and the Ab transfer model
could not recapitulate the high concentration of Abs caused by local Ab
secretion, we setup an adoptive MBC transfer accompanied with
adoptive plgG transfer. This allows for the precise definition of
antigenic site specificity of pre-existing immune components and local
Ab secretion by MBC-derived PC.

Donor animals were infected with PR8 wt and left to develop MBC for
28d. The recipient is primed using the PR8 reassortant J1, expressing
an H3 instead of the PR8 wt H1 [151, 280]. This ensured the presence
of an immune response environment in the recipient and in particular
CDA4T cells that can support a donor MBC response. It was not possible
to successfully engraft and re-activate HA specific donor MCB without
previous J1 priming. We chose J1 for priming instead of PR8 wt to
circumvent competition with recipient MBC specific for PR8 wt HA.
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MBCs from the donor are isolated using a B cell negative selection kit
commercially available (Stemcell) and adding an anti-lgD and anti-GL7
biotinylated antibodies to remove naive and GC B cells from the picture.
This likely leaves only IgM or switched MBC after isolation. Cells are
transferred at 1-3x 10°cells/recipient parallel to transfer of 1xBmax of
plgG. The recipients were left to rest overnight and were vaccinated the
next day i.p. with 2000x HAU UV-inactivated virus. Animals were bled
from the vena saphena at 3dpv and sacrificed at 7dpv. MedLN, spleen
and serum were taken from the recipient. While organs were processed
for flow cytometric assessment, serum was used for ELISA. (Figure 7)
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Figure 7: Graphic representation of the MBC + plgG transfer. Donor immune
components shown in orange and recipient immune components in purple. Created
with BioRender.

3.4.3 CD4 T CELLS

To evaluate the effect of pre-existing CD4 T cells and their help to B
cells and their fate decisions, in particular to delineate whether B cells
prefer cognate to non-cognate help, we also conducted CD4 T cell
transfers.

C57BL/6, expressing CD45.2, donor mice were immunized s.c. in the
foot hock with peptides from PR8 NP and OVA as control. CD4 T cells
were isolated via the Mouse CD4 T cell Isolation kit (Stemcell) by
negative selection from spleen and pLN of recipients. 2 x 10°isolated
CD4* T cells were i.v. transferred into the recipients, PepBoylgha,

33



Weaving the Threads of Memory: How Pre-existing Immunity Shapes B Cell Responses to
Influenza A Virus

expressing CD45.1. Then, the recipient was left to rest overnight and
infected i.n. the next with PR8 virus. At 14dpi medLN was collected and
donor versus recipient T, were analyzed.

3.5 MULTICOLOUR AND SPECTRAL FLOW
CYTOMETRY

The main method to analyze samples in this work was flow cytometry.
It enabled the detection of surface- and intracellular-expressed proteins
as well as the detection of antigen specific B cells using fluorescently
labelled antigen. Additionally, it is also used for neutralization assays,
where IAV NP expressed by infected cells is stained with a fluorescently
labelled antibody.

While staining for surface markers for B cell phenotyping has been used
for decades and staining panels are established in the community, we
applied a novel method to not only stain for antigen but even antigenic
site specificity. To achieve this, we used PR8 wt HA and A4 HA mutants
labelled with different fluorochromes and defined antigenic site
specificity with a multi-step gating strategy (Figure 8). This strategy
was modified to the proteins used for vaccination and can be more or
less stringent, prioritized based on the experimental contribution to key
findings. Especially spectral flow cytometry can be applied when
staining for multiple antigenic mutants as one can add potentially up to
30 differently labelled antigens.
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Figure 8: Gating strategy to determine antigenic site-specificity of B cells to PR8 wt
HA. Used for cell fate tracking (top) and MBC + plgG transfers (bottom). Colours
indicate antigenic site specificity as defined in Figure 5. Created with BioRender.

3.6 FUNCTIONAL ASSAYS TO EVALUATE
ANTIBODY FUNCTION AND SPECIFICITY

3.6.1 ELISA

The ELISA assays conducted in this work were standardized to ensure
comparability between different experiments. We used either
recombinant protein or whole, UV-inactivated virus for coating. For
Paper Ill, whole virus was used for ELISA out of the necessity that not
all rHA proteins were available and that stem specific Abs bind more
effectively to HA when the protein is in its natural conformation [281].

3.6.2 BINDING TO INFECTED CELLS

When MDCK cells are infected with any IAV in vitro, they will start to
express the viral proteins HA, NP and M2e on their surface prior to
budding of viral particles [11]. We used this fact to stain infected cells
with serum derived from vaccinated animals to determine binding of
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Abs to HA protein in its natural conformation in infected cells. The
assay was conducted as previously described [282]. Briefly, MDCK cells
were infected at multiplicity of infection (MOI) = 3 for 5h. After
trypsinization, the cells were incubated with serum for 60min at 37°C
and after that with a fluorescently labelled anti-mouse kappa light chain
antibody to detect binding of serum Abs to the infected cells. To
determine whether a cell was infected or not, finally the MDCK cells
were permeabilized and fixed and stained with an anti NP antibody. The
samples were then acquired on a flow cytometer, binding of serum Abs
was only analyzed on virus infected cells.

3.6.3 ADCC

As anti-stem Abs in mice rarely show neutralizing effects on IAV, we
sought out to determine whether they showed other Fc-functionalities,
such as ADCC [42]. The assay was performed as previously described
[283]. Briefly, MDCK cells were infected with virus at MOI = 3 and after
6h, mouse serum was combined with ADCC effector cells expressing
luciferase controlled by the nuclear factor of activated T cells (NFAT)
response element and transiently expressing Fc-gamma receptor IV
(FcyRIV) (Promega). This effector cell-serum mixture was added onto
the infected MDCK cells and left over night. Finally, cells were lysed, and
luciferase substrate was provided. Luminescence was measured
within 5min, and fold induction was calculated over a negative control.

3.6.4 NEUTRALIZATION ASSAYS

Neutralization is considered the holy grail of protective Ab-activity,
providing potentially sterile immunity [44]. We used neutralization
assays to determine protection from Abs induced by PR8 wt virus and
A4 vaccination to another H1 IAV strain to show cross-protective
activity of those antibodies. Specifically, induction of Abs binding to
more conserved antigenic sites through A4 HA vaccination. Briefly,
virus was incubated with serial dilutions of sera for 1h at 37°C. Then,
MDCK cells were infected with the mixture at MOI = 0.1. 18h after
infection, cells were harvested and stained for intracellular NP
expression, indicating infection. The samples were then run on a flow
cytometer.
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3.7 ETHICAL CONSIDERATIONS

All studies conducted in this work were approved by an ethical
committee, the Swedish Board or Agriculture (Jordbruksverket). Ethical
permits for work with mice used were 1666/19, 2230/21, 28/23 and for
breeding, ethical permit 3307/20 was used. With all experiments, we
adhered to the 3R (replace-reduce-refine) principles as closely as
possible.

When conducting infection and vaccination studies on mice, it is mainly
important to consider the severity of disease on the animals. Therefore,
it is crucial to titrate virus thoroughly before use in experiments to
ensure the development of a strong response while reducing the
suffering of animals as much as possible. Vaccination in general does
not induce severe pathogenicity, although we selected comparably less
painful vaccinations routes.

For this work, many strains were bred in-house and the ration of male
to female progeny is always 50:50. This means by only using female
animals for experiments, one would have to sacrifice half of the pups
without them serving a purpose. Therefore, in this work, a mix of male
and female mice were used in almost all experiments. The ration was
kept at ~50:50 while still age-matching all animals.

In general, we could not avoid a certain amount of suffering, disease
and stress during our studies with mice. Although we applied our best
efforts to reduce them as much as possible. These studies cannot be
conducted in human participants and ex vivo approaches, such as
organs on chips, have not yet been developed to an extent that
recreates immune response in a living organism to a satisfying degree.
Nevertheless, certain aspects of this work will require validation in
humans to finally give us insight into universal IAV vaccine
development in humans.
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4 RESULTS AND DISCUSSION

4.1 PAPERI

In this study, we investigated the role of pre-existing T cell help on GC
responses and how they shape humoral responses during IAV infection
and/or vaccination. Our focus was especially on the questions if pre-
existing T cells influenced naive B cell responses and whether non-
cognate T cells help could enhance B cells responses (Figure 9). We
used the two-protein system of NP (intra-virion) and HA (on surface of
virion) of IAV PR8 to achieve our goals (Figure 4).

Induction of pre-existing CD4 T cells by peptide vaccination.
Functional CD4 T cells were induced by NP peptide vaccination, they
were of Tm and Tu1 phenotypes (Figure 9, A), as shown by cytokine
expression profiles and antigen-specific TCR staining. After i.n.
infection, they exhibited similar ID patterns to peptides as described in
previous works [284] (Figure 9, B).

Dissection of inter- and intramolecular antigen-specific T cell help.
We showed that help from CD4 T cells was mainly intramolecular or
cognate, supporting responses only to the priming antigen. For
example, pre-existing NP-specific CD4 T cells enhanced Ab responses
to NP but failed to enhance early HA-specific B cell responses, even
when the proteins were used in a mixture for vaccination (Figure 9, C).
This result showed that non-cognate help is not a significant
occurrence during IAV infection, a finding consistent with several
previous studies [220, 261, 285]. Although a study by Tarke et al has
recently shown that non-cognate T cell help is a common occurrence
in SARS-CoV2 memory responses [286]. With these results, we
highlight the need to explore strategies that leverage conserved CD4 T
cell epitopes for broader protection against IAV variants.

Accelerated GC formation but no increased antigen-specific GC B cell
frequencies.

Pre-existing CD4 T cells supported earlier formation of GCs after IAV
infection, as shown by increased GC size at 7dpi. This acceleration,
however, did not result in a higher frequency of antigen-specific GC B
cells (Figure 9, d). The presence of primed CD4 T cells also did not
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change the frequency of switched MBC (Figure 9, E), suggesting that
their primary role is to facilitate early Ab production rather than
improving selection in the GC. A favoring of ASC fate by pre-existing
Tu1 cells has been shown before [287] and highlights a decoupling of
Ab quantity and GC B cell dynamics.

Quality of serum Ab responses to NP and HA evaluated by avidity.
We reasoned, that pre-existing CD4 T cells could potentially improve the
quality of an Ab response as well and therefore assayed Abs from
serum for avidity via an ELISA assay. We did not observe any notable
changes in Ab avidity to NP in primed versus non-primed animals,
suggesting that the stronger responses in ELISA assay for titer
determination were likely due to more efficient secretion or increased
numbers of ASC (Figure 9, F). Interestingly, early NP-specific Abs had
higher baseline avidity compared to HA-specific Abs (Figure 9, F), which
caught up later during the response, reflecting differences in the affinity
maturation of NP- and HA-specific B cells. This further highlights the
challenge of achieving robust and early Ab responses to highly variable
antigens such as HA. Likely, NP-responses were generated outside of
the GC in an extrafollicular response, while HA responses matured in
the GC and specific, high affinity ASC were exported later.

Implications for (universal) IAV Vaccine Design.

The findings underscore the potential of targeting conserved CD4 T cell
epitopes, such as those on NP, to enhance vaccine efficacy. While NP-
specific Abs were not highly protective, their immunogenicity and
conservation between different IAV strains [14, 288] make NP a
desirable target to elicit durable T cell responses. The lack of
enhancement in HA-specific responses by NP-specific CD4 T cells
revealed a need for strategies that directly prime HA-specific T cells to
optimize humoral immunity. To include both, intra-virion proteins as
well as surface proteins in vaccines, inactivated or attenuated whole
virus particles could be used, or vaccines could be formulated as a mix
of peptide- and protein components.

Limitations
We showed that presence of CD4 T cells improved anti IAV serum Ab
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responses, but we were not able to elucidate whether this was due to
improved GC entry of improved GC selection. To answer this question,
cell fate tracking approaches of both B and T cells as well as a higher
resolution of timepoints could be beneficial. Additionally, later
timepoints should also be tested to determine the longevity of this
increased Ab response and to use challenge-studies to show improve
protection by T cell priming. In this study, we also focused on two
separate proteins whereas it would also be interesting to determine the
effect of antigenic site specificity on T cell help, especially in regard to
drifted virus mutants. Unfortunately, we were unable to prime CD4 T
cells against HA and therefore unable to show an enhancing effect of
HA specific CD4 T cells to B cell responses against HA. Additionally,
different vaccination approaches should be tested, as adjuvants have
polarizing effects in T cell differentiation [289, 290] and generation of
HA specific CD4 T cells by peptide prime could be achieved by for
example an increased dose.
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Figure 9: Pre-existing CD4 T cells deliver only cognate help during IAV infection to naive
B cells, enhance Ab responses and increase early GC size. A: Frequency of NP peptide-
specific CD44+ T cells among four CD4 T cell subsets defined by transcription factor
expression (Bcl6 — Tm, FoxP3 — Ty Roryt — Tu17, Thet — Tw1) in the pLN after
immunization with NP (blue) and OVA (black/white) peptide pools. B: IL-2 secreting SCF
as determined by ELISpot in spleen after PR8 wt infection and stimulation with NP
peptides. C: AUC450nm of sera obtained from mice primed with NP (blue) and OVA
(black/white) peptides and vaccinated with an rNP and rHA mixture at 7 and 14dpv.
Specificity determined against NP (left) and HA (right). D: GC B cells/10° B cells (left) and
%NP+ per GC B cells (right) after NP (blue) and OVA (black/white) peptide prime and PR8
wt infection at 7 and 14dpi in medLN. E: switched MBC/10° B cells after NP (blue) and
OVA (black/white) peptide prime and PR8 wt infection at 7 and 14dpi in medLN. F: Avidity
index of sera obtained from mice primed with NP (blue) and OVA (black/white) peptides
and infected with PR8 wt at 7 and 14dpi. Specificity determined against NP (left) and HA
(right).

Significance determined with one-way ANOVA with multiple comparisons to negative
control peptide using Dunnett’s correction at an alpha of 0.05 (B) and Student’s t-test (A,
C, D, E F). *=p=<0.05; ** = p <0.01; *** = p<0.001; *** = p<0.0001. For bars, mean +SD and
for box plots median +/- interquartile range are indicated.
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4.2 PAPERII

In Paper Il, we explored the dynamic interplay between pre-existing Abs,
MBCs, and naive B cells in response to drifted IAV antigens. We took
advantage of cell fate tracking and adoptive transfer models to
delineate secondary B cell response determinants and thereby used
vaccination methods of different valency to visualize how Abs and B
cells “see” antigen. (Figure 10)
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Figure 10: Effect of pre-existing Abs and MBC on vaccination with drifted antigens
and antigens of variant valency reshapes MBC as well as naive B cell responses.
Outcomes can range from Ab secretion, GC reaction induction and entry to
reshaped ID patterns of GC reactions and serum Ab. Created with BioRender.

MBC responses to mutated and conserved antigenic sites on a drifted
antigen.

Utilizing fate-tracking models and antigenic site-specific escape
mutants of rHA protein (namely CbA4, SbA4 and S12, Figure 5) for
secondary vaccination, we demonstrated that drifted vaccination
reshapes secondary GC responses by promoting naive B cell entry
whilst favoring MBC differentiation to ASCs as previously shown [170,
172]. Not all drifted antigens induced robust de novo responses to

42



Laura Reusch

novel epitopes (Figure 11, A), indicating that some antigenic sites might
have a higher potential for OAS/primary addiction. Slight changes in the
vaccination antigen showed expanded GC sizes compared to
homologous vaccination (Figure 11, B). We also observed an increase
of serum Abs specific for PR8 wt HA at 7dpv in especially the
homologous challenge (Figure 11, C), in which the ASC fate was
preferred most by MCB compared to all other vaccinations. ID
composition of GC and ASC after vaccination with drifted antigen was
guided by the present canonical antigenic site (Figure 11, D). Sb-
specific MBCs showed greater reactivation potential in comparison to
Cb-specific MBCs, likely due to differences in epitope exposure as well
as quality of pre-existing immune components. And finally, non-
canonical antigenic sites were preferably targeted by secondary GCs
and ASC-responses, likely leveraged by blocking of canonical antigenic
sites via pre-existing Abs (Figure 11, D).
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Figure 11: Vaccination with a drifted antigen reshapes secondary B cell responses.
A: Total number of tomato™ GC B cells in vaccination-draining pLN after CbA4 rHA
(left), Sba4 rHA (middle) and S12 rHA (right) vaccination at 7dpv. B: Total number of
GC B cells in vaccination-draining pLN at 7dpv of rHA vaccination. C: AUC difference
between -1dpv and 7dpv after rHA challenge of PR8 wt rHA-specific IgG. D: Total
number and ID patterns of PR8 wt HA* GC B cells (left) and ASC (right) in pLN after
rHA vaccination at 7dpv. Cb (green), Sb (yellow), other (purple), non-canonical (grey).
Significance determined with a paired t-test (A) and one-way ANOVA (B, C). Lowest
p-value indicated in A to show non-significance. * = p<0.05; ** = p <0.07; *** = p<0.007;
*** = p<0.0001. For bars, mean +SD is indicated. All plots contain data from <2
experiments.
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Integrating antigen valency into antibody feedback and epitope
masking.

A major discovery of Paper Il was the dependence of Ab-mediated
suppression to vaccinating agents on antigen valency. Multivalent
antigens facilitated strong suppression of naive B cell responses in the
presence of adoptively transferred Abs while no blocking or enhanced
B cell responses were detectable after transfer of Abs and vaccination
with monovalent PR8 wt rHA (Figure 12, A). This distinction highlights
the importance of antigen presentation format in modulating immune
responses but cannot explain the secondary B cell responses to drifted
antigens in the cell fate tracking experiments.

Polyclonal IgG from infected mice versus monoclonal antibody
transfers.

To dissect the effects of pre-existing Abs, we performed adoptive
transfers of both, mAbs and plgG. Most previous works have relied on
mADb transfers or near-monoclonal mouse models [189, 228, 230, 232,
234-236], which do not recapitulate a real life in vivo scenario with
various antigenic site specificities and affinities of Abs [18, 147]. Other
studies have been using whole serum, which is a poorly defined mix of
Abs and hard to dose, additionally those studies have been using
mainly monovalent antigen and used different infection models [229,
231]. Our results showed that high affinity mAbs inhibited naive B cell
responses to some degree also to whole HA or even other viral proteins
when multivalent antigens were used. Interestingly, Sb-specific mAbs
had a greater suppressive effect, potentially due to differences in Fc
receptor engagement. (Figure 12, B left). plgG transfers mimicked
physiological scenarios better but still reduced naive B cell entry into
GCs while reshaping ID patterns, favoring responses to antigenic sites
not targeted by the plgG transferred. Unlike mAbs, plgG exhibited more
nuanced suppression, likely due to varying affinities, specificities and
IgG subclasses present. (Figure 12, B right).

Local antibody secretion at vaccination draining lymph nodes by ASC
explains the varied secondary B cell responses to monovalent vaccine.
Differences in immune responses to drifted monovalent antigen as
observed during cell fate tracking experiments could not be explained
by the presence of Abs, we sought out to determine how pre-existing
Abs could still affect secondary immune responses. Rapid
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differentiation of MBCs into ASCs at vaccination sites will lead to
localized Ab secretion in draining lymph nodes [171, 172, 189, 257,
258]. These local Abs likely suppress responses and mediate Ab
feedback, shaping the specificity and magnitude of GC responses.
Interestingly, even the distant prime-draining medLN showed
reactivation, suggesting systemic modulation of immune responses by
Abs or other immune components (Figure 12, C).

A UV-inactivated virus
____rHA vaccination vaccination
250 OIS e
Z 200000 ] . C os -
a 5600000
B 150000 - 0.7 *
8 T 400000 . —~ 0.6
o 100000 o E
Q 3 . . . g 05
o 200000 - 3 o4
.i o
0 o 0.3
R Y 2
& &£ I&Q:» 0.2
A 01
&
AR 0.0
N s
xo 35 2
plgG transfer S8 00 o S 3
50 J
Sp xE ¥ o o o
c - €7 o o O u o
8 3 ECb
3 &
) ] s Sb
2 2
o S mmother
[+1] m
3 T}
[}

=anon canonical

Ab secretion, they reshape ID patterns. A: Total number of GC B cells after mAb
transfer and rHA (left) vaccination in pLN and UV-inactivated PR8 wt virus vaccination
(right) in spleen. mAb H9D3 (a-Cb, green) and mAb H28-E23 (a-Sb, yellow) were used.
B: Total number and ID patterns of PR8 wt HA* GC B cells after mAb transfer (left)
and plgG transfer (right) and UV-inactivated PR8 wt virus vaccination. Specificity of
Abs transferred indicated in background colour (a-Cb = green; a-Sb = yellow). C: PR8
wt rHA specific AUC of IgG in medLN supernatant at 7dpv after rHA vaccination in
foot hock.
Significance determined by one-way ANOVA (A, C). Lowest p-value indicated in A
(left) to show non-significance. * = p<0.05; ** = p <0.01; *** = p<0.001,; *** = p<0.0001.
For bars, mean +SD is indicated. All plots contain data from <2 experiments.
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Adoptive co-transfers of polyclonal IgG and memory B cells reveal
differential regulation of naive B cells and memory B cells by pre-
existing antibody and the requirement of CD4 T cell help for
engraftment.

To overcome limitations of both cell fate tracking and Ab transfer
experiments, we conducted adoptive transfers of MBC accompanied
with plgG transfers. We mix- and matched plgG specificities and drifted
vaccines to investigate the scenario of an escape in the Cb antigenic
site (ACb) of PR8 wt HA. Priming of the recipient animals with an IAV
expressing a different HA than PR8 wt was necessary to induce recall
responses by 7dpv and guarantee engraftment or donor MBC. A clear
difference in engraftment of donor cells can be observed when
comparing total numbers of PR8 wt HA* B cells in the spleen of primed
and naive recipient (Figure 13, A). This is likely due to the induction of
CD4 T cells specific to other viral antigens. Results from Paper |
showed that non-cognate help from CD4 T cells did not support naive
B cell responses (Figure 9, C). Whereas early GC formation was
supported (Figure 9, D), which might have delivered the required
survival signals to the donor MBC to initiate a secondary response. Pre-
existing CD4 T cells that offer at least non-cognate help therefore
seemed to be required for a recall MBC response. Transferred MBC
rapidly differentiated into ASC and Ab secreted by them dominated the
serum response at 7dpv in comparison to recipient Ab (Figure 13, B).
When very high amounts and diverse specificities of Abs were present,
such as the “all A4" transferred group, in which plgG against Ca1A4,
Ca2A4, CbA4, SaA4 and SbA4 was transferred, Ab secretion was very
low from not just recipient but also host cells. Interestingly, presence
of CbA4 plgG enhanced serum responses to the Cb-escaped PR8, ACb,
likely due to cross-reactive Abs being present in the transferred plgG
that still recognized the in vitro drifted antigenic site. While pre-existing
Abs and MBC reshaped total GC and ASC responses, they also clearly
reshaped ID patterns. Particularly CbA4 specific plgG during
vaccination with the Cb antigenic site present on HA reshaped recall
ASC responses towards the Sb antigenic site while enhancing
responses of naive-progeny ASC towards the Cb epitope (Figure 13, C).
We showed thereby that MBC and naive B cell responses are
differentially regulated by pre-existing Ab that are also able to refocus
site-specific responses in both populations.
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Figure 13: Transfer of MBC requires priming of the donor, while engrafted MBC
dominate Ab responses and are regulated differently to naive B cells by pre-existing
Abs. A: PR8 wt HA* donor B cells (GC B cells + ASC + switched MBC + IgM MBC) in
spleen of recipient at 7dpv after MBC and plgG transfer. Blue = primed recipient,
black/white = naive recipient. B: AUC of PR8 wt rHA specific IgG2a at 7dpv after
MBC and plgG transfer. Donor IgG2a = red; recipient IgG2a = black/white. C: Total
number and ID patterns of PR8 wt HA* ASC in spleen of recipient at 7dpv after PR8
wt MBC and CbA4 plgG transfer and PR8 wt UV-inactivated virus vaccination.
Significance determined by one-way ANOVA (B). * = p<0.05; ** = p <0.07; *** =
p=0.001; *** = p<0.0001. For bars, mean +SD is indicated. All plots contain data
from <2 experiments.

Impact on (universal) IAV vaccine design.
The findings of Paper Il provide key insights for IAV vaccine design:

a. Multivalent vaccines: While multivalent antigens elicit robust
immune responses, they are more susceptible to Ab-mediated
suppression. Depending on whether B cell responses to vaccines
are supposed to be fully or partially blocked or only inhibited to a
small degree, valency needs to be considered and could be
optimized to meet specific qualifications.

b. Sequential vaccinations: Secondary challenge with drifted antigens
enhances naive B cell activation and reduces ID to canonical sites,
broadening the immune repertoire. Sequential vaccinations could
be considered to guide responses to conserved antigenic sites.

c. Targeting conserved epitopes: Vaccines that preserve
subdominant conserved epitopes, such as the HA stem, could elicit
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cross-reactive responses and mitigate drifted vaccination. A
direction explored in Paper llI.

d. Combining Ab transfer and vaccination: Using Vaccines after
transfer of a defined mixture of Abs could help guide B cells
responses to desired epitopes and mask dominant, non-protective
antigenic sites.

e. Considering pre-existing MBC: We have shown that pre-existing Abs
alone cannot sufficiently explain impaired secondary GC
responses, this was caused by pre-existing MCB differentiating into
ASC and secreting large amounts of Abs. Therefore, when testing
patients for pre-existing immunity, MBC should be examined as
well.

Limitations

By using mAb and plgG transfers, we were able to compare our findings
from previous studies using monoclonal models [228, 230, 236] as well
as recapitulate real life scenarios [76, 291, 292]. Although we were not
able to in detail define the characteristics of the way Abs modulate B
cells responses as other studies have done [171, 172, 228, 230, 233,
236]. More timepoints after MBC transfer and subsequent vaccination
need to be assayed to provide a deeper insight into MBC dynamics
upon reactivation and their differentiation into ASC to observe how
local Ab secretion reshapes B cell responses. Later timepoints are also
of highinterest as it is important to determine whether those responses
persist. Humans have a complex history with IAV antigens that was not
fully recapitulated by the two exposures that we used in our models.
Therefore, studies in humans or repeated antigen exposures in mice
should be conducted. Finally, our vaccination approaches as well as
mAb transfer models should be revised and standardized. The UV-
inactivated virus particles contain other IAV proteins as well that could
influence B cell responses and therefore vaccinations with a
multivalent particle only including HA protein should be studied as well.
The mAbs we used for our transfer experiments were of different IgG
subclass that can engage different Fc receptor responses. Using the
same IgG subclass therefore could prevent this limitation.
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4.3 PAPERIII

In Paper Il we highlight the potential of rationally designed epitope-
focused immunogens to induce the production of 1AV HA specific
bnAbs. Two computationally designed immunogens, an Fl6-focused
and a stem-mimetic construct, were assessed for their ability to induce
bnAbs in vaccination responses. (Figure 14)
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Figure 14: Graphical representation of Paper Ill from design of the stem-mimetic (top)
to pull-down of stem-mimetic binding MBC from human subjects (bottom right) and
immunization of mice with stem-mimetic followed by characterization of induced Ab
response (bottom left). Created with BioRender.
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Computational design of a particle mimicking the surface of a
conserved epitope on the stem of influenza A virus haemagglutinin.
An IAV stem epitope commonly targeted by bnAbs [26-29] was grafted
onto a scaffold to mimic only the surface of the epitope. The scaffold
selected was similar in structure and sufficient space for epitope
presentation and manipulation. Surface mimicry was further improved
by computational design and strong binding to prominent bnAbs was
shown. To engage T cells by vaccination with the stem mimetic, an IAV
M2e epitope was fused to the design that is a known target by T cells
in BALB/C mice [264]. A further improvement of immunogenicity and
binding to several bnAbs was achieved by fusion to a ferritin
nanoparticle, producing a highly multivalent antigen. The structure of
the stem-epitope mimetic was characterized by X-ray crystallography
while bound to the FI6 mAb and binding to several bnAbs was
confirmed using surface plasmon resonance (SPR).

Computationally designed stem mimetic and Fl6-focused design
engage memory B cells of influenza A virus vaccinated individuals.
The FI6 focused design, which induced weaker HA stem responses in
mice in comparison to the stem mimetic, was used in addition to the
stem mimetic to sort human B cells from vaccinated donors. Both
bound to MBCs expressing Vu1-69 and V13-23, which are connected to
many stem-reactive bnAbs [31, 293]. MBCs that bound the stem-
mimetic and H1 only were mainly expressing Vu1-69, while MBCs
binding to the stem mimetic and H1 and H3 were mainly expressing
Vu3-23. This highlights the antigen’s ability to interact with a diverse
repertoire of human IAV-experienced MBC and potentially engage them
in a response to refine even more towards cross-reactivity. (Figure 15,
A)

Haemagglutinin cross-reactive antibody responses induced by
vaccination of mice with the computationally designed stem mimetic.
We vaccinated mice with three doses of the stem mimetic design to
determine its potential to induce HA cross-reactive immune responses.

Sera from mice vaccinated with the stem design were able to bind to
an H1 recombinant protein and to several different group 1 and group
1 whole virus particles in an ELISA assay (Figure 15, B). We could even
detect binding to an H7 IAV that is currently not circulating in the human
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population [65]. In general, combining sequential HA and stem-mimetic
vaccinations improves cross-reactivity in comparison to HA or stem-
mimetic vaccination alone. This was also mirrored by a binding assay
of serum Abs to virus infected cells. Importantly, Abs induced by stem-
mimetic vaccination were not neutralizing. It is known that anti-stem
Abs often require other Fc effector functions [42], we therefore
conducted ADCC functional assays with sera from stem-mimetic
vaccinated mice. The stem-epitope robustly induced Abs that exhibited
ADCC reactivity against H1 and H3 viruses, but again a combination of
HA and stem-mimetic vaccinations improved ADCC activity even more
(Figure 15, C).
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Figure 15: Stem-mimetic design engages with MBC from IAV vaccination study
subjects and induced IAV HA cross-reactive responses after immunization of mice.
A: V4 gene expression of MBC binding to FI6 focused design and stem mimetic-
design, that also bind H1 or H3 or both. B: Whole virus (as indicated) ELISA IgG AUC
of sera from animals immunized with stem mimetic design and HA as indicated. C:
ADCC fold induction of sera after immunization of mice with stem design and HA as
indicated. Fold induction was calculated over serum control from mice vaccinated
with irrelevant serum.
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Implications for (universal) IAV vaccine design.

The ability of stem-mimetic immunogens to selectively reactivate
bnAb-producing MBCs and generate cross-reactive Abs offers
valuable insights for universal IAV vaccine development:

a. Broad protection: The engagement of MBCs targeting
conserved epitopes ensures sustained immunity against
antigenically drifted or zoonotic strains.

b. Effector Functions: By boosting Fc-mediated responses despite
missing neutralizing capacities, these immunogens provide an
important layer of protection.

c. Translation of design process: The computational approach to
designing immunogens eliciting cross-protective responses
and bnAbs is a universal concept that could also be applied to
other pathogens, such as SARS-CoV2, HIV or P. falciparum.

d. Engagement of pre-existing MBCs: By re-activating pre-existing
MBC of humans, stem-mimetic designs could be leveraged to
improve pre-existing immune repertoires without the need to
vaccinate against various IAV strains.

Limitations.

The FI6 focused design only showed binding to FI6 mAb but not to other
bnAbs, showing the lack of breadth of this application, that was though
overcome by using the stem mimetic design, which bound to several
bnAbs. While the stem mimetic was able to induce HA cross-reactive
responses after vaccination in mice, the results are not translatable to
the pull-down of human MBCs with the design as mice do not express
the Vi1-69 gene in contrast to humans. This gene encodes for most
bnAbs specific to the HA stem [31, 293]. Vaccination of human subjects
with the stem mimetic would only be possible after further
characterization and validation of safety in pre-clinical studies.
Although vaccination with the stem mimetic induced Abs binding to
both group 1 and 2 IAVs and exhibiting functional properties, such as
ADCC, protection in challenge experiments and neutralization assays
was not conferred by these Abs (data not shown). Therefore, further
characterization of those Abs or vaccination studies in humanized mice
containing the Vu1-69 gene are needed.
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5 SUMMARIZING CONCLUSIONS AND
FUTURE PERSPECTIVES

With Paper | and Il we have dissected the effect of pre-existing immune
components and vaccination strategies on IAV directed B cell
responses. Some of those approaches and insights are used in Paper
[l to design an immunogen that can induce IAV group 1 and 2 cross-
reactive Ab responses. All three studies provide strategies to combat
challenges posed by antigenic drift and shift in IAV strains. Together,
they emphasize the interplay between computationally designed
immunogens, pre-existing immunity, and the generation of broadly
protective Ab responses as a framework for future (universal) 1AV
vaccine development.

By integrating fate-mapping, adoptive transfer, and drifted antigen
vaccination models, Paper Il uncovers key regulatory mechanisms in
secondary B cell responses. The findings highlight the complexity of Ab
feedback and its dependence on antigen valency as it plays a pivotal
role in the efficiency of engagement by pre-existing Abs. These insights
pave the way for designing vaccines that optimize memory and naive
responses, while addressing challenges posed by antigenic drift. This
was applied in Paper lll, where the stem-mimetic was presented
multivalently on a nanoparticle, which also engaged CD4 T cells with
the M2e epitope attached. These findings underscore the importance
of presenting conserved epitopes in an optimized structural and
valency context to maximize immunogenicity and protection.

Computationally designed immunogens targeting conserved stem
epitopes of the HA stem bypass the ID of the highly variable HA head.
Additionally, we have also shown how combination of pre-existing Abs
and MBC can redirect B cell responses to desired antigenic sites on the
HA head while producing high amounts of Ab. It remains to combine
both approaches and to test e.g. computationally designed HA head
mimetics expressing only a certain antigenic site or to direct immune
responses by using stem-specific Abs in an HA vaccination context.
Some Abs have shown enhancing effects on HA head responses and
these approaches could also be explored to direct responses towards
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the stem. This poses for certain challenges though as the HA stem is
not as easily accessible as the HA head.

These studies collectively exemplify how a nuanced understanding of
B cell memory dynamics and rational vaccine design, can redefine
vaccine development for a broad spectrum of infectious diseases.

Notably, vaccination with the stem-mimetic was shown bypass ID of
HA by inducing the production of broadly reactive Abs and binding to
broadly reactive MBC in |IAV-experienced individuals. To evaluate if
broad immunity is maintained or ideally even improved, it could be used
as a prime during cell fate tracking and adoptive stem-mimetic induced
Ab transfer experiments. By vaccinating young children with an
immunogen to induce broad immunity and being able to maintain this
over a lifetime even after contacts with 1AV could be considered a
universal vaccine. Other computationally designed immunogens could
be used to vaccinate against other IAV proteins, such as M2e, NP or NA
and multi-epitope cocktails, eventually even presented on the same
scaffold. This might induce even more cross-protective responses by
making epitopes on inaccessible proteins available to B cells and pre-
existing Abs. Use of computationally designed immunogens requires
clinical studies for determination of safety and efficiency.

The latter can also be used, if clearly defined, to modulate immune
responses to future vaccines. As many individuals have varied 1AV
exposure histories [77], vaccine designs should aim to modulate pre-
existing immunity to favor subdominant, conserved epitopes. Tailored
vaccination strategies, including heterologous and sequential prime-
boost regimens [189], combination of vaccination with Ab transfer and
computationally designed immunogens inducing cross-reactive
responses could efficiently reactivate bnAb-producing MBCs while
maintaining robust naive B cell recruitment. Here, valency of antigens
should also be considered and tailored to the desired immune response
outcome. And finally, there is a great need to define ID patterns of
human Abs and MBC and to incorporate individual vaccination and
infection histories.

Of course, all vaccination strategies used here and definition of the
effect or pre-existing immune components to IAV could also be applied
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to the development for other universal vaccines. This is especially
desirable for highly variable pathogens such as SARS-CoV2 [294-296],
HIV [189, 297-299], P. falciparum [300-302] or also RSV [303-305].
Combinatory approaches, targeting of various proteins and integrating
Ab feedback as well as individual antigen exposure history will also be
beneficial here.

The convergence of structural and computational vaccine design, and
insights into the immune memory has unlocked new potential for
combating antigenic drift in IAV and beyond. By targeting conserved
epitopes and leveraging memory responses, these approaches address
long-standing challenges in vaccinology, paving the way for universal
vaccines capable of offering broad and durable protection against
drifted pathogens.
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