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Abstract

Vaccination confers protection against pathogens that is built up via active or passive
immunization. This thesis is divided into two projects presenting novel approaches for passive

and active vaccination.

Passive immunization aims at providing instant support to the human immune system that is
not able to curtail and clear infections. Past and current strategies, such as serum therapy and
monoclonal antibodies, however, lack memory formation and thus require regular
administration. Newer approaches of cellular vaccines, such as engineering of B cells, aim at
replacing native B cell receptor sequences ex vivo with those of known neutralizing antibodies.
Upon reinjection, modified B cells differentiate into long-lasting plasma cells expressing these
protective antibodies. It needs to be considered, however, that amino acid changes in
immunodominant epitopes of viral antigens - the main target of neutralizing antibodies - allow
viruses to evade the immune system. The discovery of LAIR1-containing antibodies that bind
broadly to various malaria-causing Plasmodium falciparum isolates has prompted us to
establish a new type of passive vaccination, which integrates key virus-binding domains of cell
entry receptors into antibodies. Antibodies containing pathogen receptor domains are
expected to be difficult to be evaded by the pathogen and therefore would diminish viral
immune escape. In addition, LAIR1-receptor antibodies were generated via a cell-intrinsic
mechanism, likely involving the activity of activation-induced cytidine deaminase (AID). AID
contributes to antibody diversity via induction of double-strand breaks in the antibody gene. In
my thesis | show that CD40L plus IL-4 stimulation is the strongest inducer of AID mMRNA
transcripts and further enabled the successful in vitro engineering of LAIR1 insert-containing
B cells, albeit at low frequency. To optimize insert modality for its subsequent integration and
to quantify insertion efficiency, a flow-cytometry-based GFP-reporter assay was performed.
Engineered B cells maintained 0.1 to 1% GFP expression with a diverse set of DNA substrates.
Single-stranded DNA containing homology arms represented the most promising substrate
design. Speaking of other pathogens than malaria, HIV concurrently lacks a working vaccine
and SARS-CoV-2 appeared during my doctoral thesis as a highly relevant target. Therefore, |
aimed at applying the obtained knowledge from LAIR1, integrated into antibodies, to key entry
receptor domains for HIV-1 and SARS-CoV-2. While LAIR1-antibodies were designed by
nature, insert-containing antibodies against HIV and SARS-CoV-2 still need to be developed.
To this end, | recombinantly expressed antibodies containing pivotal cell entry receptor or
nanobody domains and was able to obtain insert-mediated specific binding. Hence, such
knowledge can serve as a template for functional protein domain insertions into antibodies of

primary human B cells in the future. Taken together, this first project has laid the base for AID-



stimulated B cell engineering. Primary human B cells can be endowed with key sites of viral
entry receptors, such as immunoglobulin-like receptor domains from LAIR1, and may

contribute a new strategy of passive vaccination.

Active immunization involves the direct contact with pathogens that mounts adaptive immune
cell responses, thereby eradicating infection and inducing long-term memory. The outbreak of
COVID-19 and its impact around the globe has illustrated the need for safe and effective
vaccines. Hitherto, conventional vaccine designs have not considered interactions of
immunogens with the host cell receptor as a potential drawback of vaccine efficacy. We
hypothesized that high-affinity binding of the SARS-CoV-2 spike to the ubiquitously expressed
ACE2 receptor may on the one hand exert masking and on the other hand promote
displacement of the vaccine antigen, thereby limiting immunogen availability and hampering
the generation of neutralizing antibodies. Hence, we aimed for an active vaccine design
strategy that by abrogation of entry receptor binding diminishes antigen displacement and
preserves immunogenicity as well as accessibility to all epitopes of the receptor binding
domain (RBD) of the viral spike. We therefore developed a bioinformatically residue scoring in
collaboration with Prof. Dr. Simon Olsson, which was based on available data from high-
throughput cell receptor binding and antibody escape studies. We were able to stratify amino
acids of the SARS-CoV-2 RBD into different groups based on their contribution to ACE2
receptor binding, their involvement in recognition by neutralizing antibodies as well as their
respective expressibility. We identified a high scoring candidate, G502E, which displayed
similar binding of neutralizing antibodies compared to WT, but lost association with ACE2. My
in vitro studies confirmed higher adsorption as well as increased internalization of the SARS-
CoV-2 spike or RBD WT proteins compared to G502E by ACEZ2-expressing cells.
Immunization of rabbits with the G502E spike induced higher anti-RBD antibody titers,
indicating that receptor binding abrogation can focus the response towards the RBD.
Furthermore, a G502E RBD mutant induced superior antibody titers and neutralization
compared to WT. Taken together, this project merges information of the immunogenic nature
and ACEZ2 binding features of amino acids of the RBD from the SARS-CoV-2 spike to design
an improved protein vaccine candidate by abrogating interaction with the viral entry receptor.
In future, this methodology may be applied to other vaccine platforms and to pathogens that
engage cell entry receptors with high affinity and lack vaccines that elicit protective antibody

responses.



Zusammenfassung

Die Impfung verleiht Schutz im Kampf gegen Krankheitserreger, welcher entweder durch
aktive oder passive Immunisierung aufgebaut wird. Diese Doktorarbeit ist in zwei Projekte

unterteilt, die neue Methoden fiir passive und aktive Impfung prasentieren.

Passive Immunisierung zielt darauf ab, dem humanen Immunsystem schnelle Unterstiitzung
zu gewabhrleisten, wenn es selbst nicht in der Lage ist, die Infektion in Schach zu halten sowie
diese zu klaren. Vergangene und derzeitige Strategien, wie die Serumtherapie als auch
monoklonale Antikdrper, besitzen jedoch keine Moglichkeit der Ausbildung von
Gedachtniszellen und benétigen deshalb regelmafige Verabreichung. Neuere Methoden wie
zellulare Impfstoffe, zum Beispiel das Engineering von B-Lymphozyten, zielen darauf ab,
urspriingliche Sequenzen des B-Zell-Rezeptors ex vivo mit solchen von bekannten und
etablierten neutralisierenden Antikdrpern zu ersetzen. Nach Reinjektion differenzieren diese
modifizierten B-Zellen zu langlebigen Plasmazellen, die diese schitzenden Antikorper
produzieren. Dennoch ist zu beachten, dass Aminosaurenveranderungen in
immundominanten Epitopen viraler Antigene i das Hauptziel neutralisierender Antikorper i es
Viren erlauben, sich dem Immunsystem zu entziehen. Die Entdeckung von LAIR1-
enthaltenden Antikorpern, die eine breite Masse an verschiedenen Malaria verursachenden
Plasmodium falciparum lIsolaten binden, haben uns veranlasst, einen neuen Typus der
passiven Impfung zu etablieren, welcher virusbindende Schliisseldomanen von
Zelleintrittsrezeptoren in Antikdrper integriert. Es ist zu erwarten, dass solche Antikorper,
ausgestattet mit Krankheitserreger bindenden Rezeptordomanen, schwieriger von Viren
umgangen werden kénnen und damit das Entkommen mindern. Des Weiteren sind diese
LAIR1-enthaltenden Antikorper durch einen zellinternen Mechanismus entstanden, der
wahrscheinlich die Aktivitat des Enzyms aktivierungsinduzierte Cytidin-Desaminase (AID)
beinhaltet. AID trAgt zur Diversifizierung von Antikdérpern bei, indem es DNA-
Doppelstrangbriiche im Antikérpergen induziert. In meiner Doktorarbeit zeige ich, dass
Stimulierung via CD40L plus IL-4 der starkste Induzierer von AID mRNA Transkripten ist und
uns in weiterer Folge die erfolgreiche in vitro Modifizierung von LAIR1-enthaltenden B-Zellen
erlaubte, jedoch in geringer Haufigkeit. Um die Art des DNA Substrats fur die folgende
Integration zu optimieren als auch die Insertionshaufigkeit zu quantifizieren, wurde ein
durchflusszytometrie-basierender GFP-Reporter Test durchgefiihrt. Modifizierte B-Zellen
behielten 0,1 bis 1% GFP Expression bei Verwendung diverser Substrate. Einzelstrangige
DNA mit Homologiearmen stellte dabei das vielversprechendste Substratdesign dar.
Beziglich anderer Krankheitserreger als Malaria, gibt es fur HIV bis dato keinen

funktionierenden Impfstoff. Zudem tauchte wahrend meiner Doktorarbeit das SARS-CoV-2



Virus als hochrelevantes Ziel auf. Deshalb beabsichtigte ich das vorhandene Wissen von
LAIR1, integriert in Antikdrper, auf virusbindende Schlisselrezeptordomanen fur HIV-1 und
SARS-CoV-2 umzuminzen. Wahrend LAIR1-Antikérper von Mutter Natur konzipiert wurden,
missen insert-beinhaltende Antikdrper gegen HIV-1 und SARS-CoV-2 erst entwickelt werden.
Zu diesem Zweck habe ich Antikdrper mit grundlegenden Zelleintrittsrezeptor- oder
Nanoantikérperdomanen rekombinant hergestellt und konnte dabei insert-vermittelte Bindung
beobachten. Somit konnte dieses Wissen in Zukunft als Mustervorlage fir funktionelle
Proteindomanenintegrationen in Antikdrper von primaren humanen B-Zellen dienen.
Zusammengefasst hat dieses erste Projekt den Grundstein fur AID-stimuliertes B-Zell-
Engineering gelegt. Primare humane B-Zellen konnen mit Schlisseldoméanen von
Viruseintrittsrezeptoren wie z.B. immunoglobulin-&hnliche Rezeptordoménen von LAIR1

ausgestattet werden und somit eine neue Art der passiven Impfung darstellen.

Aktive Immunisierung beinhaltet den direkten Kontakt mit Krankheitserregern, wodurch eine
adaptive Immunantwort hervorgerufen wird, um eine Infektion auszumerzen sowie
langanhaltende Gedachtniszellen zu induzieren. Der Ausbruch von COVID-19 und seine
Auswirkung auf die globale Gemeinschaft hat die Notwendigkeit von sicheren und effektiven
Impfstoffen aufgezeigt. Bis jetzt haben herkdmmliche Impfstoffdesigns die Interaktion von
Immunogenen mit dem Gastzellrezeptor nicht berlicksichtigt, was einen méglichen Nachteil
beziglich Effizienz nach sich ziehen kdnnte. Wir vermuteten, dass die hoch-affine Bindung
des SARS-CoV-2 Spike Proteins zum Uberall verbreiteten ACE2 Rezeptor einserseits einen
Maskierungseffekt bewirkt, andererseits auch zu einem Verschwinden des Impfstoffes fuhrt,
was die Immunogenverfiigbarkeit als auch die Entstehung neutralisierender Antikorper
behindert. Deshalb zielten wir darauf ab, eine Designstrategie fur einen aktiven Impfstoff zu
wahlen, die bei Aufhebung der Bindung zum Eintrittszellrezeptor sowohl das Verschwinden
des Impfstoffes vermindert, die Immunogenizitdt bewahrt als auch den Zugang zu allen
Epitopen der Rezeptorbindedoméne (RBD) des viralen Spike Proteins ermdglicht.
Aufgrunddessen entwickelten wir in Kollaboration mit Prof. Dr. Simon Olsson ein
bioinformatisches Aminosaurenbewertungssystem, das auf vorhandenen
Hochdurchsatzdaten von Zellrezeptorbindungs- und Antikdrperescapestudien beruhte. Uns
war es mdoglich Aminoséduren der SARS-CoV-2 RBD in unterschiedliche Gruppen zu
unterteilen, basierend auf deren Einfluss auf ACE2 Rezeptorbindung, deren Involvierung in
Erkennung von neutralisierenden Antikorpern als auch deren Grad der rekombinanten
Expression. Wir identifizierten einen High Score Kandidaten, G502E, der ein ahnliches
Bindungsprofil von neutralisierenden Antikorpern wie WT aufwies, jedoch seine Interaktion mit
ACE2 verlor. Meine in vitro Studien bestétigten hdhere Adsorption als auch erhdhte

Internalisierung von SARS-CoV-2 Spike oder RBD Proteinen von ACE2-exprimierenden



Zellen im Vergleich zu G502E. Immuniserung von Hasen mit dem G502E Spike Protein
induzierte héhere anti-RBD Antikorpertiter, was uns zeigte, dass Aufhebung der Bindung zum
Zellrezeptor die Antikdrperantwort auf die RBD fokussieren kann. Aul3erdem induzerte die
G502E RBD Proteinmutante verbesserte Antikdrpertiter und erhéhtes Neutralisationspotenzial
im Vergleich zu WT. Zusammengefasst vereint dieses Projekt Informationen beziglich
Immunogenizitat und ACE2 Bindungseigenschaften der Aminoséauren in der RBD des SARS-
CoV-2 Spike Proteins, um einen verbesserten Proteinimpfstoffkandidaten - unter
Bertcksichtigung der Aufhebung der Bindung zum Eintrittsrezeptor des Virus - zu entwerfen.
In Zukunft konnte diese Methodik auf andere Impfstoffplattformen als auch Krankheitserreger
umgelegt werden, die deren respektiven Zelleintrittsrezeptor mit hoher Affinitat binden sowie

gegen die es noch keinen Impfstoff gibt, welcher protektive Antikérper hervorrufen kann.
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1. Introduction

1.1 Viruses and infectious diseases

Infectious diseases reside at the top of global disease burden, holding shares of about 15%
back in 2019, In particular, lower respiratory infectious diseases were listed 4" place globally
in the WHO top 10 causes of death list with a death toll of 2.6 million people in the same year?.
The outbreak of the severe acute respiratory syndrome coronavirus type 2 or SARS-CoV-2
virus in late 2019 has further spiraled up fatal outcomes by marking a total number of 350,831
deaths, making it alone number 3 of leading death causes in the US in 20203. In comparison,
chronic lower respiratory diseases, influenza & pneumonia as well as chronic liver disease and
cirrhosis had totaled up 251,120 deaths in 2019% In Germany, coronavirus disease 2019
(COVID-19), the disease caused by SARS-CoV-2, made up 4% of deaths in 2020 and got
ranked at 7™ place of demises®. Another virus highly relevant for infectious disease burden is
the human immunodeficiency virus or HIV, which still represents one of the top 4 leading death
causes in Africa with 435 fatal cases out of 100,000 people as of 20198, in particular impacting
the sub-Saharan countries. Approximately 67% of the 38 million people living with HIV
worldwide were located on the African continent in 2020°. In the WHO European region
approximately 12 of 100,000 people were newly diagnosed with HIV in 2021 and around 3354
AIDS-related deaths were reported, mainly in the eastern part of Europe®.

Among infectious diseases with highest impact on death tolls, the Marburg virus outbreak back
in 1967 needs to be mentioned, which had the highest fatality rate of viral infectious diseases
locking in at 80% meaning that 8 of 10 infections ended in death. This is followed by the Nipah
epidemic in 1998 accounting for 77.6% and the Hendra outbreak in 1994 with 57% of deaths
from infected cases®. In comparison, the quite newly emerged SARS-CoV-2 is at 9" place of
major virus outbreaks in the last 50 years with a fatality rate of 2.2%. The mortality rate for HIV

was estimated to be around 2.6%1°.
1.1.1 History of the discovery of viruses  and vaccination

In the 18" century, the smallpox epidemics raged in Europe claiming 400,000 lives per year?!.
In Asia and Africa, immunizations have been already discovered and eventually one of them,
namely variolation, was imported by Lady Wortley Montagu in 1723 upon her stay in
Constantinople. Variolation is a technique that involves the transfer of live variola virus, the
causing agent of smallpox, via grinded scab or pus material from an infected individual into
skin scratches of a healthy one. Although variolation was associated with a mortality rate of
1%, it outweighed by far the risk of catching smallpox without any immunization (mortality rate

of up to 40%) and became an accepted and widely used method*?. Benjamin Jesty as well as
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others in France and Germany were among the first to experiment and realize that people
challenged with cowpox, a less harmful version for humans, protects them against smallpox.
However, they neither published their findings nor did decipher the underlying concept of their
discovery. In 1796, Edward Jenner, a British physician, established what is still called
vaccination!!. He was the first to comprehensively set out experiments to prove the protective
effect of prior cowpox infections against smallpox. He inoculated both arms of James Phipps,
the son of his gardener, with cowpox extracts that he yielded from the pus of an infected
milkmaid. The little boy experienced some uneasiness and fever, however did not develop full-
blown disease. As the most crucial step of Jenner’s work, he challenged Phipps with smallpox
material 6 weeks after and strikingly observed no infection and thus immune protection of the
boy!3, Upon performing more inoculations, he published his findings privately in 1798 under
t h e Aniingdirgintdithe causes and effects of the Variolae vacciniae, or cow-poxostating
that cowpox was transmitted from horses to cows and most importantly that cowpox
inoculations protect from smallpox infections#*°. In his publication Jenner used vaccine as an
adjective, whereas his friend Richard Dunning coined the term vaccination as a noun in 18001,
Nonetheless, Jenner did not isolate nor characterize the causative agent. In the 1860s, among
others before him Louis Pasteur speculated that microorganisms might cause disease in
humans, thereby challenging the predominant Miasma theory from the Greek physician Galen.
By studying fowl cholera, he not only identified the responsible bacterium Pasteurella
multocida, but also determined that inoculation of chickens with attenuated cultures containing
spoiled P. multocida caused them not to die, but to eventually gain resistance. He realized that
weakened forms of the pathogen could lead to immunity against the disease similar to what
has already been postulated by Jenner and was pioneering the first vaccines against chicken
cholera and also anthrax. One of Pasteur’s greatest achievements, however, represented the
development of a vaccine against rabies, a disease with a fatality rate of near-100% once
clinical symptoms arise!’, which he accomplished together with his assistant Emile Roux in
1885.1 n his publication AM®t hode pour pr®venir |
inoculation of 20 dogs with the vaccine and subsequent challenge with more virulent versions,
observing protection of two-thirds of the animals!®'®, The same immunization protocol was
applied to treat the 9-year-old boy Joseph Meister as well as Jean-Baptiste Jupille, who were
bitten by a rabid dog and luckily could be saved by Pasteur’s invention. Further immunizations
of people led to a drop of mortality from 40 to 0.5% comprising a milestone in immunology that
contributed to the founding of the Institute Pasteur in 1888%°. However, Pasteur also
experienced great difficulty in isolating and viewing the infectious agent under the microscope
as it was too small to be seen?!. Beside Pasteur and many more, German physician Robert
Koch contributed seminal work to the rise and establishment of the so-called germ theory

hypothesizing the impact of microorganisms eliciting diseases. Especially his work on Bacillus

16



anthrax led to the formulation of the Koch postulates, a new dogma of microorganism
characterization. They state that a pathogen must be found in diseased organisms only,
isolated and propagated, injected back into healthy animals causing the disease again and
isolated another time to prove it is the same organism, a certainty to which all scientists at that
time adhered to?2. Adolf Eduard Mayer, a German agricultural chemist, was investigating an
illness of the tobacco plant that ruined harvests in the Netherlands giving it the name tobacco
mosaic disease due to its peculiar pattern on the leaves®. In his studies, he observed a
pathogenic phenotype of healthy plants after inoculation with the sap of infected leaves,
suggesting bacteria with unknown modes of infection and life as being the etiologic agent.
Dmitri Ivanovski, a Russian biologist, followed up on Mayer’s studies using a different filter
system, namely the Chamberland filter, being the gold standard of filtering out bacteria at that
time?*. In contrast to Mayer, Ivanovski's filtrate remained infectious, however he was still not
able to isolate the microbe, but surmised uncultivable bacteria that passed through the leaky
filter or bacterial toxins that were secreted into the sap (published in 1892)%. Being unaware
of Ivanovski's results, Martinus Beijerinck, obtained a similar experimental outcome as the
Russian and published his results in 18982, As Mayer and Ivanovski before him he was also
constrained by the postulates of Koch, but stated for the first time that pathogenic matter from
the filtrate of diseased plants was only able to replicate in live cells and thus called this new
agent virus (referred from the latin word virus = poison). Further, he assumed it to be a liquid
and called it liquidum vivium contagium (latin for contagious living fluid), which was challenged
by Ivanovski insisting it to be of particulate matter (contagium vivum fixum) that is a fact as of
today?. In 1897 and 1898, Friedrich Loeffler and Paul Frosch could prove that agents in blood
from animals suffering from foot-and-mouth disease still make it through the filter and can infect
healthy species, thus representing the first example of a viral disease of animals and
confirming the previously made observations about submicroscopic pathogens?. Finally, in
1931 with the invention of the electron microscope by Ernst Ruska and Max Knoll it was
feasible to determine morphology of microorganisms that could not be seen under a light
microscope before?’. The first viruses to be imaged were the ectromelia virus in 1938 and the
tobacco mosaic virus back in 193928, Since then, the work of dedicated scientists has resulted
in the discovery of thousands of viruses until this day fueling the progress of the young field of

virology?’.
1.1.2 Structure and taxonomy  of viruses

Viruses are infectious micro-agents generally ranging between 20 and 100 nanometers (nm)
in size, with some examples as rod-shaped filoviruses that reach even more than 1000 nm in
length?®. Whereas prokaryotes and eukaryotes harbor a double-stranded DNA genome and

use RNA as a messenger for protein synthesis and cell propagation, viruses are composed of
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either double-stranded (ds) or single-stranded (ss) DNA or RNA as the genetic material and
rely on the host cell machinery for protein synthesis and viral replication®. Viral genomes
can have 3 kilobase to 2 megabase pairs, however the majority carries between 7 and 20
kilobase pairs of genetic material encoding for structural and non-structural proteins. Non-
structural proteins are important for hijacking the replication and translational machinery as
well as virion formation, whereas structural proteins are essential for virion shape and
infectivity?. Basically, the genetic material is surrounded by the capsid which is composed of
small protein units (capsomers) that are held together via non-covalent interactions, thereby
forming a shell and together with the genome constituting the nucleocapsid. Capsids protect
the genome against exogenous cues as temperature, UV light, changing pH as well as nucleo-
and proteolytic enzymes® and appear in helical, polyhedral, spherical or pleomorphic shape
(e.g. bacteriophages)®? (Fig. 1). Helical viruses as the Tobacco mosaic virus are characterized
by genetic material that is wrapped around and flanked by capsids, thereby forming as the
name suggests a rod-like structure or spiral. If the nucleocapsid is surrounded by an envelope,
these are called spherical viruses as e.g. SARS-CoV-2. Polyhedral capsids mainly occur in an
icosahedral shape, which is specified as an energy-favorable structure with 20 sides
composed of triangles that are made up by similar or different capsomer proteins. In contrast
to naked viruses, enveloped ones show another membrane surrounding the capsid that is
further stabilized by means of matrix proteins. Polyhedral and spherical viruses harbor
attachment proteins on the surface that are the main mediators of entry and infection of host

cells?®3L,
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Glycoprotein envelope
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Fig. 1 Scheme of virus types (taken from 22). Viruses are infectious particles that require organelles
and proteins from host cells to ensure propagation and survival. The viral genome is composed of either
single- or double-stranded DNA or RNA surrounded by the capsid protein that is assembled via
capsomer units. Dependent on the virus type the capsid occurs either in helical, polyhedral, spherical or
complex pleomorphic shape aiming to protect the nucleic acid from harmful environmental cues. Virus
attachment proteins are already found anchored in capsids of naked polyhedral viruses as e.qg.
Adenoviruses or Parvoviruses, whereas non-naked enveloped viruses are encircled by a further
membrane that is kept rigid via matrix proteins and that is studded with attachment proteins pivotal for
viral entry into host cells.

Since the 1970s, the International Committee on Taxonomy of Viruses (ICTV) has classified
viruses according to their phenotypic appearance into different taxa (from general to specific:
realm A kingdom A phylum A class A order A family A genus A species) releasing a
current version every year®. Alternatively, viruses can also be categorized according to the
Baltimore classification system based on how viruses generate their mRNA that is
subsequently translated into viral proteins and further progeny®*. In the initial publication, 6
different classes are presented that were extended to a 7" one owing to the characterization
of hepadnaviruses as a distinct group years after Baltimore’s paper®® (Fig. 2). Group | viruses
as Variola, also known as the smallpox virus, are characterized by a mostly linear ds DNA
genome that serves as a template for mRNA synthesis of early genes that represent proteins
required for replication. Thereafter, the latter act via intermediate proteins to initiate
transcription of late genes that encode for structural proteins of the virus®®2’. Group II,
represented e.g. by parvoviruses, harbors circular ss DNA with positive (+) polarity (same as
mRNA) or a mixture of positive and negative (-) strands of genetic material®*. As the first step

the ss DNA is complemented to form a ds DNA that serves as the template for transcription of
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non-structural and structural viral particle proteins that together with replicated (+/-) ss DNA
make up the new virion®, Linear ds RNA containing viruses as Rotaviruses are stratified into
group lll as they synthesize mMRNA by means of their own transcription complexes. The
produced mRNA serves then as a template for ds RNA synthesis®. Group IV viruses as e.g.
Coronaviruses are characterized by a linear ss RNA genome with (+) polarity that is translated
into non-structural polyproteins that make up the viral replication and transcription machinery.
This is needed to generate new genomic RNA as well as subgenomic RNA, the latter of which
serves as the transcript for translation of structural proteins*®4!, Measles virus is a member of
group V viruses that encompass a mostly linear (-) ss RNA genome that can be used instantly
as a matrix for mRNA synthesis. Besides translation into viral proteins, the mRNA also serves
as a template for generation and replication of the (-) ss RNA genome*2. Groups VI and VI
represent reverse transcribing viruses that are characterized by employing nucleic acid
intermediates that are of opposite nature than their respective genome®. HIV is a
representative of group VI displaying a linear (+) ss RNA genome that upon release into the
cytoplasm is converted by the enzyme reverse transcriptase into an RNA-DNA intermediate
and ultimately into ds DNA that is able to enter the nucleus and integrate by means of viral
integrase into the genome as a proviral DNA*. The host transcriptional machinery performs
synthesis of viral MRNA that is translated at ribosomes, but also serves as novel copies of the
HIV genome**. Hepadnaviruses as hepatitis B exemplify group VII that harbor partially ds DNA
genetic material in circular shape. Within the nucleus of the host cell it serves as the template
for synthesis of different RNAs. Upon transport into the cytoplasm, subgenomic RNAs are
translated into structural proteins and the pregenomic RNA. This is an intermediate for viral
replication and serves as the template for reverse transcriptase, eventually leading to the

generation and replication of circular partially ds DNA*56,
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Baltimore classification of viruses
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Fig. 2 The Baltimore classification system stratif ~ ies viruses based on their mannerto  synthesize
MRNA?3435 here modified by adding modes of replication (adapted from the BioRender template

iThe Baltimore Cl as s i The updated Batimocefclassificatiansystend 9f viruses
comprises 7 groups that differ in their genomic nucleic acid composition as well as their modes to
generate MRNAS35, Representative examples of viruses are displayed for each group. Group | viruses
consist of a double-stranded (ds) DNA genome that is transcribed into mMRNA. Members of group Il are
composed of single-stranded (ss) DNA that requires complementation to a ds DNA for subsequent
MRNA synthesis and replication. Group Il viruses harbor ds RNA genomes, of which the negative strand
is targeted by the viral RNA-dependent RNA polymerase for mMRNA generation that also serves as a
template for viral replication. Coronaviruses representing group 1V have a ss RNA genome with positive
polarity (+) that can be translated instantly into non-structural polyproteins. These are needed for
generation and replication of new genomic ss RNA with negative polarity (-) as well as (+) ss subgenomic
RNA that serves as a template for subsequent translation into structural proteins of the virion. Group V
viruses harbor a (-) ss RNA genome that can be transcribed via the RNA-dependent RNA polymerase
into viral mMRNA, being also a matrix for replication. Group VI and VII viruses are also known as reverse
transcribing viruses due to their peculiar way of replication and transcription. The genome of HIV, a
member of group VI, consists of (+) ss RNA that upon release into the cytosol is converted in a process
of reverse transcription (RT) via the viral enzyme reverse transcriptase into an RNA-DNA and then ds
DNA intermediate that is further integrated into the host genome. Host RNA polymerase Il then performs
the synthesis of mRNA. Group VIl viruses contain a ds DNA genome that serves as a matrix for
subgenomic or mRNA as well as pregenomic (pg) RNA synthesis, the latter of which is reversely
transcribed into an RNA-DNA hybrid and eventually converted into a ds DNA genome. Upon

transcription, mRNA from viruses of all groups is translated into proteins at host ribosomes that
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assemble the new virion together with the genetic material. (+); positive polarity. (-); negative polarity.

ss; single-stranded. ds; double-stranded. pgRNA; pregenomic RNA. RT; reverse transcription.
1.1.3 Viruses of interest in this thesis
Human Immunodeficiency Virus 1 (HIV-1)

Since the start of the epidemic, the Human Immunodeficiency Virus (HIV) has infected 84.2
million people globally and claimed around 41 million of lives in the context of AIDS-related
illnesses*’. Several zoonotic transmission events from non-human primate simian
immunodeficiency viruses (SIV) to humans highly likely represent the origin of HIV*® that can
be stratified into two species of retroviral lentiviruses, namely the highly virulent HIV-1 and the
less pathogenic HIV-249%° Symptoms of an infection comprise fever, fatigue, headache, weight
loss, swollen lymph nodes, diarrhea and so forth®! that can result in the so-called acquired
immunodeficiency syndrome (AIDS), which is characterized e.g. by a CD4" T cell count lower
than 200 cells per pl and accompanied with the emergence of opportunistic infections and
cancer®?, The main transmission route of the virus is via sexual intercourse, as it transits
through body fluids as blood from infected individuals or between babies and their mother as
well as via shared needles when injecting drugs*. Although estimated that HIV firstly emerged
back in the 1920°s and 1940’s in Africa®, it received massive public attention in the early
1980s in the USA when first cases of AIDS were clinically observed in homosexual men and
injection drug users®. In 1983, two separate research groups - one led by F. Barré-Sinoussi
and Luc Montagnier from France and the other one by Robert Gallo from the US - declared a
novel retrovirus to be the causative agent for AIDS and coined different terms for the same
virus. Gallo attributed similarities to the Human lymphotrophic T-virus (HTLV) calling it HTLV-
115455 whereas the French researchers could discern differences in the core protein
composition of this novel virus compared to HTLV-I and hence called it lymphadenopathy-
associated virus (LAV)®. In 1986, the International Committee on Taxonomy of Viruses
proposed to merge both terms by suggesting the name Human Immunodeficiency Virus or
HIV®,

HIV-1 virions are around 100 nm in diameter and comprise an approximately 9 kb RNA
genome encoding for structural and auxiliary proteins®® (Fig. 3a). Vif, vpu, vpr and nef are
accessory proteins that help to perform efficient replication and to enhance infection and virion
release®. Rev and tat encode for regulatory proteins enabling activation of viral DNA
transcription and transport of viral MRNAs into the cytoplasm®. Gag, pol and env represent
the genomic segments for structural proteins of the virus. Gag encodes thereby components
necessary for packaging of the genome as well as stability of the mature virion. Pol
encompasses enzymes mediating replication as well as host genome integration. Env encodes

for the trimeric glycoprotein 160 (gpl160) that is composed of gpl120 (binding) and gp4l
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(membrane fusion) subunits being the main determinant for host cell entry®® (Fig. 3b, ¢) and
thus the principal focus of treatment strategies®:. Beside dendritic cells and macrophages that
are hard to infect®2, but lead to dissemination of the virus, the main immune cell target of
HIV-1 are activated helper T cells that express the entry receptor CD4 on their cell surface.
Upon binding of the HIV envelope protein (gp160) to the receptor, rearrangement of the viral
entry protein exposes binding sites for a co-receptor necessary for efficient infection. Hereby,
HIV-1 isolates can be differentiated based on cellular tropism preferring either the CCR5 (R5)
or CXCR4 (R4) chemokine receptor®°2, Infected CD4* helper T cells are thought to be
depleted by poorly unraveled cytopathogenic effects of the virus as well as via eradication from
CD8* T cells, thereby leading to a lack of supportive helper T cells, which are crucial for
adaptive immune responses®?6485_A particular feature of RNA-containing viruses as HIV-1
and also Influenza is their highly mutagenic nature that generates different viral clones, some
of which can evade the immune system and persist®® (see chapter 1.1.4). HIV-1 further
subverts immune responses via its glycan-rich surface®’, thus disguising scarcely expressed
envelope proteins on the surface. Owing to its genomic integration, HIV-1 can also persist in
a state called latency, in which the virus remains dormant mainly within the cell and thus is
hidden from the immune system and can rebound upon discontinuation of antiviral treatment®®,
Antiretroviral therapy (ART) and injection of recombinantly produced so-called broadly
neutralizing antibodies (bnAbs), which can neutralize a wide spectrum of HIV-1 isolates,
represent the only options that allow many patients to live in a chronic state of the disease,
however require regular and ongoing administration to suppress HIV-1 viremia®%°. Only a
subset of infected individuals, so-called elite controllers, can keep the viral load at undetectable
levels in the blood and are thus a coveted study object for examining specificities of their serum
antibodies and isolation of respective bnAbs’®"! (see chapters 1.3.1 and 1.3.5). Hitherto, only

4 long-term remission cases of patients are known that all received a stem cell transplant.

Overall, adverse events as e.g. ART toxicity symptoms’3, drug resistance of mutated HIV-1
clones® and immune escape of highly mutated and heterogenous viral strains from antibodies
comprise a big challenge that is further intensified by no efficient vaccine yet available 7475,
Hence, one of the novel vaccine strategies called B cell engineering aims to introduce known
bnAb sequences into the antibody locus, which enables B cells to get selected upon priming
with the immunogen, resulting in Germinal Center (GC) participation (affinity maturation) and
clonal expansion to overcome viral immune evasion and thus achieving sterilizing immunity

long-term?® (see chapter 1.3.5).
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Fig. 3 Structure of HIV -1% (adapted from the BioRender template f HF1V St r u)a, The idIg-
1 genome is compartmentalized into 9 genes (gag, pol, env, vpr, vif, vpu, nef, rev and tat). b, Upon
assembly of the virion, HIV-1 has two copies of ss RNA with positive polarity that are bound by
nucleocapsid proteins and surrounded by the capsid. Auxiliary proteins necessary for replication,
transcription and viral mMRNA export as reverse transcriptase, integrase, vif, vpr, vpu and nef are also
found within this compartment. Outside of the capsid, the protease enzyme is located performing
cleavage maturation of HIV-1 virions. Matrix proteins form a ring that stabilizes the lipid membrane, thus
making up the characteristic round appearance of lentiviruses. Envelope proteins (gp160: gp120+gp41)
protrude from the cell membrane responsible for docking to and fusion with host cells. ¢, Electron
microscopy picture of HIV-1 virions taken from Hans R. Gelderblom and Andrea Schnartendorff of the

Robert Koch Institute Berlin, Germany?’.
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Severe Acute Respiratory Syndrome Corona  virus Type 2 (SARS-CoV-2)

The outbreak of a novel coronavirus termed Severe Acute Respiratory Syndrome Coronavirus
type 2 (SARS-CoV-2) in Wuhan, China, in late 20197 seized the world by causing a pandemic
and has elevated death rates significantly since (6.6 million deaths worldwide as of
30.11.20227). Proposed to be transmitted via bats®, SARS-CoV-2 shows similarities to the
SARS-CoV-1 virus that highly likely was transmitted by palm civets, however luckily accounted
for only 774 deaths in the global outbreak back in 20038182, SARS-CoV-2 is thought to be
transmitted either through direct physical contact, through liquid droplets or aerosols, which
are generated when speaking, coughing or sneezing, or indirectly as on contaminated
surfaces®. Inside the body the virus exhibits an incubation period of 2 to 11 days in humans
with a mean of 5-6 days®* 8. Interestingly, the SARS-CoV-2 virus is characterized by a steady
increase of transmissibility with each emerging variant, thereby facilitating spread between
individuals that is even further enhanced by an elevated number of asymptomatic infections in
the case of the most recent omicron variant®387:8¢, Most people show mild symptoms of COVID-
19, thereby exhibiting fever, dyspnea, coughing, fatigue, headache and also loss of smell and
taste®®%, Individuals with comorbidities as well as people above 60, however, have an
increased risk of experiencing a severe disease course with hypoxemia as well as cytokine
storms that result in acute respiratory distress syndrome, acute cardiac injury as well as multi-
organ failure leading to death®8. SARS-CoV-2 pathogenesis involves the infection of cells in
the upper and lower airways, in particular, by binding with high affinity to the metallopeptidase
ACE2%, a crucial regulator of the Kinin-Kallikrein as well as Renin-Angiotensin system
(RAAS)*2, ACE2 is a ubiquitously expressed ~100-120 kDa transmembrane carboxypeptidase
that either processes Angiotensin 1-9 to Angiotensin 1-7 via its Zinc-powered enzymatic cleft
or inhibits bradykinin derivatives resulting in vasodilatation, protection of vessels and also
preventing edema in the lung®*®*. In the majority of cases, ACE2 in humans is found as
dimers® that can be cleaved by a disintegrin and metalloprotease 17 (ADAM17) and the
transmembrane serine protease 2 (TMPRSS2; or also TMPRSS4 in the intestine)®®’.The
latter represents a pivotal factor for efficient SARS-CoV-2 entry by priming the spike protein
and thus facilitating exposure of the fusion machinery and subsequent merging of
membranes*%, Alternatively, ACE2-bound SARS-CoV-2 enters cells via endocytosis
pathways in vesicles containing Cathepsin L for spike priming and subsequent membrane
fusion that leads to release of the viral RNA%1%°_ Entry of SARS-CoV-2 was further found to
be supported by proteoglycans on the cell surface as heparan sulfate't1? or lectins!®, which
has already been seen with other viruses'®4. Other entry receptors and auxiliary proteins have
also been proposed, however still lack information of profound impact in SARS-CoV-2

pathogenesis®. Whereas the alpha and delta variant prevalently employed the TMPRSS2-
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mediated fusion pathway, the currently predominant omicron variant is less efficiently cleaved
by TMPRSS2, thus enters mainly via endocytic pathways, possibly being a reason of lower
pathogenicity'®. Basically, either of the SARS-CoV-2 variants has an approximately 30 kb
genome that encodes for non-structural polyproteins located in open reading frame (ORF) la
and 1b as well as structural and accessory proteinsi®® (Fig. 4a). Upon release of the genome
inside the cell, ORFla and 1b are translated into two polyproteins that are cleaved by the
papain-like and main protease into 16 non-structural polyproteins (NSP1-16), which halt host
MRNA translation and assemble replication-transcription complexes. Within these vesicles,
genomic RNA is replicated and negatively polarized (-) so-called subgenomic RNAs are
transcribed and subsequently translated into the structural S, E, M, N proteins®. The N gene
segment encodes thereby for the Nucleocapsid protein that is composed of an N- and C-
terminal domain coiling around and compacting the ss RNA genome. Additionally, it fulfills
pivotal roles during replication and transcription and also interacts with the Matrix protein,
encoded from the M segment, for proper virion assembly. The Matrix protein further represents
a crucial part of the viral infection cycle e.g. arrest of the host cell cycle and endoplasmic
reticulum-induced stress as well as its particular role of interferon antagonism?’. The E gene
encodes the envelope protein, which is crucial in assembly and structure of the virion as well
as induction of cytokine storms in severe cases'®®1%, The Spike protein, originating from the
S gene and responsible for attachment and entry into host cells, is a homotrimeric molecule,
in which either monomer is composed of an S1 and S2 subunit. In contrast to all known
Sarbecoviruses, SARS-CoV-2 shows a polybasic furin cleavage site between the both
subunits, important for prepriming of the spike protein and ultimately efficient infection!®. The
S1 part mediates the binding to the ACE2 cell receptor and is constituted by one N- and two
C-terminal domains, which are suggested to be involved in the stabilization and conformational
states of the trimer, interspersed by the receptor binding domain (RBD). The RBD represents
the main target of elicited antibody responses both in infection and vaccination'® and occurs
either in the so-called i d o wndu poor ¢ o nfopthredatter of which enabling to expose
amino acids crucial for ACE2 binding, called the receptor binding motif (RBM). The S2 subunit
fixates the protein in the viral membrane and upon TMPRSS2- or Cathepsin L-mediated
cleavage of the so-called S2'site, a refolding process from the pre-fusion to the post-fusion
conformation of the spike protein is initiated. Thereby, the S1 domain dissociates and
unleashes the membrane fusion machinery, eventually resulting in infection and
cytopathogenic features!!* (Fig. 4b, c).

SARS-CoV-2 is less mutagenic than HIV-1'!? and has already resulted in the development of
efficient vaccines with modest adverse events in unprecedented speed!!® (see chapter 1.3.5).
Nonetheless, multiple breakthrough infections caused by the currently predominant omicron

variant and its subvariants have been discerned, which are driven by viral immune escape due
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to the huge amount of mutations in the RBD of the spike protein!'4115, Respective studies show
a dramatic decrease in neutralizing activity of antibodies in the serum of twice vaccinated
individuals!t%11’, which however can be restored upon administration of a booster!!s,
Additionally, currently approved vaccines display waning antibody levels some months post
vaccination, which calls for improved immunization strategies that omit the need for repeated
boosters!'211® and to eventually achieve sterilizing immunity.

Taken together, there is still demand for optimized vaccines that can prolong protective
antibody titers, improve antibody quality and breadth, also show an even more beneficial safety
profile and safeguard against arising mutants or novel pathogenic coronaviruses in the
future!?°,
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Fig. 4 Structure of SARS -CoV-2'?! (adapted from the BioRender template A HF1V St r u)kd, ur e o
The genome of SARS-CoV-2 is compartmentalized into segments encoding non-structural polyproteins
(ORF1la-1b), crucial for stopping the translation of host mRNA, and structural proteins (S(pike),
E(nvelope), M(atrix), N(ucleocapsid)), responsible for dense packaging of the genome, induction of

stress for the host cell as well as building up the new SARS-CoV-2 virion. b, In the fully assembled viral

particle the single (+) ss RNA segment is wrapped around nucleocapsid proteins and is surrounded by

the lipid membrane that is stabilized by Matrix and Envelope proteins. Spike proteins protrude from the

cell membrane responsible for attachment and entry into host cells. ¢, Electron microscopy picture of
SARS-CoV-2 virus particles taken from NIAID-RML?22,
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1.1.4 Antigenic shift and antigenic drift

Invading viruses become target of the host antiviral immunity and thus require strategies for
immune evasion safeguarding their survival and circulation within the population,
respectively'#124, RNA-containing viruses display a high rate of mutations that are acquired
due to error prone RNA polymerases showing a mutational rate of 10 to 10 1?5 and yielding
progeny with a difference of 1 to 2 mutations each to the parent®®. In the vast majority these
polymerases possess no proofreading activity'?® and hence lead to changes in codons and
amino acids of viral proteins that are in further consequence preserved in case of a fitness
advantage'?*. Immunodominant sites as the receptor binding portion on the viral surface
glycoprotein, the latter of which comprising a so-called antigen, are highly targeted by antibody
responses and thus are often found to be mutated'?’. As a classic example, this antigenic
evolution occurs at a high rate via two mechanisms in Influenza A virus that allows spread to
further hosts and escape from host immune cells leading to the relatively frequent emergence
of severe epi- and pandemics throughout history'?4128, Maurice Hilleman described these two
phenomena in the context of Influenza A by saying that fviruses accumulate minor antigenic
changes gradually and progressively (antigenic drift) being disrupted by the occurrence of
major antigenic changes (antigenic shift)d?® (Fig. 5). Representing a recent example for
antigenic shift, the zoonotic spillover of a completely new type of coronaviruses named SARS-
CoV-2 has caused a global health crisis killing millions of people thus far'®. Basically, antigenic
shift describes the emergence of a novel virus strain that is able to infect a new host. This can
occur either by directly jumping of viruses (e.g. from bats or chicken to humans) upon
evolutionary adaptation or involves the reassortment of viral RNA from two or more viruses
that have infected the same cell of an intermediate host e.g. pig, thereby resulting in a novel
virus subform. As an example, the viral surface glycoprotein of influenza comprises
hemagglutinin (HA, further abbreviated as H), the main part in connecting to sialic acids on the
host cell surface for viral entry*®!, and neuraminidase (NA, shortened to N), both of which can
recombine as outlined in the following fictious scenario: human Influenza A HIN1 mixes with
avian Influenza H3N2 in an intermediate host A H3N1 as a novel subtype of influenza virus
poses a putative threat to the human population'®. In case of sufficiently adapted replication
and efficient human-to-human transmission, antigenic shift harbors high pandemic potential as
low or no memory and thus no immune protection is existent within the population*?*. Antigenic
drift, in contrast, is characterized by the gradual accumulation of point mutations within surface
proteins of a virus that leads to escape from previously acquired immunity mechanisms,
thereby representing a survival benefit for the virus!?’. Selection pressure operated by
polyclonal antibodies, which recognize several different antigens, can further drive the

propagation of an initially less fit immune evading viral clone via neutralization of more fit viral
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clones, thereby enabling its predominance if retaining viral fitness!?3. In general, antigenic drift
events hold epidemic potential as cross-reactivity of certain T and B cells, in particular
antibodies, still confer some protection®. The interaction of antibodies with antigens involves
15 amino acids on both proteins, of which 5 are key in mediating the binding'® that is
characterized by several non-covalent interaction modes as electrostatic, van der Waals and
hydrophobic forces as well as hydrogen bonds®4. Loss of antibody binding occurs either
through exchanging a crucial amino acid within the epitope, spatial reorganization of the
binding interface via amino acid mutations outside the epitope or presence of newly
synthesized glycans that can shield the antibody binding site’**. Some of the viral residues are
conserved cell receptor binding sites that need to be retained by all viral variants for proper
association and entry, otherwise mutations at these sites will decrease viral fitness*¢' 138, As a
peculiar feature, single amino acid substitutions, which decrease affinity to the cell receptor
and hence fitness, can be equalized or even enhanced by the phenomenon of epistasis, which
is a compensatory effect operated by a mix of certain mutations*®. As specified in chapter 1.3
Treatment of viral infectious diseases, different strategies aim to keep up with antigenic

changes in Influenza & Co., thereby relieving viral burden as well as inducing protective

immunity.
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shift is a process with pandemic potential due to lacking protective immunity in the population and occurs
in two ways. Viruses either can pass over directly to a new host due to adaptation of the viral surface
glycoprotein or via an intermediate reservoir, in which genetic recombination of two or more viruses

leads to an inter-species exchange of the viral surface protein, and thus a novel potentially dangerous
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virus subtype. In contrast, antigenic drift is the evolutionary acquisition of mutations in the viral surface
glycoprotein (here denoted as spike) of viruses that confers a selection advantage over other viral clones

through e.g. binding abrogation of neutralizing antibodies.
1.2 B cell development, activation and differentiation

1.2.1 Development of B cells into plasma cells secreting  antibodies
Early developmental stages in the primary lymphoid organ, the bone marrow

Apart from T cells, B cells represent the second branch of adaptive immunity responsible for
prevention and clearance of bacterial and viral infections that could not be curtailed by cells of
innate immunity'*°. Roughly, B cells derive from hematopoietic stem cells and multipotent
progenitor cells (MPP), respectively, in the bone marrow (BM)'*! (Fig. 6). MPPs commit either
to the myeloid or lymphoid lineage, the latter of which resulting in the formation of common
lymphoid progenitors (CLPs). CLPs interact with connective tissue stromal cells, thereby
receiving signals via adhesive contacts or soluble factors as cytokines that direct them to a
certain cell type!#?143 B-cell-committed CLPs give rise to early pro-B cells that start to
recombine diversity (D) and joining (J) segments of the heavy chain antibody locus on both
alleles in a random fashion'** (see chapter 1.2.2). In the late pro-B cell stage, a variable (V)
domain is added to the already arranged DJ of the heavy chain on one allele to obtain the fully
assembled variable domain of the antibody heavy chain!*®. In case no intact heavy chain was
assembled, B cells fail to receive important survival signals and thus die. In case of a
nonproductive heavy chain rearrangement, however, such as a frameshift that disrupts the
reading frame of the antibody protein, successive recombination can be performed on the
same allele or is continued on the second allele*®. In order to test signalling of the successfully
rearranged heavy chain, the latter is paired with & 5and Vpes surrogate proteins, which
structurally resemble antibody light chains, to form a pre-BCR*. Signaling mediated via
clustering of pre-BCRs through their surrogate light chains stops heavy chain rearrangement
and further enforces silencing of the second allele. This is called allelic exclusion!*¢14¢ and is
necessary to safeguard the generation of a single B cell receptor and thus a B cell with unique
antigen specificity. So-called large pre-B cells proliferate and give rise to many small pre-B
cells that start recombination of a J to a V segment of the antibody light chain locus on one
allele at a time'#°. Similar to heavy chain rearrangement, successful assembly of an intact light
chain leads to allelic exclusion. Compared to heavy chains, light chains are also subject of

isotypic exclusion due to the occurrence of two different forms of light chain, which are placed

on different loci, namelyk appa (®) or | ambda (@&). Whereas

mi
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Successfully rearranged light chains pair with the heavy chain and thereby replace the
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surrogate light chain proteins, thus leading to an IgM-expressing, immature B cell**%, Prior to
becoming a mature B cell and migration into the periphery, the antigen receptor is tested for
autoreactivity, which denotes responsiveness towards self-antigens. This is to guarantee that
B cells are tolerant to self-molecules in a process called central tolerance!®2. Thereby four
different scenarios can be distinguished: 1) In case of a multivalent binding event to self-
molecules, B cells are either deleted or can undergo a process called receptor editing, which
allows the B cell to rearrange its light chain to generate a non-autoreactive BCR; 2) If cells do
not respond to self-antigens, B cells are able to leave the bone marrow for circulation into the
periphery and thereby become transitional B cells; 3) In case of binding weakly to soluble
cross-linking self-molecules, B cells are also able to migrate into the periphery, but remain
there as anergic, which means that they cannot respond to antigenic stimuli. In competition
with other B cells, anergic B lymphocytes mainly die due to a lack of receiving survival stimuli.
Nevertheless, it was reported that a subset of self-reactive anergic B cells was recruited to the
GC due to high density of a foreign antigen, which mimicked a self-antigen and in further
consequence also led to the generation of somatic hypermutations (SHMs; see chapter 1.2.4),
thereby mutating away from self-reactivity in a phenomenon called clonal redemption®3,
Hence, this speaks for keeping autoreactive anergic clones in the body to further increase
diversity against foreign pathogens®*; 4) Immature B cells with low affinity binding to non-
crosslinking self-antigens are also able to exit the bone marrow for circulation and are thought
to be self-reactive, however are clonally ignorant, which means they can bind their respective

ligand, but are unresponsive to it.
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Fig. 6 Stages of human B cell development °. Hematopoietic stem cells (HSC) in the bone marrow
(BM) are cells that can give rise to all kind of blood cells. By differentiating into multipotent progenitor
cells (MPP), they lose their ability of self-renewal and further commit either into common myeloid
progenitors or common lymphoid progenitors (CLP), the latter of which is the predecessor of natural
killer (NK), T and B cells. Early B cell factor 1 (EBF1), E2A, Pax5 and PU.1 are among the transcription
factors committing cells to the B lymphocyte lineage (Pro-B cell)!*!. Recombination of V, (D) and J
segments of heavy and light chains takes place, which is finished with the expression of a functional B
cell receptor (immature B cell). In case of passing the checkpoint of central tolerance, B cells can
circulate into the periphery. Egressing B cells are called transitional B cells as they require another
check of autoreactivity before becoming mature naive B cells as follicular (GC) and marginal zone (MZ)
B cells. Dependent on antigen affinity as well as divisional rounds in the GC, B cells can mature either
into memory B cells or antibody secreting plasmablasts, some of which return into the BM residing as

long-lived plasma cells to produce large amounts of antibodies.
Late developmental stages in  the periphery

Apart from central tolerance, nature has installed the mechanism of peripheral tolerance*®in
order to remove tissue-specific (non-bone marrow) self-antigen reactive B cells in circulation.
The process is similar to central tolerance and drives self-reactive cells into cell death or into
an anergic state. Transitional B cells showing no signs of autoreactivity complete their
maturation in B-cell follicles of secondary lymphoid organs to receive required survival
signals?®®. They start to express - together with IgM - an alternative splice variant of the p heavy
chain, namel vy t he Recehtebaervgtiors suggestthadlgD oh thelbne hand

confers B cells unresponsiveness to self-antigens and thereby allows accumulation of
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autoreactive B cells in the periphery. On the other hand, IgD can promote rapid responses to

multimeric non-self-antigens®":18,

Naive B cells, as they are now called, diverge and become either follicular (GC) or marginal
zone (MZ) B cells, which comprise mature B cells. MZ B cells are innate-like B cells that are
characterized by expression of the CD21 receptor and are involved in quick responses against
blood-borne pathogens®®®. Nevertheless, GC B cells are the main subset residing in secondary
lymphoid organs'®. Naive B cells become activated by T cells upon their first antigen
encounter and form follicles, hence initiating GC formation (see chapter 1.2.4). In further
consequence, GC B cells can become either memory cells, which respond and proliferate upon
repeated antigenic challenge in the future, or terminally differentiated plasma cells.

Terminal differentiation into antibod  y-secreting plasmablasts/plasma cells

Upon differentiation of B cells into so-called short-lived plasma blasts and/or long-lived plasma
cells, they start to produce antibodies, which are soluble forms of the B cell receptor (BCR)
and are able to recognize molecular structures of pathogens, called antigens, leading to
eradication of the latter via several functions!®’, These comprise neutralization and
opsonization of pathogens for phagocytosis of macrophages as well as establishing a link to
NK-mediated antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent
cytoxicity (CDC) processes to clear infected cells.

Antibody structure and isotypes

All antibodies are constituted of two identical heavy and light chains that are either connected
via a flexible hinge region (IgG, IgD, IgA) or not (IgM, IgE)*%? (Fig. 7). The variable fragment
(Fv) comprises the antigen binding portion and together with the constant heavy chain domain
1 (Cul) and the constant light chain (C.) domain form the fragment antigen binding site, the
so-called Fab fragment. Fab domains of antibodies display unique antigen specificities
explained by the process of VDJ recombination as well as somatic hypermutation (see
chapters 1.2.2 and 1.2.4). Two (lgG, IgA, IgD) or three (IgM, IgE) constant heavy chain
domains form the respective fragment crystallizeable (Fc) part, which is much more conserved
and links the antibody to other cells as NK cells and phagocytes to promote pathogen removal.
The native BCR and predominant isotype in the first immune response represents
Immunoglobulin M (IgM)*%3, which mainly occurs in a secreted pentameric form that is assisted
by the J chain. The most abundant isotype in serum however is 1gG, which occurs as a
monomer and displays the longest half-life across all antibody classes. IgA is the predominant
isotype in mucous secretions and occurs either as a dimer (linked with a J chain) or monomer.

IgD is an alternatively spliced form of IgM, which is upregulated on mature B cells and suggests
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to be a modulator of IgM signaling. IgE is found at very low amounts on basophils and mast

cells and is mainly implicated in allergy.

C} Heavy chain domain A J chain
D Light chain domain < Secretory component
Fig. 7 Scheme of antibody structure and the different isotypes in mammals (taken from 164),

Antibodies are constituted of a variable (Fab) and constant (Fc) portion. The Fab fragment harbors the
antigen binding site, whereas the Fc part is responsible for the different effector functions of the antibody.
The constant domains of the antibody can be exchanged for the different isotypes, Immunoglobulin M
(IgM), 1gD, 1gG, IgA and IgE.

1.2.2 V(D)J recombination of the B cell receptor (BCR)

Theoretically, the human B cell repertoire is able to recognize 5x10* different antigens*®®,
hence composed of multiple unique BCRs and antibodies, respectively, with specific antigen
reactivities. This constitutes the polyclonal pool of antibodies that is needed to combat and
destroy novel and known invading pathogens!®. The reason for this highly diverse repertoire
lies in the random assembly of (V), diversity (D) and joining (J) segments on the
immunoglobulin heavy chain (Igh) locus, thereby constituting the variable domain of the BCR?6®
(Fig. 8a). The process of V(D)J recombination starts at the pro-/pre-B cell stage, in which the
Igh locus on chromosome 14 starts to recombinel®’. It involves two main proteins, namely the
recombination activating gene 1 (RAG1) and recombination activating gene 2 (RAG2), forming
a complex called the V(D)J recombinase. The complex of both enzymes recognizes heptamer
and nonamer repeats that are interspersed by nonconserved 12 and 23 nucleotide stretches,
so-called recombination signal sequences (RSS)* (Fig. 8b). The 12/23 rule states that in the

vast majority of cases recombination only occurs between gene segments that have mutually
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exclusive stretches!®®, Hereby, a J with a 23 RSS is added firstly to a D segment with a 12
RSS, followed by the shuffling of a 23 RSS V gene. Synapsis of two bound RSS sites by the
V(D)J recombinase complex enables nicking activity of RAG1 and subsequent hairpin
formation between the sense- and anti-sense strand of the respective variable heavy chain
segment!®®. Binding of non-homologous end joining (NHEJ)-involved repair proteins
Ku70/Ku80 shield the DNA ends. Subsequently, the nuclease Artemis joins the complex and
cuts the DNA hairpin open. This can result either in i) blunt ends or ii) non-blunt overhangs,
so-called palindromic or P nucleotides'’®. Addition of non-templated insertions, so-called N
nucleotides, by the enzyme terminal deoxynucleotidyl transferase (TdT) follows together with
exonuclease activity that is able to resect (non-matching) nucleotides!’. DNA synthesis fills
gaps and ultimately ends are ligated by a complex of DNA ligase IV and XRCC4 to form an
imprecise coding joint, which further adds variability to the variable domain, called junctional

diversity1®,

Overall, the fully assembled VDJ is based on th
sheets. The antibody-binding site is made up by three hypervariable loops (HV1-3), the so-
called complementarity determining regions (CDR1-3) which are interspersed by framework
regions (FR1-4) that serve as a scaffold!®? (Fig. 8c). Whereas CDRs 1 and 2 are part of the V
segment, CDR3 is assembled by part of V, D and J segments and represents the most unique
and variable region. Upon proper pairing with a suitable light chain, which has passed through
productive VJ assembly similar to the process described for the heavy chain, the BCR is

expressed on the cell surface of an immature B cell, ready for further maturation?®,
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Fig. 8 Somatic (VDJ) recombination of variable, diversity and joining segments allows generation
of a myriad of antibodies with  different specificity 162167 (adapted from BioRender template s "B
Cell Receptors (Light and Heavy Chains)"and  "The Hypervariable Complementarity Determining
Regions of the Antibody Interact with the Antigen™ ). a, VDJ recombination of heavy and light chains
comprises an irreversible assembly of variable (V), diversity (D - in case of the heavy chain) and J
(joining) DNA segments in the antibody loci. First is the recombination of a J and a D segment in the
case of the heavy chain. Somatic recombination is completed by addition of a V segment to DJ in case
of the heavy chain and to J in case of the light chain. This is followed by transcription of the recombined
and 3

heavy chain) and subsequent translation of the antibody mRNA into the protein. b, V, D and J segments

variable region with the respective constant domains (e.g. 4 in case of the p heavy chai n

comprise a 12 or 23 nucleotide stretch between heptamer and nonamer signal sequences, which are
recognized by the recombination activating gene (RAG1/2; shown in green) complex. Rearrangement
of segments follows the 12/23 rule that ensures pairing of a 12 nucleotide stretch containing

recombination signal sequence (RSS) (shown in purple) with a 23 spacer one (shown in pink) to form a
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synapsis via the RAG complex. Subsequent single-strand DNA cleavage by RAG1 results in hairpin
formation of the two DNA strands from the respective segment. A coding end complex consisting of
repair proteins as Ku70/80 as well as Artemis forms and the latter cuts the hairpin open. This can result
in blunt ends or non-blunt overhangs, so-called P nucleotides (shown in brown). Terminal
deoxynucleotidyl transferase and exonuclease further add non-templated nucleotide insertions, so-
called N nucleotides (shown in orange) or resect non-complimentary nucleotides, respectively, ensued
by DNA synthesis to complement the joined double-stranded DNA (here shown as p nucleotides in
black). The ligase complex then joins DNA ends to complete recombination. ¢, The variable domain or
antigen binding site of the antibody is composed of three hypervariable loops (HV1-3) per chain, which

are also denoted as complementarity determining regions (CDRs 1-3).
1.2.3 BCR signaling

The BCR mainly fulfills roles to relay signals upon antigen sensing for survival, proliferation as
well as differentiation into antibody-secreting cells'’2. Antigen recognition and induced
crosslinking of BCRs starts the signaling cascade via phosphorylation of immunoreceptor
tyrosine-based activation motifs (ITAMs) from CD79a and b ( | g U  asubadnitshwhich are
non-covalently bound to the membrane immunoglobulin’® (Fig. 9). This task is mainly
overtaken by Src-family kinases Lyn and spleen tyrosine kinase (Syk). Syk in further
consequence phosphorylates i.a. the adapter molecule B cell linker protein (BLNK), which
complexes with Bruton’s tyrosine kinase (BTK), phospholipase C gamma 2 (P L C ) @rowth
factor receptor-bound protein 2 (Grb2) and Son of sevenless (SOS) proteins among others.
This results in induction of several downstream pathways as Ras-Erk1/2, NFAT, NF-a Bwhich
are required for activation, proliferation or differentiation into plasma cells. Furthermore, Syk,
Fyn and BTK are thought to phosphorylate the CD19 co-receptor of the BCR, which induces
activation of the Phosphatidyl-3,4,5-trisphosphate kinase (PI13K) and in further consequence
impacts Akt and mTOR activation, which are important for B cell identitity and differentiation!’*

as well as proliferation’.

38



B-cell receptor (BCR)

Antigen- \ / CD79a (Iga)

induced cross-
linking CD79b (IgB)

BCR
\ ITAM

—_—
B cell membrane
\ Y Y
mo || —EE B
) Grb2)

BCR Py ol Docking
ctivate
Downstream Sre family ok
. . ki
Signaling (Lyn, Fym. BIK)
Akt \i l

B =
P
—
—
+—

| Pro-Survival | | Proliferation | [ Differentiation | [ Apoptosis |

Fig. 9 BCR signaling 172 (adapted from Bi o Render tBERMpoWwrstteam Jig n a | i).nUpan
antigenic sensing and BCR clustering, Src family kinases (e.g. Lyn) are phosphorylating ITAM motifs
from BCR signaling units CD79a/b ( | g @nd thereby recruitSy k. The | atter ac
BTK, Grb2 and SOS proteins for subsequent induction of crucial B cell transcription factors (Erk1/2, NF-
a2 B, N FvdIVed in mediation of pro-survival, proliferation, differentiation or apoptosis signals. The
BCR coreceptor CD19 is mainly responsible for induction of PI3K signaling, which activates pivotal

downstream molecules for B cell differentiation and proliferation (Akt and mTOR).
1.2.4 Germinal center and AID -mediated somatic hypermutation

Germinal centers (GCs) represent microanatomical structures in secondary lymphoid organs
as spleen or the lymph node that allow B cells to proliferate, further improve their antigen
binding specificity and give rise to plasma cells that produce high affinity antibodies® (Fig.
10a). B cells are found in follicles that are organized by a network of follicular dendritic cells
(FDCs) located between the T cell zone and at the capsule in the lymph node or marginal zone
in the spleen, respectively. Upon antigen sensing, B cells respond by migrating to the T-B cell
border for subsequent T-cell mediated expansion of B cell clones, of which a fraction returns
to the FDCs network and seeds early GCs'’®. Around one week after immunization, B cell
follicles can be distinguished by a light zone (LZ) and a dark zone (DZ) based on the

appearance of these two regions in histological stains!’’. The LZ consists mainly of GC B cells,
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T cells and FDCs, whereas the DZ solely harbors GC B cells and FDC-like DZ reticular cells.
FDCs in the LZ bind and expose foreign antigen to B cells'’®, If B cells cannot sense the
antigen, they become apoptotic. If they are able to recognize the antigen, they take up the
latter, process it and present it via (antigenic) peptide loaded on the MHC-II complex to
follicular T helper cells (Ten) at the T-B cell border of the GC. If Ten recognize the peptide, the
fit of TCR and MHC-II peptide complex leads alongside CD40-CD40L interaction and cytokine
secretion to B cell activation leading to the following scenarios: 1) exit of B cells to become
memory B cells or plasma cells. 2) migration via the cognate receptor CXCR4 towards a DZ-
reticular cell-mediated CXCL12 gradient into the DZ of the follicle!’8,

There they start to proliferate and to downregulate their surface BCR for further diversification
of the latter. This is mediated by the enzyme activation-induced cytidine deaminase (AID),
which is key in the generation of so-called somatic hypermutations (SHM)’®, which are point
mutations in the antibody variable region (Fig. 10b). SHM accumulate at a rate of 10° per base
pair per generation, which is a ~10° fold greater rate of mutations compared to the entire
genome!®®, Basically, AID is one of 12 members of the DNA/RNA cytidine deaminase
APOBEC family that binds single-stranded DNA and mainly operates in the G1 phase of the
cell cycle®t182 Although predominantly targeting the Ig loci, AID is also known to induce off-
target mutations!®® as well as DSBs and crosschromosomal translocations, which can
contribute and/or drive the emergence of cancer!®18 AID deaminates cytosines to uracil,
efficiently targeting the cytidine at position 3 of the WRCY maotif (W stands for either Adenine
(A) or Thymine (T); R for A or Guanine (G) and Y denotes Cytosine (C) or T) and thus
kickstarting a cascade of events!®. This involves either i) the base excision repair (BER)
pathway including the enzyme uracil-N-glycosylase (UNG) that removes uracil and leads to an
abasic site, over which the replication performed by the error-prone polymerase eta (P o )
results in transition or transversion mutations or ii) the mismatch repair (MMR) pathway
including MSH2/6 Mu t @undl exonuclease 1thatt o get her wi t han &roriprorg
patch repair process by targeting A:T pairs in the vicinity of the Uracil (U):G lesion*®”.Both
pathways lead to mutated base pairs that increase sequence diversity and thus impact

antibody affinity.

Upon introducing SHM, B cells start to upregulate their BCR again prior to leaving the DZ. In
case of successful BCR surface expression, B cells migrate via the CXCL13-CXCRS5 axis back
into the LZ®. Therein B cells test specificity or putatively enhanced affinity of their BCR
towards FDC-bound antigens and via interaction with cognate Tr4 cells, respectively. Basically,
GC B cells can be sorted into 3 different trajectories® 18, which were already shortly mentioned

above: i) death due to no recognition of the antigen;
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i) export out of GCs to become memory cells or plasmablasts/plasma cells. In this regard, two
theories aim to describe why some cells differentiate into antibody-secreting plasma cells
(PCs), whereas others take a detour being a memory B cell before differentiating into PCs
upon secondary encounter of antigen. In the affinity-dependent selection model lowest affinity
B cells die, those with low affinity become memory B cells. B cells with higher affinity are
enabled to reenter into the DZ, whereas B cells harboring highest affinity BCRs are suggested
to develop into plasma blasts and/or plasma cells that exit the GC and secrete antibodies. The
second theory, called temporal switch model, integrates observations that memory B cells are
favored to be exported from early GCs, whereas plasma cells are exiting in later stages due to

to accumulation of affinity-enhancing mutations.;

iii) proliferation and reentry of cells into the DZ for further honing of BCR affinity. Hitherto, the
exact mechanism of positive selection of GC B cell clones is not known, however two models
have been proposed. The death-limited selection model still requires experimental proof and
emphasizes that only high affinity B cells receive activating and proliferative signals, which
allows them to populate the DZ. As they outcompete low affinity cells, the latter become
apoptotic in the LZ due to neglect. In contrast, the birth-limited selection model hypothesizes
that all GC B cells can enter the DZ, however display different rounds of affinity maturation
dependent on their initial affinity for the antigen. Apoptotic events impact all clones, with those

surviving based on more rounds of proliferation and propagation.

Speaking for all models, no theory is absolute and hence a mixture or temporal alternation of

the described hypotheses seems to come near to the truth.
1.2.5 AID-mediated class -switch recombination

Besides SHM, the second main involvement of AID is in the event of isotype switching or class-
switch recombination (CSR)#"188 (Fig. 10c). This enables endowing antibodies with different
effector functions, which are advantageous at particular sites of action in the body, by keeping
specificity for the antigen'®. CSR is characterized by a deletional recombination event that
links the VDJ to a different isotype of constant domains via programmed formation and repair
of double-strand breaks (DSBs) within the Igh locus. Cytokines represent crucial components
of CSR and activate a specific cytokine-inducible intronic () promoter that leads to synthesis
of so-called germline transcripts (GLT)!*%°. These are noncoding mRNA transcripts containing
an intervening exon, intronic switch region and the downstream constant domain®’1%!, Based
on GLT transcription, ds DNA strands get separated and DNA switch regions form R-, G-loops
or G4 quadruplex structures, which enable recruitment of AID and associated enzymes!® 194,
Interestingly, a quite recent publication reports about posttranscriptional formation of R-loops.

In this study, AID was shown to be recruited by G4 structures from intronic switch RNA
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transcripts and the RNA helicase DDX1 followed by subsequent R-loop formation at the switch
region DNA, which was initially thought to occur only cotranscriptionally'®®. AID binds its
preferred substrate, the ss DNA, and performs random cytosine-to-uracil deamination events
at the donor su and acceptor switchregion( i n  Fi g . .W®mismatchessresdtin tepair
via the BER or MMR pathway dependent on the distance of converted uracils. When ss DNA
breaks arise and coalesce in the course of these repair events, DSBs emerge!®
Subsequently, the ATM-kinase-dependent DNA repair machinery is recruited to each switch
region and the two clusters are brought together forming a synapsis that is resolved by
eventually joining the two switch regions either via the classical non-homologous end joining
(c-NHEJ) or alternative non-homologous end joining (a-NHEJ) pathway. In comparison, SHM
does not involve the formation of DSBs. Furthermore, a recent study by Vinuesa and
colleagues reported about the occurrence of class-switch recombination events prior to GC
entry or extrafollicular differentiation of B cells, in contrast to GC-restricted SHM. This was
corroborated by the observation of highest GLT expression prior to GC formation as well as
cessation of CSR upon the onset of SHM, thereby revising the previously held assumption of
SHM and CSR both occurring in the GC%:1%7,
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Fig. 10 Germinal center B cells hone their BCR affinity via somatic hypermutation and can switch

to different isotypes in a process called class  -switch recombination (adapted from 167:178187) g
Upon antigen processing and presentation to antigen-matching T cells, activated B cells seed an early
germinal center (GC), which is ultimately divided into dark and light zone upon complete formation (1).
B cells migrate into the dark zone (DZ), thus becoming an enlarged highly proliferative centroblast that
downregulates the B cell receptor for subsequent affinity maturation. With the support of the AID enzyme
several so-called somatic hypermutations are introduced into the VDJ of the BCR (2). Upon several
cycles thereof, B cells start to upregulate their BCR on the cell surface again and make their way into
the light zone (LZ) (3), in which they test their new BCR. In this regard, follicular dendritic cells present
immune-complexed antigen to the B cell. In case of no antigen recognition, B cells cannot take up
antigen and in further consequence become apoptotic (4a). Upon antigen recognition and uptake, B
cells present the processed antigen to follicular CD4* T helper cells (Trn) (4b). Dependent on interactions

with T cells via costimulatory molecules as CD40-CD40L as well as T-cell-mediated cytokine secretion,
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B cells can either reenter the GC to further mature their BCR (5a) or differentiate into an antibody-
secreting plasmablast and plasma cell (5b), respectively. If the plasma cell is long-lived, it migrates into
the bone marrow and secretes antibodies over a long period of time. Beside plasma cells, the second
option of B cell export is to become a memory B cell (Bmem) (5¢). The latter can thereby have an
exchanged constant part of their BCR (e.g. from IgM A 1gG) and antibodies, respectively, to exert
different effector functions, mediated via the process of class-switch recombination (6). Upon antigenic
reencounter, memory B cells are able to respond rapidly and to differentiate into plasmablasts and
plasma cells, respectively (7+8). b, B cells in the DZ of the GC aim to improve antigen binding affinity to
adapt to new pathogens. In the process of somatic hypermutation (SHM), single bases are substituted,
mediated by the deaminating enzyme AID at so-called hotspot sites, which comprise hypervariable
regions of the VDJ. ¢, In the process of class-switch recombination (CSR), B cells do not diversify their
VDJ, but can switch their constant regions to allow interaction with different effectors of the immune
system. As with SHM, CSR requires the enzyme AID that is recruited via germline transcripts (GLTs) of
the donor switch pu (su) region and of the acceptor switch region ( i n t hi s toctlesespective 0 1)
sites on the chromosome. Thereupon, AID initiates via its deaminating activity the genesis of double-
strand breaks and subsequent repair pathways to connect the VDJ with the new constant part of in this

case |l gGl (Co1l) for its subsequent transcription
1.2.6 Double -strand break resolution pathways  important for B cell engineering

Double-strand breaks (DSBs) are repaired via two mechanisms, either via the non-
homologous end-joining (NHEJ) pathway or homology-directed repair (HDR), which further
diversifies into different subpathways!%1% (Fig. 11). Most of the breaks are fixed by the error-
prone NHEJ process as in the case of class-switch recombination (CSR), which does not
require DNA strand homologies at the cut site, whereas HDR mediates precise repair in the
presence of template DNA2%, HDR is normally restricted to actively dividing cells in the S and
G2 phase via sister chromatids that are in close proximity, whereas NHEJ is active throughout

the entire cell cycle?®.
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Fig. 11 Scheme of double -strand b reak (DSB) repair pathways (taken from '%). DSBs can be
resolved via different mechanisms. The predominant repair pathway comprises classical non-
homologous end joining (c-NHEJ), which protects DNA ends at break sites and results in error-prone
repair of DSBs. Homology-directed repair (HDR), in contrast, performs error-free DSB resolution, which
is highly desired for pinpoint genome editing of lymphocytes. Two pathways, the alternative end joining
(a-EJ)-related microhomology mediated end joining (MMEJ) and single-strand annealing (SSA), do not
require a repair donor template, whereas homologous recombination (HR) and synthesis-dependent
strand annealing (SDSA) rely on homologous repair templates to precisely fix the DSB. In this scheme
DNA fragments and protein structure do not resemble their respective scale in nature. Putative proteins
involved in each pathway are labelled next to the respective pathway. XRCC, X-ray repair cross-
complementing protein; XLF, XRCC4-like factor; Lig4, DNA ligase 4; PARP, poly-ADP-ribose

polymerase; Pol Q: DNA polymerase theta.

Classical non-homologous end joining (c-NHEJ) involves binding of Ku70/80 heterodimers to
broken ends, which are then protected, resulting in subsequent recruitment of the DNA
damage response kinase complex (DDK) such as DNA-PKcs in mammals. In further
consequence, the DDK activates the 53BP1-Rifl complex, which antagonizes BRCA1-CtIP
resecting activity by shielding the broken ends. The DNA-PK also activates other proteins, as
XLF, XRCC4 and Lig4, which are recruited by Ku70/80 and ligate the broken ends. c-NHEJ is
a fast process that is characterized by the occurrence of insertions and deletions at the DSB

site, which makes it unfavorable in case of precise genome editing®®*.

Hence lymphocyte engineering strategies aim to deploy the error-free HDR pathway, which
involves DNA end resection events happening at the break site. Basically, HDR comprises a
faithful repair pathway in presence of a donor template and exhibits cell-cycle arrest, started

by the activation of ATM kinase upon sensing a chromatin structure change. The activated
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ATM monomer then phosphorylates the MRN complex and p53/SOG1 that regulates cell cycle
checkpoint and arrest.

Two of the HDR pathways, however, require no repair template and are based on the length
of resection occurring, which is supported by MRN activation. Smaller resections are resolved
by an alternative end joining-related mechanism relying on microhomologies (MMEJ) with
involvement of PARP and Pol Q, whereas single-strand annealing (SSA), involving the protein
RADS52, is performed in case of longer resections. Both MMEJ and SSA require Fenl, a ss
DNA flap endonuclease as well as the Lig3/Lig1l:XRCC1 complex for end ligation.

In contrast, homologous recombination (HR) and its subpathways double-strand break repair
(DSBR) and synthesis-dependent strand annealing (SDSA) require the presence of a donor
template. Hereby, RPA binding protects 3" overhangs of resected ends and displays
recruitment of RAD51 via support and regulation of BRCA2. RAD51 binds overhangs and
froms presynaptic filaments. With the help of RAD54, the filament structure invades the
sequence of the donor template looking for complementary sequence, thereupon resulting in
displacement loop (D-loop) formation. Thereafter, the 3’end of the invaded ss DNA sets up
DNA synthesis using the donor template. The latter process is key for HDR outcome with the
help of MUS81, RECQ4A and RAD5A of the HR pathways and is comprising: i) the double
Holliday Junction model (dHJ), which leads to crossover of genetic elements as well as their
exchange between chromatids as seen in meiosis or ii) SDSA that does not involve crossover,
but uses the sister chromatid or DNA repair template as a matrix for complementation of the

single DNA strand and DSB resolution.

For CRISPR-Cas9-mediated lymphocyte engineering, Cas9-bound DNA is cut 3 bp upstream
of the protospacer adjacent motif (PAM) on both strands, thus resulting in DSBs?%. As error-
free repair is desired, it is of utmost importance to determine conditions to keep cells
synchronized in the S and G2 phase for subsequent HDR-mediated repair?®®. The usage of
so-called HDR enhancers?°42% or inhibitors of necessary factors for NHEJ?%6'2%8 has further
shown to increase HDR 4-5 fold in mammalian cells?®®. Furthermore, homology arms for the
respective repair templates or substrates next to the Cas9 cutting site were shown to further
enhance efficacy?! and are now the standard of T and also B cell engineering strategies. It
could be shown that ss oligodesoxynucleotides (ss ODN) as repair templates displayed similar
insertion efficiencies as double-strand substrate versions and also were superior in terms of
lower off-target effects and an improved toxicity profile?1%2!1, Speaking of the mode of ss DNA
knock-in and DSB repair, it was proposed that ss DNA is integrated by either one of two

mechanisms, namely the single-strand DNA incorporation (sDI) or SDSA?*2, the latter of which
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representing the preferred mode in case of DSBs?'3. Additionally, no preference regarding

sense or anti-sense strand repair template has been determined so far?4215,
1.2.7 A novel mechanism of B cell diversification
Discovery of receptor domains integrated into antibodies

Apart from RAG-mediated VDJ recombination and AID-induced somatic hypermutation,
another form of antibody diversification has recently been discovered?®. Antibodies with
insertions of non-immunoglobulin heavy chain (Igh; chromosome 14) protein domains of
leukocyte-associated immunoglobulin-like receptor 1 (LAIR1)?7:218 (Fig. 12a) or leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1)%° in the VDJ or J-Cnl region

could be detected in the blood of individuals from malaria-endemic regions.

LILRB1 and LAIR1, whose genes are originally located on chromosome 19, are both inhibitory
receptors?® expressed on the majority of immune cells??, Upon binding LAIR1's cognate
ligand collagen or proteins with collagen domains, several immune functions such as IgG/E
production of B cells as well as T cell receptor (TCR) signaling are inhibited, to name a
few??21:222 Antibodies containing the single 98 amino acid extracellular LAIR1 domain were
shown to be able to agglutinate and opsonize erythrocytes?'’, which were previously infected
by different isolates from the malaria-causing organism Plasmodium falciparum??® (Fig. 12b).
The latter is the most lethal parasite across Plasmodium strains, which have co-evolved with

humans and thereby developed refined immune evasion mechanisms?2,

In order to escape the immune system, P. falciparum is thought to mimic collagen binding due
to an overlap of the binding footprint on LAIR12?%, The interaction itself is mediated via surface
expressed RIFINs, which are the largest family of most variable antigens of P. falciparum and
are thought to be implicated in erythrocytic rosetta formation and thus contributing to
microvascular obstruction, especially in severe malaria cases?'?%, It could be shown that the
parasite (handle) binds the perpendicularly placed single immunoglobulin-like domain of LAIR1
(razor)inafir a-eartr i dgeo %% Asnséen withh anmutated common ancestors as
well as WT LAIR1, affinity for RIFINs is rather low compared to strong interaction with the
cognate ligand collagen (Fig. 12b), which would pose a problem in terms of low specificity, but
also autoreactivity of these hybrid antibodies?!"??°, Hence, in order to remove self-reactivity
and gain affinity for RIFINs, LAIR1-antibody-expressing B cells were able to mutate the
inserted LAIR1 protein domain away from collagen binding and self-reactivity?’218,
respectively, but also introduced mutations in LAIR1 that improved the affinity towards the

pathogen in a process called clonal redemption??’.
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In contrast to top surface binding to LAIR1, RIFINs were reported to approach LILRB1 via their
side surface at N-terminal domains 1 and 2, thereby resembling the binding mode of LILRB1
t o -micRoglobulin from the MHC-I molecule??42%, Recently, Lanzavecchia and colleagues
however pinned down the RIFIN binding portion to be the non-apical domain 3 of the LILRB1
molecule. The difference in the binding mode was suggested to be explained by low affinity
and avidity effects of domains 1 and 2 to RIFINs, however the authors did not rule out the
possibility of different RIFIN binding modes to LILRB1%'°. Compared to the collagen-binding
LAIR1 domain, LILRB1 domain 3 shows a lower amount of mutations as it has no autoreactive
potential. Morever, LILRB1-specific RIFINs are phylogenetically different than LAIR1-specific

ones.
Modes of receptor domain insertion

Two main (type 1 and 2) and one minor (type 3) insertion mode of LAIR1 into antibodies were

unraveled compared to only type 2 insertions in the case of LILRB12%°,

Type 1 insertions occur in the CDR3 region of the VDJ, which is the most variable across all
hypervariable loops involved in antigen binding. As an example, the LAIR1-inserted antibody
clone MGD21 exhibited an uncommon antibody structure in X-ray crystallography. Five from 6
CDR regions, which are normally responsible for antigen recognition, were not involved in
antigen binding as they were occupied by the LAIR1 protein domain, which was inserted into
the CDR3 heavy chain loop via two extended linkers??®. When expressing the antibody without
LAIR1, no specificity towards RIFINs could be determined, indicative of LAIR1 solely mediating

reactivity towards the pathogen?'’.

Type 2 insertions are characterized by LAIR1 integrated into the elbow region between J and
Cul of the heavy chain. In contrast to type 1, where the insertion occurs in the CDR regions of
the VDJ, type 2 insertions are found in the genomic switch region. Upon alternative splicing,
LAIRL1 is integrated into the antibody mRNA transcript. Interestingly, the LAIR1 type 1 inserted
MGD21 antibody clone bound with higher affinity than the LAIR1 type 2 inserted MGM5
antibody clone, which can be explained by a higher number of SHM. Nonetheless, antibodies
with type 2 switch region inserts exhibited necessary mutations to abolish autoreactivity and
sufficient affinity to become positively selected in GCs?'8224, A further advantage of type 2
inserts comprises the fact that they do not interfere with the native variable region and thus
would allow the generation of bispecific antibodies. Furthermore, 32.8% of in-frame inserts
were accounted to type 2 inserts compared to only 3.1% of type 1 inserts??°. Hence, the elbow
region between J and Cy1l is particularly suited for functional insertions due to efficient exon
splicing and the possibility of accommodating one or more protein domains as in the case of
LILRB12%,
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Type 3 insertions comprise a camel-like antibody version, which has the LAIR1
immunoglobulin-like domain replacing the Vy and Cul domain of the conventional
antibody?18.226,

Mechanism of receptor -domain insertions

5-10% of malaria-infected individuals exhibit LAIR1-containing antibodies, which may be
associated with Malaria infection and chronic antigenic stimulation that leads to genomic
instability and translocations as determined in a P. chabaudi infection mouse model?8. In all
human malaria patients, the response was driven by a single predominant LAIR12!® or
LILRB12*® B cell clone, which however did not lead to improved protection against febrile
malaria. This may be explained by the recognition of a limited number of RIFINs and fast
switching of variant antigens, which promotes parasite escape??®. European donors display
frequent templated insertions of highly transcribed B cell genes?®22°, but no LAIR1: i) this
assumes that LAIR1 insertion is a malaria-dependent event; ii) still it can be hypothesized that

a general mechanism of antibody insertions exists?8,

Based on N nucleotides joining the insert to the V and DJ domains as well as cryptic 12/23
recombinant splice sites, involvement of the RAG enzyme was initially suggested for the
insertion of LAIR1, but could not be confirmed as no fcut & pastedprocess of the LAIR1 gene
was observed?’. Hence, it was assumed that duplicated LAIR1 DNA, originating from
reversely transcribed pre-mRNA, may serve as a repair template. Pieper et al. extended this
hypothesis by their finding of switch inserts descending from transcribed genes, thereby
proposing RNA as the potential substrate for DSB repair?*8. In a recent study from our lab, we
were able to confirm the suggestive link of transcription and insert source by detecting 70% of
VDJ inserts and 88.4% of J-Cuxl inserts coming from mRNA encoding regions??®. Moreover,
we detected insertions in 80% of the studied individuals at a rate of 1 in 10* to 10° B cells. In
order to to retrieve these longer insert-containing antibody transcripts compared to shorter
conventional ones, we made use of an unbiased suppression PCR approach that promotes
hairpin formation of conventional antibody transcripts and thus excludes the latter from
amplification. Upon analysis of insert-containing transcripts, we stratified integrations into four
distinct classes regarding source and location. As a result, VDJ inserts either originated from
mitochondrial (mt) DNA (class 1 mtVDJ) or nuclear genes (class 2 nucVDJ), whereas switch
or J-Cxl inserts descended from nuclear genes, which are located either at early replication
fragile sites (ERFS) (class 3 nucJC) or in telomere-proximal regions (class 4 telJC). In this
regard, class 1 and 2 VDJ inserts as well class 4 J-Cy1 inserts are integrated prior to antigen

encounter via RAG-mediated DNA breaks.
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Class 1 inserts thereby stem from mitochondrial chromosome DNA and comprised 14.3% of
all inserts overlapping with the D-loop region, which harbors replication and transcription
initiation sites. Class 2 nuclear VDJ inserts were discovered in antigen-naive B cells and are
thought to arise without AID activity. Class 3 nucJC inserts were found in in vitro activated
naive as well as memory B cells and suggest insertion into AID-induced acceptor break sites.
In a previous study by Pieper et al., scientists could detect inserts in memory B cells only, at
that time suggesting that inserts arose during GC reactions involving AlD-induced DSBs?8,
TelJC inserts were found in naive B cells and comprise class 4 insertions that are characterized
by large chunks of DNA harboring multiple exons. Based on low AID activity at early stages of

B cell development, RAG may exert class 4 insertions by acting as a transposase.

LAIR1 is a telomere-proximal gene that is highly expressed in naive B cells and respective
progenitors and thus hints at resembling class 2 nucVDJ and class 4 telJC insertions, which
points towards a rather RAG-mediated mechanism than an AID-dependent one. Overall we
were not able to find a LAIR1-like example in European donors, which as aforementioned may
be explicable by chronic antigenic stimulation in Malaria-endemic regions and thus a favored

selection of LAIR1-containing antibodies.

Cloning of 20 of the most frequently detected in-frame inserts (12 VDJ and 8 J-Cy1) into 1gG
antibodies yielded expression of 73.3% VDJ-insert-containing and 100% of J-Cul-insert-
containing antibodies, further showing that J-Cn1 inserts do not disrupt antibody specificity
from the employed pathogen-reactive antibody backbone for its respective antigen compared
to VDJ inserts (Fig. 12c). Hence, there is high potential to artificially generate bispecific
antibodies harboring class 3 insertions in the J-Cyl switch region that can be alternatively
spliced into the mature antibody mRNA transcript. Alternative splicing events, however, may
represent a bottleneck as they occur in only 0.04% of activated IgG/A switched B cells, which

denotes a low rate of integration efficiency upon B cell activation into the antibody transcript.

Taken together, the discovery of public antibodies containing LAIR1 or LILRB1 represents a
novel mechanism of antibody diversification. Further research on pinning down all of the
involved players as well as the exact substrate source is warranted. Obtained knowledge may
constitute the starting point of future B cell engineering strategies to generate a novel class of
cellular vaccines secreting broadly reactive antibodies that are less escapable for highly

mutating viruses as HIV-1.
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218229y 3, Exon 3 of LAIR1 located on

chromosome 19 was found to be integrated either into the switch region (J-Culinsertion) or into the

variable region (VDJ) of the antibody heavy chain locus. Whereas VDJ inserts require in-frame insertion

for expression of a functional antibody, J-Cxl inserts rely on alternative splicing to be part of the final

antibody mRNA and subsequent antibody protein expression. b, Antibodies containing LAIR1 inserts

either in their VDJ or between J and the Cul domain of the heavy chain bind a broad spectrum of P.
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falciparum infected erythrocytes from various parasite isolates, however lost in the majority of cases
binding to their cognate ligand collagen. In comparison, two antibody clones were reverted to their SHM-
free state (termed unmutated common ancestor; UCA) and displayed strong association with collagen,
showing that somatic hypermutations are key for loss of autoreactivity, but also for gain of specific
affinity. ¢, ELISA binding analysis of the antibody backbone recognizing its respective antigen with or

without specified insertions in the CDR3 of the VDJ or in the elbow region between J-Ch1 of the antibody.
1.3 Treatment of viral infectious diseases

1.3.1 Antibodies

As a clinically effective alternative or combinatorial approach to antiviral drugs?*°, monoclonal
antibodies are attractive therapeutics due to their biological function as well as due to an
improved side effect profile and long half-life without the need to administer daily as it is the

case with most antiviral drugs?3..
The history of antibodies and their use in serum therapy

Already in the 1890s, von Behring and Kitasato realized about the therapeutic effect of
components in the serum of immunized animals, however being not aware of antibodies at
that time. The two scientists transferred sera from immunized animals to sick ones, which
resulted in cure of the diseased. In addition, naive animals were injected with immunized sera
and subsequently were exposed to live bacilli and their respective toxins, in effect displaying
immunity against diphteria?®? as well as tetanus?®. Both scientists further noted conserved
efficacy of sera when transferred from one species to another. Hence, they produced huge
amounts of anti-serum in horses and used it for treatment of infected humans, thereby reducing
diphtheria mortality down to 1-5% when administered instantly upon diagnosis?**#**, Based on
these great achievements, von Behring was awarded the first Nobel prize in Physiology and
Medicine in 1901 and is regarded as the godfather of serum therapy?*®, which ever since has
been successfully applied to treat several diseases caused by certain strains of Influenza,
MERS-CoV and SARS-CoV-1%%%237 put yielded no significant survival benefit or halt of disease
progression towards mechanical ventilation in the case of COVID-19%8, Coming back to the
underlying molecules enabling success of serum therapy, Kitasato and von Behring wrote in
their publication dJber das Zustandekommen der Diphtherie-Immunitat und der Tetanus-
Immunitat bei Thieren®®2 that no cell, but so-called antitoxins in the serum of immune animals
neutralize toxins that are sequestered from bacteria. Paul Ehrlich, who supported von Behring
by developing standardization strategies for high quality diphtheria antisera, proposed hereby
an explanatory model, namely the famous side-chain theory in 1897 that stated that antitoxins
are found on the surface of specialized cells, but can also be secreted into the periphery,

thereby rendering toxins harmless. I n his publication of 1891 cal
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The modern era of (monoclonal) antibodies

In 1975, antibody research was revolutionized by the fundamental work of Milstein & Kéhler
proposing the hybridoma technology?*°. Antigen-specific B cells from splenocytes of mice were
thereby fused with mouse myeloma cells to obtain an immortalized cell clone secreting only
one type of antibody against sheep red blood cells. These antibodies are called monoclonal,
which means they are a single class of antibodies that recognize only one epitope, and allowed
the pure, reproducible and easy scalable production from selected cell clones?**. The problem
of these mouse antibodies, however, was the elicitation of anti-drug antibodies as well as
immunogenic reactions in the human body during treatment, which could be solved by the
pioneering work of Greg Winter exchanging certain regions of mouse antibodies with human

orthologues?#2:243,

In order to circumvent hybridoma and mice immunizations, novel display techniques were
invented to generate random combinatorial libraries of a myriad of antigen-binding molecules
that were presented on the surface of phages or yeast. High-affinity binders were separated
and the antigen-encoding DNA was sequenced ultimately?*4245, These surface display
methodologies further enabled the development of cutting-edge deep mutational scanning
studies that create protein libraries with all possible amino acid exchanges of a desired protein
that are then screened for binding to its ligand. Events of successfully binding clones are
sorted, amplified and sequenced via Next generation sequencing (NGS)?%6. One can thereby
determine expression efficiency of the mutated protein and also perform further in vitro studies
to study viral fitness?#’. In particular, the technique enables one to decipher variants of viral
antigens escaping polyclonal antibodies or showing binding differences to the cell entry
receptor that can inform about current and future immune evading mutations in order to

conceptualize or develop improved treatments that retain specificity and potency?#.

Besides phage and yeast display, another example for extracting highly potent antibodies
involves B cells from convalescent patients. In this regard, cells can be either isolated and
immortalized with Epstein-Barr virus (EBV) and subsequently screened for clones expressing
antigen-reactive antibodies or isolated as single B cell clones, whose light and heavy chain
antibody transcripts are amplified and sequenced?*. The latter approach pioneered by Michel
Nussenzweig’s laboratory?° is one of the most widely used antibody isolation strategies and
enabled the isolation of potent antibodies that could bind a great subset of different HIV

isolates, called broadly neutralizing antibodies (bnAbs)%.
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Monoclonal a ntibodies against HIV-1

The most potent of these desired bnAbs against HIV-1 were found targeting the CD4 binding
site, however many were also directed to other conserved epitopes as the gpl120-gp4l
interface, membrane proximal external region (MPER), the fusion peptide as well as V2 and

V3 glycans, respectively, of the HIV-1 envelope protein®! (Fig. 13).

A
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Fig. 13 Structural depiction of the HIV -1 envelope trimer with targeted epitopes of broadl vy
neutralizing antibodies (adapted  from 6%). The HIV-1 envelope (Env) trimer is shown in blue with the
different broadly neutralizing antibody (bnAb) target epitopes (described from left to right): the gp120-
gp41 interface is shown in purple, the CD4-binding site is displayed in dark orange, the V2 glycan is
represented in red, the V3 glycan site is depicted in green, the fusion peptide epitope is highlighted in
yellow and the membrane proximal external region is illustrated as a red cylinder connecting the trimer

to the transmembrane domain. Antibodies targeting the respective epitopes are displayed.

Completed and currently ongoing trials mainly comprise CD4-b i n di n YRCB1 dasso
bnABs VRCO1 and its serum half-life extended version VRCOLLS, VRC07-523LS, N6,
3BNC117 and 3BNC117LS as well as V3 glycan targeted bnABs as PGT121, 10-1074 as well
as 10-1074LS%2. In particular, 3BNC117 was able to significantly reduce viremia for 28 days?>®
which was seen to be further decreased in some patients in concert with 10-1074 for up to 43
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weeks in a phase 1 clinical trial®®. Nonetheless, 2 out of 7 patients did not respond due to
resistant HIV-1 clones already at baseline, which demonstrates the need for the discovery of

even more potent anti-HIV-1 bnAbs.
Monoclonal a ntibodies against SARS-CoV-2

Upon the SARS-CoV-2 outbreak many groups also employed the single B cell cloning
approach to isolate powerful monoclonals from the sera of convalescent individuals?#2%6, with

one group also employing the mouse immunization approach?”.

Basically, antibodies against the SARS-CoV-2 spike and RBD, respectively, can be stratified
into 4 groups based on their epitope usage (Fig. 14). Class 1 and 2 antibodies are located at
the receptor-binding ridge and are directly or sterically interfering with ACE2. Class 3 and 4

antibodies target more conserved epitopes that do not directly interfere with ACE2 binding?®.
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Fig. 14 Structural representation of the SARS -CoV-2 RBD WT with representative broadly

neutralizing antibodies for each class (adapted from 258), Class 1 and 4 broadly neutralizing
anti bodies (bnAbs) target epitopes resi di nhgndingn
domain (RBD) of the SARS-CoV-2 spike protein. Whereas class 4 bnAbs do not interfere with ACE2
receptor binding, class 1 bnAbs display overlaps with the ACE2 binding footprint and mimic the ACE2
cell entry receptor. Class 2 and 3 bnAbs can bind the RBD both in fupoand fdowno conformation and
are hence one of the most elicited antibodies?® in SARS-CoV-2 infection and vaccination. Class 2

antibodies do not mimic ACE2 binding, however sterically interfere with the receptor and thus are the
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desired class of antibodies next to class 1. Class 3, similar to class 4 antibodies, do not block ACE2
binding, however target a much more conserved epitope, which is less prone to be impacted by antigenic
drift.

The emergence of the highly mutated omicron variant and subtypes, respectively, resulted in
greatly impaired or abrogated binding of antibodies from already approved nAbs from
Regeneron, Eli Lily & Co and Astra Zeneca, which led to the U.S. Food and Drug
Administration (FDA) decision of limited use in non-omicron infected individuals and as a
preexposure prophylaxis as of early 202226°261 At the same time, the only FDA-emergency
use approved immunoglobulin for treating omicron-infected patients was the class 2/3 anti-
SARS-CoV-2 antibody bebtelovimab?®? from Eli Lilly & Co, which exhibited conserved strong
reactivity against all variants?%324, in particular the prevalent omicron BA.2 and BA.4 and BA.5
subtypes?®®, the latter of wich displaying even more mutations in the RBD than the previously
in the US predominant BA.2 strain?%257, In a recent press release by the FDA, however,
bebtelovimab is not authorized in any US region anymore as data of the uprising BQ.1 and

BQ.1.1 variants suggests no neutralization of the latter variants by the antibody?2¢2,

In a recent study, Veesler and colleagues report about a broadly reactive antibody (S2K146)
that can bind the RBD of several ACE2-engaging coronavirus isolates, notably targeting both
SARS-CoV-1 and -2, which only share 73% of RBD identity?®®. S2K146 neutralized all SARS-
CoV-2 variants, even omicron, via an ACE2 mimicking binding mode sharing 18 of 24 epitope
residues with ACE2 and thus comprises an interesting candidate for an antibody that is able

to neutralize the majority of current and future ACE2-employing coronaviruses?"°.

Hence, the constant fast evolution of SARS-CoV-2 with the recent highly mutated omicron
variant as well as subtle evasion strategies by HIV-1 demonstrates the need to discover further
neutralizing antibodies that can be used as effective treatments in chronically infected,
immunocompromised or critically ill patients in the future. Even though serum therapy as well
as monoclonal antibodies require to be administered repeatedly, they represent invaluable
tools in the fight against infectious diseases due to their neutralizing capacity, known structure

and specificity as well as long half-life?"*.
1.3.2 Nanobodies

As an alternative to antibodies, nanobodies display several advantages based on their higher
stability, smaller structure for nasal application routes and improved penetration of tissues as
well as cost effectiveness regarding protein expression and yield?’2. Back in 1993, a Belgian
research team was the first to uncover that camels, member of the Camelidae family
comprising also llamas and dromedaries, display two different forms of antibody proteins in

their serum?”® (Fig. 15a, b). One of them was composed out of 2 single heavy chains only, 90
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kDa in size, which were linked either via a short or long hinge, and lacked pairing to the light
chain. This was caused by the missing of the C41 domain that represents a crucial moiety
during assembly of light and heavy chains happening at the endoplasmic reticulum?’4,
Nevertheless, these antibodies are well expressed and exert their binding action via the 15
kDa variable domain, abbreviated as VHH and also called nanobody (Fig. 15¢). Nanobodies
are characterized by their long complementarity-determining region (CDR) loops that enables
them to reach less accessible epitopes and to compensate for the loss of the light chain?’2,
Moreover, they exhibit a higher number of disulfide bonds as well as more hydrophilic amino
acids in the CDR2 that enhances protein stability and refolding ability as well as overall
solubility and expression in relation to conventional antibodies?’. Furthermore, VHH domains
display low immunogenicity potential in humans, due to high homology with human IgG heavy
chain sequences, which can be further reduced by humanizing amino acids in the framework

regions?’2,
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Fig. 15 Structure of antibodies from Camelidae (taken from 272). a, Conventional antibodies
consisting of heavy and light chains of Camelidae as occurring in humans. b, Cul-lacking heavy-chain
only antibody represents the second group of Camelidae antibodies. ¢, The variable heavy chain domain
(VHH) of camelid antibodies is composed of CDR and FR regions. Yellow stars in the FR2 indicate
amino acid mutations, which elevate protein solubility. Ab: Antibody, CDR: Complementarity-

determining region, FR: Framework region.

High-affinity-binding nanobodies are gained via yeast or phage display techniques that use
libraries of different clones obtained from either immunization of Camelidae, the VHH
repertoire of naive animals, which omits the need for immunization, or via synthetic libraries

that are based on targeted CDR mutagenesis?’®.
Anti -HIV-1 nanobodies

Upon immunization with recombinant gp140, gp120 or gp4l envelope proteins, nanobodies

targeting HIV were isolated from llama and dromedary. Potent candidates were mainly
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targeting the CD4 binding site (CD4bs) with the CD4-mimicking J3 clone showing highest
efficacy in neutralizing 96% of strains tested?’"2’¢, Upon dimerization via an antibody Fc part,
neutralization could be further enhanced.?”® Furthermore, neutralization of HIV-directed
nanobodies was shown to be elevation when VHH monomers targeting the same or different
(complementing) epitopes were interconnected via GlySer linkers to multivalent

constructs?76:280,
Anti -SARS-CoV-1 and -2 nanobodies

Along the same lines as HIV-reactive hanobodies, VHHSs raised against the SARS-CoV-2 RBD
neutralized authentic SARS-CoV-2 virus and PsV even better when linking 2-3 VHH monomers
together81'283, In a recent study dimerization or trimerization of the most potent VHH E
nanobody, which shares 16 of 27 RBD binding residues with ACE2, led to more than 100-fold
higher neutralization in PsV as well as plaque reduction neutralization assays. Interestingly,
only monomeric VHH E molecules were able to induce or fix the spike with 3 RBDs in the up-
state, thereby activating the fusion machinery and triggering structural changes into the
energy-favored postfusion conformation. This can be highly likely explained by a particular
binding geometry of monomers compared to multimerized versions. Nevertheless, all VHH E
versions were sensitive to the S494P mutation, thus allowing escape of replication-efficient
SARS-CoV-2 spike expressing VSV particles. Biparatopic fusions linking two nanobody
classes harboring nonoverlapping binding epitopes as VHH V and E potentiated SARS-CoV-
2 neutralization related to their respective monomers and prevented viral immune evasion,
thus showing that simultaneous targeting of different neutralization binding epitopes
synergizes in hampering the evolution of viral escape variants?®'. Besides the discovery of
SARS-CoV-2-restricted nanobodies as VHH E and V, the VHH 72 nanobody was shown to
bind to both SARS-CoV viruses, displaying an even higher affinity for SARS-CoV-1. The
placement of VHH 72, H11-D4 or H11-H4 nanobodies on top of a human Fc part drastically
improved the binding to SARS-CoV-2 RBD via a beneficial avidity effect and enabled
neutralization of SARS-CoV-2 spike-studded VSV. Additionally, the half-life of the nanobody
could be increased based on recognition of the Fc part by the neonatal Fc receptor (FCcRn)
expressed on several body cells, thus allowing the reshuffling of antibodies back into

circulation?84285,

Taken together, camelid nanobodies represent potent alternatives to antibodies that can be

even enhanced in their association with antigens by different multimerization techniques?®.
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1.3.3 Soluble versions of viral entry receptors

Soluble versions of entry receptors as CD4271289 or ACE22%°-2°1 have already been the target
of affinity improvement strategies and were tested as therapeutic agents aiming to neutralize

and prevent the luminal virus from binding to the membranous entry receptor.
The HIV-1 entry receptor CD4

Soluble (s)CD4 has shown encouraging results in vitro?®22% nonetheless further in vivo results
and phase 1 clinical trials showed little effect on HIV-1 and an unfavorable pharmacokinetic
profile of the agent?”:2¢9, When adding an Fc part, CD4-Ig was shown, similar to sCD4, to bind
to nearly all HIV strains tested and Pro542, a CD4-1gG2 candidate, was reported to be safe
and to reduce viremia in phase 1/2 clinical trials?%82%4, Still, CD4-1g shows lower affinity to the
viral envelope protein than available broadly neutralizing antibodies®*"2% and was reported to
enhance disease in one study?®. In order to improve binding to HIV-1, Gardner et al. added a
CCR5 mimetic sulfopeptide at the end of the CH3 domain, calling it enhanced (e)CD4-Ig*¥'.
This conjugation indeed increased neutralization activity, however did not interfere with
antibody effector functions as ADCC. In a recent study, Bjorkman and colleagues designed
virus-like particles (VLPs) that presented CD4 on their surface and thereby mimicked CD4-
expressing cells?®’. Compared to monomeric sCD4, dimeric CD4-1g, eCD4-lg and the bnAb
3BNC117, CD4-VLPs displayed enhanced breadth and potency, which may be explained by
membranous CD4 nanoclustering that increased avidity towards the HIV-1 envelope protein.
Although showing low levels of bioavailability, VLPs effectively controlled HIV-1 replication and
prevented viral escape, hence constituting a promising therapeutic approach in the combat

against HIV-1.
The SARS-CoV-2 entry receptor ACE2

Speaking of sACE2 therapeutics, APEIRON Biologics announced the start of its phase 1
clinical trial in Austria in October 20212, testing their recombinant human ACE2 drug
candidate APNO1 for safety, tolerability and pharmacokinetics in COVID-19 patients with
results to be reported soon?®. A recent study*® describes epithelial cell-mimetic particles,
which are decorated with many recombinant human ACE2 molecules on the surface, that limit
uptake of viral spike in the airway epithelium and are stoichiometrically superior than APNO1,
which is recombinant human ACE2 that is thought to exist as a dimer based on its neck
domain®®*, Similar to CD4, addition of an IgG1 Fc part to ACE2 constitutes a special dimerized
version that increases the half-life of ACE2 in the human body via neonatal Fc receptor (FCRn)-
mediated recycling®®?. The so-called ACE2-lg has been reported in literature to neutralize

pseudoviruses studded with SARS-CoV-1 and -2 spikes®®, however has not been observed
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in clinical studies currently3®*. Further studies investigating multimerization of ACE2 molecules
have already shown in vivo therapeutic potential in mice®® as well as higher affinity towards
the SARS-CoV-2 RBD and enhanced neutralization activity particularly when employed as a
trimer3%6307 Several innovative approaches aim to determine higher affine ACE2 variants
binding to and neutralizing SARS-CoV-2. As an example, Glasgow et al. combined
computational approaches with deep mutational yeast scans libraries to determine their
improved ACE2(614) candidate. This version of ACE2 bound with 170-fold higher affinity to
SARS-CoV-2 RBD and displayed even elevated bioavailability and neutralization upon addition
of the ACE2 collectrin and Fc domains®®, In another study by Procko and colleagues, deep
mutational scanning studies determined the SACE2v.2.4 variant, which harbored 3 mutations
(T27Y, L79T and N330Y) compared to ACE2 WT. This variant displayed enhanced affinity
(5.8-fold in case of a monomer and 36-fold when expressed as a dimer) for the SARS-CoV-2

RBD and thereby achieved subnanomolar median inhibitory concentrations3®.

Overall, viral entry receptor traps or decoys of CD4 or ACE2 molecules display a binding mode
on viral surface glycoproteins, which is structurally more conserved for entry of different virus
isolates and thereby less likely impacted by escaping mutations than conventional nanobodies
and antibodies™®. As a potential caveat, however, stands that soluble ACE2 and CD4
receptors as well as respective antibody and VLP designs may become targeted by an anti-
receptor immune response®%33 which is why smaller receptor-mimetic biomolecules could

represent an advantage, omitting the occurrence of CD4 and ACE2 autoantibodies.
1.3.4 Viral entry r eceptor -mimicking biomolecules

Structural resolution of the viral surface glycoproteins associated with anti- and nanobodies by
many different groups has yielded a picture of the viral spike geometry, which can be exploited

for novel viral entry receptor-mimicking biomolecules using computational modelling analyses.
CD4-mimetic bio molecules

The first near-atom level structure of HIV-1 gp120 protein together with soluble CD4 as well as
the 17b antibody, which binds a neutralizing epitope upon CD4 binding (CD4-induced epitope)
has allowed to uncover pivotal interaction sites of CD4 and HIV-1 gp1203%4. Thereby, the
CDR2-like loop of CD4 domain 1 containing amino acids 36-47 represents one of the key
binding elements, harboring a Phenylalanine at position 43 (Phe 43)3!°, which fills the cavity of
HIV-1 gp120 that is conserved across HIV-1 isolates®!®. In one of the first attempts to generate
so-called CD4 mimetic molecules or CD4 miniproteins, the CDR2-like loop was transplanted
on U/ scorpion scaf fodnd xyllatoxidm aovtharsyep d otroexginons
structural similarity with the CDR2-like loop of CD4. As a result scientists obtained 27 to 33
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amino acid big CD4 domain 1 resembling proteins, which represent a smaller alternative than
soluble cell receptors and antibodies. However, these miniproteins showed low affinities of
ECso values ranging between 20 and 40 uM. Hence, additional mutations were introduced to
achieve ECso values between 0.1 and 1 uM that resulted in inhibition of CD4" cell infection
mediated by different HIV-1 isolates®®. Subsequent studies presented further improvements
of CD4 miniproteins such as i) increased anti-HIV-1 activity upon dimerization®!°; i) similar or
even higher binding affinites as CD4 towards gpl203133201322 and jii) triggering of
conformational changes of the HIV-1 gp120 protein to expose CD4-induced epitopes that are

targeted by neutralizing antibodies and enable binding of HIV-1 coreceptors323324,
ACE2-mimetic bio molecules

The crystal structure of the SARS-CoV-2 RBD - bound to human ACE2 - uncovered the exact
sites of interaction and thereby allowed the development of potent ACE2 peptide mimetics32.
Thereby, the ACE2 alpha (U)-helix 1 was shown to harbor the majority of critical residues for
SARS-CoV-2 binding®?® and is thus the starting point for many ACE2 mimetic studies®?’.
Exchanging of a mtelix btoismprove helical folding prepensity3? coupled with
dimerization®?° was reported to block SARS-CoV-2 infection. Further designs comprised the
addi t i-lelices@ &nd Bto enhance affinity and stability of the 3 helices achieving binding
to SARS-CoV-2 RBD in the nanomolar range (40nM)*¥*. Besi des e mp | ehglices,g ACE?2
defensins, which are small stable peptidese x p 0 s i Bhglix, were shown to be able to mimic
t he A GnEIR 1 Wy introducing critical interaction residues, thereby displaying nanomolar
binding to SARS-CoV-2 RBD?%. By employing affinity-selection mass-spectrometry, Pentelute
and colleagues were able to find three 13-residue long synthetic peptides from 800 million
screened ones that showed nanomolar affinity binding to SARS-CoV-2 RBD*2. David Baker
and his group developed anti-SARS-CoV-2 minibinders with picomolar affinity by means of
computational analysis®**3. They chose 2 different approaches by designing molecules either
fromscratch or b a s-kelik ofoACE2f chneing fipi witts danditlhtes representing
both scenarios. Each construct resembled the computationally determined protein structure
when being expressed and neutralized the SARS-CoV-2 virus. One of the candidates, LCB1,
was further examined for prevention of SARS-CoV-2 induced inflammation and lung pathology
in mice. Indeed, the pre- or postexposure usage of LCB1, endowed with the 1gG1 Fc part,
reduced viral burden and immune cell infiltration, effectively preventing disease. Moreover, an
optimized monomeric variant called LCB1v1.3 protected mice when given prophylactically
against the WT and alpha variant of SARS-CoV-2 and displayed a desirable pharmacokinetics
profile, which approves its development as a drug for treatment and prevention of infection
with SARS-CoV-2%4, In the follow-up study, which was performed in vitro, the goal was to

achieve binding of all three RBDs on the spike by means of generating a multivalent
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construct®®. Although t h e A GHelk deScending AHB2 construct showed much lower
affinity than from-scratch-designed monomers LCB1 and LCB3, its homotrimer TRI2-2
neutralized all SARS-CoV-2 variants including omicron to a greater extent than monoclonal
antibodies and protected mice from SARS-CoV-2 challenge when given prophylactically.
When performing a viral escape screen, addition of TRI2-2 showed no viral evasion, with the
structural vicinity to ACE2 being the main reason. A recent study reports about a further
improved version of the LCB3 minibinder termed GlueBinder, which allowed the potent
neutralization of SARS-CoV-2 WT, delta and omicron variants. This was achieved by a
sophisticated cross-linking process between the F30 residue of LCB3 and the Y473 residue of
the SARS-CoV-2 RBD that resulted in irreversible binding, thus covalently locking the peptide-

viral antigen interaction to prevent viral escape3.

Taken together, i) atomic-level structural resolution of the binding complex of viral surface
glycoprotein and cell entry receptor as well as ii) the development of powerful computational
approaches in concert with high-throughput screening techniques have propelled the evolution
of high affinity receptor mimetics. These may represent smaller, cost-efficient and
thermostable alternatives compared to variable regions of antibodies, nanobodies and entry
receptor biomolecules. Nonetheless, small peptides display limitations in their design, off-
target effects and viral resistance, which would be less pronounced with entry receptor

biomolecules of a larger footprint®*’.

All of the aforementioned therapeutics represent important weapons in the combat against viral
infectious diseases; however require multiple administrations due to lacking memory formation
of immune cells. In contrast, vaccines activate and train innate and adaptive immune cells to

typically establish long-term memory and protection against current and future pathogens32,
1.3.5 Vaccines
Definition of a vaccine

By definition, vaccines are biological preparations that are able to safely elicit an immune
response towards a pathogen for protection from infection and/or (severe) disease and death
upon subsequent virus encounter®3. The immune system’s ability to recognize, respond and

remember a myriad of antigens is hereby exploited.

Edward Jenner pioneered the concept of vaccination as we know it today. Upon Pasteur’s
discovery of a vaccine against rabies nearly 100 years later, the field of vaccinology has
received a massive boost heralding a period of development of new vaccines against different
pathogens®* (see chapter 1.1.1). Vaccines are one of the most effective tools to combat

infectious diseases and represent cornerstones of immunology, having eradicated some of the
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most dangerous diseases®”. It is estimated that 3.5-5 million deaths per year are currently
prevented by vaccination3#. Apart from their efficacy and low to modest adverse event profile,
they further have been instrumental in saving exuberant costs of national health systems and

protecting economy?3#2,
Types of vaccines

Besides bacteria and parasites, vaccines are aimed at targeting viruses. Thereby, vaccines
can be stratified into live and non-live vaccines®*. In the course of vaccine developments

throughout history, live vaccines were the first to be employed.
Conventional vaccines

Live whole virus vaccines

Inititated by the first live vaccine against smallpox from Edward Jenner at the end of the 18™
century (see chapter 1.1.1), subsequent developments resulted in potent freeze-dried vaccines
containing the heterologous poxvirus-family-related Vaccinia virus that is attenuated in its
pathogenicity in humans, but conferred immune protection against smallpox3#3344, In a global
effort, mass vaccination programs enabled the announcement of the WHO in 1980 that

smallpox is eradicated3#®.

Pasteur was the first to clearly introduce the idea of attenuation of pathogens and
demonstrated their utility as vaccines as in the case of the chicken pox, anthrax in sheep and
rabies in humans and animals®*. Live -attenuated vaccines consist of a weakened form of
the whole pathogen that is able to sufficiently replicate, but does not show disease-causing
pathogenicity (Fig. 16). Live-attenuated vaccines are mainly developed against viruses as they
comprise lower genetic complexity and are thus easier to control*’. The first attenuation
approaches comprised treatment of pathogens with air or heat, followed by the more
sophisticated technique of serial passaging of the virus in animals and eventually in cell

culture3*s.

Live-attenuated vaccines harbor all surface molecules with antigenic properties for the immune
system and in particular stimulate pattern recognition receptors on innate immune cells®#,
Owing to the diminished viral replicative potential, these vaccines display prolonged antigen
persistence and thus dendritic cell (DC) presentation, which allows potent activation of
adaptive immunity. This improved immunogenicity is a hallmark of live vaccines and omits the

need for an adjuvant, which is required for the majority of non-live vaccines.

Nonetheless, live-attenuated vaccines always represent a tightrope act to balance sufficient

replication for elicitation of potent immune responses, but not to induce symptomatic disease.
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Hence, several safe formulations of live-attenuated vaccines are short-lived as against typhoid
fever, which requires a booster every 2 to 5 years dependent on the vaccine administration
method33°34°, Other live virus formulations as against smallpox or yellow fever, however,
require only one vaccine shot to confer life-long immunity against the respective disease. The
current measles, mumps and rubella (MMR) vaccine, developed by Maurice Hilleman, is
administered subcutaneously as two shots to provide protective long-lasting immunity and
prevent transmission®®, Measles is one of the most contagious diseases leading to acute
encephalitis and comprised the leading cause of vaccine-preventable deaths of children until
the year 2000%**". Mumps is an airborne acute viral disease, which causes parotitis and may
include inflammation of other tissues. Rubella is characterized by infected individuals
developing a rash and further may encompass swollen lymph nodes, brain and neuronal
inflmammation as well as congenital defects of babies from infected mothers®*’. Hence, the
MMR vaccine as a combined live-attenuated vaccine demonstrates potent efficacy of
preventing more than 88% of infections against all 3 viruses, thereby massively dropping cases
of infection and thus the death of many children®’. As a further success stands the
development of a vaccine against the Polio virus. The latter is highly infectious and mainly
affects children causing widespread infections with symptoms from meningitis to acute flaccid
paralysis. In case of involvement of the respiratory tract it further led to mechanical ventilation
and death of children in many epidemics in the first 50 years of the 20" century®®*. Albert Sabin
and Jonas Salk were the main competitors in the race for a successful polio vaccine3*’.
Whereas Sabin developed an oral live-attenuated polio vaccine (OPV), Salk created an
inactivated polio vaccine (IPV), which exhibits a better safety profile and faster production.
Nevertheless, the live-attenuated vaccine of Sabin harbored the advantage to administer it via
drops or prepared on sugar cubes into the mouth and hence to straightforwardly deliver the
vaccine to a myriad of children. As a further advantage, Sabin’s OPV was able to cut the chain
of transmission between the kids in contrast to the IPV. Overall, it is worth to acknowledge

both vaccines as they led to the eradication of Polio in children almost everywhere*2,

Nevertheless, live-attenuated vaccines still require caution for immunocompromised
individuals due to their residual replicative potential as well as putative gain-of-function
mutations that may result into full-blown severe disease and allow reversion into more virulent

versions of the virus causing problems in regions of low vaccine coverage as seen with Polio®3,

Non-live whole virus vaccines

A safer vaccine formulation represents the non-live whole inactivated vaccine that typically
elicits an antibody-mediated immune response®*® (Fig. 16). It is also called a killed vaccine as

virus was fully inactivated via physical approaches as irradiation or pH denaturation and/or
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chemical methods as the widely used formalin inactivation®®®. Similar to live-attenuated
formulations, these vaccines generate immune responses against a broad panel of epitopes,
however in general display efficacy for a shorter period of time and thus require boosters as
well as adjuvants compared to live virus vaccines. Basically, adjuvants (from Latin adiuvare =
to help) are necessary parts in non-live vaccines to enhance the magnitude of the immune
response by strongly activating innate immune cells (see section Adjuvants and other vaccine

components in this chapter)3.

As an example, most vaccines against influenza are whole inactivated vaccines, which are
either produced in hen eggs or via cell culture®®®. Influenza is an acute viral disease, which is
mainly induced by seasonal influenza A and B viruses infecting the respiratory tract®*®, thereby
causing fever, cough and muscle aches and has been the reason for multiple epidemics and
pandemics throughout history®*’. Influenza A and B viruses are characterized by their great
antigenic variability (see chapter 1.1.4), meaning that vaccines need to be updated very
year®#’. Currently, anti-Influenza vaccines comprise quadrivalent formulations of 4 globally
circulating influenza strains aiming to induce antibodies that will be protective against the

predominant upcoming variant.

Another example of killed vaccines represents the one against the Hepatitis A virus (HAV) that
prevents acute inflammation of the liver in conjunction with its related symptoms nausea,
vomiting, jaundice and fever®®. Havrix and Vaqgta were the first approved vaccines against
HAV and displayed more than 95% efficacy in preventing infection and disease. Follow-up
studies determined anti-HAV titers persisting for at least 30 years upon administration of two

shots of the vaccine in children and adults®®°.

Non-live subunit vaccines

In contrast to whole organism vaccines, subunit vaccines comprise formulations of
components that resemble highly immunogenic parts of a virus®’ (Fig. 16). They represent
efficient, safe and more tolerable alternatives to elicit a pathogen-specific immune response
e.g. in case of severe pathogenicity or ineffective inactivation of the authentic virus. However,

they tend to show lower immunogenicity compared to live-attenuated or killed virus vaccines.

The first subunit vaccines were not directed against viruses, but against bacteria. These
fractional inactivated vaccines are constituted by inactivated toxins secreted from pathogenic
bacteria, so-called toxoids 3¢ (Fig. 16). Diptheria and tetanus vaccines both elicit an immune
response against the respective bacterial toxin instead of the pathogen itself. Similar to whole
inactivated vaccines, formalin represents the means of choice for inactivation of toxins as i) it
conserves antigen structure and thus its immunogenicity and ii) diminishes aggregational

events happening. Besides diphtheria and tetanus, toxoids have been effective and
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instrumental in the fight against Bordetella pertussis, Yersinia pestis, Vibrio cholerae and

Salmonella typhi.

With the advent of biotechnology, subunit vaccines of viral components could be produced
recombinantly in a consistent manner and high yield. Production of pathogen subunits was
thereby achieved by transfected microorganisms as E. coli as well as insect, yeast, mammalian
or plant cells and comprises purified / recombinant proteins and peptides or polysaccharides

with or without conjugation to proteins.

Polysaccharide vaccines are constituted of polymeric chains from carbohydrates, which are
found in the capsule of pathogenic bacteria as Haemophilus influenzae, Neisseria meningitides
or Streptococcus pneumoniae (Fig. 16). Polysaccharides cannot be presented via the peptide-
exclusive MHC complex to T cells and thus trigger - either in an immune complex or alone -
the activation of marginal zone (MZ) B cells. The latter mount a T cell-independent response
by secreting IgM against the pathogen for its neutralization. Although proving to be
successfully preventing meningitis, sepsis and pneumonia in the majority of age groups,
newborns and babies are not responding to polysaccharide vaccines as their MZ B cell
development is not fully completed. Hence, vaccines are endowed with adjuvants or covalently
conjugated to a carrier protein (as diphtheria toxoid) to involve T cell help and increase
immunogenicity. These so-called polysacc haride -conjugated vaccines are thus able to
mount potent immune responses and protection especially in infants by driving B cells into
class switching, antibody affinity maturation as well as differentiation into long-lived plasma
cells (Fig. 16). Until now, Haemophilus influenzae b, Pneumococcal and meningococcal

(serogroups A, C, W, Y) vaccines have been approved by the FDA.

In contrast to Meningococcus serogroups A, C, W and Y, strong immune responses could not
be seen against the Meningococcus B (MenB) polysaccharide antigen®®°. This was concluded
based on structural mimicry of MenB to self-molecules and thereby immune tolerance against
MenB. Hence, a distinct approach was necessary to achieve protection against the N.
meningitides serogroup B strain. With the feasibility of whole genome sequencing of bacteria
and laborious computational analysis, a revolutionary approach pioneered by Rino Rappuoli
was applied. The so-called methodology of reverse vaccinology®**® aimed to determine
immunogenicity of in silico determined surface proteins of N. meningitides, which represent an
alternative to the capsular MenB antigen and could be implemented as protein subunits into a
vaccine. Genes of determined surface proteins were expressed and used for vaccination of
mice to detect serum bactericidal antibodies. In the end, Neisseria adhesion A (NadA),
Neisseria heparin binding antigen (NHBA) and factor H binding protein (fHbp), which were

fused to accessory antigens, were integrated in an outer membrane vesicle component (OMV),
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which was shown to be highly immunogenic and to be conserved across homologous and
heterologous MenB strains resulting in the licensure of the potent 4CMenB vaccine3¢°36, Until
today, many other protein subunit vaccines have been successfully applied against a big
array of pathogens, showing an exceptional safety profile, relative easiness to be produced as
well as favorable storage conditions®? (Fig. 16). The first recombinantly produced protein
subunit vaccine was directed against the Hepatitis B virus (HBV). Prior techniques comprised
the isolation of the Hepatitis B surface antigen (HBsAg) from the plasma of asymptomatic
carriers of HBV and its successful usage for immunization in chimpanzees and humans,
culminating in its approval as a vaccine in 1981%¢, Owing to high costs as well as limited
number of human donors, an alternative was found with the new recombinant DNA technology.
Plasmid transfection of yeast cells thereby enabled the expression of HBsAg proteins, which
by nature assemble into a 22 nm noninfectious particle®43¢5, The formulated vaccine was
shown to be safe and effective in preventing disease with seroprotection rates between 85-

100% for a minimum of 10 years®®®.

The first recombinant vaccine against influenza was licensed back in 2013 and further
developed to be a quadrivalent vaccine®’, which was approved in 2017 by the FDA. It consists
of insect-cell-produced hemagglutinin surface antigens, which have shown higher
immunogenicity based on increased antigen content compared to whole inactivated vaccine

formulations®8.

A further development of the already mentioned reverse vaccinology approach by Rappuoli
represents its successor reverse vaccinology 2.0%°. Herein, B cell and antibody repertoire
studies, respectively, as well as high resolution images of pathogen / neutralizing antibody
binding allow to determine neutralization-sensitive sites, which are considered by rational
vaccine design (see section Structure-guided vaccine design in this chapter). One of these
design strategies is called germline targeting (GT), which aims to select and foster naive B cell
clones that have the potential to become bnAb producing cells®°. One of the GT approaches
thus comprises synthetic peptides such as the engineered outer domain (eOD) vaccine
peptides resembling the HIV-1 CD4 binding site. Notably, only multimerization of the peptide
resulted in in vitro B cell activation®”?, thus uncovering one of the disadvantages of peptide

vaccines.

Non-live virus-like particles

Hence, multimerization strategies as virus -like particles (VLPs) improve immunogenicity by
aiming to resemble whole organism formulations via employing multiple protein subunits3®®
(Fig. 16). VLPs are macromolecular structures that expose an array of repetitive antigenic

epitopes from surface proteins, thus mimicking more closely the viral morphology3’2. They can
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be distinguished as particles with or without lipid envelopes and / or different layers of the
genome-protecting protein shell of a virus, the so-called capsid®®. VLPs enhance avidity
effects, particularly for strong activation of B cells, but also increase phagocytosis and antigen
processing of innate immunity antigen-presenting cells (APCs) as well as the crosstalk
between immune cells®’2. Additionally, these particles harbor no genetic material for viral
replication, which represents an advantage compared to whole virus vaccines. Nonetheless,
the technology of VLPs exhibit downsides with regard to broad applicability owing to their
laborious purification, complex assembly traits as well as stability and storage issues,
respectively®’2. Commercially approved vaccines comprise formulations against Hepatitis B
virus and human papilloma virus (HPV)3**%. HPV is transmitted via sexual intercourse and is
one of the drivers of cervical cancer in women. HPV vaccines are solely based on VLPs, which
are composed by highly immunogenic L1 capsid surface proteins of different HPV types
dependent on the vaccine product. In clinical studies, it could be shown that the vaccine was
highly efficient at preventing disease and precancerous lesions and thus is recommended for

prepubertal girls and boys®”.
Next generation vaccines

Besides VLPs, recent developments comprise bacterial- or viral-vectored vaccines as well as
synthetic DNA and mRNA platforms. These harbor the advantage of being developed and
manufactured cheaper and faster, thereby allowing rapid adjustments to emerging pathogens
of concern3®3’ Compared to bacterial vectored vaccines, which are still early in their
development, viral -vectored vaccines have already been part of clinical trials and in further
consequence been approved for the prevention of multiple infectious diseases (Fig. 16). These
vaccines consist of recombinantly produced virus backbones, which descend from viruses with
low to no pathogenic potential in healthy humans®’®. These vectors lack replicative machinery
and virulent features of authentic viruses and are endowed with suitable surface proteins of
the pathogenic virus, against which a strong and protective immune response is elicited.
Hence, these viral vectors are not able to provoke disease, but mimic natural infection and
thus induce broad activation of immune cells®#. Basically, vectors can be engineered to be
replication-competent or -deficient. Replication-efficient viral vectors are able to produce new
virions upon infection of a single cell for entry into further cells. As an example, the only
currently approved vaccine against Ebola is a replication-competent recombinant vesicular
stomatitis virus (VSV)-based vaccine that expresses the Ebola surface glycoprotein from the
Kikwit 1995 Zaire strain. The vaccine has been shown to be 97.5% effective when given as a
single dose in preventing transmission in an Ebola outbreak in the Democratic Republic of
Congo in 2019. This high level of protection was achieved by so-called ring vaccination efforts,

which target people who were in close contact to infected individuals and were hence most
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likely to catch the disease. In contrast, replication-incompetent vectors are solely able to infect
one cell, which starts to express viral proteins on its surface, thus triggering an immune
response. Several replication-deficient viral vector vaccines employing human and
chimpanzee adenoviruses have been developed aiming to combat the recent SARS-CoV-2

outbreak (see paragraph Vaccines against SARS-CoV-2 in this chapter).

Nucleic-acid based vaccines (DNA and mRNA)

Nucleic-acid based vaccines, in particular mRNA-based vaccines, have been in the spotlight
fighting SARS-CoV-2 and represent novel platforms with fastest time and easiness of
development®’®, Both, DNA and mRNA approaches deliver genetic instructions of desired
surface antigens into cells, which allow their subsequent expression and elicitation of an
immune response. DNA vaccines are composed of synthetic DNA (synDNA), which is
introduced into cells via special injection devices, nanoparticle-based systems or
electroporation (Fig. 16). Electroporation itself is characterized by reversible cell
permeabilization through electrical impulses enabling uptake of synthetic DNA into e.g.
professional APCs of the vaccinated individual. Thereby, DNA accesses the nucleus for
subsequent transcription and generated mRNA is then transported to the cytoplasm for
translation into the vaccine protein antigen. APC-intrinsic protein processing pathways lead to
its fragmentation into peptide chunks, which are presented to other immune cells (see section
Immune response towards vaccines in this chapter). SynDNA vaccines have shown long-lived
expression of the antigen and activation of mediators of humoral and cellular immunity.
However, no DNA vaccine has been approved to date, among other reasons due to safety
concerns based on a prolonged stay of DNA in the nucleus that may result in the increased
chance of random integration within the host’s genome. This however has not been shown by

experiments to date.

In comparison, MRNA vaccines virtually pose no risk of genomic integration (Fig. 16). These
formulations skip the step of nuclear transcription and are directly translated into proteins and
processed for following MHC presentation. As mRNA imposes an enhanced potential of
immunogenicity and thus degradation, Kariko & Weissman were leading in the development
of nucleoside-modified MRNAs®*73’8  which are less immunogenic and further enabled
elevated protein production rates within the cells. To deliver mRNA vaccines to myocytes,
APCs etc., they are encapsulated in relatively safe delivery structures called lipid nanoparticles
(LNP). These LNPs further display a potent adjuvant effect e.g. in the activation of CD4* Ten
cells and have been shown to allow the activation of multiple other immune cells®®38, thereby
generating potent immune responses against viral infection and thus represent an interesting

platform to develop potent anti-cancer vaccines for the future.
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Antigen-presenting cells as cellular vaccines

Similar to mMRNA vaccines, cellular vaccines involving antigen-presenting cells, especially
dendritic cells (DCs), represent a novel weapon in the fight against infectious diseases and
especially cancer®®! (Fig. 16). Although representing a laborious, costly and slow approach,
dendritic cell vaccines could prime long-lasting immune responses of T cells that respond well
or even better to emerging variants of concern compared to nucleic acid or protein vaccines.
As the first step, DCs are taken from the human individual, then modified by loading cancer-
directed or SARS-CoV-2 spike protein peptides onto MHC complexes | or Il and reinjected into

the same person aiming for strong activation of T cells and their respective effector responses.

Issues with storage and multiple infusions, however, represent further downsides, which are
also seen with the mRNA vaccine®?2, Although not employable as a broadly available platform,
dendritic cell vaccines could be a potent approach for a subset of elderly and fragile individuals
at very high risk. A more universally applicable approach and alternative to DCs may comprise
the use of lentivirally transduced immortalized cells as artificial APCs, which are also currently
under clinical investigation3338_ Another type of APCs, which could be exploited to target f.i.
highly mutatable viruses and induce potent long-term immune responses, represent B cells,
whose antigen receptors were shown to be engineered by replacement of the native BCR
sequence with those of broadly neutralizing antibodies™ (see section B cell engineering to

develop cell vaccines against infectious diseases in this chapter).
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Fig. 16 Schematic depiction of vaccine types (adapted from 33). The first introduced and
currently licensed vaccines are displayed next to the respective vaccine type. BCG,

Mycobacterium bovis bacillus Calmette-Guérin.
Adjuvants and other vaccine components

Adjuvants are necessary agents for non-live vaccination approaches to improve
immunogenicity and potently stimulate innate immunity®3°38°, Used and licensed adjuvants
thereby comprise i) aluminium salts; ii) emulsions (oil-in-water and water-in-oil); iii) synthetic
DNA that is recognized as pathogen-associated molecular patterns (PAMPS) (e.g. CpG) by
pattern recognition receptors of innate immune cells; iv) polysaccharide particles made from
delta inulin and lately v) liposomes and saponin formulations, with many more to come in the

future.
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Aside from adjuvants, vaccines may contain traces of further components such as
contaminants e.g. from egg proteins (if vaccine was produced that way), but also
preservatives, stabilizers as well as emulsifiers like the nonionic surface agent polysorbate
80%%, The latter is part of the Novavax NVX-CoV2373 protein vaccine and builds micellar
structures that are studded with full-length SARS-CoV-2 spike proteins, thereby constituting a
recombinant nanoparticle mimicking native virus morphology (see paragraph Vaccines against
SARS-CoV-2 in this chapter).

Immune response towards vaccines

Conventionally, vaccines get injected into the deltoid muscle of the upper arm. This is
complemented by other approaches as peritoneal or mucosal administration®®. Vaccines aim
to elicit a potent immune response against the pathogen, which is kicked off by APCs%®¥’ (Fig.
17). These are mainly dendritic cells but also macrophages, which recognize pathogen-
associated molecular patterns (PAMPS) of the vaccine via their pattern recognition receptors
(PRRs). Subsequently, antigens are taken up and processed into peptides via different
pathways within the APC, which results in loading of either Major Histocompatibility Complex
(MHC) -l or -11%3%348 Whereas the endogenous protein-processing pathway involves peptide
loading on MHC-I for subsequent priming of cytolytic CD8" T cells, peptides presented via the
MHC-II are of exogenous protein-processing nature for activating helper CD4* T cells®*®. APCs
migrate towards the nearest (draining) lymph node or spleen to activate T cells. As upon
antigen uptake, APCs mature and start to upregulate costimulatory molecules as CD80 in
concert with presentation of the processed antigenic peptide to T cells. In case of a T cell
receptor (TCR)-peptide-MHC match, T cells get activated and either help as CD4* T cells B
cells for humoral immune responses or prime the cell-mediated immune response via CD8*

cytotoxic T cells that kill infected cells.

In contrast to T cells, B cells are able to bind directly to the vaccine antigen via their BCR and
are also professional APCs®*#8, Hereby, the soluble vaccine antigen is processed upon
internalization and presented via the MHC-1l complex to CD4" T cells. In case of a matching
between the TCR and the MHC-II of the B cell, the latter becomes activated to form germinal
centers for BCR affinity honing and differentiation into plasma cells, which secrete antibodies
long-term for protection of the host. Besides antibody-secreting cells, memory B cells also
emerge upon primary antigen encounter, which initiate a rapid response when re-encountering

the antigen and also differentiate into antibody-secreting plasma cells (see chapter 1.2.4).
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Fig. 17 Immune response towards a conventionall y administered protein antigen (  taken from 339),
The vaccine formulation is conventionally injected into the deltoid muscle of the upper arm. Adjuvants
strongly activate pattern recognition receptors of innate immune cells as dendritic cells (DCs), which
take up the vaccine antigen for subsequent processing of the latter. DCs migrate into secondary
lymphoid organs to present the processed antigenic peptide either via MHC class | or Il complex to T
cells. Hence, they prime either CD4* T cells, which in turn support B cells to mount humoral immune
responses, or CD8* T cells that in further consequence kill infected cells. BCR; B cell receptor, PRR:

pattern recognition receptors.
Vaccine efficacy, safety and adverse events
Vaccine efficacy and safety

Vaccines are mainly assessed by their ability to elicit B-cell-secreted antibodies and to enable
immune memory formation, which should prevent clinical manifestations of infection and
directly protect from a severe disease course and death®®8, Some vaccines may even be more
efficacious by preventing infection and transmission within the population, thereby causing so-
called sterilizing immunity 38°. In case of a high percentage of immunized people, non-
vaccine-eligible, immunocompromised or immunosuppressed as well as fragile and elderly

individuals in a population are protected by the phenomenon of herd immunity 3%. Overall,
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parameters conferring protective activity can be summarized by the term correlates of
protection and represent important measures especially for the accelerated approval of novel

vaccines3%,

New vaccine formulations are tested for their potency in preventing disease, transmission and
death. Vaccine efficacy is hereby defined by its reduction in disease cases in the vaccinated
group compared to the unvaccinated one in a controlled setting, preferably in double-blind,
randomized clinical trials®®. Clinical trials are studies to test new drugs and biological products
prior to their approval of the respective health institution or agency®®. Basically, they can be
stratified into phase I, Il, Il and a post-approval phase 1V and require the accomplishment of
predetermined goals to move on to the next phase. In phase | trials, vaccines are tested for
their safety profile in humans. Hereby, occurring adverse events define vaccine safety and are
registered according to their severity and location. Phase Il studies aim to determine efficacy
of the treatment and phase Ill compares the safety / efficacy profile to already approved
formulations. If study results are assessed positively, vaccines get approved. Products are
monitored upon approval in so-called phase 4 clinical studies, which enable to react in case of
adverse events emerging short-term in a vast amount of people and/or long-term upon vaccine
administration. Vaccine effectiveness hereby describes the performance of the product in

real world settings®.
Adverse events

Common adverse events of vaccines comprise a sore arm, tenderness and swelling at the
injection site as well as headache, malaise and fever®*. Common side effects are caused by
inflammatory and immune responses at the administration site in the first days upon receiving
the jab that will decline rapidly and eventually lead to vaccine-induced protection. Serious
adverse events are rare, with some cases of anaphylaxis observed upon parenteral
administration of the vaccine®®3. Hence, individuals with known allergies e.g. against egg or
latex, which can be found as residual traces after the production process in the vaccine, are

well-advised to choose alternative products.

The outbreak of SARS-CoV-2 has resulted in the development of safe and highly effective
vaccines in an unprecedented speed; nevertheless some of the formulations exhibit seldom
severe adverse events®¥. Viral vector vaccines Vaxzevria of Astra Zeneca and the JCovden
vaccine from Janssen exhibited rare cases of thromboembolism as well as thrombocytopenia
and Guillain-Barré syndrome, which are manifested either by a damaged peripheral nervous
system, detection of a low amount of platelets or thrombotic events, of which a small number
of people died®®. Cases of myocarditis and pericarditis were observed in a small number of

people immunized with the mRNA vaccines of Pfizer/BioNtech and Moderna, mainly
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concerning male adolescents and adults below the age of 40%%37 Based on the higher
incidence of cardiac inflammation with the SpikeVax mRNA vaccine®®®, the Standing
Committee on Vaccination (STIKO) in Germany recommended the usage for SpikeVax only
for people above the age of 30 as well as a SpikeVax alternative for pregnant women3%°. Apart
from mRNA, cases of myo- and pericarditis were also discerned with the protein vaccine NVX-
NCoV2373° mainly some days upon the 2" jab, thus resulting in enhanced monitoring of the
EMA®! Eventually, the great majority of all the cases recovered fully from the observed
inflammations. Systemic review studies investigated the causal relationship between
vaccination and the number of myocarditis and pericarditis events and compared it to data
from SARS-CoV-2 infected people. Across all age groups the relative risk of myocarditis was

shown to be 7-times higher upon COVID-19 infection than with vaccination#02493,

Taken together, advantages and benefits of SARS-CoV-2 vaccines outweigh the potential
adverse events. Nevertheless, transparent and proper assessment of side effects is warranted

to maintain public trust in science and to negate theories from anti-vaccination movements.
Vaccine skepticism and anti -vaccination movement

Skepticism towards vaccines anti-vaccination movements have been there from the day
Jenner made his groundbreaking discovery*®*. Moreover, the uprise of social media and
internet search engines has enabled all-time access to misinformation*®. As an example, the
myth of fAdestroying the childEs i mmune system wh
short timeo has been agreed on by athquU¥*.ter of
However, there is ample scientific proof that children with more vaccinations had a similar or
reduced risk for infections. Moreover, the misleading reports in the 1990s about a connection
between the measles, mumps and rubella vaccine and autism, which could never be confirmed
empirically, also caused skepticism in some parts of the public?®. Many more examples of
misconceptions (such as the diphtheria-tetanus-pertussis vaccine causing neurological
disorders*®’) contributed to vaccine hesitancy of people*®®. Lately, there have been concerning
trends of declining vaccine coverage in high-income settings, e.g. resulting in 140,000 global
deaths due to measles in 2018, which is the highest number of cases since the year 20063,
Another recent example for low vaccine coverage represents the occurrence of vaccine-
derived type 2 polioviruses that were found in the sewage water of several boroughs in
London®®3, The affected districts were found to be densely populated with a high proportion of
undervaccinated individuals, thus representing regions with a significant potential for the virus
to spread. Hence, this resulted in a strong vaccination campaign offering extra inactivated Polio
doses for children between 1 and 9 years old in London, in particular for those who did not

show the full immunization schedule*®. Taken together, such events display the need to keep
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up vaccination monitoring and offers, respectively, for nationwide immunization to suppress or

eradicate highly pathogenic viruses.
Vaccines against HIV -1

After approximately 40 years of HIV research, a potent vaccine against HIV-1 has not been
discovered®:. Out of 8 completed trials to date, only the RV144 trial in Thailand has shown
modest efficacy by reducing 31.2% of HIV-1 transmission. In this regard, the administration of
a vaccine consisting of the recombinant CRFAE_01A canarypox vector together with the
gpl120 protein from strains B/E induced high levels of non- or low neutralizing antibodies
targeting the V1-V2 region of the virus. Although non-neutralizing, it is suggested that these
V1-V2 antibodies are protective based on their effector functions, in particular their efficient
opsonization for subsequent phagocytosis*'®. Together with high numbers of non-neutralizing
antibodies, low levels of HIV-1 envelope protein-specific IgA antibodies were observed, both
correlating well with decreased HIV-1 transmission*!. Follow-up trials, however, could not
replicate the observed efficacy in the RV144 trial. Nevertheless, the idea of induction of high
titers of non-neutralizing antibodies for protection against HIV-1 is still explored in a phase Il

clinical trial**?.
HIV-1 features to be considered for an efficient vaccine

Unsuccessful vaccine development against HIV is due to the high genetic and thus antigenic
diversity of the virus together with its complex immune evasion mechanisms®. Hence, the
prime goal of HIV-1 vaccine development comprises the induction of broadly neutralizing
antibodies (bnAbs), which have been shown to neutralize the vast majority of HIV-1 isolates
and thus to diminish viral escape (see chapter 1.3.1 Antibodies - Antibodies against HIV-1).
Such bnAbs, however, derive naturally from 1 to 3 human B cell clones and emerge upon long-
term HIV-1 antigen persistence in a small number of HIV-infected people, the so-called elite

controllers that are able to contain the virus on their own with no antiretroviral therapy needed.

The most potent of these bnAbs are directed against the CD4 binding site and are so-called
CD4-mimicking antibodies as they share epitope residues with the CD4 molecule on the HIV-
1 envelope glycoprotein. The bnAb VRCO1 is hereby the main representative**® and was
discovered in an HIV-1 patient, whose neutralizing antibodies predominantly mapped in the
CD4 binding site of the HIV-1 envelope protein®'4415, In further studies®41%'418 more broadly
potent neutralizing antibodies targeting the CD4 binding site were found that shared genetic
origins of their variable domains of heavy and light chain with the VRCO1 antibody. Hence,
AVRCO1l c | a astiey drencalleds are one of the most effective antibodies against a
broad panel of heterologous HIV-1 strains and exhibit a great diversity within them (up to 50%

in their amino acid sequence?®'®). This makes them a promising candidate to generate vaccine-
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elicited CD4-mimicking antibodies with each of them displaying a different escape profile of
the HIV-1 virus.

Nonetheless, precursor cells thereof are very rare (0.01%)*° and respective bnAbs show
extensive somatic hypermutations, which represent improbable mutations and make up a

difference of up to 33 % of amino acids compared to germline.

Hence, novel HIV-1 vaccination attempts try i) to promote precursor bnAb B cell clones of

VRCO1 class bnAbs and ii) to induce and accelerate the introduction of desired SHMs®.

Moreover, attempts aim to foster B cells harboring poly- and autoreactive features,
respectively, which characterize several non-CD4 binding site bnAbs and are based on the
occurrence of long CDR3 loops of the BCR. Such loops are normally associated with
autoreactive B cells that are culled at central and peripheral tolerance mechanisms in the
human body. HIV-1 infection, however, provides an immune-permissive microenvironment that
allows these autoantibody-like B cells to mature and participate in GC reactions. In a study by
Scheid et al., the great majority of these polyreactive B cells was shown to have a memory
phenotype*?°® and thus does not differentiate into long-lived plasma cells, which is a putative

reason for the short period of HIV-1 protection.

Hence, novel HIV-1 vaccination strategies also aim to recreate the immune-permissive
environment in healthy individuals, which allows the fostering of B cell clones with poly- or

autoreactive features.
Novel HIV-1 vaccine strategies

Strategies thereby comprise i) structure-guided design approaches as B cell lineage
immunogen design, mutation- and structure-guided vaccine designs as well as the
methodology of germline targeting, which strives to elicit and drive mutations of potent bnAb
precursor B cells using adapted immunogens*?! (see section Structure-guided vaccine design
in this chapter). Further strategies encompass ii) sequential immunization approaches that aim
to keep the amount of available antigen in GCs constant to enhance SHM acquisition and to
activate polyreactive memory bnAb B cells for subsequent differentiation and antibody
secretion. Recently, a novel vaccine administration strategy has been proposed by Lee et al.
that deploys a longer interval prior to booster administration coupled with a sequential
immunization strategy of protein vaccine antigens. In effect, their study has shown sustained
GC B cell responses for at least 6 months and exhibited elevated neutralizing antibodies upon

administration of the booster dose*??.

Apart from conventional protein immunogens, the NIAID has recently launched an HIV trial for

a phase 1 study, comprising 3 HIV-1 envelope BG505 MD39.3 glycoprotein mRNA
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formulations produced from Moderna?*?3. Hereby, the mRNA encodes for the BG505 MD39.3
protein, which is a refined version of the BG505 gpl140 SOSIP.664 protein, and displays
improved production yield, stability and reduced binding towards mainly non-neutralizing V3
loop antibodies*?*. The mRNA formulation may comprise an advantage to conventional protein
vaccines as administration of mMRNA encapsulated lipid nanoparticle vaccines has already
shown to lead to high activation of CD4* Ten cells®”®. According to literature, HIV-1 elite
controllers have elevated levels of CD4* Tey cells, but a decreased number of immune cells
with regulatory functions. Hence, the fostering of CD4* Tey may promote the development of
bnAb B cells and thus mRNA formulations could represent a promising vaccine strategy to
effectively combat HIV-1.

Additionally, B cell engineering may represent a further novel promising vaccine platform
against HIV-1, which would allow continuous improvements of selected edited B cell clones in
GCs to diminish viral immune escape and achieve long-term protection’® (see section B cell

engineering to develop cell vaccines against infectious diseases in this chapter).
Vaccines against SARS -CoV-2

Compared to HIV-1, SARS-CoV-2 displays distinct virus-host interactions and a relatively
lower degree of antigenic evolution®. This may comprise two of many reasons why the mRNA
vaccine from Pfizer-Biontech named Comirnaty was the first effective active immunization
agent to be developed and approved for its emergency use in late 2020, only 7 months after
the project’s official launch in the same year of the global outbreak*?®. Data from the phase I
trial showed 95% efficacy in preventing COVID-19 disease, at the same time displaying
modest adverse events*?®42’, Several other vaccine products have been in development and
resulted in currently 7 originally authorised vaccines in the European Union*?®, These comprise
conventional non-live inactivated whole virus or protein subunit formulations as well as next
generation lipid nanoparticles containing mRNA or live viral vectored vaccines that have
reduced the number of people with severe disease courses of COVID-19, hospitalization and
death??*4%, Similar to Pfizer/BioNtech’s mRNA vaccine Comirnaty, the Spikevax Moderna
vaccine has shown remarkable efficacy (94%) against COVID-19 in its phase Ill trial*3t. Both
MRNA formulations encode for the SARS-CoV-2 spike full-length protein, which is locked in
its prefusion conformation via 2 Proline mutations to enhance stability and preserve
immunogenicity (see paragraph Structure-guided vaccine design in this chapter). The protein
vaccine candidate from Novavax, NVX-NCoV2373, displayed 90% efficacy against
symptomatic infection and displayed no occurrence of moderate and serious disease courses
in its phase Il trial. NVX-NCoV2373 is a recombinant nanoparticle vaccine, which is composed

of SARS-CoV-2 spike full-length proteins assembled to form a virus-like nanopatrticle. As with
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the mRNA vaccines, the spike protein monomers harbor the 2P mutation and further contains
the protease-resistant QQAQ mutation to prevent furin cleavage (see paragraph Structure-
guided vaccine design in this chapter). The only licensed whole virus inactivated vaccine to
date represents VLA2001 from Valneva, which is based on authentic SARS-CoV-2 virus grown
in Vero monkey cells and administered in a two-dose regimen together with adjuvants alum
and CpG 1018. In its phase llI trial**?, which represented an immunobridging trial, VLA2001
has shown superior geometric mean neutralizing antibody titers and a favorable adverse event
profile than the live viral vectored vaccine Vaxzevria from Astra Zeneca and was hence
approved by the European Medicines Agency (EMA)*33. Speaking of Vaxzevria, also known
as ChAdOx1-S, this was the first approved viral vectored vaccine, composed of the
chimpanzee adenovirus Y25, which was genetically modified to express the SARS-CoV-2
spike glycoprotein. Vaxzevria has shown an efficacy of 81.6% at preventing symptomatic
disease upon administration of two shots***. The second licensed viral vector vaccine is the
JCovden vaccine Ad26.COV2.S from Janssen. In contrast to all other vaccines, JCovden is
applied in a one-shot regimen and was shown in its phase lll trial to prevent disease in 66.7%
of cases**®. Upon administration of a booster dose, efficacy could be increased to 75.2%%%.

Although displaying remarkable efficacies in preventing (severe) COVID-194¥, rapid waning
of antibody titers upon vaccination comprises an issue!'%43%43 Qverall, vaccines have been
shown to be protective against all variants, however especially the omicron variant with 15+
mutations in the RBD of the SARS-CoV-2 spike has resulted in multiple breakthrough
infections of fully vaccinated individuals. This has led to the development of adapted vaccines
by Pfizer/BioNtech as well as Moderna. These are bivalent formulations harboring mRNAs
encoding for the WT spike plus for omicron BA.1 or the latest BA.4 and BA.5 subvariants. They
already have been approved by the EMA, however showed at first in some studies marginal
increases in neutralizing antibody titers compared to the WT vaccine when given as
boosters*#%441, Recent studies in mice*? and humans*?®, however, report about increased
efficacy and effectiveness of bivalent booster formulations. Furthermore, a longer interval
between the jabs has displayed an elevated relative vaccine efficacy**3, which has also
recently been shown to result in another study displaying increased neutralization potency of

the SARS-CoV-2 virus based on accumulation of SHM**4,
Novel SARS-CoV-2 vaccine strategies

Current vaccines are administered intramuscularly, which however does not represent the
primary site of SARS-CoV-2 infection, the respiratory mucosa*¥. Hence, vaccines induce
potent systemic responses, but lack local immunity pivotal for sterilizing immunity. Hence,

recent studies aim to mimic natural infection by the administration of vaccines intranasally as
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prime and/or boost, which should activate immune cells at the virus entering mucosa. These
mucosal vaccines showed prevention of onward transmission in hamsters*4® as well as potent
efficacy against variant strains in mice*’44® protecting them from lethal infection**, thus
suggesting intranasal administration of the booster dose to decrease transmission of especially

asymptomatic carriers and possibly reach herd immunity.

Further novel vaccine developments involve the generation of a universal vaccine for
potentially emerging pathogenic viruses?%4%0, As an example, the group from Pam Bjorkman
combined RBD proteins from eight different coronaviruses (SARS-CoV-2 plus seven
betacoronaviruses from animals), which were assembled to a recombinant nanoparticle
vaccine exposing 60 RBDs*'4%2 to further enhance the magnitude of B cell responses.
Immunization of mice with these nanoparticles displayed similar immunogenicity to SARS-
CoV-2 homotypic nanoparticles, but elicited higher cross-reactive antibody neutralization

responses and equivalent neutralization of all SARS-CoV-2 variants.

Besides the employed multimerization nanoparticle approach taken by the Bjorkman lab,
several so-called structure-guided vaccine design approaches aim to improve vaccine antigen
expression to enable large scale production and to increase immunogenicity of the vaccine

antigen for the elicitation of (more) efficient immune responses.
Structure -guided vaccine design

Successful vaccination comprises the elicitation of neutralizing antibodies in conjunction with
no to low off-target events happening*3. Several inmunogen design strategies aim to enhance
or enable the generation of broadly neutralizing antibodies against diseases, in which no
effective vaccine has been approved to date e.g. HIV-1%%44%° These so-called structure-guided
vaccine designs comprise i) conserving or locking neutralization-sensitive sites of viruses,
which are mainly found in the prefusion conformation of the viral entry protein, ii) removal of
sterically occluding glycosylations to expose novel epitopes or iii) approaches as
computationally optimized broadly reactive antigens (COBRA), which use antigens with a
consensus sequence of viral isolates, as well as the germline targeting approach that selects

for germline precursor cells of potential bnAb B cell clones®™.
Structure -guided vaccine design for conservation of neutralization -sensitive s ites

Stabilization of the neutralization-sensitive, prefusion conformation represents one of the
strategies to prevent spontaneous rearrangement of viral glycoproteins®’°, which would result
in the generation of lower protective antibody responses. Hence, analyzing the structure of
antibodies, which have a different footprint on the pathogen and display distinct neutralizing

capacities, allows deciphering the topology and geometry of the respective interaction
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necessary for efficient neutralization?*3. Prior vaccine designs were mainly based on whole
virus approaches and were solely guided by the induction of neutralizing antibodies. Indeed,
whole virus formulations are more likely to display the conserved native protein resulting in

functional antibody responses to target and clear the virus.

Nonetheless, one prominent example of whole virus vaccine failure comprises the formalin-
inactivated alum-formulated RSV vaccine, which was tested in the 1960s and has shown to
induce a vaccine illness enhancement syndrome upon infection with RSV in the next
season*®4%8 Retrospectively seen, this was caused by RSV F entry-mediating glycoproteins,
which belong to class 1 membrane fusion proteins**®°, that flipped into the postfusion state and
thus elicited antibodies with low neutralizing capacity.

RSV as the first model for structure-guided vaccine design

In general, the prefusion conformation of the RSV F glycoprotein is not stable and thus
spontaneously switches to the postfusion conformation. Back in 2013, McLellan et al.#60461
were the first to successfully engineer a prefusion stabilized version of this viral glycoprotein.
They resolved the crystal structure of the anti-RSV D25 antibody and the RSV F glycoprotein,
whose structure was stabilized in a prefusion conformation by the binding of the antibody. The
main neutralization-sensitive site was the @ apex. Hence, scientists tried to conserve the latter
and thus to lock the protein in the prefusion conformation. In the end, they came up with the
DS-Cavl candidate containing a combination of S155C, S190F, V207L and S290C mutations
that displayed a native-like apex. The latter candidate showed highest immunogenicity eliciting
most neutralizing antibodies in mice and non-human primate immunizations and was subject

of further modifications*6' 464 which allowed it to already enter a phase 1 clinical trial*¢®,
Struture -guided vaccine designs against HIV -1

Structure-guided vaccine design strategies have also been employed in the context of HIV, as
the search for a native-like, highly immunogenic vaccine is ongoing*®®. The noncovalent
interaction between gp41 and gp120 moieties represents an advantage for the virus in terms
of easy conformational changes that take place in viral association and membrane fusion,
however describes a difficult way to produce stable vaccine antigens*’. Hence, one of the
approaches to stabilize the HIV envelope protein comprised the introduction of disulfide bonds
between gp120-gp41 subunits via mutations A501C and A605C, generating stable monomeric
proteins that disfavored the gp41 postfusion state and could be upgraded to native trimers by
an additional 1559P mutation (SOSIP)*¢’. Additionally, the removal of hydrophobic parts after
residue 664 from the membrane proximal external region (MPER) elevated solubility of the
trimer protein, thereby reducing aggregation events (SOSIP.664)%®. As furin cleavage is

required for priming of the HIV envelope (env), a furin cleavage-independent gp140 protein
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was proposed as an alternative to SOSIP.664. Instead of disulfide bonds, gp120 and gp41
were connected via 2xGlyGlyGlyGlySer linkers and further modified with disulfide bridges,
being coined native flexibly linked (NFL) trimer. In most studies, both the SOSIP.664 or the
NFL version rely on the tier-2 HIV isolate BG505 that has shown a predominant closed
conformation of the envelope, hence resembling native envelope folding of many circulating
strains*®®. Although approximating native-like trimers, immunizations until now have either
yielded non-neutralizing antibodies or neutralizing antibodies only able to neutralize
immunogen-matching isolates*’°. Hence, novel approaches as germline targeting under
development (see paragraph Vaccines against HIV-1 in this chapter). In order to foster bnAb
producing B cell clones, researchers strive to adapt HIV env immunogens to this very subset
of B cells and perform sequential immunizations with altered immunogens to drive the
generation of desired affinity maturation mutations. Currently, Stamatatos and the Fred Hutch
Cancer Center are enrolling people for a phase 1 study employing the germline targeting
penta- to heptameric nanoparticle consisting of the HIV-1 clade C 426¢c protein

immunogen?*71472,

An innovative vaccination approach involved crosslinking of the HIV-1 gp140 envelope protein
with the CD4 mimetic M64UL. This resulted in conformational rearrangements stabilizing the
HIV-1 envelope protein in the CD4-bound state in order to skew the antibody response from
immunodominant epitopes as the CD4 binding site towards CD4 induced (CD4i) epitopes*.
Immunization of rabbits with the cross-linked envelope protein yielded higher titers of CD4i
antibodies as well as elevated HIV-1 neutralizing titers than the envelope protein alone*’*. This,
however, could not be confirmed in subsequent immunization experiments of macaques,
although animals vaccinated with M64U1 cross-linked HIV-1 gpl140 antigen showed
accelerated development of immune responses in the first weeks upon vaccination with
increased CD4 T cell responses and superior B cell responses via enhanced avidity and
elevated ADCC function of secreted antibodies*’®. Interestingly, presence of the CD4
miniprotein on the gp140 protein did not result in significantly lower levels of CD4 binding site

antibodies*’®.
Structure -guided vaccine designs against SARS -CoV-2 and other coronav iruses

Inspired by the success of preserving the prefusion structure of the RSV F glycoprotein, several
other class 1 membrane fusion proteins became target of the structure-guided design
approach. Pallesen et al. introduced a 2-Proline mutation (2P) in the loop between the central
helix (CH) and the heptad repeat 1 (HR1) of the MERS-CoV, SARS-CoV-1 and HCoV-HKU1
spike proteins to enhance protein stability and expression as well as epitope preservation*’®.

In addition, the 2P mutation in the MERS-CoV spike protein enhanced neutralizing breadth
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and potency of antibody responses in mice. In a follow-up study, Andrew B. Ward and his team
further reported that neither receptor association nor furin site cleavage events could disrupt
the stable 2P structure of the coronavirus spike, thus corroborating its benefits as an
immunogen®’’. Upon the outbreak of the SARS-CoV-2 virus, the introduction of the 2P
mutation also yielded prefusion stabilized SARS-CoV-2 spike proteins® and currently is part

of the majority of approved vaccines against COVID-19478148 (Fig, 18).

¢ 2P mutation * /
' ' (k986P/V987P) [/

SARS-CoV-2
spike monomer )/ “

Fig. 18 Structure of the SARS -CoV-2 spike protein with the prefusion stabilizing 2P mutation 481,
Molecular representation of the SARS-CoV-2 spike trimer with the 2P mutation using the PDB code
7TB8. Two of three SARS-2 spike protein monomers are displayed via molecular surface representation
(in grey), whereas the third monomer, completing the trimer, is shown in ribbon presentation in blue.
The receptor-binding domain (RBD) and the N-terminal domain (NTD) of the highlighted monomer are
indicated. The stabilizing 2P (K986P/ V987P) mutation (red) is displayed, which confers stability to the

protein to fix the prefusion conformation.

As the SARS-CoV-2 2P spike yields low amounts of the protein, the group of Jason McLellan
published a further upgrade of the 2P spike by the addition of 4 more Proline mutations (F817P,
A892P, AB99P and A942P; hence called HexaPro) that enhanced stability, elevated protein

yields up to 10x more than 2P and showed robustness in heat/freeze tests*2,

A further target to stabilize the immunogen in this respect encompasses the furin cleavage site

motif (RRAR) that confers increased transmissibility and replication to the virus upon furin
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enzyme cutting?®3484 Mutational variants of this sequence have been shown to abrogate the
separation of the S1 and S2 domain, thereby helping to prevent unwanted spike processing
events and loss of vaccine antigen integrity (e.g. RRAR A ASVG*® or QQAQ*®).

Besides RSV, HIV-1 and coronaviruses, several groups are applying structure-guided design
approaches to stabilize the prefusion conformation of surface glycoproteins from rabies*,

malaria®®®, the human metapneumovirus*®’, Lassa virus*® or Ebola and Marburg viruses*°,

Overall, structure-guided vaccine design has revolutionized the way how we devise vaccine
antigens, which allow the elicitation of improved humoral immune responses. Nevertheless,
further studies are warranted to determine complex neutralization mechanisms as a particular
angle of antibody binding*®® or vaccines that require the quaternary conformation of virus-like
particles (VLP)#3, Similarly, it remains part of future investigations how to cope with frequent
mutations of surrounding surfaces or glycosylations as seen with HIV-1%°1, As already
mentioned, uncovering of epitopes, which are normally masked by glycosylations, could
elevate immunogenicity especially in the case of viruses with extensive surface

glycosylation®7,
Structure -guided vaccine designs abrogating host receptor binding

In order to prevent reduced dose effects or epitope masking of the immunogen as well as
disruption of CD4-expressing T cell and DC homeostasis*’°, one of the HIV-1 mRNA vaccine
candidates, namely BG505 MD39.3 gpl51 CD4KO, being currently in a clinical trial*?3,
contains the CD4-abrogating mutation G473T. The latter was determined by a computational
saturation mutagenesis approach to show minimal binding loss of CD4 binding site broadly
neutralizing antibodies, but loss of binding to the CD4 cell receptor*’. In a different study, a
more random approach was employed. The HIV-1 envelope glycoprotein was locked in its
prefusion state and thus lost its ability to bind CD4, but displayed enhanced binding to broadly
neutralizing antibodies*®. In the case of the influenza virus, which targets sialic acid for its
entry into cells, a HIN1 HA antigen mutant abrogated the interaction with sialic acids and
achieved significantly stronger and longitudinal antibody responses*®:. A positive impact on
abrogation of the high affinity binding between the vaccine antigen and the cognate ligand was
also discerned in context of meningococcal B vaccines. The integration of the fH-fHbp binding
abrogating mutation R41S could significantly improve antibody responses in human fH

transgenic mice***4%, however displayed lowered immunogenicity in fH-devoid mice*°®.

Overall, the introduction of host receptor abrogating mutations could represent a further means
to improve vaccine designs by i) increasing vaccine safety due to preventing binding to off-
target cells and thus perturbation of their homeostasis and/or by ii) eliciting higher levels of

neutralizing or protective antibody responses based on no antigen displacement. High-
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throughput data from deep mutational scanning studies enable one to determine
immunogenicity traits and binding affinity characteristics to the respective cell entry receptor
of each amino acid of the viral entry surface protein248491.4971500 g develop improved vaccine

antigens.
B cell engineering to develop cell vaccine s against infectious diseases

B cells harbor great potential for genomic engineering and for becoming a potent cellular
vaccine due to their ability to secrete virus-neutralizing and T clearing antibodies. Compared to
T cells, engineering of B cells represents a challenging task due to low editing efficiencies?!!,
the complex Igh locus as well as required modulation of membranous and secreted antibodies
to provide longitudinal antigen-responsive B cells for long-term protection’.

With the advent of the revolutionary genome engineering tool CRISPR-Cas9, it became
possible to perform precise cuts not only for gene knockouts, but also for pinpoint integration
of desired substrates at a defined site, nevertheless with the caveat of Cas9-induced off-target
cutting events’. Primary lymphocytes like B cells are hard to be transfected, with
electroporation showing highest knock-in efficiency of substrates®0°%2, although observing
significant cell death. One of the first studies of CRISPR-Cas9 in B cells reported about Cas9-
inducedclass-s wi t ch recombination by employing gRNAs bi
the antibody locus, thereby initiating class switching to IgG1 in mouse B cells®®. Starting with
the year 2018 many groups demonstrated CRISPR-Cas9-mediated gene disruption®45%7 put
also homology directed repair (HDR)-mediated knock-in of inserts into B cell irrelevant and
relevant gene regions, respectively. One of these comprised safe harbor loci, which were
previously confirmed to allow transgene expression without unwanted interactions inside the

genome>%,
B cells as protein production factories

Whereas early attempts mainly served as proof-of-principle experiments to determine
CRISPR-Cas9 efficacy as well as optimal conditions for activation and transfection of B cells,
Hung et al. further differentiated human B cells into plasma cells and employed them as protein
production factories. B cells were edited at the B-cell-irrelevant CCRS5 locus to express Factor
IX (FIX), a crucial component in the coagulation cascade upon differentiation into plasma cells.
In another experiment B cells were engineered to secrete high levels of B cell activating factor
(BAFF), showing supported engraftment of B cells in immunodeficient mice, thus corroborating
the applicability of plasma cells for production of human therapeutic proteins®®. Moreover,
Hung et al. were the first to propose the potent B cell stimulation cocktail consisting of
MEGACDA40L, IL-2, IL-10, IL-15 and GpG, which seems to provide the optimal conditions for

homology-directed repair (HDR)*® and allows differentiation into plasma cells via minor
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modifications of the cocktail. Hitherto, many groups have chosen this stimulation mix in their B
cell engineering attempts as cells are highly activated and viable for min. 13 days®°451°,

In another study, Luo et al.>!! inserted anti-PD-1 antibody cassettes via an integrase-deficient
lentiviral vector next to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the genome
of human B lymphocytes. As a housekeeping gene, GAPDH is situated in a consistently
transcribed locus and thus is optimal for high antibody expression®?. Upon differentiation of B
cells into long-lived plasma cells both in vitro and in vivo, they could demonstrate secretion of

anti-PD-1 antibodies to unleash potent T-cell-driven antitumor activity.
Reprogramming B cell antigen specificity ex vivo

In contrast to using plasma cells as protein production factories, several ensuing studies got
interested in editing the immunoglobulin (Ig) locus and hence aimed to reprogram antibody
specificities of B cells. This should allow B cells to propagate, differentiate and secrete
protective antibody levels long term®23, One of the first was the group of Dennis Burton (Voss
et al.) that replaced the VDJ of the human Ramos B cell line as well as those of primary human
B cells with the homology-arm endowed coding sequence of the variable heavy (V) chain of
the anti-HIV-1 PG9 antibody®!* (Fig. 19a). By using 2 gRNAs and hence setting two cuts via
Cas9, editing was shown to be successful, albeit at low efficacy. Nonetheless, Voss et al.
discovered that the engineered PG9 heavy chain was capable of being expressed by pairing
with the native Ramos B cell light chain. Moreover, somatic hypermutations were detected in
Ramos B cells when using an in vitro selection approach. As pairing of heavy and light chain
is an intricate process, the match of the native light and engineered heavy chain was kind of a
serendipitous discovery and interestingly showed that the light chain further honed antibody
specificity by introducing mutations, thus preserving HIV-1 envelope reactivity’®. In a further
study, Greiner et al.>% could confirm HDR-mediated integration of HindlIl restriction enzyme
cutting sites into the Vy region and further extended their approach by showing knock-in and
expression of cassettes encoding two anti-TNFU antibodies (see Fig. 19a). In contrast to Voss
et al., Greiner et al. used only one gRNA and cutting site, respectively, in front of the VDJ of
the heavy chain, thereby decreasing the emergence of potential off-target events by the factor
2. Moreover, they performed Cas9 editing of both heavy and light chains to knock-in and
express the respective chains of the therapeutic antibody.

Nevertheless, based on i) VDJ heterogeneity and requirement of a matching native light chain
(Voss et al.’**%1%) as well as ii) a lack of membranously expressed antibody to allow affinity
honing and isotype switching (Greiner et al.>®), none of these studies managed to entirely
reprogram B cells.

Thereafter, two studies by the labs of Justin J. Taylor®® and Michel C. Nussenzweig®'’,

respectively, introduced a sophisticated universal strategy (Fig. 19a). They implemented
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coding sequences of known and performing pathogen-reactive antibodies into a site between
the Ju6 and the Ep enhancer, which was shown to be a rare target of mutations in different B
cell clones. The antibody insert was preceded by a promoter and contained a splice donor
sequence at the C-terminus that allowed fusion to the native constant region of the antibody
upon splicing. The newly arranged BCR was hence ready for membranous and secreted
expression as well as isotype switching events’®. In order to address the issue with native light
chain expression, Moffett et al. used a linker between the engineered variable light chain (V.)
and Vy to ensure their pairing (Fig. 19b). In contrast, Hartweger et al. employed a specific
gRNA to cut the native Vi, as V4 and V. of the engineered antibody construct were only linked
by a ribosome-skipping cleavable P2A sequence and would thus allow pairing of the heavy
chain with either light chain. Donor templates encoding the pathogen-reactive antibodies were
delivered either via adeno-associated virus (AAV) in the case of Moffett et al. or as naked
single-stranded DNA substrates in the case of Hartweger et al.

As a result, Moffett et al. were able to implement sequences of potent monoclonal antibodies
specific for RSV, HIV-1, EBV and Influenza into the antibody locus of B cells, thereby reaching
efficiencies of 16-51% of engineered monoclonal antibody (emAb) expression in human B
cells. Upon knock-in of the anti-RSV antibody cassette into mouse B cells, the group could
further demonstrate secretion of the antibody for weeks upon editing. When engrafted as bone
marrow cells in immunocomprised mice, the latter were protected long-term, even upon
challenge with the RSV virus.

Hartweger et al. achieved the successful integration of the sequences of anti-HIV bnAbs
3BNC60 and 10-1074 into the Igh locus of mouse and human B cells. They measured 0.14%
and 0.32% successfully engineered mouse B cells, respectively, and 2.88% and 4.01% of
human engineered B cells, respectively, in flow cytometry. When transferring 3BNC60-edited
mouse B cells into congenically marked WT mice, they could determine secretion of class-
switched 3BNC60 antibodies by transferred B cells for several days.

However, mouse B cells of both studies did not respond to antigen boosting and thus showed
no typical prime-boost kinetics of a vaccine. This suggests that antibody levels seemed to
gradually decline in the transplanted animals and that B cells were not able to participate in

GC responses and build up memory, which is required for generation of long-term immunity>*8,

87



a Heavy chain (IgH) Light chain (lgk)

VH P VHH Sd
Voss et ‘i-’/ /r’-‘s\‘ ‘\\ Rogers ef al. TEI\; / /,' Hartweger ef al.
'1 'I \\ \‘ ~ Se if 'I nmada et
J’ J Constant regions J

Vi7-81 VW3-73  V4i3-23 b EW — V320 IgkC
HER -
e BITT n

'/ r’l \‘\ \\ ,', /’ \\\ ‘\‘ ’/ ’l’ \\‘ ‘\‘
. / / \ 2 7 7 '\ X i # / \ \
etal. | pllisic ol et al.
Vu Ch PVL CL L Wy Vi G

’, 4 ., N,
’l' "’ \\‘ ‘\\
ahmad Universal IgH Engineering

pAP Vi CL 2A Vy

I’ I’ \\ ‘\ 'I’ ’I’ ‘\\ \\~
I’ l’ \\ ‘\ 4 4 AY AY
4 \ 4 A Y
7 s Y 4 N,
Huang et al.

K P V. CL 2A Vy pPAP V. C. L Vu

b
/ Endogenous light chain \ / Flexible linker joins \ ﬂleavy-chain antibodh

knocked out by Cas9 engineered LC and HC cannot pair with LC

VH

Moffett et al.

Engineered IgG Hartweger et al. E—
\ antibody ' » / \ Nahma / \ g /

Fig. 19 B cell engineering strategies to reprogram antibody specificities (taken from %), a, A
simplified sketch of Immunoglobulin heavy chain (IgH) and I mmuno gl obul i nl ¢ &cgih t chai
displayed. Arrows indicate the site of gRNA binding to generate Cas9-mediated DNA double-strand
breaks (DSBs) and are colored according to the respective publication: Voss et al.5* (green), Greiner
et al.5% (brown), Moffett et al.51¢ (violet), Hartweger et al.>¥7 (pink), Nahmad et al.>?° (gold), Huang et
al.520 (light green) and Rogers et al. (unpublished data) (orange). Homology arm equipped donor
cassettes are shown and labeled with the respective publication. Voss and Greiner apply a more specific
approach by either exchanging the heavy chain (V1) (Voss) or by engineering of only a subset of cells
that harbor common Vu and Vi segments and further cannot undergo class-switch recombination (CSR)
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a promoter-driven antibody heavy chain (HC) cassette downstream of the CH1 region. b, Approaches
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to prevent pairing of the native light chain (LC) with the engineered HC. (Left) Knockout of the
endogenous LC locus via a separate gRNA and Cas9 cut. (Middle) Flexible linker connects engineered
LC and HC. (Right) Engineering of a Ch1 devoid camel-like antibody omits the need for LC pairing. HC:
heavy chain, VH: variable region of HC, CH: constant region of HC, LC: light chain, V.. variable region
of LC, Cv.: constant region of LC, P: promoter, L: linker, pA: poly(A) signal, 2A: ribosome-skipping 2A

peptide motif, VHH: camelid variable region of HC, sd: splice donor.

Two subsequent studies®®®2°, which were published at the same time in November 2020,
showed typical prime-boost kinetics as expected upon vaccination (Fig. 19a). This resulted in
clonal expansion, somatic hypermutation and formation of memory B and plasma cells, which
showed strong and long-term expression of antibodies. Thereby, Nahmad et al. could
demonstrate that 3BBNC117-engineered B cells represented ~90% of HIV-reactive cells in the
GC and Huang et al. could detect HIV-targeting engineered B cells for up to 41 weeks upon
editing. Strikingly, a peak expression of the engineered VRCO1 antibody could be shown in
one animal reaching 2.4 mg/ml, thus by far exceeding what has been shown in previous

studies.
In vivo reprogramming of antigen specificity

All of the previously discussed strategies comprise ex vivo editing of B cells. Speaking of
human adoptive cell therapy, this involves a GMP-certified lab, a laborious procedure of
isolation, modification, expansion and re-injection of B cells into the human body®?!. To
circumvent this process, it was lately shown in the context of mice that B cells can also be
engineered in vivo. Adi Barzel and his team®?? hereby made use of two AAV vectors, one
harboring Staphylococcus aureus Cas9 (saCas9) and the other one containing the DNA
template encoding the anti-HIV bnAb 3BNC117 sequence. Similar to Moffett and Hartweger,
they made use of the universal integration strategy. As a result, mouse B cells displayed
integration, activation and expression of 3BNC117 antibodies, thereby reaching similar titers
as was reported in some ex vivo studies, and also underwent clonal expansion in GCs.

The approach, however, also showed infection of undesired cell types and tissues, most
notably the liver, with observed Cas9 off-target cutting as well as substrate insertions and
respective expression. Upon separating gRNA and Cas9 into two different plasmids, unspecific
cutting events could be diminished. Nonetheless, further modes to enable specific infection of
desired cells, like B cell-specific DARP-ins or other receptor structures that solely target B
cells, are to be implemented in future studies to enhance safety®!3. Although in vivo editing is
advantageous due to simplicity and does not rely on the need of sufficiently injected autologous
or universal donor B cells, an ex vivo approach still enables you to study cells and determine

unwanted editing effects as off-targets as well as to wholly characterize your engineered cells
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prior to administration®®®. This is particularly necessary as usage of CRISPR-Cas still

represents a black box due to unwanted off-target effects that could lead to cancer.

A common issue that all of the B cell engineering studies faced was the occurrence of mono-
or biallelic editing of rearranged and non-arranged Igh alleles and thus simultaneous
expression of differently reactive BCRs in engineered B cells as reviewed in Rogers &
Cannon’®. Undesired HC-HC heterodimerization or LC-HC cross-pairings of the native and
engineered chains would comprise a big problem due to potential self-reactivity of the BCR
and antibody, respectively. Several studies aimed to tackle this by either physically linking
engineered LC and HC or Cas9-mediated cutting and thus disruption of the native LC locus
(Fig. 19b). Moreover, Hartweger et al. introduced a polyA sequence in front of their construct
to prevent monoallelic expression of native and engineered BCR and thus HC-HC
heterodimerization.

Nonetheless, it could be shown in one in vivo experiment that cells with chimeric BCRs are
depleted upon transfer into a mouse model suggesting mechanisms related to peripheral
tolerance®? that cull chimeric, self-reactive BCR-expressing B cells. An interesting approach
to circumvent the pairing issue of LC and HC is now taken by Rogers et al. (unpublished)
aiming to engineer light chain-devoid camelid-like antibodies by insertion of a pathogen-
reactive VHH domain under the control of a respective promoter directly in front of the hinge
region’s.

Overall, the main goals of B cell engineering comprise low potential of oncogenicity and self-
reactivity, secretion of protective antibody titers, engagement in CSR as well as approaches
to tackle antigenic drift>**. Hence, B cell engineering approaches decreasing viral immune
evasion are of particular importance and may constitute key drivers in the development of

cutting-edge cell vaccines.
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2. Aims of this thesis

The overall goal of my doctoral thesis was to design new vaccine strategies that are informed

by pivotal virus binding sites to cell entry receptors.
Aim 1

With the first project we aimed to set up workflows to generate a new approach of passive
vaccination by endowing B cells with key contact sites of viral entry receptors. Omitting the
need for an exogenous nuclease as Cas9, we wanted to exploit DNA double-strand breaks,
induced by the B-cell-intrinsic enzyme AID, for integration of host receptor protein domains
into the B cell receptor. By establishing protocols for optimal AID expression, B cell
electroporation and insert design, | aimed at quantifying successful B cell receptor engineering
on the transcriptional and translational level. Furthermore, we seeked to develop CD4- and
ACE2-containing antibodies recombinantly that are likely to add broad reactivity towards HIV-
1 and SARS-CoV-2, but do not exist in nature. Owing to incompatibility of the ACE2 receptor
for insertion due to its large size, we aimed to devise smaller forms of the latter and also to
integrate potent nanobody domains into the antibody. With this we aimed to demonstrate
permissiveness of the antibody elbow region for and interchangeability of inserted protein
domains, which comprises the base for subsequent design of substrates used in B cell

engineering.
Aim 2

With the second project we aimed for an improved protein vaccine candidate against SARS-
CoV-2, which increases antibody responses and diminishes vaccine antigen displacement by
abrogating binding to the viral entry receptor. We aimed to bioinformatically determine amino
acid residues in the viral receptor binding domain of the SARS-CoV-2 spike protein that fulfill
three qualities: 1) receptor abrogation, 2) high immunogenicity with regard to maintaining
binding sites of neutralizing antibodies and 3) good expressibility. | aimed at testing these
qualities with assays that in part had to be newly developed: i) ELISA and BLI binding analyses,
i) in vitro methods to monitor syncytia formation and antigen uptake of cells as well as iii) in
vivo rabbit immunizations to determine immunogenicity and to study the elicited antibody
repertoire. Overall, we aimed to determine a single amino acid mutant of the SARS-CoV-2
spike with maximal host receptor abrogation, minimal interference with the elicitation of
protective polyclonal antibody responses and optimal expressibility and thus to exemplify a

novel methodology of structure-guided vaccine design.

91



3. Materials & Methods

In silico identification of mutant RBDs

In order to identify suitable SARS-CoV-2 vaccine candidates, previously reported deep
mutational scanning data on polyclonal antibody escape and ACE2 binding traits of amino
acids from the SARS-CoV-2 RBD were used to define a variant feasibility score?48497:500 ysing
Python (Python Software Foundation) including libraries pand*®%23, numpy®24, matplotlib®>® and
Adjust text®?. The data reflect the impact of all RBD single amino acid substitutions on antigen
expression (Rstab), €scape from binding of neutralizing antibodies (Rnan) and reduction of ACE2
receptor binding (Rendo). The data were used as selection assays in the original experiments

as reported previously?#8497:500 The units of the selection scores are:

- 24 dplog-ratio of a count, @i , for a sequence i and a count of a reference antigen,
@i . Expression: 'Y 1 14 Toi
2, a b escape fraction specifying a count with decreased binding compared to a total
count.

- 2endb log-ratio of a dissociation constant, 0 i , of a sequencefi hto a dissociation

constant of a reference antigen, i . Expression: I T0G 70 i

For pre-processing and standardization, we selected data based upon two constraints: 25 ¢ 5 p
of variant should be at least a factor of A @D| of the reference and 2, ,, 4@f variant should
be at most a factor of A @ Br  of the reference. We used | T® andf P8t corresponding

to considering mildly destabilized (>60 %) and low binding variants (>36 %).

After selecting the variants which fulfill the constraints outlined above, we computed the
normalized fithess score by first subtracting the sample mean fitness, and then dividing by the
sample standard deviation. We refer to the corresponding normalized scores as
cst a@N o Ohia n b, 4 ©8At this stage all missing scores i e.g. values not reported in

ref i were imputed to 0 (the average under the normalization).

For score computation, we summarized the normalized scores to a total feasibility score of a
variant compared to the reference, to help identify possible candidate variants to test

experimentally:
|Bt 0@ l'jst aib Unatj 0 i
which was larger for better (more feasible) variants i . We sub-selected variants in the primary

(residues 443-463 and 469-507) and secondary (residues 403-410 and 417-423) interface
region defined using previously reported complex structures (PDB codes: 6XC2, 6XCN, 6XDG,
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6XE1, 6XKQ, 7CDI, 7CDJ, 7IJMO, 7IMP, 7IMW, 7JV2, 7JV6, 7IVA, 7JWO0, 7K90, 7LX5).
Following the sub-selection, we sorted all remaining variants according to Y .

For identification of hotspots and selection of variants, we categorized hotspots by sorting the
loci by their highest-scoring variant. Negative scoring loci were discarded. A threshold,[ (range
from O to 1), represented the fraction of non-negative maximum total-scoring loci to exclude,
larger as more specific but fewer hits. We used] 1@ mWe suggest to first take the highest-
ranked variant from each locus, and then exploit and investigate, respectively, lower ranked

variants for each locus in subsequent libraries.

Sample donors and cohort characteristics

Samples were obtained from moderate (WHO3-5; n= 19) and severe (WHOG6+; n= 20) cases
of COVID-19. Severity states were categorized according to WHO ordinal scale for clinical
improvement: hospitalized mild disease without oxygen therapy (WHO3), hospitalized mild
disease with oxygen by mask or nasal prongs (WHO4), hospitalized severe disease with non-
invasive ventilation or high-flow oxygen (WHO5), hospitalized severe disease with intubation
and mechanical ventilation (WHOG6), hospitalized severe disease with intubation, mechanical
ventilation, and additional organ support - pressors, RRT, or ECMO (WHQO7), death (WHQOS).

Patients included in this analysis were recruited from March 4", 2020 until January 5", 2021.

The Pa-COVID-19 study cohort was approved by the Charité Ethics Committee (EA2/066/20)
and registered at the German Clinical Trials Register and WHO International Clinical Trials
Registry Platform (DRKS00021688). All samples were collected in compliance with the
principles laid down in the 1964 Declaration of Helsinki and its later amendments. All patients

gave written informed consent.

All 39 patients of this study were hospitalized (WHO3-8) and 74% thereof were male. Female
patients had a median age of 60 years (min. 22; max. 82 years) and a median BMI of 29.4
kg/m? (min. 24.2; max. 55.6kg/m?). Male patients had a median age of 66 years (min. 40; max.
84 years) and a median BMI of 27.4 kg/m? (min. 21.3; max. 41.5kg/m?). All relevant past
diseases data were collected including heart conditions, pulmonary diseases, diabetes, fat

metabolism disorders, chronic liver and kidney diseases and other illnesses.

Collection of sera and plasma

Sera were obtained from blood collected in tubes containing clot activator of silica particles,

followed by centrifugation. Plasma was isolated from blood drawn using tubes or syringes pre-
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filled with heparin, followed by 1:2 dilution with PBS / 2mM EDTA and Ficoll density gradient

centrifugation. Plasma was stored at 4°C.

Isolation of peripheral blood mononuclear cells (PBMCs)

Human blood of Buffy coats from healthy donors was provided by the German Red Cross. In
order to isolate PBMCs, 15 ml of pre-warmed Roti®-Sep 1077 solution (Carl Roth GmbH,;
#0642.2) for density gradient centrifugation was aliquoted into each of 4x 50 ml falcons. Blood
from the Buffy coat was transferred into a T75cm? flask (~80 ml) and mixed with 40 ml PBS
(Sigma-Aldrich; #D8537-500ML) / 2mM EDTA (Promega; #V4231). 30 ml thereof were slowly
pipetted onto the Roti®-Sep 1077 lymphocyte separation medium of each tube, aiming to get
no mixing of the polysucrose solution and the blood. Falcons were centrifuged at 2,000 rpm
for 20 minutes (acceleration: 3; break: off). Thereupon, 12 ml of the plasma supernatant were
frozen for the biobank and the layer containing lymphocytes was taken off and transferred into
a fresh 50 ml falcon. Upon harvesting all lymphocytes, cells were washed twice with PBS /
EDTA at 1,500 rpm for 10 minutes and resuspended in PBS / EDTA for further cell counting.

Lymphocyte isolation using magnetic assisted cell sorting (MACS)

Magnetic activated cell sorting, commonly known as MACS, is a sophisticated approach to
isolate desired cell fractions from PBMCs. By default, 500x10° cells resuspended in MACS
buffer (1xPBS + 2 mM EDTA + 10% FCS) were mixed gently with CD19 magnetic MicroBeads
(Miltenyi Biotec; #130-050-301) to positively select CD19* B cells and incubated for 15 minutes
at 4°C. Meanwhile, LS columns (Miltenyi Biotec; #130-042-401) were equilibrated. After the 15
minutes, cells were washed once at 350 x g for 5 minutes with 5 ml MACS buffer and
subsequently added onto the LS column. CD19 MicroBeads-stained cells are kept in
suspension in the column when a strong magnetic field is applied, whereas the remainder of
cells migrates through the column and ends up in the flow-through. Upon three times washing
with 3 ml MACS buffer, the column was taken from the magnetic stand and flushed through
with 5 ml MACS buffer to yield the B cell population. The flow-through was subjected to CD3
MicroBeads (Miltenyi Biotec; #130-050-101) assisted T cell isolation that served as negative

controls for determination of Aicda mRNA expression.
Genomic DNA isolation

Cells were washed once with PBS, counted and resuspended in 200 pl PBS for genomic DNA
(gDNA) isolation using the ReliaPrep™ Blood gDNA Miniprep kit (Promega; #A5082). 4 pl
RNAse A (QIAGEN; #19101) as well as 20 pl Proteinase K were added to each reaction and
incubated for 2 minutes at room temperature. Thereafter, 200 pl of cell lysis (CLD) buffer was

added to each sample, which was then vortexed and incubated 10 minutes at 56°C. Samples
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were then provided with 250 pl column binding (BBA) buffer, vortexed and transferred to the
mini columns. Samples were centrifuged at max speed for 1 minute and subsequently washed
three times with 500 pl column wash (CWD) solution. In the last step, columns were incubated
lid-open to let ethanol evaporate and thereafter filled with 30-200 pl nuclease-free water. After
another centrifugation step at max speed for 1 minute, gDNA content in the eluate was
determined by a DS-11 FX spectrophotometer (DeNovix Inc., Delaware, USA). Vials were
stored at 4°C.

RNA isolation

In order to obtain mMRNA of cells, the RNeasy Mini Kit (QIAGEN; #74106) was employed. Cells
were washed once with ice-cold PBS and resuspended in 350 pl RLT buffer + 1% b-
Mercaptoethanol (Sigma-Aldrich; #M3148-25ML). Thereupon 350 pl of 70% ethanol was
added, lysates transferred to the respective mini columns and centrifuged at max speed for 30
seconds. To digest DNA, DNase | mix (QIAGEN; #79254) was added to the column and
incubated for 15 minutes. 350 pl of RW1 buffer were then directly added onto the columns and
centrifuged at max speed for 30 seconds. Upon 2 washing steps for 30 and 120 seconds,
respectively, with RPE buffer, columns were kept lid-open for reasons of ethanol evaporation
and 30 pl nuclease-free water was added onto the membrane of the column. Upon 1 minute
of incubation, samples were centrifuged at max speed for 1 minute and RNA quantity
measured by means of the DeNovix DS-11 FX spectrophotometer. Thereafter, RNA was either

stored at -80°C or further used as a template for cDNA synthesis.
cDNA synthesis

Determining transcript levels of desired proteins requires a more stable product than RNA and
thus the latter is transcribed by the enzyme reverse transcriptase into cDNA that is used as a

template for further transcript quantification.

In order to compare Aicda transcript levels upon different combinations of stimuli, 10-500 ng
RNA, volume adjusted to 15 pl, was mixed with 4 pl 5x cDNA synthesis kit buffer and 1 pl
iScript enzyme mix (Bio-Rad; #1708890). cDNA was synthesized using the following protocol
in a thermocycler: 25°C for 25 minutes A 42°C for 30 minutes A 85°C for 5 minutes A
optional: 8°C on hold.

To determine efficiency of insert integration into the IgM antibody transcript, we took 5 pg
isolated RNA and reversely transcribed the latter via SuperScript IV Reverse Transcriptase
(Thermo Fisher; #18090010) and 1 UM human IgM primer (5°-
GTGATGGAGTCGGGAAGGAAG-3) into cDNA using the following incubation steps: 55°C for
10 minutes A 80°C for 55 minutes.
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cDNA was then either transferred into the -20°C freezer or further taken as template for

Suppression PCR or quantitative RT-PCR TagMan assay.
Suppression PCR with bait -capture enrichment step

Generated cDNA was purified using DNA-binding AMPure XP beads (Beckman Coulter;
#A63881) according to the manufacturer’s instructions and eluted in TE (10 mM Tris-HCI, 1
mM EDTA) buffer. All PCR steps were conducted with Q5 Hot Start Polymerase (NEB;
#MO0493L) in the appropriate buffer, 0.25 mM of each dNTP and 0.2 uM of each primer. Purified
cDNA was amplified using a mixture of suppression primers that anneal to various V4 and CyM
gene segments of the antibody transcript employing the following PCR conditions: 98°C for 30
seconds A 30x (98°C for 10 seconds A 55°C for 10 seconds A 72°C for 10 seconds) A 72°C
for 60 seconds. The resulting PCR product was purified using 0.8x (v/v) of AMPure XP beads
and eluted in 20 pl. In order to enrich for LAIR1-containing antibody transcripts, 200 ng of
antibody transcript DNA fromthe PCRwas i ncubated with 2A8R.RNA
bait (Sigma-Aldrich; #11685597910) in a hybridization buffer containing 10x SSPE buffer (Alfa
Aesar; #J61214-1L), 10x Denhardt’s solution (VWR; #E717-50ML), 0.2% SDS (Promega;
#V6551) and 10 mM EDTA (Promega; #V4231) final. The hybridization mix further contained
herring sperm DNA (Promega; #D1811), human Cot-1 DNA (Life Technologies; #15279011)
to reduce non-specific binding events during hybridization as well as SUPERase RNAse
inhibitor (Life Technologies; #AM2696). The mix was incubated for 16-24 h at 65°C allowing
hybridization of the RNA bait with LAIR1-containing PCR products. The next day, bound RNA-
DNA complexes were pulled-down via Dynabeads MyOne Streptavidin C1 beads (Thermo
Fisher; #65002), washed with 1x SSC (Alfa Aesar; #J60839-1L) / 0.1% SDS buffer and
incubated with 0.1 M NaOH to get off bound DNA. To neutralize, 1 M Tris-HCI was added and
subjected to a cleaning reaction using 1x (v/v) of AMPure XP beads. Retrieved DNA was then
resuspended in 20 pl nuclease-free water. Subsequently, 6 ul of the DNA was subjected to
another suppression PCR reaction using the same PCR cycling program as described above.
Amplicons were purified with 0.8x (v/v) of AMPure XP beads and resuspended in 20 pl
nuclease-free water. 2 ul thereof were used for cloning into pCRII-Blunt-TOPO vectors
(Thermo Fisher; #450245), which were validated via Sanger sequencing for insert-containing

antibody transcripts.
Quantitative Real -Time PCR (TagMan ® Gene Expression Assay)

The TagMan Gene Expression Assay is a sophisticated version compared to SYBR Green
based quantitative (q)PCR by allowing specific detection of amplification products and the
usage of two probes containing different fluorophores®?’. The technique is based on TagMan

probes that are composed of a transcript-specific sequence. It is flanked at the 5" end by a
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fluorescent molecule and at the 3"end by a non-fluorescent quencher. During denaturation and
annealing, the probe can hybridize with the complimentary DNA region and when being
encountered by the strand-amplifying DNA polymerase it is chewed up due to the 5'-
3’exonuclease activity of the polymerase and thus leads to the release of the fluorophore
signal. TagMan assays were performed in MicroAmp Fast Optical 96-Well Reaction 0.1 m
plates (Thermo Fisher; #4346907) by mixing 4 ul of the generated cDNA template (performed
in triplicates) with 10 pl of 2x Tagman Universal PCR Master Mix (Thermo Fisher; #4304437)
and 1 pl TagMan probe (in our case Tagman Gene Expression Assay human Aicda -XS;
Thermo Fisher; Hs00757808_m1) filled up to 20 pl volume per reaction. As controls, the
housekeeping gene GAPDH (as a reference; Tagman Gene Expression Assay human GAPDH
probe i S; Thermo Fisher; Hs02786624 g1) and one reaction adding water instead of cDNA
were set up as well. Upon sealing the plate with appropriate cover (Thermo Fisher; #4311971)
and performing a centrifugation step at 2,000 x g for 2 minutes, the following gPCR protocol
was used: 50°C for 2 minutes A 95°C for 10 minutes A 40x (95°C for 15 seconds A 60°C for
1 minute). Delta cycle-of-threshold ( gofwas calculated by dividing Cr mean values of Aicda
by Cr mean values of GAPDH of the respective sample. In order to determine fold-expression
of the desired gene normalizedtothehousekeepi ng genevalued wareeputmi ned

into the following formula; 2-°€T
Cultivation of cell lines and primary human B cells

Primary human B cells were cultivated in RPMI1640 medium (Gibco by Thermo Fisher;
#42401042) supplemented with 10% FCS (Pan Biotech; #P30-1902), 1% non-essential amino
acids (Thermo Fisher; #11140035), 1% sodium pyruvate (Thermo Fisher; #11360070), 1%
GlutaMax™ (Thermo Fisher; #35050038), 1% Penicillin-Streptomycin (Thermo Fisher;
#1514016 3 )Mercdptoethéimol §Thermo Fisher; #31350010), 1% Kanamycin (Serva
Electrophoresis; #26897.01) and 1% human plasma Transferrin (Merck Millipore; #616397-
500MG). Freshly engineered B cells were incubated in medium lacking antibiotics for 24 h.
Vero E6 (ATCC® CRL-1586), HEK293T (ATCC® CRL-3216) and HEK Flp-In T-REx 293
pFRT/TO/FLAG/HA-ACE?2 (kindly provided by E. Wyler, M. Landthaler and O. Benlasfer) cell
lines were cultured in DMEM / high glucose / GlutaMax™ (Life Technologies; #61965026) +
10% FCS and 1% Penicillin-Streptomycin at 37°C and 5% CO,. Cell lines were not
authenticated, but regularly tested for mycoplasma contamination according to the protocol
from Young et al.>?8 using the following primers: MSGO_fwd: 5°- tgc acc atc tgt cac tct gtt aac

ctc-3" and GPO_rev: 5'- ggg agc aaa cag gat tag ata ccc t -3".
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B cell stimulation

In order to determine the B cell stimulation cocktail that induces highest Aicda mRNA
expression, we used the following reagents alone or in combination: U-IgM F(ab’)2 (Southern
Biotech; #SBA-2022-01); human MEGACDA40L, a synthetic trimeric CD40L molecule linked via
the collagen domain of adiponectin (Enzo Life Sciences; #ALX-522-110-C010); human IL-2
(Peprotech; #200-02-50); self-made human IL-4 His; human IL-10 (Peprotech; #200-10-10);
human IL-15 (Peprotech;#200-15-10); human IL-21 (Peprotech; #200-21-10); CpG
(sm_ODNZ2006, Sigma Aldrich; 5 6tcgtcgttttgtcgtttigtcgtt-3 &Gequence); R848 (Resiquimod,
Miltenyi Biotec; #130-109-376); anti-human RP105 antibody (Biolegend; #312907).

Sequences and Cloning of recombinant proteins and antibodies

Sequence for human IL-4 was cloned into the pcDNA3.1(+)-C-6xHis backbone (Clone ID:
OHu27507C; Accession#: NM_000589.3) by Genscript (Genscript Netherlands B.V.) Plasmids
containing heavy and light chain sequences of anti-Influenza stem FY1 IgG antibody®?° (kind
gift from A.Lanzavecchia) was used as a backbone expression vector for CD4, VHH J3 and
VHH 72 protein inserts. Protein domains and sequence of CD4 was taken from Uniprot
(P01730) and ensembl genome browser 106 (ENSG00000010610; Transcript 201; exon 3 and
4 for Immunoglobulin domain 1 (Ig-like V-type) and for optimized constructs addition of exon 5
encoding for Immunoglobulin domain 2 (Ig-like C2-type 1)). CD4 Immunoglobulin domain 1-
only FY1 IgG constructs were flanked N-terminally by Alanine and C-terminally by Serine or
by a GlyGlySer (GS2) linker (generated by A.M.). The nucleotide sequence of the pivotal HIV-
1 co-receptor CCR5 was obtained from Genscript (Genscript Netherlands B.V.; in pUC57
backbone). The N-terminal part displaying the amino acid sequence
DYQVSSPIYDINYYTSEPSQK (with a Cysteine-to-Serine substitution shown as bold) was
shown to be critical for interaction with HIV-1°3° and thus was cloned into the complementarity
determining region 1 (CDR1) of a CD4-containing antibody construct. The CCR5 mimetic-
peptide GDYADYDGGYYYDGG (ppE51) d e r-indueed cof
receptor binding site antibody was purchased as oligos from Sigma-Aldrich, assembled and
also inserted into the CDR1 of a CD4-containing FY1 antibody®31:532, Constructs containing
CD4 immunoglobulin-like domains 1 and 2**7 were flanked by a GS2 linker (generated by A.M.)
or by a GlySer linker connected to the IgGl hinge motif with Cysteines
(EPKSCDKTHTCPPCP) or with Serines (EPKSSDKTHTSPPSP), also cloned into the FY1 IgG
backbone. Oligonucleotide sequences for llama anti-HIV-1 VHH J3%"7 and anti-SARS-CoV
VHH 722 protein domains were synthesized by Genscript and cloned as aforementioned into
the hinge-linker-containing FY1 IgG antibody backbone. Core ACE2 scenario 1-3 sequences

(flanked by 1gG1 Cysteine hinge as well as GlyGlyGlyGlySer linkers) with a C-terminal 6xHis-
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tag for isolation were ordered from Genscript as gene blocks (Genscript B.V.) and expressed
in Expi293F cells. GFP electroporation substrates were based on a pMAX-GFP plasmid®3
(kind gift from A. Lanzavecchia). Double-stranded and single-stranded electroporation
substrates were amplified using the pMAX_GFP_-250 FWD (5°-
CCGGAGAACCTGCGTGCAATCC-3) and PMAX_GFP_+450 REV (5°-
CCGTAAGCGGCAGGGTCGG-3") primers amplifying a CMV promoter as well as a PolyA tail
alongside the GFP sequence. Homology arms for substrates in AlD-mediated engineering
were amplified from the GC-rich core switch p region with 300 bp length at each side. LAIR1
sequence and domains were determined implementing knowledge from Pieper et al.?*® as well
as Uniprot (Q6GTX8) and ensembl genome browser 107 (ENSG00000167613; Transcript 201;
exon 3 (Ig-like C2-type)). LAIR1 was yielded from gDNA of primary human B cells. Especially
the insert-containing exon 3 plus introns that was found in Malaria-affected humans was
amplified using LAIR1_-132 FWD (5- GGTTGGGCTGTGGTCATGGCTGC i 3°) and
LAIR1_+41 REV (5- GTCGAGCTGAGACTGGGGCAGG i 3°) primers and used as an
electroporation substrate. SARS-CoV-2 RBD WT was cloned containing the signal peptide
spanning amino acids M1-Q14 and R319-F541 of the Wuhan SARS-CoV-2 isolate (GenBank:
MN908947.3), following a C-terminal Twin-Strep-tag sequence
(WSHPQFEKGGGSGGGSGGSAWSHPQFEK) and a 6xHis-tag. The SARS-CoV-2 spike
encoding plasmid comprised the amino acids M1-Q1208 of the Wuhan SARS-CoV-2 variant
(GenBank: MN908947.3) with Furin cleavage site mutations (682- 685 RRAR A QQAQ)*,
the 2P mutation at K986P and V987P as well as four additional Proline mutations to achieve
higher protein stability and yield (HexaPro)*®? followed by a Twin-Strep-tag and a 6xHis-tag.
For expression of the membrane-bound version, a SARS-CoV-2 spike full length vector with a
C-terminal 19 amino acid deletion®** comprising amino acids M1-C1254 of the Wuhan SARS-
CoV-2 variant (GenBank: MN908947.3) was used. Mutations of RBD and full spike were
introduced by PCR mutagenesis to create the determined in silico candidates. The N-terminal
domain (amino acids M1-S305) of the SARS-CoV-2 spike was cloned to a C-terminal Twin-
Strep-tag and a 6xHis-tag. The signhal peptide of SARS-CoV-2 (M1-Q14) was linked to an Avi-
tag (GLNDIFEAQKIEWHE) followed by MERS-CoV RBD WT ((Du et al., 2013); G372-1588)
and C-terminal Twin-Strep-tag well as 6xHis-tag. The HIV-1 gp140 protein is based on the
BG505 isolate sequence (GenBank: DQ208458), but modified with flexible peptide covalent
linkages between gp120 and gp41 subdomains (BG505 NFL) instead of a furin cleavage site
to yield soluble, native-like trimers®®. Plasmid containing human full-length ACE2 (M1-F805)
C-terminally linked to enhanced green fluorescent protein (eGFP) was purchased from
Genscript (GenScript Biotech Netherlands B.V.). Heavy and light chain sequences of
neutralizing antibodies were cloned into 1gG1 heavy and kappa or lambda light chain

expression vectors from from Oxgene (Sigma-Aldrich; #PP2409-1KT): class 1-4 anti-SARS-
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CoV-2 RBD: EY6A%®, P2B-2F6 and P2C-1F11%**, REGN10933 and REGN10987%,
CC12.1%5%6, C14453%7, S2H13%8  S309%°, anti-SARS-CoV-2 NTD: 4A8%°, anti-MERS-CoV:
LCA60°*, anti-HIV-1: VRC01%®, CD4-hFcgl, also known as CD4-Ig, was cloned as shown in
Gardner et al.**’, Human ACE2-hFcgl was produced by fusing recombinant human ACE2
Q18-Vv739 fragment to human IgG1l-Fc (E99-K330 portion, where the first amino acid is G
encoded by J-CH1 fusion). Similarly, rabbit ACE2-hFcgl was produced recombinantly by
fusing rabbit ACE2 Q18-P740 fragment to human IgG1-Fc.

Generation of single -stranded (ss) DNA substrates for B cell engineering

Several groups have reported that ss oligodesoxynucleotides (ODN) show less cytotoxic
effects, similar integration efficiencies and a lower off-target ratio compared to double-stranded
(ds) ODNs in lymphocyte engineering. In order to generate ss electroporation substrates, we
made use of the Guide-it™ Long ssDNA Production System v2 (Takara Biotech; #632666). 7
PCR reactions for each, sense strand and anti-sense strand, respectively, were prepared with
the following components: 50 pl 2x PrimeSTAR Max Premix, 40 ng of ds template DNA, 2 pl
Primer 1 (sense strand: forward primer; anti-sense strand: biotinylated forward primer), 2 pl
Primer 2 (sense strand: biotinylated reverse primer; anti-sense strand: reverse primer) filled
up with RNase-free water to 100 pl total volume per reaction and incubated with the following
cycling conditions: 35x (98°C 10 seconds A 55°C for 5 seconds A 72°C for 5 seconds / kb)
A 8°C on hold. 5 pl of the PCR reactions were applied onto an Agarose gel and the rest was
purified using 1x (v/v) AMPure XP beads and eluted in 20 ul TE buffer. If band size was correct,
~200 ng of the ds PCR product were kept for final Agarose gel and 15 pg were mixed with 5
pl 10x Strandase buffer, 10 pl 5x Digestion enhancer, 5 pl Strandase Mix A and filled up with
RNase-free water to 50 pl total volume. Strandase A reaction was then incubated as follows:
37°C for 5 minutes / kb A 80°C for 5 minutes A 4°C until next step. Upon complete cooling-
down of the reaction, 50 pl of the Strandase A reaction are incubated with 1 pl Strandase Mix
B using the following cycling conditions: 37°C for 5 minutes / kb A 80°C for 5 minutes A 8°C
on hold. Ss DNA is then purified with 2x (v/v) AMPure XP beads and eluted in 20 pl TE buffer.
Ss DNA content was measured with DS-11 Fx spectrophotometer and 200 ng were added

onto an Agarose gel to check the proper size compared to respective ds DNA.
B cell e lectroporation

In order to establish B cell engineering, the Lonza 4D Nucleofector Kit L (Lonza; #V4XP-3024)
as well as the Lonza 4D Nucleofector system (Lonza; #AAF-1003X+ AAF-1003X) were used.
Sorted primary naive or memory human B cells were seeded at 0.5x10° cells in a 12 well plate
and activated with 100 ng/ml MEGACD40L + 100 ng/ml IL-4. The next day, B cells were re-

stimulated with 25 ng/ml of IL-4. Upon three days, B cells were re-stimulated with 25 ng/ml of
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IL-4 in the morning and 4 h after they were harvested, counted and washed once with PBS.
Thereafter, 1x10° B cells / reaction were resuspended in 100 pl of fresh Nucleofector solution
plus 1 ug of the electroporation DNA substrate and quickly transferred into Lonza
nucleocuvettes. Upon choosing the desired electroporation program, cells were pulsed and
subsequently transferred into 1 ml B cell complete medium without antibiotics and incubated
at 37°C and 5% CO-for 24 h. The next day B cells were resuspened in B cell complete medium

and further incubated until analysis.
B cell immortalization

In order to retrieve successfully engineered clones, B cells can be immortalized by means of
Epstein-Barr virus (EBV), previously produced in B95.8 cells®*2. Upon sorting of primary B
cells, the latter were resuspended in 400 pl B cell complete medium and 100 pl of EBV
supernatant was added for immortalization. Tubes were then rotated for 3 h at 37°C and 5%
COq.. Thereafter, cells were washed once with 1 ml B cell complete medium and resuspended
according to the cell number in the appropriate volume and proper well plate. As the last step,
CpG (sm_ODN2006: -t&gtrgttttgtcgttttgtcgtt-3 Yowas added to a final concentration of 0.1 pM

and cells were incubated until further analysis.
Production of recombinant proteins

Cloning constructs were used to transiently transfect FreeStyle™ 293-F cells (Life
Technologies; #R79007) that were grown in suspension using Expi293™ expression medium
(Life Technologies; #A1435101) at 37°C in a humidified 8% CO; incubator shaking at 125 rpm.
Cells were grown to a density of 2.5 million cells per ml, transfected using Polyethylenimine
(PELI; Polysciences Europe GmbH; #23966-1) (4 ug/ ml in cell suspension) and plasmid DNA
(1.2 pg/ mlin cell suspension) that were diluted in Opti-MEM™ (Gibco; #31985047) medium,
and cultivated for 3 days. The supernatants were harvested and proteins purified by His or Ab
SpinTrap columns according to manaB2ladt Aa#28-r 6 s pr «
4083-47). The eluted protein was buffer exchanged to PBS (Sigma-Aldrich; #D8537-500ML)
using Amicon Ultra-4 ultrafiltration column with 10 kDa (Millipore; #UFC801096) or 100kDa
cutoff (Millipore; #UFC810008). Protein concentration was determined by Nanodrop. Protein

production was confirmed by Western Blot.
Biolayer Interferometry

To determine binding affinity of SARS-CoV-2 spike variants to the ACE2 receptor, human and
rabbit ACE2-hFcgl were loaded at 20 pg/ml in 1x kinetics buffer (Sartorius; #18-1105) onto a
Protein A biosensor (Sartorius; #18-5010) for 600 sec. Following a baseline step for 120

seconds, SARS-CoV-2 spike variants were added at 714 nM starting concentration and
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subsequent 2-fold dilutions for 300 seconds to determine the association rate, ensued by
dipping the sensor into the kinetics buffer for another 300 seconds for measuring the
dissociation rate. After every cycle, sensors were regenerated each 5 seconds by alternating
10 mM Glycine pH 1.5 buffer (Roth GmbH; #3790.2; regeneration) and 1x kinetics buffer
(neutralization). All steps were performed at 1000 rpm shaking speed and room temperature.
Data were acquired with an Octet® R4 BLI Discovery system, analyzed with Octet® Analysis
Studio software v12 and curves depicted via GraphPad Prism 8.1.2 (GraphPad Software Inc.).
Kp values were calculated using a 1:1 global fitting model and only R? fitting values above 0.98

were considered.
RBD pull -downs

Antibody depletion of sera from COVID-19 patients was performed with SARS-CoV-2 RBD
WT, MERS-CoV RBD WT or mutant RBDs (from high to low score: G502E, Y505G, G502R,
L455R, Y489R, E484K) to determine the strength of antibody retention for each variant. To
evaluate the amount of ACE2 competing class 1-2 antibodies, pull-downs from sera of
immunized rabbits were conducted with SARS-CoV-2 RBD WT and MERS-CoV RBD WT
control proteins as well as mutant RBDs that abrogate the majority of class 1 neutralizing
antibodies (L455R, F456A), class 1-2 neutralizing antibodies (Y489R) and class 2 neutralizing
antibodies (E484K). Upon equilibration according to the manufacturer’s protocol, 120 pul of 5%
Strep-Tactin® XT magnetic beads (IBA GmbH; #2-4090-002 or -010) were coupled with 24 ug
of recombinant RBD via the C-terminal Twin-Strep-tag at 37°C for 1 h. The unbound RBD was
removed by pelleting the magnetic beads and the latter were washed 3 times in 1 ml PBS.
Beads were blocked with PBS / 1% BSA (Thermo Fisher; #30063572) shaking at 37°C for 1
h. After another washing step, serum was added to the beads to reach a final dilution of 1:10
in 200 ul final volume and incubated in a rotisserie shaker overnight at 4°C. The next day,
tubes were placed on a magnetic holder and supernatants were collected. Binding and
neutralization potential of remaining antibodies was analyzed via antigen-specific IgG ELISAs,
ACE2 competition ELISA and PsV neutralization assay. Percent of remaining antibodies after
depletion with mutant RBDs were determined by dividing calculated logarithmic Area Under
Curve (AUC) values of each sample by the respective S309 antibody standard followed by
normalization of samples with MERS-CoV WT (corresponding to 100%) and SARS-CoV-2 WT

(corresponding to 0%) control RBD pull-downs.
ELISA to determine antigen -specific IgG

Recombinantly expressed SARS-CoV-2 RBD, full spike or spike NTD was coated on a high-
binding 96 well ELISA plate (Corning; #CLS3690) at 10 pg/ml diluted in PBS (Sigma Aldrich;
MO, USA) overnight at 4°C. HIV-1 gp140 JRFL isolate (Biotrend; #IT-001-0024-TMp-100ug)
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and HIV-1 gp140 NFL BG505 isolate (self-produced) were coated at 2 ug/ml, respectively,
overnight at 4°C. The next day, plates were blocked for 1 h with PBS / 1% BSA (Thermo Fisher,
Gibco, MA, USA) at room temperature. Sera and proteins were diluted in PBS / 1 % BSA to
indicated serial dilutions, added to coated plates, and incubated for 1 h at room temperature.
Plates were developed with an anti-human IgG-alkaline phosphatase (AP)-coupled antibody
(Southern Biotech; #2040-04) or anti-rabbit 1gG-AP conjugated antibody (Jackson
ImmunoResearch; #111-056-003) both diluted 1:500 in PBS / 1% BSA. Bicarbonate buffer
containing 4-Nitrophenyl phosphate disodium salt hexahydrate substrate (Sigma; #S0942-
50TAB) was added and absorbance was measured at 405 nm in a Cytation 5 device (Agilent
BioTek). Between all indicated incubation steps, plates were washed 3 times with PBS / 0.05%
Tween-20. 1gG titers (EDso) were determined via sigmoid curve fitting with non-linear
regression performed in R (stats package). For curve fitting, upper and lower plateaus of the
S309 (RBD) or 4A8 (NTD) reference antibodies were applied to all respective samples.

ACE2 competition ELISA

The ACE2 competition ELISA represents a surrogate virus neutralization assay®*, which
allows measuring the neutralizing potential of antibodies from patient sera in a recombinant
protein setting. Upon 1 h blocking with PBS / 1 % BSA, serially diluted serain PBS / 1 % BSA
were added to SARS-CoV-2 RBD-coated (10 pg/ml) 96 well plates. After 1 h of incubation at
room temperature, self-produced biotinylated human ACE2-hFcgl was added to a 70% final
effective concentration (ECvo) in PBS / 1 % BSA for competition with serum antibodies. After
another hour at room temperature, plates were incubated with an AP-coupled streptavidin
(Southern Biotech; #SBA-7100-04) at a 1:500 dilution in PBS / 1 % BSA to detect biotinylated
ACE2-hFcgl that was not prevented by serum antibodies from binding to RBD. The 50%
blocking dose (BDso) was determined by sigmoid curve fitting with non-linear regression
performed in R (stats package). Upper and lower plateaus of the non-biotinylated ACE2-hFcgl

control served as a reference.

Production and Titration of SARS -CoV-2 Pseudoviruses (PsV)

HEK293T cells were transfected with plasmids containing a Luciferase reporter, lentiviral
structure proteins (gag/pol) as well as codon-optimized SARS-CoV-2 full spike WT Wuhan Hu-
1 containing a cytoplasmic 19 amino acid truncation®** to synthesize SARS-CoV-2
pseudoviruses. One day post transfection, medium was exchanged and cells incubated for
another 24 h in a 5% CO; environment at 37°C. 48 and 72 h after transfection, the medium
containing the lentiviral pseudoparticles was harvested by passing through 0.2 uM filter units

and equally separated into Polypropylene tubes (Beckman Coulter; #326823). Samples were
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centrifuged at 24,000 rpm for 90 minutes at 4°C and thereafter supernatant was discarded.
The virus-containing pellet was reconstituted with 1x Hank’s balanced salt solution (Thermo
Fisher, Gibco, MA, USA), aliquoted and stored at -80°C for subsequent titration and

neutralization assays, respectively.

Titration was carried out in hexaplicates with a 3-fold dilution series, in which the last column
serves as a negative control as outlined in Nie et al.>*. 12.5 x 10* HEK Flp-In T-REx 293
pFRT/TO/FLAG/HA-ACE2 cells were seeded in a 96 well plate and incubated 1:1 (v/v) with
the respective PsV dilution on the next day. After 48 h of incubation, medium was taken off
and Bright-Glo™ Luciferase substrate (Promega; #E2620) was added 1:1 (v/v) to the cells.
The suspension was then transferred to white 96 well plates (Corning; #3688) and after 5
minutes luminescence was measured in a Cytation 5 device. The 50% Tissue Culture
Infectious Dose (TCIDso) was determined based on the Reed-Muench method as described

previously®44>45,

SARS-CoV-2 PsV neutralization a ssay

12.5 x 10* HEK Flp-In T-REx 293 pFRT/TO/FLAG/HA-ACE2 cells were seeded in 96 well
plates. The next day ACE2-hFcgl as the standard (diluted to 20 pg/ml start concentration,
followed by 4-fold serial dilutions), or remaining antibodies in pull-down fractions from human
sera (diluted to 1:10 start, followed by 3-fold dilutions), or rabbit sera (diluted to 1:50 start,
followed by 5-fold dilutions) were mixed 1:1 (v/v) with 1300 - 2600 of 50% tissue culture
infectious dose (TCIDsg) of SARS-CoV-2 WT Wuhan Hu-1 PsV and incubated 1 h at 37°C.
Thereafter, the virus-antibody mixture was transferred on top of cells at a ratio of 1:1 (v/v) and
incubated for further 48 h at 37°C. After incubation, medium was taken off and Bright-Glo™
Luciferase substrate was added 1:1 (v/v) to the cells. The suspension was then transferred to
white 96 well plates and after 5 minutes luminescence was measured in a Cytation 5 device.
The 50% neutralizing titer (NTso) was determined using non-linear regression in GraphPad
Prism 8 software based on sigmoid curve analysis, using the ACE2-hFcg1l curve as a standard

on every plate.

Flow cytometry and Fluorescence -activated cell sorting (FACS)

All fluorescently labelled proteins used in this study were generated using the Alexa Fluor® 647
(AF647) antibody Il abelling kit from Ther mo Fi she
(Life Technologies; #A20186). To determine binding of SARS-CoV-2 RBD proteins to ACE2
on Vero E6 and HEK Flp-In T-REx 293 pFRT/TO/FLAG/HA-ACE?2 cell lines, 200,000 cells
were stained with 10 pg/ml of AF647-conjugated RBD variants for 20 min at 4°C. Cells were
washed in FACS buffer (PBS + 10% FCS + 2mM EDTA) containing DAPI (1:1500; BD
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Biosciences, #564907) for 5 minutes at 350 x g and resuspended in FACS buffer for flow

cytometry analysis.

40,000 Vero EG6 cells were seeded in a 24 well plate and PEI transfected with 0.8 pg of selected
in silico determined SARS-CoV-2 full-length mutants. After 20-24 h, cells were trypsinized and
stained with 30 pg/ml anti-SARS-CoV-2 nAb S309 for 20 minutes at 4°C. Upon washing with
FACS Dbuffer containing DAPI (1:1500), goat anti-human IgG AF647 (Jackson
ImmunoResearch; #109-606-170) at a dilution of 1:500 was used as secondary antibody for

detection of SARS-CoV-2 full length spike expression on cells.

In order to sort naive and memory primary human B cells, the latter were resuspended after
MACS isolation in 500 pl MACS buffer and incubated with the following antibody cocktail:

- If no GFP electroporation substrate used: IgM - AF488 (Dianova Jackson; # JIM-109-
546-129-0.75MG); dilution: 1:166

- CD27 - PE (Miltenyi Biotec; # 130-113-630); dilution: 1:250

- IgD - PE-Vio770 (Miltenyi Biotec; # 130-098-583); dilution: 1:83

- 1gG - AF647 (Dianova Jackson; # 109-605-008); dilution 1:200

- IgA - AF647 (Dianova Jackson; # 109-606-011); dilution 1:200

Flow cytometric analysis was performed on a BD LSRFortessa™ device. Cells were analyzed
via gating by FSC-A and SSC-A and SSC-A / DAPI to exclude dead cells. The viable population
was checked for AF647 expression. Sorting was performed either on a FACS Fusion or BD
FACS Aria lll device. Lymphocytes were gated via FSC-A / SSC-A and subsequent FSC-H/W
as well as SSC-H/W gating for doublet exclusion. Naive cells were sorted based on IgD* and
CD27" expression, whereas memory cells were taken from the CD27" IgD" gate further
resolved via an IgG*/IgA* gate. Data was analyzed via FlowJo v10.8.1 software (BD

Biosciences).

Western blot

To confirm protein production and concentration, recombinantly expressed SARS-CoV-2 RBD
and spike proteins were loaded to a 4i 15% Mini-PROTEAN® TGX Stain-FreeE Protein
polyacrylamide gel (Bio-Rad; #4568083) together with the Precision Plus Protein Dual Color
Standard (Bio-Rad; #1610374). Subsequently, proteins were transferred to a Trans-Blot Turbo
Midi 0.2 pm Nitrocellulose membrane (BioRad; #1704159), blocked with 30 ml of 5% skimmed
cow milk diluted in trisaminomethane-buffered saline with 0.1% Tween-20 (TBST) for 1 h at

room temperature on the orbital shaker. The membrane was stained in 5 ml containing mouse
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anti-6xHis antibody (Abcam; #ab18184) diluted 1:1000 at 4°C overnight with constant mixing
on the roller. The stained membrane was washed 5 times with 30 ml of TBST and stained with
IRDye® 800CW donkey anti-mouse IgG (LI-COR Bioscience, #925-32212) antibodies diluted
1:5000 for 1 h at room temperature with constant mixing on the roller. The membrane was
washed 3 times with 30 ml TBST and scanned with an infrared membrane scanner (LI-COR
Odyssey IR scanner). The protein concentration was determined by densitometry analysis with
GelAnalyzer 19.1 (http://www.gelanalyzer.com/ by Istvan Lazar Jr., PhD and Istvan Lazar Sr.,
PhD, CSc) comparing protein intensities with each other or to the intensity of 200, 100 and 50
ng of recombinant SARS-CoV-2 S1+S2 ECD His standard protein (Sino Biological Europe;
#SIN-40589-V08B1-100).

Confocal Fluorescence Microscopy

To visualize the internalization of SARS-CoV-2 full-spike and RBD proteins, 40,000 Vero E6
cells were seeded in wells of an 8-well Ibidi glass bottom slide (Ibidi; #80827). The next day,
cells were washed 1 x in PBS and nuclei stained with NucBlue™ LIVE/READY™ Hoechst
33342 Reagent (Life Technologies; #R37605) according to the manufacturer’s instructions for
15 minutes at 37°C. After another PBS wash, cells were stained with pre-warmed
CellTracker™ Green CMFDA solution (Invitrogen, Thermo Fisher; #C2925; working
concentration: 8 uM) and incubated for 30 minutes at 37°C. Thereafter, the CMFDA solution
was taken off and free dye quenched by addition of FCS-containing medium for 5 min. Upon
another PBS wash, cells were treated with 10 pg/ml RBD solution or 20 pg/ml spike solution
of SARS-CoV-2, as well as SARS-CoV-2 NTD or HIV-1 gp140 BG505 isolate full spike control
proteins, respectively. After incubation for 90 minutes at 37°C, cells were washed 1 x with PBS
and fixed with 4% PFA + 20% sucrose in PBS for 20 minutes at 4°C. Thereafter, cells were
washed and kept in PBS. Images of fixed samples were acquired on a Zeiss Laser Scanning
confocal microscope (LSM780). For the detection, a photomultiplier was used. The system
was controlled by the Zeiss ZEN2010 software (Carl Zeiss Microscopy). Single- and multi-color
confocal imaging of fixed samples was performed in sequential mode with the following
fluorophore specific excitation (Ex.) and emission filter (EmF.) settings: Hoechst (Ex.: 405 nm;
EmF.: 415-480 nm), CMFDA (Ex.: 488 nm; EmF.: 490-578 nm), Alexa Fluor 647 (Ex.: 633 nm;
EmF.: 638-735 nm). Images were acquired with a PL APO DIC M27 63x/1.40 NA oil objective
(Carl Zeiss Microscopy). A z-stack from bottom to top of the cells was performed over 8 um
with 0.39 um intervals. Contrast adjustment, z-projection and orthogonal views were performed
using FIJI software (https://imagej.net/softwareffiji/). Each condition was performed in

duplicates.
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Live imaging of RBD and spike protein absorption was performed by incubating Vero E6 cells
with pre-warmed CellTracker™ Green CMFDA solution (working concentration: 8 uM) for 30
minutes at 37°C. Thereafter, the CMFDA solution was taken off and free dye quenched by
addition of FCS containing medium for 5 minutes. Upon another PBS wash, cells were either
pretreated with 1 uM porcine heparin (Sigma-Aldrich; #H3393-50KU) or medium only for 1 h.
Cells were imaged in live cell imaging buffer Fluorobrite DMEM medium (Gibco by Thermo
Fisher, #A1896701) + 10% FCS and 1% Penicillin-Streptomycin. SARS-CoV-2 spike WT and
G502E solutions were added to the respective wells to a final concentration of 20 pg/ml. SARS-
CoV-2 RBD WT and G502E were added to a final concentration of 10 pg/ml. Dual-color live
imaging was performed with a Nikon Spinning Disk Confocal Microscope equipped with a
Nikon TiE with Perfect Focus System, Yokogawa CSU-X-1, automatic stage and heatable
humidity chamber. The system was controlled by the Nikon NIS Elements software (NIS
5.02.01 (Build 1270)). Cells were imaged at 37 °C and 5 % CO; controlled by an OKOLAB
system. For image acquisition a 40 x NA 0.95 air objective was employed and for detection an
EMCCD camera (Andor AU-888) was used. The images were acquired in a 16-bit format, with
1024 x 1024 pixels and a total size of 163 x 163 um. The cell stain CMFDA was excited with a
488 nm laser (150 mW) and AF647 labeled proteins with a 640 nm laser (100 mW). The laser
power and the exposure time was kept the same throughout one experiment. For each well of
a p-Slide 8 Well Glass Bottom Ibidi chamber five different positions were imaged. A z-stack
(11 slices, 0.6 um step size) was set for every position using the Nikon Ti Z-Drive. For the time-
lapse the first image (0 min) was taken before addition of the labeled protein, second image
right after the addition and then continuously every 30 minutes for at least 12 h. Contrast
adjustment, z-projection and time point selection were performed using FIJI
(https://imagej.net/softwareffiji/). Selected time points of the differently treated wells are

shown. Triplicates of each condition were performed.
DropMap

In order to screen engineered B cells in a high-throughput fashion, DropMap allows the
monitoring of single antibody secreting cells over time gaining valuable insights into affinity
and secretion rate of individual B cell clones. The singular resolution is achieved by the
packaging of cells into droplets. Thereby, aqueous phase containing B cells (MGO3 B cell line
was additionally treated with NucBlue™ LIVE/READY™ Hoechst 33342 Reagent), Ademtech
Strep PLUS magnetic beads 300nm (Medibena; #D-03231) coupled with ant-th uman & | i ght
chain camelid antibody domains (Thermo Fisher; #7103272100), fluorophore-labelled
detection antibodies reporting sample antibody secretion and affinity ( fuman IgG or IgM-
AF647 (see Flow cytometry section) as well as LAIR1-FITC (Abcam; #ab27744-50ug) are

mixed with the continuous phase composed of 008-FluoroSurfactant-2wtH-50G (Ran
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Biotechnologies) in 3M Novec HFE7500 Engineered Fluid (loLiTec; #4489236). By exploiting
hydrodynamic flow focusing, the aqueous phase is encapsulated with a lipid layer of the
continuous phase and generated droplets are transferred via nanoports into a self-made
imaging chamber. Two glass slides were sticked together leaving 50 um of space for the
droplets that are tightly packed across the slide. Upon loading, neodym magnets (BY042K&J
Magnetics; kind gift from K. Eyer) were added north and south of the chamber to eventually
allow arrangement of the beadline in the middle of the droplet. Upon 4 - 24 h of incubation at
room temperature, the chambers were imaged using brightfield, DAPI, GFP (AF488) and Cy5
(AF647) channels as well as appropriate bandpass filters. Droplets containing secreting cells
exhibit the so-called fluorescence relocation, in which secreted antibodies that are bound by
the llama camelid-coated beads are bound by the detection antibody and thus lead to a

focused fluorescent beadline in the middle of the droplet.
Vero E6 syncytia formation and HEK293T cell  -cell fusion assay

To determine fusogenic potential of in silico determined SARS-CoV-2 variants, Vero E6 cells
were transfected using PEI in triplicates with different SARS-CoV-2 spike full-length proteins
together with the pMAX-GFP reporter plasmid at a 1:1 ratio. SARS-CoV-1 full length spike
protein served as a control. After 48 h, cells were stained with NucBlue™ LIVE/READY™
Hoechst 33342 Reagent and imaged using Phase contrast, DAPI and GFP channels / filters
of a Cytation 5 device to observe syncytia formation. Pictures taken at 10 x magnification were
used for image display as well as syncytia and nuclei count via ImageJ. Each replicate was

counted 3 times and the average was taken.

HEK293T cells were seeded in duplicates and separated into two groups i the donor group
was PEI transfected with different SARS-CoV-2 full-length spike proteins as well as the SARS-
CoV-1 full-length spike control protein; the acceptor group was PEI transfected with the human
ACE2-eGFP plasmid. The next day cells of both groups were mixed with each other at a ratio
of 1:1 and seeded in a 24 well plate. After 24 h, cells were treated and analyzed as described
for Vero E6 cells.

Immunization of rabbits

Female New Zealand white rabbits (10 weeks of age) were housed and immunized by Davids
Biotechnologie Regensburg. All the procedures were carried out according to German and
European Law and were approved by the government of Unterfranken (55.2 2532-2-859). In
the RBD immunization setting, 5 rabbits per condition were vaccinated with 40 pg/ml of SARS-
CoV-2 RBD WT, G502E, Y505G or G502R subcutaneously (s.c.) adjuvanted with AddaVax at
a 14-day interval. Test bleeds were taken at day 0, 7, 21, 35, 49 and 63. In the spike
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immunization setting, rabbits were immunized intramuscularly (i.m.) either with 0.1 pg (3
animals / condition), 1 ug (4 animals / condition) or 10 ug (3 animals / condition) of SARS-CoV-
2 spike QQAQ HexaPro WT or G502E. In order to mirror the human administration regimen,
rabbits were primed at day 0 and boostered at day 21. Test bleeds were obtained from day O,
7, 14, 21, 28 and 35. Rabbit sera were subjected to IgG titer determination, ACE2 competition
assay and SARS-CoV-2 WT Wuhan Hu-1 neutralization analysis as well as pull-down studies

followed by remaining IgG titer determination.
Statistics

Shown experiments involved minimum n= 3 biological replicates (unless otherwise indicated)

and produced comparable results. Images obtained in syncytia and cell-cell fusion assays as

wel | as confocal mi croscopy i mages were processEe
from ELISA, syncytia formation and PsV neutralization assays was analyzed using R 4.0.3,

RStudio 1.2.5001 and GraphPad Prism 8.1.2 software. Statistical tests were one- or two-tailed,

and a P value lower than 0.05 was considered statistically significant. A Shapiro-Wilk test was

used to determine the normality of the distribution for continuous variables. Unpaired / paired

t-tests or ordinary one-way ANOVA with Tukey’s multiple comparison’s test of means was

used if continuous data met the criteria of the normality test. Otherwise, unpaired Mann-

Whitney test was employed. Median or Mean (+/- SD if applicable) is shown.

Scheme visualizat ion and protein structure analysis

Schemes were generated using the software BioRender.com. Protein structure models and
molecular analyses were performed with UCSF Chimera X version 1.3%¢ using the following
PDB codes: 5U1F for CD4 and HIV-1 gp120+gp41%#’, 7LPN for llama VHH J3 (TBP), 6WAQ
for llama VHH 7228, 6XDG for SARS-CoV-2 RBD and REGN10933%°7, 6XC2 for CC12.15%,
7CDI for P2C-1F11%*° and 6M0J for human ACE23%?°, 7TB8 for the SARS-CoV-2 spike protein
WT harboring the 2P mutation*®!. Figure panels were generated using Affinity Designer
software (Serif Europe Ltd., UK).

Code and data availability

The code generated for in silico identification of vaccine candidates will be made available in
the GitHub repository upon publication of the SARS-CoV-2 manuscript at
https://github.com/olsson-group/bibax.
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4. Results

4.1 Towards a cellular vaccine by endowing BCRs and antibodies of

primary human B cells with pathogen  -reactive protein domains

Comparedto T cell engineering, the editing and adoptive transfer of B cells is still in its infancy.
Current strategies involve genomic editing of the antibody locus by replacement of the native
BCR with sequences of known bnAbs to achieve particularly high and broad neutralization
potential against pathogens®517:51° - Antigenic drift, however, may allow viruses to escape
from bnAbs and thus likely diminishes efficacy of these engineered B cells long term>°. Upon
the discovery of naturally occurring LAIR1-containing antibodies that exhibit broad reactivity
against many malaria parasite strains, we envisaged to endow primary human naive B cells
with pivotal virus-binding sites of cell receptors (e.g. from the HIV-1 targeted CD4 receptor),
which are more conserved due to viral entry than bnAb footprints and hence are less likely

impacted by viral immune evasion®36,

Current protocols for in vitro / ex vivo CRISPR-based engineering include concomitant
activation of AID and Cas9, thereby increasing the likelihood of genomic DNA breaks,
mutations and cancer®®!. To trigger AID targeting of the antibody genes and thus enable AID-
stimulated engineering in absence of articial gene editing tools as Cas9, this thesis aimed at
setting up a methodology starting from primary human naive B cells, which are obtained from
the blood of healthy human donors. B cells are seeded and stimulated with the predetermined
optimal inducing condition of the body-own enzyme AID, which was shown to target the switch
U region and thus to initiate double-strand breaks (DSBs) that may serve as integration sites
for the DNA substrate. The ideal timepoint for engineering is set by following AID expression
kinetics as well as by monitoring the viability of activated B lymphocytes. The DNA substrate
encoding for the pathogen-reactive protein domain is electroporated into B cells and its
successful integration is going to be examined on the genomic, transcriptional and protein
level. In the future, we envisage a cellular B cell vaccine expressing the engineered BCR,
which recognizes a broad panel of virus isolates and is able to participate in GC reactions for

potent and durable immune protection against viral infectious diseases as HIV-1 (Fig. 20).
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Fig. 20 Scheme of AID-stimulated B cell engineering. Sorted primary human naive B cells are

Engineered B cell receptor

activated with an AID-stimulation cocktail and electroporated with a DNA substrate using the Lonza
Amaxa 4D electroporation system. AlD-induced double-strand breaks in the switch region shall enable
the integration of the substrate into the genomic DNA, thereby allowing consecutive inclusion into the
MRNA transcript and expression as an additional protein domain between variable and constant part of

the heavy chains of the B cell receptor, hence reprogramming antibody specificity.

41.1. Aicda MRNA i s el evated after 3IgM MEGACDAOL
and IL -4 in primary human B cells

Owing to the lack of specific and sensitive AID protein detection antibodies, we aimed to
determine the kinetics of AID upregulation in B cells via quantitation of Aicda mRNA transcripts.
First, we performed activation of naive (IgD* CD27°) and memory (IgD- CD27*) sorted primary
human B cells with a stimulation cocktail containing an U-IgM F(ab’)? antibody, the co-
stimulator MEGACDA40L, a synthetic molecule composed of two trimeric CD40L moieties linked
via the collagen domain of adiponectin, and the human cytokine IL-4, known to induce AID%#
%54 Upon harvesting cells at days 0, 1, 3 and 5, mRNA was isolated, converted to cDNA and
transcript levels were determined via an Aicda TagMan quantitative Real Time-PCR (qRT-
PCR) assay. The house-keeping gene GAPDH served as the control. Naive and memory B
cells showed significantly elevated Aicda levels 3 days and 1 day after activation, respectively

(Fig. 21). Altogether, stimulation of primary human B cells with an U-igM antibody +
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MEGACD40L + IL-4 cocktail yielded discernible Aicda mRNA expression from day 3 in naive
B cells and was hence chosen to be the time point for upcoming electroporations.

Primary human B cells
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Fig. 21 In vitro B cell s timulation with an U-IgM antibody + MEGACDA40L + IL-4 induces Aicda
MRNA expression. Sorted primary naive (IgD* CD27- IgG/A") or memory (IlgD- CD27* IgG/A*) human
Bcells weretreatedwithaB cel | st i mu l-lgv, MEGACDZQL arid tLah)iahd hgrugsted after
0, 1, 3 and 5 days, respectively. Upon RNA isolation and cDNA synthesis, transcript levels were
determined via TagMan quantitative Real Time-PCR (QRT-PCR) assay employing Aicda probes and the
housekeeping gene GAPDH as the reference. Mean +- SD of n= 3 (naive) and n= 4 (memory)

independent donors are shown.

4.1.2 Highest Aicda mRNA transcript levels are detected upon MEGACD40L+ IL -

4 stimulation in primary human B cells

In order to decipher a stimulus with even higher Aicda transcript induction, we applied 11
different T cell-dependent and/or -independent stimuli on sorted primary human naive and
memory B cells, which were reported in the literature®0#+516:517.855561  nstimulated B and T
cells, which were used as negative controls, did not show discernible Aicda expression as
expected. Activation of the human TLR4 homologue RP105 was shown to induce proliferation,
but not AID expression®2, which could also be observed in naive B cells from our study. Hence,
RP105 stimulation was chosen to serve as a non-Aicda activating control for current and
upcoming experiments. Stimulation via the super cocktail (MEGACD40L+IL-2+IL-10+IL-
15+CpG), which has been shown to be superior in B cell activation and Cas9-mediated HDR
template integration394°16:517.520 displayed low upregulation of Aicda mRNA levels. The highest
number of Aicda transcripts in memory B cells was detected when combining MEGACD40L
together with the cytokine IL-4f ol | owed by a -IgM+MEGACDA0L ©ln-21a@rid
U-lgM + MEGACDA40L + IL-4 (Fig. 22) Interestingly, both stimuli displayed similar Aicda mRNA

levels in naive B cells, however IL-21 stimulated B cells displayed higher activation-induced
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cell death in the experiments (unpublished observations). Taken together, MEGACDA40L + IL-

4 leads to highest Aicda mRNA expression after 3 days, thus representing the stimulus chosen

for AID induction in B cell engineering experiments.
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Sorted primary naive or memory human B cells were treated with indicated T cell-

dependent and/or T cell-independent stimuli and harvested after 3 days for Aicda mRNA guantification.

Unstimulated (UST) B cells and CD3* bulk T cells served as controls. After isolating RNA and performing

cDNA synthesis, transcript levels were determined via TagMan qRT-PCR assay using the Aicda probe

and GAPDH probe as the reference. Mean +- SD of n= 3 independent donors is shown (except UST

memory B cells and CD3* T cells displayed in the memory section (n= 1)).
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4.1.3 Lonza Amaxa 4D electroporat ion program s DN100 and EH115 show highest

transfection efficiency and  cell viability

Electroporation represents the best method to deliver exogenous nucleic acids into B cells as
shown by several groups®04596:516517 "pon identifying the best conditions for AID induction,
we aimed to determine the optimal electroporation program in terms of transfection efficacy as
well as maximal cell viability. For this purpose, 1 x 10° primary human B cells of 2 independent
donors were electroporated with 1 ug of double-stranded (ds) GFP DNA substrate containing
an intrinsic CMV promoter and PolyA tail for instant reporter expression without the need for
genomic integration. We made use of different published or unpublished electroporation
programs employing the Lonza Amaxa 4D Nucleofector system. From 24 to 72 h after
electroporation, cell viability and GFP expression of the engineered cells as well as of those
transfected with the non-substrate control were measured via flow cytometry. Cells were gated
for DAPI negative, viable cells and subsequently for GFP positivity (Fig. 23a). B cells
electroporated with programs DN100 and EH115 displayed the best compromise of high
viability and efficiency (Fig. 23b, c). The nucleofection program recommended by Lonza for B
cells, EO117, showed comparable viability to DN100 and EH115, however displayed much
lower electroporation efficiency. Using program EH140 led to the highest percentage of GFP*
cells, but exhibited lowest B cell viability across all tested programs. Taken together, DN100,
followed by EH115, seem to offer the optimal ratio of efficiency and viability for introducing

nucleic acid substrates into B cells.
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Fig. 23 Optimizing electroporation of primary human B cell s. 1x10°% primary human B cells of 2
independent donors were electroporated with 1 pg double-stranded (ds) GFP DNA using the Lonza
Amaxa 4D Nucleofector system. GFP expression and cell viability were measured via flow cytometry
over 72 h. a, B lymphocytes were firstly determined via forward (FSC-A) and side (SSC-A) scatter. Dead
cells were excluded via the DAPI channel followed by gating on GFP* cells using the AF488 channel.
b, Viability and ¢, GFP expression of B cells using different electroporation programs (Lonza Amaxa 4D

programs DN100, EH115, EO117, EH140) monitored over the time course of 72 h.

4.1.4 Distinct LAIR1-containing IgM transcripts were retrieved from primary

human naive B cells after electroporat ion with a LAIR1exon3 ds DNA substrate

As we could determine optimal conditions for AID induction as well as for electroporation, we
performed a proof-of-principle B cell engineering experiment. We electroporated 1 x 10°

primary human naive B cells with 1 pg of double-stranded (ds) LAIR1exon3 substrate to
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determine LAIRL integration into the J-Cxl elbow region of the antibody. The substrate was
flanked 5" by 132 bp and 3" by 41 bp of original LAIR1 introns, which were determined based
on genomic sequencing analysis of a B cell clone isolated from a malaria-infected individual
producing LAIR1-containing antibodies?'®. 3 days after electroporation, 500,000 cells were
harvested, RNA was isolated and reversely transcribed into cDNA. As it was shown that longer
insert-containing antibody transcripts get outcompeted by conventional antibody amplicons??°,
we employed the combination of a novel technique called suppression PCR and a bait-capture
approach to enrich LAIR1-containing IgM amplicons. Suppression PCR enables the selective
amplification by using primers that harbor inverted repeats at their respective ends, thus
favoring hairpin formation of smaller constructs and hence stopping their replication due to
circularization??®. The suppression PCR step was performed twice (Suppression PCR | + 11),
interrupted by conducting a previously established biotinylated LAIR1 RNA bait capture assay
(Suppl.Fig. 2). Purified PCR products were subjected to cloning into pCR-Blunt-Il TOPO
vectors that allow the integration of one amplicon per vector backbone and were subsequently
sent for Sanger sequencing to determine the cloned antibody transcript sequences (Fig. 24a).
We aligned the transcript sequences to the LAIR1 IgM MMJ5 reference cell line, which has
two somatic hypermutations in its LAIR1 gene compared to the WT LAIR1 substrate used in
this experiment. From 50 TOPO clones we were able to retrieve 12 that had WT LAIR1 in their
mRNA. When allocating V, D and J segments of the heavy chain via the Ig Blast tool®®, a total
of 3 distinct LAIR1-containing B cell clones were identified based on their CDR3 sequence
(green square), of which clone Vu3-23/Dn2-2/J16 was dominant (83.3%; Fig. 24b, c). Hence,
antibody mRNA of engineered clones can be retrieved via a mix of the long-amplicon favoring
suppression PCR technique as well as the LAIR1-enriching bait capture assay followed by
TOPO cloning and sequencing. Taken together, primary human B cells can be engineered
with a naked intron-flanked LAIR1 ds DNA substrate in their IgM locus when using an AID-
stimulated approach.
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Fig. 24 Successfully engineered IgM B cell clones containing LAIR1 in their antibody mRNA can

be enriched and retrieved via a combination of suppression PCR and a self -made bait -capture
approach . a, 1x10° primary human naive B cells were activated with MEGACD40L + IL-4, restimulated
with IL-4 and electroporated (program: EH115) with 1 pug double-stranded (ds) LAIR1 DNA substrate. 3
days after electroporation, antibody transcripts were isolated via RNA extraction of 500,000 B cells
followed by cDNA synthesis and PCR amplification of IgM transcripts. The PCR included enrichment of
insert-containing antibody cDNAs by using a step of the novel suppression PCR technique. Thereby,
antibody transcripts were incubated with a mixture of primers that anneal to different variable and
constant heavy chain gene segments. The primers have inverted repeats at their respective ends
promoting hairpin formation of insert-less antibody transcripts and thus no amplification. Transcripts
containing inserts show lower probability of hairpin formation and thus get amplified. Between the two
PCRs, a self-made hybridization approach comprising a biotinylated LAIR1 RNA probe was used to
enrich LAIR1-containing antibody transcripts. Purified amplicons were cloned into the pCR-Blunt-II

TOPO vector, which was transfected into chemically competent bacteria for subsequent isolation and
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