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Abstract

Abstract

Worldwide approximately 269 million people are chronically infected with the hepatitis B virus (HBV),
even though an effective prophylactic vaccine is available. Chronic hepatitis B (CHB) increases the risk
of developing liver cirrhosis or hepatocellular carcinoma (HCC) which led to 820,000 deaths in 2019,
and represents, according to WHO, a major health problem. Current therapeutic options are limited
to nucleos(t)ide analogues (NUC) and pegylated interferon (PEG-IFN). Both therapies inhibit viral
replication but fail to eliminate the virus from infected cells. This is due to persistence of a covalently
closed circular DNA (cccDNA) derived from the HBV genome, which resides in the nucleus serving as
template for viral transcription. Therefore, lifelong treatment is required. Currently, different
therapeutic approaches to eliminate HBV cccDNA are under development. These include therapeutic

vaccination, adoptive T-cell transfer and antibody therapies.

The aim of this study was to pave the way for development of further antibody-based therapeutics.
To establish new therapeutic antibodies, a deep knowledge of the antigen structure is of utmost
importance. In the context of HBV infection, most neutralizing antibodies are directed against the so
called “a”-determinant which defines a region within the luminal loop of the viral surface antigen
(HBsAg). Knowledge about the tertiary structure of the “a”-determinant is so far limited to predictive
models. This is due to the complex structure of HBsAg, which harbors transmembrane domains,
rendering protein crystallization and thereby protein structure determination difficult. The complexity

of the antigen structure further hampers the characterization of antibody-antigen binding properties.

During the first part of this thesis, a protein was designed which should contribute to the functional
characterization of HBsAg-specific antibodies and facilitate the structure determination of the “a”-
determinant. For this, the “a”-determinant was fused to the Fc-part of an IgG antibody. This protein
will be referred to as Fc-“a”-determinant. As the Fc-part is a dimer, the dimerization of the “a”-
determinant essential for correct structure formation is promoted as well. Furthermore, employing
an Fc-part facilitates protein purification via affinity chromatography. The Fc-“a”-determinant was
expressed in HEK293T cells, purified and subjected to Western Blot and ELISA analysis for structural
and functional characterization. The Fc-“a”-determinant could be used for binding affinity analyses of
an HBsAg-specific antibody via microscale thermophoresis (MST), thereby portraying a tool for further
functional characterization of HBsAg-specific antibodies. Unfortunately the Fc-“a”-determinant forms

higher oligomers at concentrations =30 nM, impeding protein crystallization and subsequent

structure determination.



Abstract

Another aspect of this thesis was the design of HBsAg-specific antibodies that elicit a strong antibody
dependent cell-mediated cytotoxicity (ADCC) without the risk of antibody-dependent enhancement
of infection (ADE). For this, Fc-engineering was utilized to optimize a previously isolated human
monoclonal, HBsAg-specific antibody for the binding to CD16, the natural killer cell receptor activating
ADCC. Three antibody variants were designed, expressed in HEK293T cells and subsequently purified
via a protein G column. All Fc-optimized antibodies showed a decreased antigen specificity in ELISA
analyses and concomitant decreased neutralization capacity in HBV-infected HepG2-NTCP cells

compared to the wildtype so that they turned out not to be suited for therapeutic use.

The final goal of this thesis was the establishment of a novel therapeutic approach for existing and
newly emerging viral infections. For this, DNA nanoshells were designed via DNA origami, which were
on the inside coated with HBV-specific antibodies. These nanoshells are supposed to encapsulate HBV
in the circulation, thereby preventing infection. Neutralization assays with HBV-infected HepG2-NTCP
cells showed a significantly enhanced neutralization capacity of the nanoshells when compared to
antibodies alone. While further studies are needed to evaluate the clinical relevance of the nanoshells,
this technology provides a novel approach to react to newly emerging viruses and to optimize the

therapies of existing viral infections.



Zusammenfassung

Zusammenfassung

Weltweit sind ungefahr 269 Millionen Menschen chronisch mit dem Hepatitis B Virus (HBV) infiziert,
obwohl eine wirksame prophylaktische Impfung verfiigbar ist. Chronische Hepatitis B (CHB) erhéht
das Risiko an einer Leberzirrhose oder hepatozellularem Karzinom (HCC) zu erkranken, was 2019 laut
WHO weltweit zu 820.000 Todesféllen fihrte, und stellt somit ein groRes Gesundheitsproblem dar.
Bisherige Therapiemoglichkeiten beschrdanken sich auf die Verabreichung von Nukleos(t)id Analoga
(NUC) und pegyliertem Interferon (PEG-IFN). Beide Therapien hemmen die Virusreplikation. Sie sind
aber nicht in der Lage das Virus aus der infizierten Leber zu eliminieren. Der Grund hierfir ist die
persistente Form des Hepatitis B Virus (HBV), die kovalent geschlossene zirkuldre DNA (cccDNA), die
im Zellkern lokalisiert ist und als Template flir die virale Transkription dient. Dadurch ist eine
lebenslange Behandlung erforderlich. Verschiedene therapeutische Ansatze, die auf die Eliminierung
der cccDNA zielen, sind in Entwicklung. Dazu gehoren therapeutische Impfungen, ein adoptiver T-Zell

Transfer und Antikérpertherapien.

Das Ziel dieser Studie war es, den Weg zur Entwicklung Antikdrper-basierten Therapeutika zu ebnen.
Um neue therapeutische Antikorper zu entwickeln, ist ein tiefes Verstandnis der Antigenstruktur von
dulerster Wichtigkeit. Im Kontext einer HBV-Infektion richten sich die meisten neutralisierenden
Antikorper gegen die sogenannte “a“-Determinante, die einen Bereich des luminalen Loops des
viralen Oberflachenantigens (HBsAg) definiert. Das Wissen Uber die Tertidrstruktur der “a“-
Determinante beschrankt sich auf pradiktive Modelle. Dies lasst sich darauf zurtickfiihren, dass das
HBsAg Transmembran-Domadnen beinhaltet, die eine Proteinkristallisation und anschliefende

Strukturbestimmung erschweren. Die komplexe Struktur des HBsAg fiihrt weiterhin dazu, dass die

Charakterisierung von Antikérper-Antigen Bindungen deutlich erschwert ist.

Im ersten Teil der Arbeit wurde ein Protein designt, das zur funktionellen Charakterisierung von
HBsAg-spezifischen Antikdrpern beitragen und die Strukturaufkldrung der “a“-Determinante
erleichtern soll. Hierflir wurde die “a“-Determinante an den Fc-Teil eines I1gG Antikdrpers kloniert. Das
Protein wird im Folgenden als Fc-“a“-Determinante benannt. Da der Fc-Teil als Dimer vorliegt, wird in
diesem Konstrukt die Dimerisierung der “a“-Determinante unterstitzt, die seine Struktur
mitbestimmt. AuRerdem erleichtert der Fc-Teil die Reinigung des Proteins mittels
Affinitdtschromatographie. Die Fc-“a“-Determinante wurde in HEK293T Zellen exprimiert,
aufgereinigt und mittels Western Blot und ELISA strukturell und funktionell charakterisiert. Mittels
Microscale Thermophorese (MST) konnte die Fc-“a“-Determinante fir die Bestimmung der
Affinitdtskonstanten eines HBsAg-spezifischen Antikérpers verwendet werden und tragt somit zur

weiteren funktionellen Charakterisierung von HBsAg-spezifischen Antikorpern bei. Leider stellte sich
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heraus, dass die Fc-“a“-Determinante bereits bei Konzentrationen = 30 nM héhere Oligomere bildet,

die die Proteinkristallisation und somit die Strukturaufklarung behindern.

Ein weiterer Aspekt dieser Arbeit war, HBsAg-spezifische Antikdrpern so zu modulieren, dass sie die
Fahigkeit erwerben, eine starke antikdrperabhdngige zellvermittelte Toxizitat (ADCC) auszul6sen,
ohne dabei infektionsverstarkend zu wirken. Hierflir wurde ein bereits isolierter HBsAg-spezifischer
monoklonaler Antikorper mittels Fc-Engineering fir die Bindung an CD16, den ADCC-aktivierenden
NK-Zell-Rezeptor, optimiert. Insgesamt wurden drei Antikdrper designt, in HEK293T Zellen exprimiert
und anschlieRend Uber eine Protein G Saule gereinigt. Alle drei Fc-optimierten Antikdrper zeigten
allerdings eine verringerte Antigenspezifitat im ELISA und damit einhergehende eine verringerte
Neutralisationskapazitat in HBV-infizierten HepG2-NTCP Zellen im Vergleich zum Wildtyp, so dass sie

flr eine antivirale Therapie nicht nutzbar sind.

Das finale Ziel dieser Arbeit war die Etablierung eines neuen Therapieansatzes fir diverse, bestehende
und neu auftretende Virusinfektionen. Hierfir wurden DNA-Nanoshells mittels DNA-Origami
hergestellt, welche mit HBV-spezifischen Antikorpern gekoppelt wurden. Diese Nanoshells sollen HBV
in der Zirkulation abfangen, einkapseln und somit eine Infektion verhindern.
Neutralisationsexperimente mit HBV-infizierten HepG2-NTCP Zellen zeigten eine signifikant héhere
Neutralisationskapazitdt der Nanoshells im Vergleich zu den Antikdrpern allein. Zwar sind weitere
Studien notig, um eine klinische Relevanz der Nanoshells zu beurteilen, doch stellt diese Technologie
einen originellen Ansatz dar, um auf neu auftretende Viren zu reagieren und die Therapie von bereits

bekannten Virusinfektionen zu optimieren.
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BCR B-cell receptor
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Introduction

1 Introduction

1.1 The Hepatitis B Virus

This chapter covers the biological characteristics of the hepatitis B virus (HBV), including its
morphology, replication cycle and the different courses of infection. While describing the morphology,
particular attention will be paid on the structure of the viral surface antigens as they are of great

importance for this thesis.

1.1.1 Morphology and replication cycle

1.1.1.1 Morphology

HBV is a partially double-stranded, enveloped DNA virus belonging to the family of Hepadnaviridae
[Schaefer 2007]. As all members of this family, HBV is highly species-specific and hepatotropic
[Magnius et al. 2020]. In 1965, Blumberg et al. discovered the Australian antigen, now referred to as
Hepatitis B surface antigen (HBsAg), and its correlation to viral hepatitis [Blumberg et al. 1965]. Five
years later, Dane et al. published electron microscopy data showing the existence of the infectious
HBV virions, henceforth referred to as “Dane particles” [Dane et al. 1970]. The Dane particle is 42 nm
in diameter and composed of an icosahedral core protein, enveloped by a lipid layer (Figure 1). The
core protein (HBcAg) forms the shell of the HBV capsid which can be observed in two different
variants. Capsids with a T = 3 symmetry are 30 nm in diameter, while capsids with a T =4 symmetry
are 34 nm in diameter. The capsid harbors the viral DNA, titled relaxed circular DNA (rcDNA),
associated with a polymerase with reverse transcriptase activity. The surface of the viral envelope
consists of the HBsAg, which includes small (-S), middle (-M) and large (-L) surface protein [Bruss 2007].
Furthermore, infected cells give rise to subviral particles (SVP), mainly consisting of S protein, reaching
a diameter of 22 nm. These SVP do not contain viral DNA and are therefore not infectious and can
exceed the number of infectious virions up to 10°-fold [Ganem and Prince 2004]. The S protein forms
dimers that spontaneously assemble to SVP and provide its antigenic structure, herein referred to as
HBsAg. Even though the amino-acid sequence is known, the exact structure of HBsAg is not resolved,
yet, as crystallization efforts of SVP were not successful so far. A cryo-electron microscopy approach,
however, led to a low-resolution image of HBsAg [Gilbert et al. 2005]. The folding pathway of HBsAg
is partially characterized and reveals that the S protein consists of at least two transmembrane
domains [Eble et al. 1986; Eble et al. 1987]. Further studies pointed towards the existence of two
additional transmembrane domains, leading to the proposed monomeric structure of S protein (Figure
2) [Komla-Soukha and Sureau 2006; Suffner et al. 2018]. Directly after being synthesized, two S protein

subunits each form dimers via disulfide-bridges and aquire antigenicity of HBsAg [Wounderlich and
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Bruss 1996]. While about 50% of HBsAg found in patient sera is N-glycosylated at residue N146, this
glycosylation does not affect the dimerization of the protein [Suffner et al. 2018] but may play an
important role for antibody binding. How exactly the transition from S protein dimers to HBsAg SVP is
mediated is still unclear, as no intermediate structures have been observed, yet. Suffner et al.
proposed a model of how the homodimeric structure of S protein could be formed (Figure 2) [Suffner
et al. 2018]. The luminal or antigenic loop, amino-acids 99 - 169, harbors the so-called “a”-
determinant, which refers to the region between amino-acids 124-147, marks the part of S protein

that is bound by most anti-HBsAg antibodies [Chiou et al. 1997; Romani et al. 2018] and is of great

importance for this thesis.

Phylogenetically, HBV can be divided into 10 different genotypes (A-J) [Okamoto et al. 1988; Norder
et al. 1992; Stuyver et al. 2000; Arauz-Ruiz et al. 2002; Tatematsu et al. 2009; Arankalle et al. 2010]
and 4 serological subtypes (ayw, ayr, adw and adr). The serotypes are defined by different residues in
the immunogenic loop of the S protein [Le Bouvier 1971; Bancroft et al. 1972; Okamoto et al. 1987].
Furthermore, the geographical distribution of the various subtypes is very diverse and the different
geno- and serotypes have a major influence not only on the severity of the emerging illness, but also

on the course of infection [Velkov et al. 2018].

ENVELOPE CORE
/ PARTICLE

P-linked
RC-DNA

Figure 1. Structural properties of HBV. The infectious HBV particle, referred to as Dane particle, is composed of
an encapsulated partially double stranded rcDNA, associated with a polymerase with reverse transcriptase
activity. The icosahedral capsid is enveloped by a lipoprotein membrane, which consists of host lipids and
hepatitis B envelope proteins — HbsAg-S, -M and —L. The whole virion is about 42 nm in diameter [Nassal 2015].
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A B

ER lumen/
outside

ER lumen/
outside

™1 membrane membrane

cytosol/ cytosol/
inside inside

Figure 2. Proposed structure of HBsAg. (A) Monomeric S protein is composed of two transmembrane domains
(TM1, TM2) and a putative HCR, that results in two additional transmembrane regions. The luminal or antigenic
loop (aa 99-169) comprises the “a”-determinant (aa 124-147) that is the main epitope for neutralizing
antibodies. Within the “a”-determinant a N-glycoslyation site is present at N146. (B) Directly after synthesis, the
S protein forms dimers which are stabilized by disulfide-bonds, thereby aquiring antigenicity of HBsAg [Suffner
et al. 2018].

1.1.1.2 Genomic organization of the virus

With only 3.2 kilobases (kb) in length, the genome of HBV is highly organized and partitioned into 4
partially overlapping open reading frames (ORF), termed precore-core (preC-C), presurface-surface
(preS-S), P and X (Figure 3), which are located on the coding minus strand (-). The plus strand (+) is
incomplete and noncoding [Ganem and Prince 2004]. The relaxed circular configuration of the genome
is preserved by the end regions which harbor two direct repeats (DR) of 11 nucleotides. Both of these,
DR1 and DR2, are not only crucial for viral replication but play also an important role in the integration
of HBV DNA into the host genome [Dejean et al. 1984]. By employing two in-frame initiation codons,
the preC-C ORF encodes two different proteins, the core protein and the hepatitis B e antigen (HBeAg).
Following core protein translation, initiated by the internal initiation codon, it assembles into the
complete viral capsids. Utilizing the upstream initiation codon, the precursor of HBeAg is translated
and further processed in the endoplasmatic reticulum (ER) before generating mature HBeAg
[Takahashi et al. 1983]. The P ORF partially overlaps the preC-C ORF and encodes the HBV DNA
polymerase (P protein) with reverse transcriptase and RNase H activity. Within the P ORF, the preS-S
ORF is located, utilizing three in-frame initiation codons to allow for translation of the proteins HBsAg-
S, -M and -L, that assemble into the viral envelope. Finally, the X ORF overlaps the P ORF and regulates
translation of HBV X protein (HBx) [Ganem and Prince 2004].
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Figure 3. Genomic organization of HBV. As the genome of HBV is only 3.2 kb in length, it needs to be highly
organized. It comprises four partially overlapping open reading frames (ORF) located on the (-) strand, namely
PreC-C (orange/yellow arrow), PreS-S (red/orange arrow), P (violet arrow) and X (light blue arrow), giving rise to
four pregenomic RNA (pgRNA) that encode seven viral proteins in total. Viral transcripts are depicted by the
black outer lines with the transcription starting at positions indicated by the white arrowheads. The
encapsidation signal on the pgRNA is depicted by € and the green arrows symbolize promoters. TP marks the
terminal protein domain of P protein. The end regions of the rcDNA utilize direct repeats (DR1, DR2) of 11
nucleotides each to enable viral replication and integration into the host genome. The (+) strand is non-coding
with Enh I and Enh Il depicting transcriptional enhancers [Nassal 2015].

1.1.1.3 Replication cycle

The replication cycle of HBV starts with the low-affinity attachment of the Dane particle to heparan
sulfate proteoglycans (HPSG) on the target cell via HBsAg-S [Verrier et al. 2016], followed by binding
to the sodium taurocholate receptor NTCP, mediated by HBsAg-L (Figure 4 (1-2)) [Yan et al. 2012].
Upon binding to NTCP, the virion enters the cell via endocytosis. Following pH decrease during
translocation of the endosomes to different cellular compartments, the viral envelope fuses with the
endosomal membrane, thereby releasing the viral capsid into the cytoplasm, which is subsequently
transported to the nucleus [Ko et al. 2017]. After being translocated to the nucleus pore complex
(NPC), the viral capsid disassembles, which leads to a release of HBV rcDNA and core proteins into the
nucleus. In the nucleus, the rcDNA is converted to covalently closed circular DNA (cccDNA), which is
organized in a chromatin-like minichromosome and serves as template for viral replication and gene
expression, illustrating the persistent form of HBV [Nassal 2015]. The cccDNA is transcribed into four
different HBV RNAs that are 3.5 kb, 2.4 kb, 2.1 kb and 0.7 kb in length, respectively [Tong and Revill
2016]. The 3.5 kb HBV RNA exists in two different forms, the precore mRNA and the pregenomic RNA

(pgRNA) [Kramvis and Kew 1999]. Following transcription, the HBV RNAs are translocated into the
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cytoplasm. The shortest of these RNAs is translated into HBx, which affects a variety of processes like
activation of host and viral gene transcriptions, DNA repair, cell growth and apoptosis [Tong and Revill
2016]. The 3.5 kb precore mRNA is translated into the precore polypeptide, which is further processed
at the ER to form mature HBeAg, which is released from the cell and serves as surrogate marker of
HBV infection [Kramvis and Kew 1999; Tong and Revill 2016]. While a part of the 3.5 kb long pgRNA is
translated into core and P protein, the untranslated pgRNA is encapsulated into the nucleocapsid,
formed by the previously translated core protein. One part of the pgRNA containing nucleocapsids is
shuttled back to the nucleus where they serve as stable pool of cccDNA, ensuring the persistence of
the virus, the rest is enveloped by the envelope proteins, which are translated from the 2.4 kb and
2.1 kb HBV RNA, respectively [Tong and Revill 2016]. While the 2.4 kb HBV RNA is translated into
HBsAg-L, the 2.1 kb HBV RNA serves as template for the translation of HBsAg-M and -S [Nassal 2015;
Tong and Revill 2016]. After being synthesized, the HBsAg variants are further processed in the ER and
the Golgi apparatus. The envelopment of nucleocapsids takes place at the membrane of multivescular
bodies (MVB) where two cytoplasmic domains of HBsAg interact with the nucleocapsid which in turn
initiates the budding process. These enveloped nucleocapsids are then released and are able to infect
more cells [Ko et al. 2017]. In addition to surrounding the nucleocapsids, the surface proteins also
form two different kinds of subviral particles, with spherical particles being the majority, consisting
mainly of HBsAg-S, and filamentous particles, which also contain HBsAg-M and —L [Bruss 2007]. While
the filaments are secreted utilizing the same MVB pathway as the enveloped nucleocapsids, the

spherical subviral particles are released via the Golgi pathway of the host cell [Ko et al. 2017].
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Figure 4. Replication cycle of HBV. (1) Dane particle attaches to HPSRG via HBsAg-S, followed by (2) binding to
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2017].
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1.1.2 Course of infection and HBV-associated liver diseases

HBV is transmitted via blood, saliva, and other body fluids through sexual contact, as well as through
perinatal transmission and injecting drug use. Upon infection with HBV, patients develop either acute
hepatitis B, which is characterized by the transient presence of serum HBsAg and IgM anti-HBc, or
chronic hepatitis B, which is marked by the persistence of serum HBsAg for more than 6 months
[Juszczyk 2000]. The course of infection hugely varies between patients and is influenced by the age
and immune status of the individual. Compared to only 5-10% of infected adults, 90% of infected
newborns develop a chronic infection state [Juszczyk 2000]. This chapter will cover the differences
between acute and chronic HBV infection as well as HBV-associated liver diseases, which can arise

from chronic infection.
1.1.2.1 Acute HBV infection

While more than 95% of HBV-infected adults are able to spontaneously clear the infection within 3-6
months, this is true for only 5% of young children and newborns [Peeridogaheh et al. 2018; WHO
2022]. In areas such as Central Latin America, North America and Western Europe the prevalence is
low, correlating with an acute course of infection which is mainly transmitted via unsafe sexual contact
and injections with unsterile needles during drug abuse [Papastergiou et al. 2015; Peeridogaheh et al.
2018]. HBV has developed numerous ways to sufficiently suppress the innate immune response
infected hepatocytes, one of them being the interference with Toll-like receptor (TLR) signaling, and
is therefore referred to as “stealth virus” [Yu et al. 2017]. Thus, acute HBV infection is mainly cleared
by polyclonal and multispecific T cells that elicit both, cytolytic and noncytolytic functions [Thimme et
al. 2003] and is accompanied by inflammation and necrosis of hepatocytes, thereby portraying a self-
limiting disease that usually proceeds without symptoms [Chisari et al. 2010; Noordeen 2015;
Peeridogaheh et al. 2018]. However, some patients develop an acute infection accompanied by
symptoms such as jaundice which could lead to the progression of the infection to fulminant hepatitis,
leading to acute liver failure, causing a mortality rate of acute Hepatitis B of about 0.5 — 1%

[Peeridogaheh et al. 2018; WHO 2022].

During an acute HBV infection, HBsAg, HBeAg and viral DNA as well as high ALT levels can be detected
in the patients’ serum [Krugman et al. 1979], with serum HBeAg and DNA being markers for active
viral replication and therefore infectivity [Liang and Ghany 2002]. The natural course of acute HBV
infection is characterized by the clearance of serum HBeAg and undetectable DNA levels, followed by
clearance of HBsAg and seroconversion to anti-HBc IgM antibodies [Perrillo et al. 1983; Liang 2009].
Anti-HBs antibodies develop late in infection and persist even after recovery, thereby serving as

marker for HBV immunity [Tabor et al. 1981]. While the exact role of HBeAg in HBV infection is still
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not fully understood, it has been correlated to a higher risk of developing hepatocellular carcinoma
[Yang et al. 2002]. Therefore, persistent levels of serum HBeAg during acute HBV infection indicates
the necessity of treatment to prevent further progression of the disease [Liang 2009]. Furthermore,
while an individual is being considered as not infected, when there is no serum HBsAg detected and
HBV no longer resides in the blood, cccDNA still persists in the nuclei of hepatocytes and presents an
inactive form of the virus which could be reactivated when administering immunosuppressive
medication. This needs to be taken into consideration when treating patients that have cleared an

HBV infection [Etienne et al. 2022].
1.1.2.2 Chronic HBV infection

Chronicity of HBV infection occurs in 2-6% of adults and 90% of newborns, highlighting the necessity
of a mature adaptive immune system in order to clear the infection. The transmission route preceding
the development of a chronic state of hepatitis B is usually maternally during the first three trimesters
of pregnancy and during the perinatal period [Peeridogaheh et al. 2018]. In areas with a high infection
prevalence, such as Asia, sub-Saharan Africa, the Pacific Islands and parts of the Balkan regions, the
course of infection is mainly chronic [Papastergiou et al. 2015]. In contrast to acute hepatitis B, chronic
HBV infection is characterized by high titer serum levels of HBsAg, HBeAg and viral DNA even after
several months. An infection is regarded as chronic when HBsAg is detected in serum for more than 6
months [Liang 2009]. While most cases do not portray any liver damage, some patients develop liver
fibrosis and cirrhosis, which ultimately leads to a higher risk of developing hepatocellular carcinoma
(HCC) [Peeridogaheh et al. 2018]. Contrasting the strong and multispecific T-cell response that can be
observed in patients with acute Hepatitis B, a chronic infection portrays a weak and unspecific T-cell
response by an exhausted T-cell population which fails to eliminate infected hepatocytes [Maini et al.
2000; Bertoletti and Gehring 2006]. Available treatment for chronic hepatitis B (CHB) is limited to
pharmaceuticals that only inhibit viral replication, thereby stalling the infection but being unable to
eradicate the virus from the infected hepatocytes due to the residing cccDNA, the persistent form of
HBV. Each year, 1.5 million new CHB cases are reported and in 2019, roughly 296 million people were
chronically infected with HBV. CHB increases the risk of developing liver cirrhosis or hepatocellular
carcinoma (HCC), resulting in estimated 820,000 deaths per year, highlighting the need of a curative
treatment [WHO 2022].

1.1.2.3 HBV-associated hepatocellular carcinoma

Following chronic HBV infection, HCC can develop which is the third leading cause of cancer-related
deaths [Sung et al. 2021]. While a preceding liver cirrhosis greatly enhances the risk of establishing

HCC, and a cirrhotic state of the liver could be observed in 80-90% of patients, some individuals
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develop HCC without a foregoing cirrhosis [Forner et al. 2012; Peeridogaheh et al. 2018]. Furthermore,
the incidence of HCC in a cirrhotic state of CHB has been reported to be more than 8.5 fold higher
than in a non-cirrhotic state [Tarao et al. 2019]. There are three mechanisms that are known to induce
development of HCC which will be described in the following. The first mechanism is the expression
of viral proteins, especially HBx. While the exact mode of action of HBx is not fully understood, yet, it
is probably a crucial factor for HBV replication. It has also been reported to interfere with p53, a
transcription factor which is involved in DNA-repair, cell cycle control and induction of apoptosis and
therefore often referred to as guardian of the genome. Especially this interaction of HBx with p53 is
thought to drive HCC development [Su et al. 1998; Peeridogaheh et al. 2018]. The second mechanism
which is associated with HCC development is the integration of viral genome into the host genome,
which occurs in 85-90% of HCC cases [Peeridogaheh et al. 2018]. Integration can take place when
virions that contain HBV double stranded linear DNA (dsIDNA) infect a cell. Upon release of viral
dsIDNA, it is integrated at double-stranded DNA breaks during the cellular repair mechanism. This
form of integrated HBV shows to be replication deficient [Peeridogaheh et al. 2018]. While the exact
role of integrated HBV DNA in HCC development is still not fully understood, there are a few theories
to explain the relationship. Firstly, as a result of genome integration, the expression patterns and
functions of host genes could be altered, leading to a favoring of HCC development. The integrated
form of HBV DNA has been reported to give rise to HBsAg which in turn could develop into infectious
particles that are secreted [Tu et al. 2021]. Furthermore, an instability of chromosomes has been
reported [Peeridogaheh et al. 2018]. The last mechanism to drive HCC development is the increased
hepatocyte division which occurs to compensate for the loss of infected hepatocytes. Additionally,
because of the persistent state of inflammation, there is an increase of genetic damages, which is

known to be crucial for cancer progression [Peeridogaheh et al. 2018].
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1.2 Prophylaxis and current treatment options

While current treatments only suppress viral replication and are not able to eradicate the virus from
the body, there is also a prophylactic vaccine available which is highly efficient. This chapter will
introduce the prophylactic vaccine and the different treatment options that are used in the clinics

right now, highlighting their respective benefits and disadvantages.
1.2.1 Prophylactic vaccine

The first recombinant prophylactic vaccine against hepatitis B, Recombivax HB, has been licensed in
1986 [Food and Drug Administration 1987; Bucci 2020]. Two other vaccines, Energix-B and Heplisav-
B, have been approved by the FDA afterwards [Food and Drug Administration 1988, 2017]. Both,
Recombivax HB and Energix-B contain HBsAg-S, have been shown to be safe and very effective in
reducing cases of HBV infection and are approved for people of all ages [Food and Drug Administration
1987, 1988; FDA 04.24.2019, 2019]. Vaccination is especially recommended for infants by the World
Health Organization (WHO) [WHO 2022]. Heplisav-B also contains HBsAg with CpG as adjuvant and is
approved for use in adults of 18 years and older [Food and Drug Administration 2017]. The vaccines
help to establish a broad immunity against all genotypes of HBV (A-H) by neutralizing antibodies
directed against the viral surface antigen [Romano et al. 2015] and have been shown to provide long-

term protection [Gabbuti et al. 2007].

However, as soon as a chronic infection has been established, the vaccine is not effective anymore
and other treatments are needed. In order to achieve sufficient protection via a vaccine, neutralizing
antibodies are of utmost importance. For HBV, the part that is targeted by neutralizing antibodies is
the hydrophilic, luminal loop of HBsAg, also referred to as “a”-determinant [Romano et al. 2015]. Any
changes in this region may lead to mutants escaping the immune system because the neutralizing
antibodies do not recognize their original target anymore, which in turn leads to an insufficient
treatment with antibodies [Peeridogaheh et al. 2018]. A variety of escape mutants is known and most
of them harbor mutations in the “a”-determinant region [Romano et al. 2015; Qin and Liao 2018;
Tarafdar et al. 2022]. Some of them are known to structurally alter the “a”-determinant, while the
mode of action of other mutants is not fully understood, yet [Romano et al. 2015; Lazarevic et al.
2019]. This is partly due to the fact, that the actual structure of the “a”-determinant region is not
known. To fully understand the mechanism of immune escape through certain mutations, the
structure of HBsAg, especially the “a”-determinant, needs to be resolved and the binding
characteristics of neutralizing antibodies to the “a”-determinant need to be studied more thoroughly.

This knowledge could also aid the development of further treatment options that can not only prevent
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HBV infection but also clear an existing chronic infection by eradicating the persistent form of HBV,

the cccDNA.
1.2.2 Nucleos(t)ide analogues and PEGylated interferon

Nucelos(t)ide analogues (NUC) display antiviral efficacy, are administered orally and are used for the
treatment of chronic HBV infection [Papatheodoridis et al. 2002]. They act by interfering with the viral
polymerase. Upon phosphorylation, they are structurally similar to nucleotides and get incorporated
into growing DNA strands. As they act as chain terminators, ultimately, this leads to the
disengagement of the polymerase of the DNA, thereby preventing viral replication [Fung et al. 2011].
While NUC treatment is well tolerated, very effective in stalling the virus spread and a finite treatment
in HBeAg-negative patients is feasible, discontinuation of the medication can lead to recurrence of the
infection and subsequent establishment of cirrhosis and HCC [Fung et al. 2011; Lok et al. 2016; Chien
and Liaw 2022]. Therefore, patients stopping NUC treatment need to be carefully monitored in order

to assure safety [Chien and Liaw 2022].

Similar to NUCs, treatment with PEGylated interferon (PEG-IFN) leads to a sufficient inhibition of viral
spread but not to an eradication of the virus. It acts as an antiviral, antiproliferative and
immunomodulatory agent whose lifetime in the cell is prolonged by the modification with PEG [Ye
and Chen 2021]. While treatment with PEG-IFN might lead to a long-term suppression of the virus
even after discontinuation of treatment, it is also accompanied by more severe side effects [Brunetto
and Bonino 2014; Tseng et al. 2014]. Therefore, there is an urgent need for a therapeutic therapy
which does not only suppress the viral replication, but ultimately eradicates the virus from the host
cell. The obvious target for drug development in this direction is the cccDNA which serves as template
for viral replication and is therefore referred to as the persistent form of HBV. While it is difficult to
target the cccDNA directly, as it resides in the cell, therapy with antibodies which target infected cells
and elicit a strong antibody effector function, such as antibody dependent cell-mediated cytotoxicity

(ADCC), seems to be a promising approach to tackle this challenge.
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1.3 Novel therapeutic options for the treatment of chronic HBV

infection

This chapter covers treatment options for chronic HBV infection which are in development. This

includes adoptive T-cell transfer and therapeutic vaccination.
1.3.1 Adoptive T-cell transfer

Since CHB is characterized by a scarce T-cell response and T cells have been shown to silence and
destabilize cccDNA in infected hepatocytes, adoptive T-cell transfer is a promising therapeutic
approach [Wisskirchen et al. 2019]. Here, T cells that are redirected to HBV envelope proteins are
administered to the patients to replenish the pool of functional T cells. This in turn leads to the
induction of a strong T-cell response against HBV-infected cells which enables the clearance of
infected cells and thereby also the eradication of cccDNA. A similar approach, namely transfer of bone
marrow stem cells from HBV immune donors, led to viral clearance in CHB patients [llan et al. 1993;
Lau et al. 1997; llan et al. 2000]. However, the number of target cells is very high which might lead to
severe side effects when following this therapeutic approach. This is why studies have been performed
to also include a safe-guard mechanism in the generated T cells. First in vivo analyses revealed that T
cells co-expressing HBV specific receptors and a safety switch such as iC9 are able to reliably recognize
and eradicate infected hepatocytes without showing hepatotoxicity [Klopp et al. 2021]. Overall,
adoptive T-cell transfer is a promising approach to tackle the challenge of treating CHB, but more
studies are needed to rule out any possible side effects and co-treatment with other antiviral

components, such as antibodies, to already lower the viral load in patients may be more efficient.
1.3.2 Therapeutic vaccination

Another approach for the treatment of CHB is a therapeutic vaccination. TherVacB, a heterologous
prime-boost vaccination schedule has been developed in our lab. The vaccination strategy is a protein
prime vaccination followed by a modified vaccinia virus Ankara (MVA) boost vaccination which has
been shown to efficiently induce strong anti-HBV immune responses [Backes et al. 2016].
Simultaneous siRNA mediated knockdown of PD-L1 expression showed enhanced efficacy of the
TherVacB approach [Bunse et al. 2022]. A similar effect was observed when virus antigen expression
was knocked down prior to vaccination, resulting in efficient restoration of T cells and induction of
HBV specificimmune responses [Michler et al. 2020]. Additionally, combinational treatment with CpG
after vaccination showed to enhance CD8 T-cell functions in the liver of HBV-transgenic mice [Kosinska

et al. 2019].
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1.4 Innate and adaptive immunity in HBV infection

The following chapter describes the basic principles of the immune system in order to defend the host
from various pathogens. It will cover the differences between innate and adaptive immunity and
describe in further detail T- and B-cell mediated immunity. Particular focus will be led on the roles of

innate and adaptive immunity in HBV infection.
1.4.1 The innate immune system

Innate immunity is the first line of defense when encountering a pathogen. It comprises anatomic and
chemical but also cellular barriers. To defend against a variety of microbes and pathogens, the first
layer of defense — the anatomical barrier — is crucial. Anatomical barriers are skin, the oral mucosa,
the respiratory epithelium and the intestines. These already prevent pathogens entering the body.
When this barrier is not sufficient and a pathogen finds its way into the body, it will come across the
next barrier: complement and other microbial proteins like C3, defensins and Regllly. Should these
barriers also be insufficient, the third line of defense — the innate immune cells — comes into play.

These consist of macrophages, granulocytes and natural killer cells [Murphy and Weaver 2017].

In the scope of viral infections, pathogen recognition receptors (PRR) recognize the pathogen-
associated molecular patterns (PAMP) of the entering virus, which leads to the activation of a signaling
cascade. PAMPs, like viral nucleic acids, are recognized by different PRRs, such like TLR, retinoic acid-
inducible-gene-| (RIG-I)-like receptors (RLR) and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLR) [Koyama et al. 2008]. Usually, PRRs then recruit adaptor proteins, such as
mitochondrial antiviral-signaling protein (MAVS), which in turn leads to activation of the transcription
factor NF-kB, subsequently triggering the production of IFN and inducing the innate immune response,
which ultimately leads to elimination of infected cells and free viruses [Koyama et al. 2008]. In HBV
infection, however, this immune activation is circumvented by the virus utilizing a variety of different
strategies [Xu et al. 2021]. While activation of different TLRs has been shown to be crucial for a
sufficient defense against HBV [Isogawa et al. 2005], other studies suggested that HBV is suppressing
the activation of the TLR signaling pathway to escape the immune system [Wu et al. 2009]. Another
study showed the ability of HBV to suppress RIG-I-MAVS signaling, illustrating yet another way of HBV
to escape the immune system [Zhou et al. 2021]. Additionally, it was demonstrated that HBeAg can
inhibit NF-kB phosphorylation, which presumably is one factor leading to immune escape and HBV
persistence [Yu et al. 2017]. All these findings highlight different strategies of HBV to evade the
detection of the host innate immunity, which further emphasizes the crucial role of a strong adaptive

immune response mediated by B and T cells.
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1.4.2 Adaptive immunity

In contrast to the innate immune system, the adaptive immune system needs to learn how to defend
against different pathogens, which makes it much more specific than the innate immune response. It
can be further divided into B and T cell mediated immunity which will be distinguished in the following,
with special focus on their regarding roles in chronic HBV infection. Furthermore, general antibody

effector functions such as ADCC and antibody dependent enhancement (ADE) will be highlighted.
1.4.2.1 T-cell mediated immunity

After leaving the thymus, matured T cells recirculate between the blood and secondary lymphoid
organs before encountering their specific antigen [Gowans and Knight 1964; Marchesi and Gowans
1964]. T cells express a variety of antigen-binding receptors, the T-cell receptors (TCR). Each naive T
cell expresses one single TCR type [Wucherpfennig et al. 2010]. In order for the T cell to proliferate
and differentiate, it is dependent on certain signals from antigen presenting cells (APC), such as
dendritic cells (DC), macrophages and B cells [Guy et al. 2013]. APCs are specialized in taking up
pathogens to subsequently process and present antigens in form of peptides on the major
histocompatibility complex (MHC) [Murphy and Weaver 2017]. There are two main classes of MHC,
class | and class Il. MHC | molecules are expressed by nearly every cell type, while MHC Il molecules
are expressed on APCs only [Wieczorek et al. 2017]. Therefore, MHC | molecules are important for the
presentation of processed viral proteins after a cell has been infected by a virus and MHC Il molecules
present phagocytosed peptides from the extracellular environment [Murphy and Weaver 2017].
These peptide-MHC complexes (pMHC) are recognized by the TCR on T cells which leads to their
activation and subsequent proliferation and differentiation [Guy et al. 2013]. T cells are generally
divided into two subgroups, depending on whether they express the cell-surface protein CD4 or CD8.
Both proteins play major roles in the recognition of MHC molecules and are referred to as co-receptors
due to their necessity in T-cell function and signaling [Murphy and Weaver 2017]. While CD4
recognizes a region of MHC I, CD8 recognizes a region of MHC I. Therefore, CD4* T cells mainly
function in the defense against antigens derived from the extracellular surroundings, while CD8* T
cells mainly act in an antiviral manner. Upon recognition of pMHC with the aid of CD4* or CD8", T cells
elicit a variety of functions. The most direct function of a T cell is its cytotoxicity. CD8* T cells
differentiating into cytotoxic T cells recognize infected cells, release effector molecules such as
perforin, granzymes, granulysins and Fas ligand, which in turn leads to the activation of an endogenous
apoptotic pathway of the infected cells [Murphy and Weaver 2017]. CD4* T cells mainly differentiate
into effector T cells, being divided into four major groups, namely helper T cell 1, -2 and -17 and

regulatory T cells (Thl, Th2 Thl7 and Treg) [Wan and Flavell 2009]. All of these subsets are specialized
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for different functions and produce different effector molecules. Th1 cells activate macrophages, Th2
cells are important for the defense against parasites and induce B-cell proliferation as well as isotype
switching, while Th17 cells recruit neutrophils to the infection site, thereby promoting inflammation.
Treg cells mainly produce suppressive cytokines and help maintaining self-tolerance and homeostasis

[Wan and Flavell 2009].
1.4.2.2 T-cell mediated immunity in the context of CHB

As already pointed out in 1.1.2, the course of HBV infection largely depends on the presence of a
strong and multispecific T-cell response towards infected hepatocytes. While CD4* T cells efficiently
aid the activation of an HBV specific CD8" T-cell response during an acute HBV infection, this is not
true in a chronic infection [Buschow and Jansen, Diahann T. S. L. 2021]. It has been shown that CD4* T
cells in CHB patients express programmed-death 1 (PD-1) and lymphocyte activation gene 3 (LAG-3)
to a much higher degree than in healthy individuals, and also lose the capability to secrete cytokines
such as IFNy, IL-2 and TNFa, thereby failing to elicit their helper function [Dong et al. 2019].
Coexpression of PD-1 And LAG-3 is a well-known characteristic of infiltrating tumor lymphocytes (ITL)
that leads to T-cell exhaustion [Du et al. 2020]. As a consequence, exhausted CD4* T cells are incapable
of inducing the antiviral CD8* T-cell response which would be required for clearance of the infection
[Chisari et al. 2010]. The exact mechanism how CHB leads to an exhausted T-cell population is not fully
understood, yet. However, it hast been shown that released serum HBeAg suppresses both, the
humoral and the T-cell response to HBcAg in vivo, suggesting a immunomodulatory role of HBeAg
[Chen et al. 2004]. Since high levels of serum HBsAg are detected in CHB patients, it might have a
similar modulatory function as HBeAg by acting as high dose tolerogen, thereby suppressing immune
elimination of infected hepatocytes [Webster et al. 2004]. Lastly, even if its function is not fully
understood, it is known that overexpression of HBV X protein can inhibit cellular proteasome activity
which could in turn interfere with the processing and presentation of antigens on MHC molecules [Hu
et al. 1999; Chisari et al. 2010]. Taking together, HBV is equipped with a variety of immunosuppressive

functions which still need to be further studied in the future to reliably counteract an infection.
1.4.2.3 B-cell mediated immunity

The B cell mediated or humoral immune response relies on the activation of B cells, which in turn leads
to the production of immunoglobulins (Ig) that are specific for a certain pathogen. B cells are produced
in bone marrow cells and circulate in the lymphatic system after maturation until they encounter a
pathogen. In order to recognize antigens, B cells express surface immunoglobulins, also referred to as
B-cell receptors (BCR) [LeBien and Tedder 2008]. These BCR act in two different ways when binding to

an antigen. First, when recognizing an antigen of a microbe, the BCR activates a signaling cascade.
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Second, the BCR can also aid to internalize the antigen, process it and present it on MHC Il in order for
effector T cells to recognize the antigen [Murphy and Weaver 2017]. After being activated, B cells
eventually differentiate into plasma or memory cells, that are capable to secrete pathogen-specific
soluble Igs which are then referred to as antibodies. Upon encountering a pathogen repeatedly,
antibodies are produced and secreted. They bind the pathogens and elicit an immune response

[Murphy and Weaver 2017].
1.4.2.3.1 Structural properties of antibodies

Antibodies, or immunoglobulins (Igs), are secreted by B cells and represent the soluble form of the
BCR. They form a Y-shape, with the two arms of the Y being the variable regions (V regions) which
harbor the antigen binding sites and the stem of the Y being the constant or crystallizable region (C
region) which is not as variable and interacts with FcyRs on cells [Murphy and Weaver 2017]. These
Igs can be divided into five major classes, namely IgG, IgA, IgD, IgE and IgM, all of which elicit different
functions and differ in their organization of the C region [Encyclopedia Britannica 2022]. While the
different antibody classes are noteworthy, for a detailed description of the structural properties, only

IgG molecules will be explained as they are the most important ones for this thesis.

IgG antibodies are dimeric molecules that consist of two different forms of polypeptide chains, two
heavy chains (H) with 50 kDa each and two light chains (L) with 25 kDa each, resulting in a total mass
of IgG of roughly 150 kDa. Each heavy chain consists of one variable domain (Vx) and three constant
domains (Cy1-Cu3), while the light chain only consist of one variable and one constant domain (V. and
C.) (Figure 5) [Gorshtein 2022]. Both, heavy and light chain, are co-translationally translocated into
the endoplasmatic reticulum (ER), and protein folding is already initiated before the translation is
completed [Bergman and Kuehl 1979]. Upon formation of the Cy3 domain, the dimerization of the
heavy chains is induced, which is further supported by the disulfide bridges within the hinge region.
At this point, all constant regions, except for Cy1, are formed. The light chains will form separately and

association of light with heavy chains induces folding of the Cy1 domain [Feige et al. 2010].
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Figure 5 Structural properties of an IgG1 molecule. IgG1 is composed of two heavy (blue) and two light chains
(green) which are paired via disulfide bonds within the hinge region (black lines). The variable regions on the tip
of the Y-shape are the antigen binding sites (Vi, V1), while the stem of the Y binds to effector molecules expressed
on cells [Gorshtein 2022].

1.4.2.3.2 Antibody dependent cell-mediated cytotoxicity (ADCC)

One important effector mechanism of antibodies is antibody dependent cell-mediated cytotoxicity
which allows for sufficient killing of target cells that express a certain antigen. Upon opsonization of
the target cell, which describes the binding of antibodies to target cells, natural killer (NK) cells
recognize the Fc-part of the antibody via their CD16 Fc-receptor [Perussia et al. 1983; Murphy and
Weaver 2017]. This receptor recognizes 1gG1 and IgG3 subclasses [Galon et al. 1997]. Following
antibody recognition, NK cells release perforin and granzymes which subsequently induces an

apoptotic pathway in the target cell, ultimately leading to cell death [Murphy and Weaver 2017].
1.4.2.3.3 Antibody dependent enhancement (ADE)

In some cases, antibodies do not only help to eradicate pathogens, but can also help them to
circumvent immune responses and enter their target cells. This mechanism is referred to as antibody
dependent enhancement (ADE) [Hawkes and Lafferty 1967]. This phenomenon occurs when
antibodies are able to recognize their target but are incapable of eliminating the pathogen. The
pathogen is then covered with antibodies which makes it invisible to the other immune cells, allowing
for the uptake in target cells which is then followed by an enhanced replication of the pathogen
[Hawkes and Lafferty 1967; Murphy and Weaver 2017]. As already stated above, FcyR on NK cells
recognize IgG subclasses 1 and 3 [Galon et al. 1997], leading to the conclusion that opsonization of a

pathogen by these IgG subclasses would not lead to a subsequent event of ADE. Along this line, it has
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been shown that IgG2a antibodies recognizing the same target as their IgG1 counterparts are able to
enhance viral infection while the IgG1 antibodies did not [Hohdatsu et al. 1994]. This shows that for
the potential development of antiviral antibodies, not only the antigenicity but also the IgG subclass

is of importance in order to prevent unwanted side effects such as ADE.
1.4.2.4 B-cell mediated immunity in the context of CHB

While the impaired T-cell response in CHB has been thoroughly studied over the last decades, little
effort has been made to study the impact of B cells during chronic HBV infection, even though they
make up a great portion of the adaptive immune system. Within the last few years, more data has
been obtained to reveal the role of B-cell mediated immunity in the context of CHB. After
differentiation into plasma cells, B cells are known to produce antibodies against HBsAg, HBcAg and
HBeAg during HBV infection, all of which have been shown to prevent reinfection with HBV, thereby
portraying an important defense mechanism [Gehring and Protzer 2019]. Similar to the alterations in
T-cell populations, B cells also show an increased expression pattern of PD-1 in CHB patients which in
turn inhibits the antibody production [Burton et al. 2018; Salimzadeh et al. 2018]. Furthermore, it
could be shown that HBVenv specific B cells are not only scarce in CHB patients, but also that constant
exposure of the antigen to the BCR, B cells show deficiencies in their maturation process [Salimzadeh
et al. 2018; Le Bert et al. 2020]. Finally, the ability of antibodies to clear the HBV infection varies and
is mainly dependent on its antigen epitope. Only antibodies recognizing the unique “a”-determinant
structure of HBsAg are able to neutralize and clear the virus [Sureau 2016; Zhang et al. 2016; Kang et
al. 2018]. It has also been shown that some antibodies, while able to eradicate circulating HBsAg from
the periphery, they were not able to clear the liver from viral particles [Zhang et al. 2011]. As the “a”-
determinant seems to be the epitope that drives successful neutralization of the virus and infected
cells, thorough knowledge about this region would be of high value to understand the mechanisms

that underlie viral clearance mediated by B cells.
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1.5 Monoclonal antibodies as therapeutic and biotechnological tools

Monoclonal antibodies (mAbs) are used to treat a various amount of diseases, including some variants
of cancer [Zahavi and Weiner 2020]. Therefore, the assumption to use them to treat CHB is evident.
While neutralizing mAbs have been shown to successfully reduce viral load and lower serum antigen
levels, in the case of CHB no complete treatment including cccDNA eradication has been observed, yet
[Zhang et al. 2016]. However, they could be used in combination therapies in order to maximize the
effect of other treatments such as the ones described above. Furthermore, mAbs are not only useful
in therapeutic approaches, they can also be used in basic biotechnological research to help
understanding functional mechanisms. Often, mAbs or antibody fragments are employed to resolve
protein structures via co-crystallization as they can aid as stabilizing agents or folding chaperones

[Griffin and Lawson 2011].
1.6 DNA nanotechnology

DNA nanotechnology has been on the rise for a few years now and describes the methodology of
utilizing DNA to design and construct synthetic structures and has already been used in drug delivery,
bioimaging and biophysics [Seeman 1982; Dey et al. 2021]. This method is very versatile and nearly
every structure can be designed with DNA [Gerling et al. 2015]. In principle, the final target structure
is translated into the folding route of a long single stranded DNA which will be the main strand to form
the desired structure, the scaffold [Dey et al. 2021]. Then, so called staples, small single-stranded DNA
strands that aid the folding of its respective scaffold are designed and produced [Ke et al. 2012]. For
this, several softwares are available to support the correct DNA designing strategy [Benson et al. 2015;
Veneziano et al. 2016; Jun et al. 2019]. Once, the desired DNA nanostructure is achieved, it can be
analyzed and characterized via imaging techniques like transmission electron microscopy (TEM). The
imaging with TEM, however, comes with the drawback of high vacuum and dehydration conditions
which might lead to alterations in the 3D structure of the construct. To overcome this issue, cryo
electron microscopy (cryo EM) is sometimes preferred as it keeps the structure intact [Dey et al. 2021].
Using different kinds of linkers, these DNA scaffolds can then also be altered by introducing proteins
such as antibodies or aptamers to further facilitate a certain function that relies on specificity [Madsen
and Gothelf 2019]. This approach portrays a promising concept for the capture of viruses in order to

prevent infection.
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1.7 Aim of thesis

Even though prophylactic vaccines exist, acute as well as chronic HBV infection is still a major health
problem worldwide. Current licensed therapies are limited to PEG-Ifny and NAs, both of which are not
able to completely eradicate the virus from the host due to its persistent form, namely cccDNA. While
there are many promising therapeutic approaches in development, including a therapeutic vaccine
and adoptive T-cell therapy, they also come with different drawbacks. Therapeutic vaccination seems
to be especially efficient in low titer mice, while adoptive T-cell transfer comes with the obstacle of
targeting too many cells, thereby encountering the challenge of hepatotoxicity. Both approaches
would therefore benefit from the co-treatment with monoclonal antibodies directed against HBV
envelope proteins with a strong ability to induce antibody effector functions such as ADCC in order to
lower serum antigen levels and eliminate infected target cells. While HBV specific monoclonal
antibodies can be determined by B-cell screening from vaccinated donors, there is also the possibility
to design new antibodies de novo. To do this, however, thorough knowledge of the structure of the
target protein is necessary to be able to model the antigenic site of the antibodies in a perfect way.
For HBsAg, however, only the amino-acid sequence is known and predictions of its respective
structure have been made. Due to the properties of HBsAg no crystal structure has been obtained,
yet. In order to build a fundamental knowledge for the future de novo design of antibodies directed
against HBV envelope proteins, this thesis describes a newly designed construct which allows for an
easy expression and purification of the antigenic loop of HBsAg. It can be used for co-crystallization
with HBsAg-specific antibodies, thereby enabling structure determination. While this construct only
comprises the antigenic loop and therefore no determination of the whole structure is possible, it
consists of the most important part for antibody-antigen interactions. By generating a deeper
understanding of the structural properties of this region, antibodies against HBV can be generated
with a focus on a strong binding due to steric properties. Furthermore, already described antibodies
directed against HBsAg are targeted for Fc-engineering in order to elicit a higher ADCC. In a previous
thesis, mAbs have been characterized that show strong neutralizing abilities but only a limited ability
to induce ADCC [Wolff 2020]. With the help of Fc-engineering, alterations have been made to generate
even more potent antibodies to fight CHB. Lastly, one big part of this thesis describes a novel approach
for antibody applications. In cooperation with the Dietz lab in Garching, DNA nanomolecules were
designed that can be conjugated with different virus binders, for instance antibodies or aptamers.
These nanomolecules then form cages which in turn are capable to engulf the virus, thereby inhibiting
infection of cells [Sigl et al. 2021]. With this approach, antibodies do not need to be neutralizing by
themselves as they only need to recognize their targets. As the recent SARS-CoV2 pandemic showed,

sometimes antiviral antibodies are not neutralizing and therefore are not practical in therapeutic
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approaches. With the DNA nanocages, however, also non-neutralizing antibodies could be employed.
The overall aim of this thesis is therefore to not only establish a basis for the development of new
antibodies, but to also enhance the antibody effector functions of already existing antibodies and to
highlight different and novel application possibilities of already existing antibodies in order to fight

CHB.
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2 Results

2.1 Determination of HBsAg “a”-determinant structure

2.1.1 Construct design

Upon infection with HBV, its antigen HBsAg is secreted, forming subviral particles and filaments, which
attenuates the immune response towards the virus. The development of antibodies directed against
HBsAg is a promising approach to overcome acute and even chronic hepatitis B. The “a”-determinant
is located within the antigenic loop of the HBsAg S protein and portrays the antibody binding site of
neutralizing antibodies against HBV. Since the “a”-determinant of HBsAg is crucial for antibody-
binding studies and further development of novel antibodies but the structure has not been resolved,
a protein was designed to facilitate structure determination. The antigenic loop of the S protein
(residues 99-169), which includes the “a”-determinant (residues 124-147) was fused to the Fc domain
of an IgG antibody to provide a scaffold enabling both, a correct “a“-determinant formation and a
convenient purification via affinity chromatography using a protein G column. The IgG Fc domain
forms homodimers via disulfide bridges, facilitating the putative dimerization of the “a”-determinant
[Suffner et al. 2018]. Additionally, by eliminating the transmembrane domains of the S protein, protein
crystallization and therefore structure determination was expected to be more feasible. Four different
versions of this protein, referred to as Fc-“a”-determinant, were designed, expressed, and purified in

this study (Figure 6). Their structural as well as biological properties will be discussed in this chapter.
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Figure 6 Schematic representation of Fc-“a”-determinant constructs. All Fc-“a”-determinant constructs consist
of the CH2, CH3 and hinge regions of an I1gG antibody. The antigenic loop of S protein (residues 99-169) is fused
to the hinge region via a (A) 3xGaS linker (Fc-“a”-determinant 3xGS), (B) 1xGsS linker (Fc-“a”-determinant 1xGS),
(C) w/o GaS linker (Fc-“a”-determinant w/o GS). (D) The construct utilizing a 3xGaS linker was also designed with
a glycosylation knockout at N146Q (Fc-“a”-determinant 3xGS (N146Q)). (E) The full-length amino-acid sequences
is shown for Fc-“a”-determinant 3xGS. The secretion signal (pink) is followed by the antigenic loop of S protein
(residues 99-155) (green). The linker (orange) joins the antigenic loop to the hinge and Fc-domain of an I1gG
(blue). Differences in amino-acid sequences are shown for (F) Fc-“a”-determinant 1xGS, (G) Fc-“a”-determinant
w/o GS and (H) Fc-“a”-determinant 3xGS (N146Q).
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2.1.2 Structural properties of Fc-“a“-determinant constructs

The Fc-“a”-determinant variants consist of the CH2 and CH3 domains, as well as the hinge region of
an IgG antibody, which are fused to the antigenic loop of the HBV S protein (residues 99-169) via a
G4S linker of varying length (Figure 6). The Fc domain allows for a straightforward purification via
affinity chromatography using a protein G packed column and serves as a rigid protein scaffold, while
the linker grants enough flexibility to enable correct formation of the antigenic loop. Additionally, by
working with a dimeric protein scaffold, the putative dimerization of the “a”-determinant is facilitated

[Suffner et al. 2018].
2.1.2.1 Fc-“a“-determinant variants

To evaluate the impact of the length of the linker sequence, three different constructs were designed.
The Fc-“a”-determinant 3xGS utilizes a 3xG,S linker (Figure 6A, E), the Fc-“a”-determinant 1xGS a
1xGsS linker (Figure 6B, F) and the Fc-“a”-determinant w/o GS completely lacks the linker so that the
antigenic loop is directly fused to the hinge region of the IgG (Figure 6C, G). Electron microscopy data
showed that the antigenic loop is about 10 A in length and that two protrusions of the HBV S protein
are roughly 68 A apart when forming subviral particles [Cao et al. 2019]. A typical antibody has a
diameter at its base of about 30-40 A [Tang et al. 2007]. Studies showed that the 3xGS linker is about
57 A in length [Chen et al. 2013]. Consequently, in the Fc-“a”-determinant 3xGS construct, the
antigenic loop monomers are roughly 144-154 A apart corresponding to more than twice their natural
distance. Shortening the linker lengths to 1xG4S or deleting the linker sequence thereby reduces the
distance between the two antigenic loop monomers to 68-78 A, corresponding to their natural

distance, and 30-40 A, corresponding to half of their natural distance, respectively.

For the Fc-“a”-determinant 3xGS (N146Q), the antigenic loop of HBsAg was altered by introducing the
point mutation N146Q within the “a”-determinant region. This mutation removes the only
glycosylation site of the “a”-determinant, thereby ensuring a homogenous solution of non-
glycosylated proteins, which in turn was expected to allow for an easier crystallization approach than
a heterogeneous mixture of glycosylated and non-glycosylated proteins. However, since no escape
mutants of HBV are known in which this amino acid is altered, the biological relevance of this mutation
is rather low [Lazarevic et al. 2019]. Accordingly, only the Fc-“a”-determinant 3xGS was altered to
serve as proof of concept (Figure 6D, H). The conserved N-glycosylation site present at position N297
in the CH2 domain was kept intact as it is known to be crucial for the structural integrity of monoclonal

antibodies, and that deglycosylated antibodies are prone to aggregation [Higel et al. 2016].
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2.1.3 Fc-“a“-determinant constructs show pH sensitivity

For the development of a suitable purification method of the Fc-“a”-determinant constructs, the Fc-
“a”-determinant 3xGS (N146Q) served as initial candidate. For production of the protein, HEK293T
cells were transiently transfected with the corresponding plasmid via lipofection. The supernatant was
purified via affinity chromatography and the purification fractions were analyzed via ELISA (Figure 7A).
The fractions showing the highest signals were pooled and further concentrated. The concentrated
samples were then subjected to concentration determination via Bradford assay and an SDS-PAGE
with subsequent Coomassie staining was performed to ensure the integrity of the protein (Figure 7B).
Expected bands would have been at 70 and 35 kDa. Here, multiple bands were observed that did not
match the expected pattern, which could be due to protein degradation during the purification
process. Bands that show a higher molecular weight than expected could point towards protein
aggregation or formation of higher oligomers. For further analyses, another ELISA was performed to
confirm the specificity of the construct (Figure 7C). For this, a 96-well NUNC plate was coated with
Fc-“a”-determinant 3xGS (N146Q) at concentrations ranging from 0.3 nM to 10 uM. The immobilized
protein was detected with two biotinylated antibodies, namely MoMAb and 4D06, both of which have
been shown to detect a conformational epitope of the HBVenv protein [Wolff 2020; Zhao et al. 2021].
Here, it was observed that the ELISA signal increased with increasing sample concentration until
reaching a Fc-“a“-determinant 3xGS (N146Q) concentration of 30 nM. Then, the signal dropped again.
Overall, a very high background signal was observed. These results were obtained for both detection

antibodies and support the theory of higher oligomer formation of the protein.
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Figure 7 Purification of Fc-“a“-determinant 3xGS (N146Q) via protein G residues using low pH elution
conditions. HEK293T cells were transfected with Fc-“a“-determinant 3xGS (N146Q) encoding plasmid,
supernatant was collected for one week every second day and subjected to affinity chromatography using a
protein G packed column. (A) Detection of the Fc-“a”-determinant 3xGS (N146Q) in eluted fractions by ELISA to
identify elution peak. The antibody HB1 recognizing a linear epitope of HBsAg was used for detection. (B) SDS-
PAGE (12.5%) with subsequent Coomassie staining of purified and concentrated Fc-“a”-determinant 3xGS
(N146Q) was performed to confirm the identity of the protein. (C) Detection of the Fc-"a”-determinant 3xGS
(N146Q) in concentrated fractions by ELISA. The antibodies MoMAb and 4D06 recognizing a conformational
epitope of HBsAg were used for detection.

As a low pH elution was used, the pH stability of the Fc-“a“-determinant 3xGS (N146Q) was
investigated. For this, aliquots of the supernatant of HEK 293T cells that were transiently transfected
with the Fc-“a“-determinant 3xGS (N146Q) were adjusted to different pH values. These supernatants
were then analyzed via Coomassie stained SDS-PAGE (Figure 8A) and Western blot (Figure 8B). Both,
Coomassie and Western blot analysis, showed pronounced bands at roughly 15-20 kDa in samples
with a pH of 2-4 and only faint bands at 50 kDa, leading to the conclusion that a low pH disrupts the
Fc-“a”-determinant 3xGS (N146Q). At pH > 4.5, the Western blot displayed strong bands at 50 kDa,
which is about 20 kDa lower than expected, while no lower bands were detected. The Coomassie

staining supports this finding, pointing towards a protein degradation at pH < 4.
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Figure 8 Fc-“a“-determinant 3xGS (N146Q) loses integrity at low pH values. To assess the pH stability of the Fc-
“a”-determinant 3xGS (N146Q), the collected supernatant was aliquoted and the pH was adjusted accordingly.
(A) SDS-PAGE (12.5%) with subsequent Coomassie staining of supernatant from Fc-“a”-determinant 3xGS
(N146Q) producer cells at respective pH. (B) Western Blot analysis using an anti-HBsAg antibody (HB1) of the
samples mentioned in A.

2.1.4 Fc-“a“-determinant folds correctly and forms higher oligomers

To overcome the issue of protein degradation, a protocol using high salt elution under neutral pH
conditions was applied. This purification method was performed for two constructs, namely the Fc-
“a”-determinant 3xGS (N146Q) and the Fc-“a”-determinant 1xGS. SDS-PAGE and subsequent
Coomassie staining of the purified proteins showed pronounced bands at 250 and 55 kDa as well as
slight bands at 25 kDa, suggesting that the construct runs slightly different to its expected size of 70
kDa (Figure 9A). Further Western blot analysis utilizing an antibody recognizing a linear epitope (HB1)
revealed bands between 130 and 250 kDa as 55 kDa, supporting this suggestion (Figure 9B).
Furthermore, the Western blot showed an additional band slightly lower than 55 kDa for both proteins

that could point towards a glycosylated isoform.
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Figure 9 Fc-"a"-determinant constructs run different to expected size in SDS-PAGE. (A) SDS-PAGE (12.5%) of
500 ng purified Fc-“a“-determinant 3xGS and 1xGS and (B) Western blot analysis of the same samples detected
with an anti-HBsAg antibody (HB1).

While the proteins did not show the expected running behavior, the purity of the proteins could be
greatly enhanced with the optimized purification protocol. Therefore, this protocol was applied to
purify the Fc-“a”-determinant 3xGS, 1xGS and w/o GS constructs. The purification fractions were
collected, and protein concentrations in the elution fractions were determined via spectroscopy
(Figure 10A). The fractions with the highest concentration were pooled and concentrated using a spin
column, leading to aliquots with 0.9-2 mg/mL for each Fc-“a”-determinant construct. The purified
samples were then subjected to PNGase treatment for deglycosylation and analyzed via Coomassie
staining (Figure 10B) and Western blot using an anti-HBsAg antibody (HB1) (Figure 10C). SDS-PAGE
analysis of glycosylated and deglycosylated proteins showed distinct bands at sizes of 55 and 25 kDa,
as well as aggregation artifacts at 250 kDa. The 55 kDa band ran slightly lower in the deglycosylated
samples. Furthermore, bands were detected that ran slightly higher than the 55 kDa bands which
appeared fainter the shorter the linker between the Fc domain and the antigenic loop. The Western
blot verifies the glycosylated nature of the proteins and confirms the presence of the “a”-determinant
in the constructs. To further confirm the identity and correct folding of the “a”-determinant, an ELISA
with immobilized Fc-“a”-determinant constructs was performed (Figure 10D). Biotinylated MoMAb
was used for detection. For the Fc-“a”-determinant 1xGS and w/o GS constructs, the OD4so values
followed a concentration dependent curve until a coating concentration of 30 nM was reached,
suggesting the correct physiological folding of the “a”-determinant. At higher concentrations, the

signal slightly diminished in a concentration-dependent manner, pointing towards an oligomerization
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of the Fc-“a”-determinant at a quantity above 30 nM. The Fc-“a”-determinant 3xGS showed a
different behavior. Here, the ELISA signal also rose until a concentration of 30 nM was reached,
dropped slightly and rose again. Despite a high background signal and an overall low signal intensity,
the initial peak at 30 nM was reproducibly detected with different batches of Fc-“a“-determinant

productions, concluding that these findings are reliable.

To assess the question whether the Fc-“a”-determinant 3xGS, 1xGS and w/o GS constructs form
oligomers at higher concentrations, an analytical ultracentrifugation (AUC) was performed in
cooperation with Martin Haslbeck from the Department of Biotechnology in Garching. Due to
technical issues, no reliable data for the Fc-“a“-determinant 3xGS could be obtained. However, Fc-“a”-
determinant 1xGS and w/o GS showed a peak at roughly 140 kDa (data not shown), suggesting that
the constructs are not present in their monomeric form but rather form dimers. These findings
support the ELISA results that showed a decrease in detection signal with higher sample

concentrations which might arise from oligomer formation (Figure 10D).
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Figure 10 High salt elution results in pure and intact Fc-“a“-determinant proteins. Fc-“a”-determinant
constructs were purified utilizing the optimized purification protocol with a high-salt elution step rather than
low pH. (A) The concentration of elution fractions of indicated samples was quantified by spectrometry at
280 nm. (B) SDS-PAGE analysis of 2 ug glycosylated and deglycosylated proteins (-/+ PNGAse). Bands just
underneath the 35 kDa mark correspond to the PNGase. (C) Western blot analysis using the HB1 antibody which
recognizes the “a”-determinant of HBsAg of 2 ug glycosylated and deglycosylated proteins (-/+ PNGase). (D)
ELISA analysis with immobilized Fc-"a”-determinant constructs at indicated concentrations. Fc-“a”-determinant
constructs were detected by the HBsAg-specific antibody MoMAb. Data is represented as mean + SD of technical
triplicates (n = 3) (Prism).
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2.1.5 Assessment of antibody binding affinities using the Fc-“a“-determinant

constructs

While structure determination of the HBsAg via co-crystallization with antibodies remains difficult, the
Fc-“a“-determinant constructs provide a promising alternative for affinity measurements via
microscale thermophoresis (MST). MST allows for the detection of protein-protein interactions based
on the principles of thermophoresis, the directed movement of molecules along a temperature
gradient, and temperature-related intensity change (TRIC), which describes the intrinsic property of
fluorophores to change their fluorescence intensity as a function of temperature [Mueller et al. 2017].
For the MST measurements, the Monolith NT.115 device of NanoTemper was used. To detect binding
and calculate affinities, one binding partner is fluorescently labeled, while the other stays unlabeled.
To analyze binding affinities of different antibodies, the Fc-“a”-determinant constructs were labeled
with a red fluorophore dye, using the labeling kit of NanoTemper following the provided protocol.
MST measurements were performed in triplicates on the same day of labelling and on day 7 after
labelling. The sample preparations were stored at 4 °C. For the MoMADb, all measurements with the
different Fc-“a”-determinant constructs resulted in Kp values in the lower nanomolar range, varying
between 7.8 — 18.4 nM on day 1 (Figure 11A). On day 7 after labelling, the determined Kp values
slightly increased for all constructs, resulting in values between and 28.1 — 45.3 nM (Figure 11B). These
findings provide evidence that these novel constructs harbor correctly folded immunogenic epitopes
that are successfully engaged by an established HBVenv-specific antibody that was shown to detect a
conformational epitope [Zhao et al. 2021] and, thus, might provide a suitable lipid-free alternative to

solve the structure of the “a”-determinant by co-crystallization in the near future.
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Figure 11 All Fc-“a“-determinant-antibody complexes demonstrate Ko values in the low nanomolar range. MST
analysis of Fc-“a”-determinant constructs with MoMADb resulted in binding affinities in the low nanomolar range.
(A) Binding affinities were measured on the same day as Fc-“a”-determinant constructs were labelled. (B)
Labelled Fc-“a”-determinant constructs were stored at 4 °C for 7 days and the binding affinity measurement was
repeated. Data is represented as mean + SD of technical replicates (n = 3) (MO.Affinity Control software;

NanoTemper).
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2.2 Fc-engineered antibodies to enhance antibody dependent cellular

cytotoxicity (ADCC)

The mechanism of antibody effector functions, such as antibody dependent cellular cytotoxicity
(ADCC), greatly depends on the binding of antibodies to the Fcy-receptors CD16 and CD32, which are
both expressed on human natural killer (NK) cells. Upon antibody binding to CD16, ADCC is initiated,
while binding to CD32 inhibits ADCC. During earlier work by Lisa Wolff, monoclonal antibodies were
generated via single B-cell cloning [Wolff 2020]. These antibodies show a strong and specific binding
to HBsAg with ECso values in the low nanomolar range. However, their ability to induce ADCC was
limited and effective activation of NK cells, as well as lysis of HBVenv-positive target cells was not
observed [Wolff 2020]. To further develop this antiviral therapy, the antibody displaying the best
overall performance in previous work (referred to as 4D06) [Wolff 2020], was subjected to Fc-
engineering in order to modulate ADCC characteristics. Therefore, three different antibody constructs
were designed by introducing different mutations in the Fc domain that either only enhance the
binding to CD16 or additionally decrease the binding to CD32, while HBsAg specificity is preserved.
The following chapter will focus on the structural and biological properties of the different antibody

constructs that were designed.

2.2.1 Structural properties of Fc-engineered antibodies

2.2.1.1 4D06 wild type

The 4D06 wild type is a monoclonal I1gG antibody with HBsAg specificity (Figure 12). Its ECso has been
reported to be 18.5 nM and it showed a high capability to neutralize HBV infection in vitro [Wolff

2020]. For detailed information on IgG structure see 1.4.2.3.1.

2.2.1.2 4D06-DLE

The DLE mutant harbors three mutations in the CH2 domain of 4D06, namely S239D/A330L/I1332E
(Figure 12, Figure 13A), which does not only result in a predicted enhancement of CD16 binding, but
also a decrease of CD32 binding, which could drastically enhance ADCC [Lazar et al. 2006; Mimoto et
al. 2013].

2.2.1.3 LPLIL

In the LPLIL mutant, five mutations were introduced at residues F243L/R292P/Y300L/V305I/P369L
within the CH2 and the CH3 domain of 4D06 (Figure 12, Figure 13B) to enhance the binding to CD16
[Stavenhagen et al. 2007].
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2.2.1.4 KH1Z2

The KH12 mutant forms a heterodimer and 4D06 was altered in a knob-into-hole fashion which
promotes the formation of heterodimers rather than homodimers (Figure 12, Figure 13C) [Klein et al.
2012]. The “knob” is formed by introducing a big side chain via the mutation T366W in the CH3 region
of heavy chain 1. Three mutations were introduced in the CH3 region of heavy chain 2, namely
T366S/L368A/YA07V, which results in the formation of the “hole”. Furthermore, the mutations S354C
in heavy chain 1 and Y349C in heavy chain 2 give rise to disulfide bonds between the two CH3 domains,
which additionally facilitates heterodimerization. Mutations
L234Y/L235Q/G236W/S239M/H268D/D270E/S298A in heavy chain 1 and
D207E/K326D/A330M/K334E in heavy chain 2, being located in the respective CH2 domains, were
introduced to enhance binding to CD16 [Mimoto et al. 2013; Liu et al. 2014].

43



Results

Vy-hinge 4D06 WT

10 20 30 40 50 60 70 80 90 100 110
LVESGGGLAQ PGRSLRLSCT GSGFTFGDFA VNWVRQAPGR GLEWIGFIRS KTYGGTTEYA ASMKGRVTIS RDDSKSIAYL QMSSLKSEDT AVFYCSRAAG GYFAAPFDNW
120 130 140 150 160 170 180 190 200 210 220
GQGALVTVSS AGPSVFPLAP SSKSTSGGTA ALGCLVKDYF PEPVTVSWNS GALTSGVHTEF PAVLQSSGLY SLSSVVTVPS SSLGTQTYIC NVNHKPSNTK VDKKVEPKSC
230 240 250 260 270 280 290 300 310 320 330
DKTHTCPPCP APELLGGPSV FLFPPKPKDT LMISRTPEVT CVVVDVSHED PEVKFNWYVD GVEVHNAKTK PREEQYNSTY RVVSVLTVLH QDWLNGKEYK CKVSNKALPA
340 350 360 370 380 390 400 410 420 430 440

PIEKTISKAK GQPREPQVYT LPPSRDELTK NQVSLTCLVK GFYPSDIAVE WESNGQPENN YKTTPPVLDS DGSFFLYSKL TVDKSRWQQG NVFSCSVMHE ALHNHYTQKS

LSLSPGK

Vi (all constructs)

10 20 30 40 50 60 70 80 90 100 110
MTQSPSILSA SVGDRVSFTC RASESIDDWL AWYQHKPGKA PKLLIHRASN LHDGVPSRFS GSGSGTEFTL TISSLQPDDF ATYFCQQYNE YSLTFGGGTK VEIKRTVAAP
120 130 140 150 160 170 180 190 200 210

SVFIFPPSDE QLKSGTASVV CLLNNFYPRE AKVQWKVDNA LQSGNSQESV TEQDSKDSTY SLSSTLTLSK ADYEKHKVYA CEVTHQGLSS PVTKSEFNRGE C

Vyi-hinge 4D06 DLE

240 250 260 270 280 290 300 310 320 330 340
APELLGGPDV FLFPPKPKDT LMISRTPEVT CVVVDVSHED PEVKEFNWYVD GVEVHNAKTK PREEQYNSTY RVVSVLTVLH QDWLNGKEYK CKVSNKALPL PEEKTISKAK

Vz-hinge 4D06 LPLIL

250 260 270 280 290 300 310 320 330 340 350
FLLPPKPKDT LMISRTPEVT CVVVDVSHED PEVKENWYVD GVEVHNAKTK PPEEQYNSTL RVVSILTVLH QDWLNGKEYK CKVSNKALPA PIEKTISKAK GQPREPQVYT
360 370 380 390 400

LPPSRDELTK NQVSLTCLVK GFYPSDIAVE WESNGQPENN YKTTPLVLDS
Vz-hinge 4D06 KH1 (knob)

270 280 290 300 310 320 330 340 350 360 370
CVVVDVSDEE PEVKENWYVD GVEVHNAKTK PREEQYNATY RVVSVLTVLH QDWLNGKEYK CKVSNKALPA PIEKTISKAK GQPREPQVYT LPPCRDELTK NQVSLWCLVK

Vy-hinge 4D06 KH2 (hole)

270 280 290 300 310 320 330 340 350 360 370
CVVVDVSHEE PEVKENWYVD GVEVHNAKTK PREEQYNSTY RVVSVLTVLH QDWLNGKEYK CKVSNDALPM PIEETISKAK GQPREPQVCT LPPSRDELTK NQVSLSCAVK
380 390 400 410

GFYPSDIAVE WESNGQPENN YKTTPPVLDS DGSFFLVSKL

Figure 12 Amino-acid sequences of Fc-engineered antibodies. The full amino-acid sequences of the heavy and light chains of 4D06 are shown. While the light chain is identical
in all Fc-engineered antibody constructs, the heavy chains are altered in the different mutants. Mutations in the respective constructs are highlighted in red.
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Figure 13 Schematic representation of Fc-engineered antibodies. An HBsAg-specific monoclonal antibody with
a high neutralization capacity, namely 4D06 [Wolff 2020], was subjected to Fc-engineering to enhance the
capability of inducing ADCC. Three different constructs were designed. (A) DLE harbors three mutations,
S$239D/A330L/1332E, which should not only increase binding strength to CD16, but also decrease binding
strength to the ADCC inhibiting FcgR CD32 [Lazar et al. 2006]. (B) LPLIL forms a homodimer with mutations
F243L/R292P/Y300L/V305I1/P369L, all of them being reported to enhance binding to CD16, the ADCC activating
FcgR [Stavenhagen et al. 2007]. (C) The heterodimerization of KH12 is facilitated by a knob-into-hole approach.
The “knob” is formed by the mutation T366W of heavy chain 1. The mutations T366S/L368A/Y407V in heavy
chain 2 form the “hole”. Mutations S354C in heavy chain 1 and Y349C in heavy chain 2 enable disulfide bonds
between the two CH3 domains. Mutations L234Y/L235Q/G236W/S239M/H268D/D270E/S298A in heavy chain
1 and D207E/K326D/A330M/K334E in heavy chain 2 should enhance binding to CD16 [Mimoto et al. 2013; Liu
et al. 2014]. The inclusion of unsymmetrical mutations within the CH2 domain has been shown to increase
binding to CD16 [Mimoto et al. 2013; Liu et al. 2014].

2.2.2 Fc-engineered antibodies are successfully produced in HEK293T cells

For expression of the different antibodies, human embryonic kidney (HEK) 293T cells were transiently
transfected via lipofection with two plasmids, one encoding the anti-HBVenv-specific light chains and
the other encoding the heavy chains, respectively. As the best ratio of heavy:light chain for expression
of wild type I1gG was previously determined to be 1:1 [Wolff 2020], the same ratio was used for the
engineered constructs as well. To ensure successful expression and secretion of the antibodies, the
supernatant was subjected to ELISA and SDS-PAGE analyses prior to purification (Figure 14). For ELISA,
a 96-well NUNC plate was coated with either recombinant HBsAg, to check for HBVenv-specificity, or
with anti-IgG antibodies to ensure the integrity of the antibodies. The antibodies in the supernatant
were detected with a goat-anti-human antibody labelled with HRP. PBS served as negative control.

For all constructs, positive signals could be observed in both ELISA setups (Figure 14A).
2.2.3 Fc-engineered antibodies are successfully purified

After confirming the presence of antibodies in the supernatant, purification via affinity
chromatography with protein G was applied. Antibodies were eluted with low pH and collected in
1 mL aliquots containing a neutralization buffer to ensure neutral storage conditions. ELISA analysis of
the elution fractions with immobilized HBsAg showed HBVenv-specificity on a similar level for all

antibodies, while analysis with immobilized anti-IgG antibodies proved the presence of intact
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antibodies (Figure 14B, C). Elution fractions eliciting the highest signals for HBVenv-specificity were
pooled and concentrated using a spin column filter with a molecular weight cutoff (MWCO) of 100 kDa
that also allows for elimination of BSA from the cell culture media. During the concentration, the
storage buffer was changed to PBS. Aliquots with concentrations ranging from 1-5 mg/mL were
successfully produced for all constructs. SDS-PAGE with subsequent Coomassie staining of the purified
antibodies showed bands at 25 and 50 kDa, corresponding to the light and heavy chains, respectively
(Figure 14D). Even after storage for 6-12 months at 4 °C, no degradation of the antibodies was

observed (data not shown).
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Figure 14 Fc-engineered antibodies are successfully purified via affinity chromatography. Fc-engineered
antibodies were purified via affinity chromatography using a protein G packed column and low pH elution
conditions. (A) ELISA analysis of supernatants of HEK293T cells producing Fc-engineered antibodies (DLE, LPLIL,
KH12) using immobilized anti-IlgG and HBsAg, respectively. Data is represented as mean * SD of technical
triplicates (n = 3) (Prism). (B, C) ELISA analysis of eluted fractions using immobilized (B) anti-IgG to certify protein
integrity and (C) HBsAg to confirm HBsAg-specificity, respectively (D) SDS-PAGE (12.5%) of 500 ng of purified Fc-
engineered antibodies.

47



Results

2.2.4 Fc-engineered antibodies recognize HBsAg

After successfully purifying the antibody constructs, ELISAs were performed to compare the total IgG
levels in the preparations and to confirm HBsAg specificity (Figure 15A). Total IgG levels in the
preparations decreased for the antibody variants in comparison to the wild type, which might be due
to lesser binding of the anti-lgG antibody due to the mutations introduced in the Fc domain. HBsAg-
ELISA signals varied between the constructs with LPLIL showing the strongest and KH12 the weakest
signal among the newly designed antibodies. All mutant versions however, showed a reduced HBsAg
specific signal compared to the wild type. These results confirm successful production of the Fc-
engineered HBsAg-specific antibodies and propose their subjection to further functional

characterization.
2.2.5 Neutralization capacity of Fc-engineered antibodies is impaired

To gain more information about the functional properties of the antibodies, neutralization
experiments were performed (Figure 15B-C). For this, decreasing concentrations of antibodies ranging
from 10-1000 nM were incubated with HBV for 3 hours at 37 °C to allow for immune complex
formation before infection. On days 4 and 8 post infection (pi), the supernatant was collected and
HBeAg levels, serving as surrogate marker for HBV infection, were quantified (Figure 15B) to
determine the neutralization efficiency (Figure 15C) of the different antibodies. All antibodies showed
a neutralizing effect, however, the wild type already neutralizes an HBV infection at concentrations as
low as 3-100 nM, while the mutants show reduced neutralization requiring concentrations higher than

100 nM.
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Figure 15 Fc-engineered antibodies show lower antigen-specificity and neutralization capacity than the wild
type. (A) ELISA analysis of purified and concentrated antibody samples with immobilized anti-IgG and HBsAg,
respectively. PBS served as negative control. Data is represented as mean * SD of technical triplicates (n = 3)
(Prism). (B, C) Different concentrations of antibodies ranging from 10 — 1000 nM were incubated with the virus
before infection. On days 4 and 8 post infection (pi), (B) HBeAg levels in the supernatant were quantified and (C)
the neutralization efficiency was calculated. Data is represented as mean + SD of biological triplicates (n = 3)

(Prism).
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2.2.6 ADCC assessment via reporter cell line

To assess the ability of the Fc-engineered antibodies to induce ADCC, a reporter cell line was
established. For this, a Jurkat cell line expressing human CD16 fused to the human CD3{ domain, kindly
provided by Philipp Kolb (Institute of Virology, Universitatsklinikum Freiburg), were used. To confirm
the presence of the transgene on the cell surface, cells were stained with a CD16 specific antibody and
analyzed via flow cytometry. After thawing, the percentage of CD16 expressing cells was low (4-5%)
(Figure 16B) so that the cells were selected with puromycin for 7 days to increase the expression of
the transgene. When the cell line reached a CD16 expression of ~95% (Figure 16B), cells were
transiently transfected with a plasmid encoding a moxGFP as transfection marker in sense, and a
luciferase under a minimal IL-2 promotor and NFAT transcription factor in antisense direction (Figure
16C). 24 hours post transfection, the 4D06 wild type antibody was added to the cells at different
concentrations. Upon binding of antibodies to CD16, the NFAT pathway should be activated and in
turn the luciferase should be expressed. After addition of the substrate D-luciferin, the luciferase
activity in cell lysate was measured (Figure 16D). Here, a very high background signal was observed.
However, a slight trend was visible, which pointed towards higher ADCC activation with high antibody
concentration. As the gene of interest was inserted into a lentiviral backbone to facilitate the
subsequent lentiviral transduction and is thereby flanked by the 3’ and 5’ long terminal repeats (LTR),
which act as promotor in both, sense and antisense direction, the luciferase was constitutively

expressed independent of NFAT signaling, which possibly lead to the high background signal.
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Figure 16 Reporter cell line can be used to assess ADCC induction. (A) Gating strategy of flow cytometry analysis
of CD16-CD3T expressing Jurkat cell line. (B) CD16* Jurkat cells before and after Puromycin selection. (C)
Puromycin selected Jurkat cells were transiently transfected with the shown plasmid. MoxGFP (green) serves as
transfection control, followed by a WPRE element to enhance expression (red) while antisense NFAT-binding
sites (pink) followed by minimal IL-2 promoter (red) and luciferase (orange) ensure that the luciferase is only
expressed upon activation of NFAT. (D) Luciferase activity in the cell lysates of a CD16-CD3Z Jurkat reporter cell
line transiently transfected with plasmid shown in C upon treatment with the indicated antibody concentration
of 4D06 (brown shades) or without antibody (mock, white). Non-transfected cells as well as the unselected
population served as controls. Data is represented as mean + SD of biological triplicates (n = 3) (Prism).
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2.3 DNA Nanoshells

As alternative approach to develop an antiviral therapy on the basis of the HBV-specific monoclonal
antibodies, DNA nanoshells were designed in collaboration with the group of Hendrik Dietz. These
molecules are meant to be conjugated with any kind of antibodies, aptamers, or other binding
moieties to subsequently engulf viruses, thereby preventing infection. They can be designed in a size
range of 43-925 MDa and can therefore be easily adapted to different sizes of target viruses [Sigl et
al. 2021]. In this study, HBV-specific antibodies, either binding to HBsAg or HBcAg, were conjugated
to the shells. Each shell harbors a total of 900 antibodies that target HBV particles, leading to
encapsulation of the viral particle by the DNA nanoshells [Sigl et al. 2021]. To demonstrate the benefit
of this novel approach, the neutralization efficacy of these shells was studied and compared to

unconjugated antibodies.
2.3.1 Conjugated antibodies still recognize their targets

To ensure that the antibodies conjugated to the DNA nanoshells are still able to recognize their
targets, ELISA analyses were performed (Figure 17A, B). For this, recombinant HBsAg and anti-IgG,
respectively, were coated to a 96-well NUNC plate, nanoshells conjugated with anti-HBsAg antibodies
were added and detected by an HRP-labelled anti-human IgG. Two differently sized nanoshells were
used, one being octahedral and one being icosahedral. Antibodies conjugated to the DNA handle and
the unconjugated antibodies served as positive controls, while PBS served as negative control. ODsso
signals show the same intensity for both types of nanoshells in comparison to both positive controls,

suggesting that conjugated antibodies are still able to recognize their specific target (Figure 17B).

2.3.2 DNA nanoshells conjugated with anti-HBcAg antibodies efficiently engulf

recombinant HBcAg

To prove the concept of virus encapsulation, a different ELISA setup was used. For this, 96-well NUNC
plates were coated with anti-HBcAg antibodies and loaded with nanoshells conjugated to a second
anti-HBcAg antibody that was previously incubated with HBcAg particles. A third anti-HBcAg antibody,
labelled with HRP, was used to detect binding of nanoshell-HBcAg complexes to the plate. Absence of
binding provides evidence for successful encapsulation of core particles by the nanoshells (Figure
17C). For this, also two different nanoshell symmetries were used. Untreated HBcAg particles served
as positive control, while the storage buffer of the shells served as negative control. The ELISA data
shows a drop of the signal in the nanoshell-treated samples, with the icosahedral nanoshell depicting

a slightly lower decrease, suggesting successful encapsulation of HBcAg particles (Figure 17D).
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Figure 17 Antibodies conjugated to DNA nanoshells recognize their targets and enable engulfment of HBcAg
particles. (A) Schematic representation of different ELISA setups using immobilized anti-IgG and HBsAg,
respectively, to confirm integrity and antigen specificity of antibodies conjugated to nanoshells. (B) ELISA
analysis with immobilized anti-IgG and HBsAg, respectively, of differently dimensioned nanoshells conjugated
with HBsAg antibodies (MoMADb) (green shades) and MoMAb conjugated to the DNA-handle without forming
nanoshells (light pink). MoMAb alone (dark pink) served as positive and PBS (white) as negative control. (C)
Schematic representation of ELISA setup using immobilized anti-HBcAg to ensure HBcAg-engulfement by
nanoshells. (D) ELISA analysis with immobilized anti-HBcAg of differently dimensioned nanoshells conjugated
with HBcAg-antibodies, which were preincubated with HBcAg particles (green shades). Recombinant HBcAg
(violet) served as positive and nanoshell storage buffer (white) as negative control. Data is represented as mean
+ SD of technical duplicates (n = 2) (Prism).

2.3.3 DNA nanoshells conjugated with anti-HBsAg antibodies efficiently

neutralize HBV infection in vitro

To validate the neutralization capacity of the antibody-conjugated nanoshells in vitro, HBV
neutralization assays were performed. For assay establishment an antibody with suboptimal
neutralization capacity (MoMAb) was applied at different concentrations. Virus was incubated with
different concentrations of MoMADb for 3 h at 37 °C und subsequently used to infect HepG2-NTCP cells
at an MOI of 100 virus particles/cell. On days 4 and 8 pi, the supernatant was collected and HBeAg
levels were quantified. For calculation of the neutralization capacity, the HBeAg levels of the HBV only
control served as 0% neutralization data point. Neutralization capacity of unconjugated MoMAb was

observed at antibody concentrations of up to 417 nM (Figure 18A). In future experiments, suboptimal
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antibody concentrations (0.04-14.4 nM) were used to demonstrate a neutralizing effect promoted
solely by the conjugation of MoMADb to the nanoshells. To compare the neutralization capacity of the
DNA nanoshells to unconjugated antibodies, icosahedral nanoshells were coupled to MoMAb and
neutralization assays were performed (Figure 18B-C). Antibodies conjugated to the DNA handle served
as control. Furthermore, a strongly neutralizing antibody (Nabi), nanoshells without antibodies, HBV
pre-incubated with nanoshells and a mock control without any treatment served as negative controls.
HBeAg levels were used to determine neutralization capacity (Figure 18B). Furthermore, on day 8 pi
the cells were lysed and prepared DNA was subjected to qPCR analysis to evaluate cccDNA levels
(Figure 18C). While antibodies alone did not show any neutralizing capacity in the setup, nanoshells
conjugated with the same antibody were observed to already neutralize HBV infection at antibody

concentrations of 10.8 nM in vitro. This correlated with the corresponding intracellular cccDNA levels.
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Figure 18 DNA nanoshells conjugated with anti-HBsAg antibodies efficiently neutralize HBV infection in vitro.
(A) HBV was incubated with indicated concentrations of MoMAb before HepG2-NTCP cells were infected with
HBV-antibody complexes (MOI 100 infectious particles/cell). On day 8 pi, HBeAg levels in supernatant were used
to determine neutralization efficiency. (B, C) HBV was incubated with indicated concentrations of MoMADb with
DNA-handle and nanoshells conjugated with corresponding MoMAb concentrations. HepG2-NTCP cells were
infected with HBV-antibody and HBV-nanoshell complexes (MOI 100 infectious particles/cell), respectively. (B)
On day 8 pi, HBeAg levels in supernatant were used to determine neutralization efficiency. Data is represented
as mean * SD of biological triplicates (n = 3) (Prism). (C) Cells were lysed on day 8 pi and lysates were subjected
to gPCR to determine intracellular cccDNA levels. Data is represented as mean * SEM of biological triplicates
(n=3) (Prism).
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2.3.4 DNA nanoshells need to be present at time of infection to facilitate

neutralization in vitro

In order to evaluate a potential therapeutic as well as prophylactic treatment option of the nanoshells,
HepG2-NTCP cells were infected with an rHBV virus expressing luciferase at an MOI of
10 infectious particles/cell and nanoshells were added at different time points before (Figure 19A) and
after infection (Figure 19B). Non-infected cells, infected cells without shells, a strongly neutralizing
antibody (Nabi) and virus preincubated with nanoshells served as controls (Figure 19C). On day 8 post
infection, the cells were lysed, harvested and luciferase levels in the lysates determined. The
nanoshells efficiently neutralized HBV infection in vitro when added to the media prior to infection at
any time point until 8 h after addition of the nanoshells. After 24 h however, no neutralization was
observed anymore (Figure 19A). Furthermore, the addition of nanoshells after infection of cells did

not result in efficient neutralization (Figure 19B). The controls verified the assay (Figure 19C).
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Figure 19 Nanoshells efficiently inhibit HBV infection when present at timepoint of infection. (A) To evaluate
the prophylactic applicability of the nanoshells, they were added to HepG2-NTCP cells at indicated time points
before they were infected with a nano-Luciferase expressing rHBV (MOI 10 infectious particles/cell). On day 8 pi,
luciferase levels in the supernatant were measured and neutralization efficiency was calculated. (B) For
evaluation of the therapeutic potential of the nanoshells, they were added to HepG2-NTCP cells at indicated
time points after they were infected with a nano-Luciferase expressing rHBV (MOI 10 infectious particles/cell).
On day 8 pi, luciferase levels in the supernatant were measured and neutralization efficiency was calculated. (C)
Controls for the neutralization efficiency. Mock (white), the strong neutralizing antibody Nabi (grey) and
nanoshells preincubated with the virus (green) served as positive controls, while HBV only (black) served as
negative control. Data is represented as mean + SD of biological triplicates (n = 3) (Prism).
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2.3.5 DNA nanoshells seem to be taken up by monocyte derived dendritic cells

To determine whether the nanoshells get taken up by antigen presenting cells (APC), for instance
dendritic cells (DC), an uptake assay was performed. For this, human PBMC were isolated and
monocyte derived dendritic cells (moDC) were selected via negative magnetic sorting. Upon
stimulation of the cells, the isolated monocytes were differentiated into DCs in vitro. These cells were
then fed with AF647-labelled HBsAg (1 pug/mL and 0.1 pg/mL) and with labelled HBsAg plus nanoshells
(0.1 ug/mL), respectively (Figure 20). After 4 hours of incubation at 37 °C, flow cytometry and
fluorescence microscopy was performed. Flow cytometry analysis of moDC fed with fluorescently
labelled HBsAg at 1 ug/mL revealed roughly 93% of HBsAg-positive cells. Cells fed with either
0.1 pg/mL labelled HBsAg alone or with labelled HBsAg together with nanoshells both depicted
frequencies of 70-80% positive cells, while nanoshells alone did not show any positive signal as was
expected (Figure 21B). Fluorescence microscopy supported this finding (Figure 21C). Both methods
confirm that labelled HBsAg is present in the cells in both samples, with and without nanoshells,

suggesting an uptake of HBsAg irrespective of encapsulated into DNA-nanoshells.
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Figure 20 Schematic representation of uptake assay. Monocyte derived dendritic cells were fed with AF647-
labelled HBsAg (1 pg/mL and 0.1 pg/mL), labelled antigen and corresponding nanoshells (0.1 pg/mL), as well as
with nanoshells alone, respectively. After incubation for 4 hours at 37 °C, cells were subjected to flow cytometry
and fluorescence microscopy analysis.
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Figure 21 DNA nanoshells seem to be taken up by moDC. (A) Gating strategy of flow cytometry analysis of moDC
fed with AF647-labelled HBsAg + nanoshells. (B) Flow cytometric analysis of moDC 4 hours post treatment with
AF647-labelled HBsAg + nanoshells at indicated conditions. (C) Fluorescence microscopy of moDC 4 hours post
treatment with AF647-labelled HBsAg + nanoshells at indicated conditions.
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3 Discussion

Chronic hepatitis B remains a global health problem, leading to up to 880,000 deaths per year due to
HBV-related liver cirrhosis or hepatocellular carcinoma [WHO 2022]. So far, no curative treatment is
available and patients require life-long antiviral therapy, while still carrying an increased risk for HCC
development. Thus, there is a high medical need for novel treatment options that provide viral cure.
In the scope of this thesis, monoclonal antibodies against HBsAg were studied and optimized to not
only achieve functional cure of patients in the future, but also to improve the understanding of the
interaction between antibodies and HBsAg. Furthermore, a novel therapeutic approach utilizing
antibody-conjugated DNA nanoshells for efficient neutralization of infectious HBV particles was

investigated.
3.1 Fc-“a“-determinant

The main epitope of antibodies directed against HBsAg is located on the so called “a”-determinant
within the antigenic loop of the HBV S protein. While the amino acid sequence of the antigen is well
described in literature, it was not yet possible to determine the tertiary structure of the protein. One
reason for this is the complexity of HBsAg. As it is not a monomeric protein but forms subviral particles
and filaments of different sizes, it is challenging to get a homogenous solution of HBsAg and to degrade
it to its monomeric form, the S protein, which is needed to determine its structure. Furthermore, the
S protein harbors two transmembrane domains which renders crystallization studies in particular and
thereby structure determination rather complicated as the protein needs the membrane environment
to fold physiologically, which so far can only be provided in NMR studies [Yeh et al. 2020]. While
models of the putative S protein structure are available in literature [Suffner et al. 2018], no electron
microscopy or similar analysis to confirm the tertiary structure was successfully accomplished. To
overcome this challenge, a novel construct was designed which makes the structure determination of
the “a”-determinant not only more feasible but which also serves as a tool to determine antibody-
antigen binding affinities of HBsAg-specific antibodies. So far, a reliable model for the study of
antibody kinetics in the field of HBV research remains elusive. The designed constructs and their

applicability in HBV research will be discussed in the following.
3.1.1 Design and production and of Fc-“a“-determinant constructs

The “a”-determinant was fused to the Fc-part of an IgG antibody to allow efficient purification via
affinity chromatography using a protein G packed column. Furthermore, the Fc-scaffold provides a
rigid and stable scaffold to allow the “a”-determinant to form its physiological structure. Since a dimer

formation of two S proteins is predicted [Suffner et al. 2018], the dimeric nature of the antibody
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scaffold can facilitate the correct folding. Constructs were designed with different lengths of G4S
linkers between the Fc domain and the antigenic loop to provide enough flexibility for the “a”-
determinant to form, referred to as Fc-“a”-determinant 3xGS, 1xGS and w/o GS, respectively (Figure
6A-C, E-G). Furthermore, the Fc-“a”-determinant 3xGS was also designed without the glycosylation
site within the “a”-determinant, referred to as Fc-“a”-determinant 3xGS (N146Q) (Figure 6D, H). G4S
linkers are known to be able to couple structurally different proteins while maintaining their individual
structure and function [Quitt et al. 2021]. After purification of Fc-“a”-determinant 3xGS (N146Q) with
low pH elution, no plausible SDS-PAGE results could be obtained, while the purified protein showed
functionality in ELISA (Figure 7B, C). SDS-PAGE neither showed bands at the expected size of 35 kDa
for the monomeric proteins, nor at 70 kDa for the dimeric proteins. However, multiple bands were
visible at various sizes (~ 23, 25, 30, 40, 55 and 250 kDa). The bands at 55 kDa could correspond to the
desired proteins, portraying a different running behavior. This so called “gel shifting” has been shown
to be a challenge when analyzing membrane proteins in particular via SDS-PAGE [Rath et al. 2009].
The bands at ~23, 25, 30 and 40 kDa can probably be assigned to degradation products, while the band
at ~250 kDa could point towards protein aggregation of higher oligomer formation. Subsequent SEC
analysis, which was outsourced to Zahra Harati in Garching, showed a peak at 150 kDa instead of
70 kDa which supports the theory of protein aggregation or oligomer formation (data not shown). To
study the purification characteristics in more detail, a Coomassie staining for all flow-through- and
elution fractions collected during the purification was performed (data not shown). This analysis
confirmed protein degradation during the elution step, leading to the conclusion that the low pH used
during elution harms the constructs, which is a well-known complication in protein studies, especially
for proteins harboring an Fc domain [Fink et al. 1994; Latypov et al. 2012]. Therefore, the pH stability
of the Fc-“a“-determinant 3xGS (N146Q) was evaluated. At low pH (2-4), a characteristic migration
pattern in Coomassie staining was observed (Figure 8A). Here, bands at lower molecular sizes were
detectable, which were absent at higher pH values. Similar results were obtained by Western blot
analysis using an anti-HBsAg antibody that recognizes a linear epitope of the “a”-determinant for
detection (Figure 8B). Since the elution was performed at pH 2.9, it was concluded that the protein
was partly degraded during this step. These findings underline that the previous purification protocol
was harmful for the constructs and explain why no conclusive results could be obtained in neither
SDS-PAGE analyses, nor SEC analyses. To overcome this challenge, the purification protocol was
optimized, and elution was then achieved by using high salt concentration, which has been described
to maintain protein integrity and avoid aggregation [Scheffel and Hober 2021]. Because of the high
salt concentration in the elution buffer, the proteins were stored in a phosphate free 0.5 M Tris-HCI

buffer with pH 7.5 to avoid precipitation of the protein as was suggested by the manufacturers
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[Thermo Scientific 2011]. Both, subsequent SDS-PAGE and Coomassie staining as well as Western blot
analysis of purified Fc-“a”-determinant 3xGS and 1xGS confirmed the presence and identity of the
constructs (Figure 9). While the bands still do not appear at the expected size of 35 kDa, but rather at
55 kDa, the fact that the bands at the same size are obtained in the Western blot using a specific
antibody, suggests that the proteins do not run true to size. As stated above, this has been observed
for membrane proteins already, especially hairpin structures that consist of helix-loop-helix structures
[Rath et al. 2009]. While the Fc-“a”-determinant proteins do not harbor helical domains, their
structure is still similar to the described hairpin with the Fc domain anchoring the loop. Furthermore,
it has been shown that the extracellular domains of human E- and N-cadherins bind lesser detergent
in SDS-PAGE analysis due to their acidity, consequently showing less mobility and appearing at higher
sizes than expected [Tiwari et al. 2019]. Using the online tool “EMBOSS Pepstats” by EMBL-EBI
[Madeira et al. 2022; Embl-ebi 2022], the isoelectric point (pl) of the Fc-“a”-determinant proteins was
calculated to be ~6.788, portraying a slightly acidic protein. Therefore, the bands at 55 kDa could be
assigned to Fc-“a”-determinant protein monomers that bind less detergent due to their structure and
acidity, thereby showing an impaired running behavior. Keeping this in mind, the results showed that
a protein solution of rather high purity was achieved with the new purification protocol and the

constructs were subjected to further functional analyses.
3.1.2 Fc-“a“-determinant constructs take on physiological structure

Functional analyses of Fc-“a”-determinant 3xGS, 1xGS and w/o GS were performed by ELISA with two
different detection antibodies, both recognizing a conformational epitope (MoMAb and 4D06, both
biotinylated). A conformational change of the epitope due to unphysiological folding would result in
reduced binding of the antibodies. Indeed, HBV immune escape mutants are known to utilize
mutations within the “a”-determinant which alter its conformation to evade recognition [Lada et al.
2006; Cremer et al. 2018; Lazarevic et al. 2019]. Therefore, only correctly-folded Fc-“a”-determinant
constructs harboring their physiological structure should be detected in the ELISA. HRP-conjugated
avidin was used to bind the biotinylated antibodies and to start the colorimetric reaction with TMB.
Analysis with either antibody showed an expected increase of signal with higher coated protein
concentrations until reaching an Fc-“a“-determinant concentration of 0.3 uM. Upon exceeding this
concentration, however, the antibody binding signal dropped in a concentration-dependent manner
(Figure 10D). This observation was reproducibly observed for all constructs. One explanation for this
finding is the formation of Fc-“a”-determinant oligomers or aggregation at concentrations higher than
0.03 uM, which can reduce the accessibility to the antibody binding sites, leading to a signal drop.

Detrimental ELISA signal loss due to aggregation of amyloid-beta (AB), the characteristic of Alzheimer’s
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disease, has been shown before [Janssen et al. 2015], which further supports this assumption. The

fact that the decrease in signal also seems to be concentration dependent, promotes this theory.

To gain more insights into the behavior of the protein, an analytical ultracentrifugation (AUC) was
performed. For this, samples were prepared at a concentration of 0.8 mg/mL and the analysis was
kindly performed by Martin Haslbeck at the institute of Biotechnology in Garching. While the data for
the Fc-“a”-determinant 3xGS could not be analyzed due to technical issues, the data for Fc-“a”-
determinant 1xGS and w/o GS clearly show a peak at a size of 140 kDa, corresponding to oligomers,
rather than the expected dimers (data not shown). While the AUC could only be performed once due
to sample limitations and needs to be repeated for each construct to allow for a certain conclusion,
the preliminary data further supports the proposition of the Fc-“a”-determinant forming higher
oligomers as soon as a concentration of 0.03 uM is exceeded. Furthermore, also SDS-PAGE analysis
showed bands at 250 kDa that could be assigned to oligomer structures (Figure 10B). Similar findings
were observed in SEC analysis where molecules with a size of 150 kDa were detected (data not shown).
As it is known that HBsAg forms subviral particles comprising multiple S protein monomers under
physiological conditions [Bruss 2007], oligomerization of the Fc-“a”-determinant constructs is a
reasonable expectation. Initially, these constructs were designed to allow for co-crystallization with
antibodies and thereby enabling the structure determination of the “a”-determinant. For
crystallization studies, typically a protein concentration of 2-50 mg/mL is required, with 10 mg/mL
being the rule of thumb [Dessau and Modis 2011; Wlodawer et al. 2013]. In this study, however,
proteins started to precipitate at concentrations = 1.5 mg/mL, rendering crystallization unfeasible. To
avoid oligomerization, the Fc-“a“-determinant proteins need to be stored at lower concentration and
detergents to stabilize its structure need to be added to higher concentrated samples. However,
protein crystallization is further complicated by addition of detergents, as they need to be thoroughly
screened to avoid protein denaturation during the process [Birch et al. 2018; Kermani 2021]. Another
solution could be the incubation of Fc-“a”-determinant constructs and antibodies at low
concentrations, followed by crosslinking of the complexes and subsequent concentration. This might
help to overcome the oligomerization of the constructs and allow successful crystallization in the next
step. However, this would also come with a high percentage of sample loss during further
concentration of the samples. While structure determination of the “a”-determinant remains difficult,
the Fc-“a”-determinant constructs were successfully designed and purified in a small scale.
Furthermore, it was shown that HBVenv-specific antibodies engage Fc-“a”-determinant constructs,

confirming their physiological structure.
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3.1.3 Fc-“a“-determinant constructs can be used to obtain antibody binding

kinetics

Due to the complex structure and the formation of multimeric subviral particles, affinity
determination for HBsAg-specific antibodies remains challenging. Since the novel Fc-“a”-determinant
constructs show correct folding resulting in the physiological structure of the “a”-determinant, they
provide a suitable alternative to determine binding affinities of various anti-HBsAg antibodies with
conformational epitopes. Because the gold standard of affinity determination, surface plasmon
resonance (SPR), is rather expensive in regards of assay optimization and supply costs, a different
approach was followed. Binding affinities were determined by microscale thermophoresis (MST),
which is not only cost effective, but also requires reduced sample quantity. While SPR commonly
requires at least 100 pL of sample [Drescher et al. 2009], MST analyses utilize a minimum sample
amount of 10 puL [NanoTemper Technologies 2022]. Furthermore, MST enables the measurement of
Kp values in a pM-mM range [NanoTemper Technologies 2022], thereby offering an efficient method
to determine binding affinities which dimensions are unknown. Binding affinities of an HBVenv-
antibody (MoMADb) to the Fc-“a“-determinant 3xGS, 1xGS and w/o GS constructs were successfully
measured and compared. It was observed, that the calculated binding affinities did not differ majorly
between the different Fc-“a“-determinant constructs (Figure 11). Furthermore, calculations were
reproducible over a period of multiple days using the same labelled batches stored at 4 °C for 1 week
leading to the conclusion that the measurements result in reliable binding affinities (Figure 11B). In
general, the curves generated when applying the Fc-“a”-determinant w/o GS showed the most
constant course. This proposes that a linker between the rigid Fc-part and the antigenic loop rather
destabilizes the complex and does not help to form the correct protein conformation. For future
affinity measurements, it would be sufficient to only use this construct, thereby saving time not only
during the measurements but also in the purification process, as the other constructs would not need

to be expressed anymore.
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3.2 Fc-engineered antibodies
3.2.1 Design of Fc-engineered antibodies

Chronic HBV infection is characterized by an exhausted T-cell population, leading to a weak T-cell
response. Current treatments like NUCs and IFNs efficiently suppress viral replication but mostly fail
in eradicating the virus completely. Many drugs are in development in order to overcome this issue
and to achieve a full regeneration of the weakened immune system. All of them aim at achieving a so
called functional cure, which is characterized by a seroconversion from HBsAg to anti-HBsAg. One
approach is the therapy with monoclonal antibodies directed against HBVenv-proteins. Recently, the
mouse monoclonal antibody (mAb) E6F6 [Zhang et al. 2016] which mediated ADCC- and CDC-
independent HBV-suppression [Gao et al. 2017] was humanized utilizing structure-guided
humanization and in silico scanning mutagenesis [Zhou et al. 2020]. First in vivo studies showed
substantial suppression of serum HBsAg levels for 2 weeks. After 4 weeks, however, the initial HBsAg
levels were restored [Zhou et al. 2020]. Previously, administration of a mixture of 2 HBVenv-specific
mAbs into HBV chronic carrier chimpanzees resulted in a similar outcome, displaying an initial drop of
HBsAg serum levels that rebounded after 72 hours [Eren et al. 2000]. Both studies thereby reinforce
that combinational therapy with mAbs lowering serum HBsAg levels, followed by an immune-restoring
approach might be a promising option to treat CHB. Utilizing single B-cell cloning, HBVenv-specific
antibodies were determined and characterized in this institute [Wolff 2020]. One of these antibodies,
4D06, portrayed a very promising drug candidate due to its high HBVenv-specificity and high
neutralization capacity. However, its ability to induce ADCC was not as strong as for comparable
antibodies [Wolff 2020]. Especially in the scope of chronic hepatitis B, the major challenge is to
permanently eradicate infected cells and thereby the persisting nuclear cccDNA. Antibodies with a
strong neutralization capacity do help against reinfection and are able to capture soluble HBsAg,
however, they fail to eliminate already infected cells without the induction of potent antibody effector
functions, such as ADCC. The human antibody 2H5-A14 directed against the preS1 domain has been
shown to not only effectively neutralize HBV infection but also elicit potent ADCC and ADCP, resulting
in sustained HBsAg loss without emergence of escape mutants [Li et al. 2017], highlighting the great
potential of antibody effector functions in treatment of CHB. For this reason, the isolated and
characterized 4D06 was subjected to Fc-engineering, enhancing its ability to induce ADCC. To find the
optimal candidate, 3 different mutants were designed. Introduced mutations were chosen based on
literature. All variants harbor different mutations that provide enhanced binding to CD16, the ADCC

initiating FcyR in humans.
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3.2.1.1 4D06-DLE

In the 4D06-DLE variant, the wild type was altered by introducing the following mutations:
$239D/A330L/1332E. This triple mutant has previously been shown to induce a stronger ADCC in the
context of alemtuzumab, an anti-CD52 antibody [Lazar et al. 2006]. Furthermore, a 255-fold binding
affinity after introduction of these substitutions compared to the respective wild type has been

reported [Mimoto et al. 2013].
3.2.1.2 4D06-LPLIL

For the 4DO06-LPLIL, five mutations were introduced in the heavy chain, namely
F243L/R292P/Y300L/V305I/P369L. This mutant has been reported to show a stronger binding to CD16
while sustaining a comparable biding affinity to the wild type, thereby eliciting a strong ADCC with an

approximately 100-fold increased lysis rate [Stavenhagen et al. 2007].
3.2.1.3 4D06-KH12

As it has been shown that an asymmetrical Fc-engineering approach greatly enhances ADCC and also
antibody stability [Mimoto et al. 2013; Liu et al. 2014], a heterodimeric antibody was designed, which
consists of two different heavy chains. These are designed in a “knob-into-hole”-fashion, which is a
commonly used approach to insert different alterations in the two heavy chains but to also promote
the formation of heterodimers, rather than homodimers [Ridgway et al. 1996]. A large amino acid
group is introduced into one of the chains, while the other chain harbors a stoichiometrically fitting
notch that allows for the favoring formation of heterodimers. One heavy chain included substitutions
L234Y/L235Q/G236W/S239M/H268D/D270E/S298A/S354C/T366W, with T366W forming the “knob”,
while the second heavy chain included substitutions
D270E/K326D/A330M/K334E/Y349C/T366S/L368A/Y407V with T366S/L368A/Y407V forming the
“hole” [Ridgway et al. 1996; Mimoto et al. 2013]. Additionally, disulfide bridges were introduced to
further stabilize the heterodimers. The binding affinity of antibodies harboring these mutations to
FcyRllla has been shown to increase 1000-fold in comparison to the respective wildtype while FcyRllb
binding was comparable [Mimoto et al. 2013]. Correct heterodimerization is achieved in more than
97%, with “hole-hole” homodimers accounting for the rest while “knob-knob” homodimers are

typically not observed [Klein et al. 2012].
3.2.2 Production and stability of Fc-engineered antibodies

After successful design and production of the Fc-engineered antibodies in HEK293T cells, they were
tested for their stability and integrity. SDS-PAGE analysis with subsequent Coomassie staining showed

protein bands at a size of ~250 kDa, which indicated aggregate formation of antibodies (Figure 14D).
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These bands have previously been observed in SDS-PAGE analysis of the wildtype antibody as well.
However, Western blot analysis did not show bands at 250 kDa [Wolff 2020], leading to the conclusion
that they do not arise from antibodies, but can rather be assigned to serum proteins that aggregated
during concentration with spin columns as the protein expression was performed in the presence of
10% FCS. When considering the intended use of these antibodies in a clinical context, their purity is of
utmost importance and would need improvement. According to the European Medicines Agency
(EMA), impurities in antibody preparations that are designated for clinical use should be avoided an
need to be identified and characterized in order to ensure product safety [European Medicines Agency
2023]. Adding a size exclusion chromatography after the affinity chromatography step would be a
feasible option to improve the purity of the Fc-engineered antibodies. In the context of this thesis,
however, the overall purity of the antibodies was satisfactory enough to proceed with their functional
characterization. Particular attention was directed to antibody stability, which is not only important
for large scale production, but also in the clinical context. Antibodies were stored in PBS at 4 °C and
no degradation was observed after 1 year of storage, highlighting their high stability. Consequently,
purification was scaled up to a 5 mL column from a 1 mL column, resulting in a batch-dependent 5-10-

fold yield of pure antibody for further analyses.

3.2.3 Fc-engineered antibodies show less HBsAg-specificity and neutralization

capacity than the wild type

After confirming the integrity of the antibodies, their HBsAg specificity was determined by ELISA
analysis. All Fc-engineered antibodies showed similar HBsAg specificity, however, the wild type
showed the highest signal in ELISA (Figure 15A). Currently, there is an in-house assay in development,
which allows affinity measurements via microscale thermophoresis. This assay was already used to
reproducibly quantify the affinity of the HBVenv-specific antibody MoMADb to the Fc-“a“-determinant
constructs. As soon as this method is fully established, the Fc-“a“-determinant will be used to
determine affinities of anti-HBVenv antibodies in house, including the Fc-engineered constructs. Since
the affinity of antibodies to their antigen is largely dependent on the antigen-binding site [Rudnick
and Adams 2009], the affinity of the Fc-engineered antibodies should be comparable to the wild type,
as all versions harbor the identical Fab domain. In contrast to the affinity, the avidity is also determined
by intramolecular interactions and might differ between the constructs [Rudnick and Adams 2009],
which suggests that the Fc-engineered antibodies have a weaker avidity due to their Fc-alterations
resulting in lower ELISA signals. When examining the neutralization capacity of the Fc-engineered
variants, a similar trend was observed. While the wild type shows neutralizing activity at

concentrations as low as 30 nM, a 10-fold higher concentration of the Fc-engineered antibodies was

65



Discussion

needed in order to reach the same result (Figure 15B, C). This is in line with the theory of decreased
avidity in the Fc-engineered variants, as the avidity was shown to have a determining influence on the
neutralization capacity of antibodies [Bachmann et al. 1997]. As these mutants were designed to elicit
a stronger ADCC than their respective wild types, their impact on neutralization capacity has not been
described in literature. While this suggests a deterioration of the wild type antibody through
introduction of the mutations, a reduced neutralization capacity does not interfere with their intended
therapeutic application. In chronic hepatitis B, the main challenge is the persistence of the virus within
infected cells due to the formation of cccDNA. While high neutralization capacity can substantially
reduce infection, it has no influence on the persistence of cccDNA. Antibodies eliciting potent ADCC,
however, could specifically target and lyse the infected cells, thereby eliminating the cccDNA. In the
scope of CHB treatment, it would therefore be desirable to have an antibody with a high capacity to
induce ADCC rather than an antibody that only shows neutralization. In vivo studies with an antibody
eliciting effector functions such as ADCC and antibody dependent cellular phagocytosis (ADCP) not
only showed sustained low serum HBsAg levels but also other anti-viral effects that can be attributed
to antibody effector functions [Li et al. 2017]. Furthermore, it has been reported that ADCC is strongly
impaired in patients with chronic and acute hepatitis B, which might be due to sequestration of
effector cells in the liver [Bortolotti et al. 1978], pointing towards an important role of ADCC in the
clearance of HBV infection. Accordingly, the Fc-engineered antibody, which would show a higher
capacity of inducing ADCC compared to the wild type in future analyses, would be favorable even if its
neutralization capacity would be lower. Should none of the antibodies described here portray an
enhanced capacity of inducing ADCC, Fc-engineering remains a promising approach and other Fc

mutations might be considered.
3.2.4 Comparison of antibody therapy with other therapeutic approaches

Current treatment of chronic HBV infection is limited to nucleos(t)ide analogues (NUCs) and pegylated
interferon (PEG-IFN). These induce disease remission, however, they mostly fail in eradicating the
virus completely, leading to the necessity of taking the medication lifelong. The goal of a “functional
cure”, defined by the loss of serum HBsAg, suppression of serum HBV DNA and seroconversion to anti-
HBsAg antibodies is only reached in less than 10% of cases [Bertoletti and Le Bert 2018]. One of the
reasons is that NUCs only function as DNA chain terminators when integrated in synthesized DNA
strands, thereby stopping the viral DNA polymerase [Papatheodoridis et al. 2002]. They do not,
however, interact with the already formed viral cccDNA which remains persistent in infected cells,
serving as template for persistent viral replication. Additionally, NUCs are not specified for viral DNA
and also affect mitochondrial DNA which has been reported to lead to loss of bone mineral density in

tenofivir treated HIV patients [Gafni et al. 2006]. Moreover, NUCs do not affect viral protein
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translation, leading to a maintenance of high HBsAg serum levels, which was shown to be crucial for
the impairment of B- and T-cell responses in chronic HBV infection [Bengsch et al. 2014; Burton et al.
2018; Salimzadeh et al. 2018]. PEG-IFN also interferes with virus dissemination by indirectly mediating
antiviral and immune-modulating effects. The PEG prolongs the durability of the interferon
[Abuchowski et al. 1977; Caliceti 2004]. PEG-IFN is commonly administered once weekly during the
course of 48 weeks [Ye and Chen 2021]. It resulted in sustained loss of serum HBsAg and undetectable
HBV DNA levels in 30% of patients [Perrillo 2006], highlighting the advantage of a finite treatment and
option of sustained viral clearance in comparison to NUC treatment. Furthermore, the risk of
developing HCC is less in PEG-IFN- than in NUC-treated patients [Liang et al. 2016]. However, IFN-
treatment is accompanied by severe side effects which include, but are not limited to, depression,
heart damage and high blood pressure, emphasizing the need of a different medication approach

[Khakoo et al. 2005; Lotrich 2009; Dhillon et al. 2010; Somers et al. 2012; Chiu et al. 2017].

As pointed out, it is of great importance to consider limitations and side effects when developing
potentially new treatment options for chronic HBV infection. When it comes to eliminating infected
liver cells by introducing ADCC-inducing antibodies, the potential liver toxicity needs to be
contemplated. In a 2003 study with 20 CHB patients 1-35% of hepatocytes were infected [Rodriguez-
Ifigo et al. 2003], highlighting the large variance between patients. Eliminating all of the infected
hepatocytes too fast so that the turnover of healthy cells cannot keep up, might result in complete
liver damage rather than in a cure of the disease. Therefore, the individual cell count of infected
hepatocytes would need to be analyzed from liver biopsies before including patients for the antibody
therapy. Furthermore, it would be important to consider the time frame to give the drug and the dose
in order to achieve a clearance of infected cells. In the ongoing randomized phase | clinical trial of
Cetrelimab, a monoclonal antibody with high PD-1 specificity, a single antibody dose will be
administered, followed by a 24-week follow-up phase [Janssen Research & Development, LLC 2022].
While the fate of cccDNA during cell division was unknown for a long period of time, recently it was
shown that cccDNA levels greatly decline during mitosis [Tu et al. 2022]. These findings suggest that
once all infected cells are eliminated, only healthy cells will arise leading to healthy tissue
replenishment after treatment. While neutralizing antibodies alone will probably not be sufficient to
achieve complete clearance, a co-therapy with other treatments such as NUCs or PEG-IFN is possible.
Antibodies would help to decrease serum levels of HBsAg and prevent reinfection by neutralizing the
virus, while the NUCs/IFN would prevent the virus to spread further. First clinical studies have been
deducted in this direction where CHB patients who were receiving long-term NUC treatment and
showed low HBsAg levels as well as undetectable titers of HBV DNA were given monthly injections of

Hepatitis Bimmunoglobulins (HBIg), which prevent virus entry. 4 out of 8 patients showed significantly
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reduced levels of HBsAg serum levels and three patients even became anti-HBs positive after one year
of treatment. During this study no side effects were detected [Tsuge et al. 2016]. HBIg is isolated from
plasma of donors with high anti-HBs titers and is administered to unvaccinated people as well as
infants born from HBV infected mothers to achieve fast antigen loss and prevent vertical transmission.
However, a subsequent prophylactic vaccination is necessary as the antigen loss is not sustained
[Terrault et al. 2018]. It is further applied as postexposure immuneprophylaxis which can also be
administered to unvaccinated individuals within 24 hours of exposure to HBV via bites, needles or
sexual contacts [Terrault et al. 2018]. Overall, HBIg can only be applied in specific cases and does
therefore not portray a broadly applicable treatment option. This further emphasizes the need of an
effective treatment option and antibodies eliciting strong effector functions such as ADCC might be

able to provide an efficient therapy for CHB.

While antibody and also NUC or IFN treatment focusses on reduction of viral DNAs and antigen levels,
therapeutic vaccination also addresses the challenge of inducing strong and specific B- and T-cell
responses. A therapeutic vaccination administering a protein prime followed by an MVA boost,
TherVacB, has been shown to efficiently restore CD8+ T cells and induce the production of HBsAg-
specific antibodies in vivo when HBV antigen levels were low at time point of vaccination. In contrast,
mice with a high HBsAg titer did not show an increased number of effector T cells and were unable
clear the virus [Michler et al. 2020]. To overcome this challenge, a combination therapy is conceivable.
Administering antibodies to reduce HBsAg levels followed by therapeutic vaccination might not only
accomplish a functional cure, but also a restoration of the patients B- and T-cell responses.
Furthermore, therapeutic vaccination has been shown to induce production of anti-HBsAg antibodies

which further helps to overcome the chronic infection [Kosinska et al. 2021].

As alternative to antibodies, small-interfering RNA (siRNA) can be used to lower HBsAg levels in the
circulation. While antibodies interact with the HBsAg directly, siRNA targets viral DNA transcripts,
thereby preventing the expression of the viral proteins. Different targets for siRNAs have been studied
in combination with therapeutic vaccination, many of them showing a sustained control of the HBV
infection, ultimately leading to the conclusion that combinational therapy with siRNA and therapeutic
vaccination is a promising approach to cure chronic Hepatitis B [Michler et al. 2020; Bunse et al. 2022].
While siRNA delivery portrayed a challenge for a long time, as they do not easily cross cell membranes
due to their negative net charge, siRNAs conjugated with N-acetylgalactosamine (GalNAc) which binds
the asialoglycoprotein receptor on hepatocytes can now be successfully delivered to the liver
[Debacker et al. 2020]. While these studies seem promising, there is a major downside for the usage

of siRNA in therapeutics as they are prone to enzymatic degradation and renal filtration.
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A different approach is T-cell therapy. As pointed out in 1.4.2, functional T cells are crucial for the
clearance of HBV [Thimme et al. 2003]. By utilizing adoptive transfer of T cells that are equipped with
HBV-specific receptors, T-cell responses can be restored. The T cells are transduced with either HBV-
specific T-cell receptors (TCR) or chimeric antigen receptors (S-CAR). It has been shown that these cells
are capable of eliciting a virus specific immune response, thereby promoting the elimination of
infected hepatocytes and controlling the viral infection [Krebs et al. 2013]. A potential drawback of
this approach is the high number of target cells and in turn excessive activation of transferred effector
cells, which may lead to side effects such as cytokine release syndrome (CRS) [Sterner and Sterner
2021]. Studies already focused on overcoming this issue by introducing safeguard mechanisms. One
of these is the addition of an inducible caspase 9 (iC9) in the transgene, which can induce rapid
elimination of effector cells in vivo upon administration of a dimerizer, highlighting a promising
concept to tackle CRS or fatal liver damage in adoptive T-cell therapy of chronic HBV infection [Klopp
et al. 2021]. A main advantage of CARs in comparison to HBV-specific TCRs is that they do not need to
be HLA matched for every individual patient as they target native protein on the cell membrane
independent of MHC. In general, T cell products require individual engineering for each patient, which
is a major disadvantage when comparing them to antibodies that allow of-the-shelf application. This
suggests a supportive role of antibodies in adoptive CHB therapy. A combination therapy could include
antibodies to lower antigen load and prevent reinfection, and adoptively transferred T-cells to restore

T-cell function to promote a complete cure [Fisicaro et al. 2020].

Another approach which showed first successful results in clinical studies are nucleic acid polymers
(NAP). They act as inhibitors for the assembly and production of subviral particles. Latest studies
showed clearance of HBsAg during NAP treatment in both, HBV monoinfected and HBV/HDV
coninfected patients [Bazinet et al. 2022]. Another randomized phase 2 clinical trial investigated the
tolerability of NAPs in a co-treatment with tenofovir disoproxil fumarate (TDF), a reverse transcriptase
inhibitor, and peglFN [Bazinet et al. 2020]. This study showed a significant reduction of HBsAg levels
in the circulation and subsequent seroconversion to anti-HBsAg antibodies in comparison to
treatment without NAPs, resulting in functional cure which persisted in 14 out of 40 patients during
the 48 week treatment free follow up phase. Furthermore, addition of NAP did not hamper the
tolerability of the treatment, paving the way for a promising co-therapeutic approach against chronic
HBV infection [Bazinet et al. 2020]. Further phase 2 clinical trials in Europe, USA and Asia are soon to

follow [Replicor 2020].
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3.3 DNA nanoshells

The EU-funded Virofight project focuses on a novel approach to catch virus particles and virions to
prevent infection of cells. For this, the group of Hendrik Dietz designed and produced DNA nanoshells
[Sigl et al. 2021]. These shells consist of DNA arranged in triangles that can then be conjugated to
virus-specific binders, like antibodies or aptamers. These triangles are then driven to form shells.
Different quantity of triangles are used to obtain different sizes of shells [Sigl et al. 2021]. This
innovative approach illustrates a unique drug candidate that provides the possibility to rapidly react
to new emerging viruses. As the SARS-CoV-2 pandemic showed, new pharmaceuticals are always in
need and a rapid production and distribution is of the essence. With this approach, nearly every virus
of any size can be captured and neutralized. The virus-specific binders, such as antibodies or aptamers,
do not need to harbor any neutralization capacity on their own, as the neutralization would be
achieved by engulfing the virus with the DNA nanoshell. While there are neutralizing antibodies
available against HBV, this is not the case for every viral disease. At the beginning of the SARS-CoV-2
pandemic for example, mostly non-neutralizing antibodies were identified in COVID-19 patients
[Seydoux et al. 2020], therefore not serving as potential drug targets at that time. Another advantage
of the nanoshells over classical antibody therapy is that the DNA is completely inert and should not
induce any kind of adverse effects like antibody dependent enhancement (ADE), which has been
described to be a concern with antibodies against SARS-CoV-2 [Lee et al. 2020]. As a proof of concept,
DNA nanoshells were designed and conjugated with anti-HBsAg and anti-HBcAg antibodies,
respectively, to capture and inactivate HBV virions. These shells consist of 10 triangles, each of them
binding 90 antibodies, that form a half shell and their functional properties as well as their potential

applicability as future drug will be discussed in the following.

3.3.1 DNA nanoshells efficiently inactivate HBV in vitro when present at time of

infection

After confirming that antibodies conjugated to DNA nanoshells still recognize their antigen targets,
neutralization assays were performed with HepG2-NTCP cells as target. Cells were infected with HBV
and DNA nanoshells were added at different concentrations to achieve virus neutralization. As a
control, the same amount of antibodies was administered without being conjugated to DNA. The data
clearly show a higher neutralization capacity of the shells in comparison to unconjugated antibodies
(Figure 18). To evaluate the applicability of the shells as therapeutic or preventive treatment, the
nanoshells were added at different time points before and after HBV infection. Neutralization was
only achieved as long as nanoshells were present at time of infection. This goes in line with previous

data showing the presence of HBV DNA in the cytoplasm 1 hour after infection and in the nuclear
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fraction 3 hours after infection [Chakraborty et al. 2020]. Recent data in our research group point
towards even faster infection kinetics, showing the presence of HBV DNA in nuclear fractions within
30 minutes post infection [personal communication with Lea Hansen-Palmus]. Delayed administration
of the nanoshells as well as infection 24 h post nanoshell addition impaired the neutralization capacity
(Figure 19A, B). This leads to the conclusion that the stability of the nanoshells is rather low in vitro,
which was already shown in mouse sera where the half-life was detected to be 24 hours [Sigl et al.
2021]. In general, a neutralization of 50%-80% could be observed in nanoshell treated cells (Figure 18,
Figure 19C). This variance can be attributed to different nanoshell batches as well as different HBV
stocks. Overall, during the course of this thesis, a neutralization of 80% was detected repeatedly,
highlighting the efficacy of the nanoshells. The short half-life limits the applicability of the nanoshells
in clinical studies, as they need to be applied as preventive therapy and have no effect on previously
established infections (Figure 19). To overcome this, coating of the DNA with different inhibitors is
conceivable to prevent DNases from degrading it. Furthermore, there are several different drug
delivery systems that could be applied in order to not only help the nanoshells to get taken up so they
could function within the cell, but also to include a tissue specific marker to avoid potential side effects
when targeting too many cells at once. Many drug delivery systems are commercially available which
might be helpful for this application [Vargason et al. 2021]. As the nanoshells are already quite large
to capture the respective viruses, an approach that does not further enlarge them would be favorable.
Furthermore, nanoshells need to be conjugated to a specific virus-binder in order to target the virus
and achieve neutralization. This in turn weakens their strong advantage, as specific binders might not
be available for newly emerging viral threats. Studies with heparin-sulfate modified nanoshells
demonstrated their ability to neutralize a large variety of viruses, including adeno, adeno-associated,
chikungunya, dengue, human papilloma, noro, polio, rubella, and SARS-CoV-2 viruses or VLPs
[Monferrer et al. 2022]. However, utilizing heparin-sulfate as binder increases the risk of off-target
effects in comparison to specific binders which needs to be considered in future studies. Recently,
severe acute hepatitis cases in children were linked to common AAV2 infection [Grand 2022]. To study
this finding in more detail, shells are currently designed to capture AAV2 particles. These nanoshell
preparations are produced with an additional step to eliminate endotoxins allowing their
administration to mice, which enables in vivo studies in the future. These shells will be tested in vitro
and, when showing neutralizing capacity, will be administered to mice infected with AAV2 carrying an
HBsAg-encoding gene as surrogate marker for infection. These data will greatly enhance the
knowledge about the mode of action of the nanoshells and illustrate further potential for clinical

application.
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A question that has not been sufficiently answered is what happens to nanoshells and virus upon
complex formation. Preliminary data suggest that the complexes are taken up by antigen-presenting
cells (Figure 21). Assumingly, after being taken up by antigen-presenting cells, the DNA is degraded by
DNAses and the virus is digested and presented on MHC molecules [van Montfoort et al. 2014]. This
in turn would induce T-cell responses. First attempts of a flow cytometry analysis of T cells added to
PBMC as well as macrophages fed with conjugated and unconjugated nanoshells to strengthen this
theory, however, did not show differences in cytokine secretion levels which would point towards T-
cell activation (data not shown). As the T-cell activation was also not pronounced in the respective
positive controls, this was likely due to an unfavorable experimental setup which needs refinement,
rather than a contrary result. Another potential advantage of the nanoshells, namely the absence of
raising side effects such as ADE, is currently under investigation. For this, a Jurkat cell line that
expresses an artificial CD16-CD3T fusion protein, established and kindly provided by Philipp Kolb
(Institute of Virology, Universitatsklinikum Freibug), will be used. The cells will be transiently
transfected to express NFAT-dependent nano-Luciferase (nano-Luc). After binding of antibodies to
CD16, NFAT will be activated, leading to the expression of the transgenic nano-Luc which in turn will
be secreted and luciferase activity could be measured in the supernatant. ADE occurs when an
antibody binds virus and Fcy receptors on a cell, followed by an uptake of the virus antibody complex
by the cell [Xu et al. 2015]. The virus then replicates in the cell and the infection is promoted. Since
the nanoshells are coupled to the antibodies via their Fc-domain, binding to Fc receptors should be
sterically impaired and ADE should be prevented. Absence of luciferase activity after treatment with
antibody conjugated nanoshells singly or in complex with the viral particle would support this

argument. Data to confirm this theory will be generated in the near future.
3.3.2 Effective neutralization with Nanoshells requires less antibody

All experiments showed that a much smaller amount of antibodies is needed in order to neutralize an
HBV infection when conjugated to DNA nanoshells in comparison to unconjugated antibodies. While
the same amount of antibodies conjugated to the nanoshells was applied in the unconjugated control,
neutralization was only observed in the nanoshells samples (Figure 18). This outlines one major
advantage of the nanoshells. The production of antibodies is costly, while the production and
assembly of the DNA nanoshells is comparatively fast and inexpensive. If the nanoshells could be
designed in a way that they not only persist for a longer time but could also function within an infected

cell, the lesser needed amount of antibodies would further push this novel treatment.
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3.3.3 Potential other fields of application of DNA nanoshells

The discovery and development of a new drug is a long, costly process and often not successful. In
total, only 10% of potential drug candidates, which successfully entered phase | clinical trials, will get
the approval and a lot of money may be lost on the way [Sun et al. 2022]. The DNA nanoshells are still
at a very early stage in pre-clinical development. Because of this, it is important to consider other
possibilities for their application. The data generated in this study suggest that in regard to antiviral
therapy, DNA nanoshells are not feasible for therapeutic but rather preventive treatment and their
short half-life might limit clinical application. Nonetheless, their antiviral properties can be explored
in water or air filtering. As the shells can be designed in different shapes and sizes, they are able to
engulf and neutralize a broad variety of viruses. One approach to exploit the antiviral properties is the
combination of shells conjugated with various different virus-binders followed by immobilization on a
filter. Then, contaminated water could be filtered and the shells would capture the viruses rendering
the water clean and consumable. While this approach might come at a higher cost than the gold-
standard method of UV irradiation, depending on the sizes of the filter, it might be more feasible to
transport them in low-developed countries. Furthermore, filters would not need any kind of

electricity, which might also be hard to come by in the affected countries.
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4 Final evaluation and outlook

Even though prophylactic vaccines exist, curative treatment for chronic hepatitis B remains elusive.
Current treatment options suppress viral replication but fail to eradicate the virus completely from
the infected cells due to its persistence form, the cccDNA. While these treatments have been shown
to improve the outcome of CHB in general, the risk of developing liver cirrhosis and HCC remains high
in CHB patients. Therefore, eradicating cccDNA from infected cells is still the major goal in future
therapeutic approaches. Currently, there are several therapies in development, including therapeutic
vaccination and adoptive T-cell transfer. While both approaches show promising results, it became
clear that a single therapy might not be sufficient to clear chronic HBV infection. Co-therapy with
HBVenv-specific antibodies provides a promising solution. In order to design specific and potent
antibodies, structural knowledge about their antigen is of utmost importance. This study provides a
novel protein construct that can help to crystallize and analyze the antigenic loop of the HBV S protein,
one of the major antigens of HBV. While structural determination was not feasible in the scope of this
study, the protein was successfully used to measure affinity of HBVenv-specific antibodies in a simple,
reproducible, and cost efficient way. Furthermore, it was shown that an alteration of the Fc domain
of HBVenv-specific antibodies modifies the antigen-specificity which is important to keep in mind

when it comes to antibody design.

Finally, a novel therapeutic approach has been proposed with nanoshells designed via DNA origami
that can be conjugated to a variety of virus binders, such as antibodies and aptamers. First results in
this study show a significantly higher neutralization of HBV infection in vitro in comparison to
unconjugated antibodies. While the fate of the administered nanoshells is still under evaluation, they
portray a versatile therapy that can be used for a variety of viral infections. Coupled with broadband
virus-specific binders, nanoshells provide a promising treatment option for newly emerging viruses.
Therefore, more thorough evaluation of the nanoshells and their potential applicability need to be
examined in further studies. These need to include further characterization in vitro as well as in vivo
to confirm their applicability and rule out potential side effects. Taken together, this study not only
provides a novel protein to facilitate HBsAg structure determination, but also presents an innovative
therapeutic approach with high potential for emerging viruses and pathogens that cannot be

eradicated by neutralizing antibodies.
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5 Materials and Methods

5.1 Materials

5.1.1 Devices

Product Supplier
Agarose Gel Chambers Peqlab

Architect™ platform

BEP Il platform

Centrifuge 5920R

CytoFLEX S

ELISA-Reader infinite F200
Fluorescence microspcope FluoView FV10i
Freezing device

Incubator Heracell 150

Intas Chemostar M6

InvitrogenTM Dynal DynaMagTM-15
Light Cycler® 480 Il

Mini Trans-Blot © cell

Monolith NT.115

Multi-channel Pipettes

NanoDrop One

Neubauer improved hemocytometer
NucleoCounter NC250

PCR Cycler TOptical Gradient 96
Peristaltic Pump MasterFlex L/S
Pipettes

Pipette ‘Accu-jet pro’

Abbot Laboratories
Siemens Healthcare
Eppendorf
Beckmann Coulter
Tecan

Olympus

Nalgene / Biocision Coolcell

Heraeus Holding GmbH
Intas Science imaging
Thermo Fisher Scientific™
Roche Diagnostics
Bio-Rad

NanoTemper

Ergo One

Thermo Fisher Scientific™
Brand

Chemometic

Biometra

Cole Parmer

Eppendorf

Brand
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Shaker and incubator for bacteria
Sterile Hood HERA Safe

T professional Trio Thermocycler

5.1.2 Consumables

INFORS AG; Heraeus Holding GmbH

Thermo Fisher Scientific™

Analytik Jena

Product Supplier
Amicon Ultra Centrifugal Filters, 30K, 2 mL Merck
Cell culture flasks, dishes, plates TTP

Cryo vials

ELISA 96-well plates Nunc MaxiSorb
FACS plate 96-well, V-bottom

Falcon tubes 15 mL/50 mL

Filter tips

HiTrab Protein G HP column, 1mL/5mL
Immobilon-P, PVDF membrane, 0.45 pm
MasterFlex Tubing, L/S 16

PCR Tubes

Pipette Tips 10 uL—1 mL

Pipettes (disposable) 2 mL, 5 mL,
10 mL, 50 mL

Protein Lo Bind Tubes 1.5 mL
Reaction Tubes 1.5 mL, 2 mL
Reagent reservoirs, sterile
Sterile Filters, 0.45 um, 0.2 um
Surgical Disposable Scalpels

Syringes

Zeba™ Spin desalting columns, 7K MWCO, 5ml
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Grainer Bio One

Thermo Fisher Scientific™

Roth

Grainer Bio One

Greiner Bio One

GE Life sciences

Merck

Cole Parmer

Thermo Fisher Scientific™

Biozym / Greiner Bio One / Gilson

Greiner Bio One

Eppendorf

Greiner Bio One, Eppendorf
Corning

Sarstedt

Braun

Braun

Invitrogen
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5.1.3 Chemicals and Reagents

Products Supplier
2-Phenoxyethanol Roth®
Acetic acid Roth®
Agarose Peqglab
Ammonium persulfate (APS) Roth®
Ampicillin Roth®
Acrylamide/Bisacrylamide, Rotiphorese Gel 40 Roth®
Biocoll separating solution

Biochrom
(density 1.077 g/mL)
Blasticidin S HCI 50 mg Invitrogen
Bovine Gamma Globulin Standard Pierce
Bovine serum albumin (BSA) Roth®

Bradford Reagent

Brefeldin A (BFA)

Collagen R

Coomassie Brilliant blue G-250
Dapi Fluorochrome G

Dimethyl sulfoxide (DMSO)
Disodium phosphate (Na;HPO,)
D-Luciferin

Smart Ladder, 200 bp - 10kb

Dulbecco’s Modified Eagle’s Medium
(DMEM)

ECL solution
EDTA disodium salt (Na,EDTA)

Fetal calf serum (FCS)

Thermo Fisher Scientific™
Sigma

Serva

Roth®

Southern Biotech

Sigma

Roth®

p.j.k

Eurogentech

Gibco®

GE Healthcare Amersham
Roth

Gibco®
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Fugene® HD Transfection reagent

Glycine

Glycine-HCI

Heparin-Natrium 25000

HEPES 1M

Hydrochloric acid (HCI)

Isopropanol

L-Glutamine, 200 mM

Laemmli-Buffer (4X)

Live/Dead™ fixable Aqua dead cell stain
Live/Dead™ fixable Near-IR dead cell stain
Magnesium chloride (MgCl2)

Pierce™ Gentle Ag/Ab Binding Buffer, pH 8.0
Pierce™ Gentle Ag/Ab Elution Buffer, pH 6.6
Powdered Milk (milk)

Non-essential amino acids (NEAA), 100X
OptiMEM

PageRuler™ plus pre-stained protein ladder 10 — 250
kDa

Paraformaldehyde (PFA), 4%

PEG6000

Penicillin Streptomycin, 10,000 U/mL (100X)
Phorbol 12-myristate 13-acetate (PMA)
Phosphate-buffered saline (PBS) 10X
Polyethylenimne (PEI)

Potassium chloride (KCI)

Potassium hydrogen carbonate (KHCOs)
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Promega

Roth®

Roth®

Ratiopharm

Gibco®

Roth®

Roth®

Gibco®

Bio-Rad

Invitrogen

Invitrogen

Sigma

Thermo Fisher Scientific™
Thermo Fisher Scientific™
Roth®

Gibco®

Gibco®

Thermo Fisher Scientific™

ChemCruz
Merck
Gibco®
Sigma
Gibco®
Polyscience
Roth®

Roth®
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RNAsin (RNAse Inhibitor), 40 U/ulL
Roti®-Safe Gel Stain

RPMI 1640

Sodium bicarbonate (NaHCOs)

Sodium carbonate (Na,COs)

Sodium dihydrogen phosphate (NaH,PO4)
Sodium hydroxide (NaOH)

Sodium pyruvate, 100 mM

Sulfuric acid, (H2S04), 2N

TEMED, N,N,N',N'-Tetramethyl ethylenediamine
TMB, stabilized chromagen for ELISA

Tris Base

Trypan blue

Trypsin-EDTA

Tryptone

Tween 20

Yeast extract

B-Mercaptoethanol, 50 mM

Promega
Roth®
Gibco®
Roth®
Roth®
Roth®
Roth®
Gibco®
Roth®
Roth®
Invitrogen
Roth®
Gibco®
Gibco®
Roth®
Roth®
Roth®

Gibco®
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5.1.4 Solutions and Buffers

Buffer

Ingredients

Binding buffer

0.02 M sodium phosphate
in Milli-Q® H,0, pH 7.0

Blocking and assay buffer for Western blot

5% (w/w) milk in TBS-T buffer

Carbonate buffer (0.1M)

5.76 g Sodium bicarbonate
3.31 g Sodium carbonate
in 1L H,0, pH 9.6

Coomassie destain solution

10% (v/v) Acetic acid
50% (v/v) Methanol
40% (v/v) H,0

ELISA blocking solution

5% BSA in PBS

ELISA wash

0.05% Tween-20 in PBS

Elution buffer

0.1 M Glycine-HCl in MilliQ H,0, pH 2.7

FACS buffer

0.1% BSA in PBS

Lower buffer (SDS-PAGE)

0.5 M Tris-HCI
10% SDS (w/w) in H,0, pH 6.8

Lysis buffer

25 mM HEPES
100 mM NaCl

2 mM MgCl,
0.5% Triton X-100

1x protease inhibitor

Neutralization buffer

1 M Tris-HCl in MilliQ H,0, pH 9.0

SDS-Running buffer (10X)

30 g Tris Base
144 g Glycine

10 g SDS

in 1L H20, pH 8.3
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TAE Buffer (50X)

2M Tris Base

2M Acetic acid

50 mM EDTA 50 mM
in H,0, pH 8.0

TBS-T buffer (10X)

24 g Tris base

88 g NaCl

0.1% Tween-20
in 1L H,0, pH 7.6

Transfer buffer (10X)

30.8 g Tris base
144.1 g glycine in 1L H,0

Transfer buffer working solution (1X)

100 mL Transfer buffer (10X)
200 mL Methanol
700 mL H,0

Upper buffer (SDS-PAGE)

5.1.5 Kits

Product

Enzygnost HBeAg test

EZ-Link™ Micro Sulfo-NHS-Biotinylation Kit
Fixation/Permeabilization Solution Kit
Genelet Gel extraction Kit

Genelet Plasmid Miniprep Kit

High pure PCR Purification Kit

LightCycler 480 SYBR green master mix
NuceloBond® Xtra Midi

NucleoSpin Tissue DNA Kit

1.5 M Tris-HCI
10% SDS (w/w) in H,0, pH 8.8

Supplier

Siemens Healthcare Diagnostics
Thermo Fisher Scientific™

BD Biosciences

Thermo Fisher Scientific™
Thermo Fisher Scientific™
Roche®

Roche®

Macherey-Nagel

Macherey-Nagel
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5.1.6 Enzymes

Enzyme Supplier

FastAP Thermo Fisher Scientific™

FastDigest restriction enzymes including FastDigest Green . N
g y g & Thermo Fisher Scientific™

Buffer (10X)

Phusion Hot Start Flex 2x Master Mix New England Biolabs®

PNGase F New England Biolabs®

T4 DNA Ligase including T4 Ligase buffer Thermo Fisher Scientific™

T5 Exonuclease including NEB 4 buffer New England Biolabs®
5.1.7 Primers

Primers were purchased from Microsynth AG, Balgach, Switzerland.

Primer name Sequence Application
HBVcccDNA (2760) fwd GACTCTCTCGTCCCCTTCTC gPCR cccDNA
HBVcccDNA (156) rev ATGGTGAGGTGAACAATGCT gPCR cccDNA
Prp_fwd TGCTGGGAAGTGCCATGAG qPCR PRNP
Prp_rev CGGTGCATGTTTTCACGATAGTA qPCR PRNP
rcDNA_fwd GTTGCCCGTTTGTCCTCTAATTC gPCR rcDNA
rcDNA_rev GGAGGGATACATAGAGGTTCCTTGA qPCR rcDNA

5.1.8 Plasmids
Plasmid name Transgene Source
PATk3A human IgG1 heavy chain constant, including cloning site for L Wolff
(plasmid bank #1255) Ig variable region and human leader sequence
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pA1k3A_DLE

human 1gG1l heavy chain constant with mutations

$239D/A330L/I1332E, including cloning site for Ig variable [ kolbe
(plasmid bank #1554) .

region and human leader sequence
DA1K3A_FcAdet0 human IgG1l CH2, CH3 and hinge fused to HBV S protein Colbe
(plasmid bank #1559) luminal loop without linker ’
pA1K3A_FcAdetl human IgG1l CH2, CH3 and hinge fused to HBV S protein Colbe
(plasmid bank #1560) luminal loop with 1xG4S linker ’
pA1K3A_FcAdet3 human IgG1l CH2, CH3 and hinge fused to HBV S protein Colbe
plasmid ban uminal loop with 3xGaS linker
(pl id bank #1561) luminal | ith 3xG,S link '
pA1K3A_FcAdet3N146Q human IgG1l CH2, CH3 and hinge fused to HBV S protein Colbe
(plasmid bank #1562) luminal loop, including mutations N146Q, with 3xG,S linker '

human 1gG1l heavy chain constant with mutations
pATK3A_KH1 L234Y/L235Q/G236W/S239M/H268D/D270E/S298A/T366W,

n , : N . . . Kolbe

(plasmid bank #1555) including cloning site for Ig variable region and human leader

sequence

human 1gG1 heavy chain constant with mutations
PATK3A_KH2 D207E/K326D/A330M/K334E/T3665/L368A/Y407V,

N . Kol

(plasmid bank #1556) including cloning site for Ig variable region and human leader olbe

sequence

human 1gG1l heavy chain constant with mutations
PALK3A_LPLIL F243L/R292P/Y300L/V3051/P369L, including cloning site for £ yolbe

I id bank #1557

(plasmid ban ) Ig variable region and human leader sequence
pB1k1A human Ig kappa light chain constant, including cloning site for Wolff
(plasmid bank #1254) Ig kappa variable region and human leader sequence '
p524 moxGFP_NFAT-
nLuc antisense Sense moxGFP as transfection control and antisense NFAT

binding motif followed by minimal IL2 promoter and nLuc for F. Kolbe

(plasmid bank #1558)

generation of Jurkat reporter cellline
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5.1.9 Cell lines, bacterial and viral strains

Cell line, bacterial

strain, viral strain Description Supplier
Human embryonic  kidney cell lineg;
HEK 293T transformed with fragments of adenovirus AG Protzer
type 5 DNA
HepG2-NTCP HepG2 cells expressing NTCP, Clone K7, generated by D. Stadler

enabling infection of HBV

JKK CD16-CD3¢

Jurkat cells expressing human CD16-CD3C

generated by P. Kolb
(Institute of  Virology,
Universitatsklinikum
Freiburg)

E. coli STBL3 Chemical competent Escherichia coli cells Invitrogen
E. coli TOP10 Chemical competent Escherichia coli cells Invitrogen
HBV

(genotype D, adw)

Virus purified from stable transfected

HepAD38 cell culture supernatant

AG Protzer, generated and
purified by J. Wettengel

5.1.10Media

Medium Ingredients

RPMI wash medium RPMI 1640 500 mL
Pen/Strep, 10,000 U/ml 5.5mL

RPMI complete medium RPMI 1640 500 mL
Pen/Strep, 10,000 U/mL 5.5mL
FCS 50 mL
L-Glutamine, 200 mM 5.5mL
NEAA, 100X 5.5mL
Sodium pyruvate, 100 mM 5.5mL
HEPES, 1 M 12.5mL
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DMEM complete medium DMEM 500 mL
Pen/Strep, 10,000 U/mL 5.5mL
FCS 50 mL
L-Glutamine, 200 mM 5.5mL
NEAA, 100X 5.5mL
Sodium pyruvate, 100 mM 5.5mL

Differentiation medium DMEM 500 mL
Pen/Strep, 10,000 U/mL 5.5mL
FCS 50 mL
L-Glutamine, 200 mM 5.5mL
NEAA, 100X 55mL
Sodium pyruvate, 100 mM 5.5mL
DMSO 13.75mL

Freezing medium FCS 90% (v/v)
DMSO 10% (v/v)

LB medium Tryptone 10g

(for1L, pH7.0) Yeast extract 5g
NacCl 10g

5.1.11Antigens
Antigen Application Supplier
HBCAg (genotype D) ELISA Dr. I?iélers, APP Latvijas Biomediclnas (Riga,
Latvia
HBsAg, (ad), serum purified ELISA Roche®
HBsAg, genotype A ELISA Biovac (South Africa)
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5.1.12Antibodies

Antibody Dilution Article number Supplier
Avidin HRP 1:500 18-4100-51 eBioscience
CD11b-AF594 1:50 301340 Biolegend®
CD14-Bv421 1:50 AB_2744289 BD Biosciences
CD16-BV605 1:50 302039 Biolegend®
goat anti-human IgG (H+L) 1:500 A18807 Invitrogen
goat anti-human IgG HRP 1+1000 A8667 Sigma
1:10,000
1:1000
goat anti-mouse I1gG HRP A21235 Sigma
1:10,000
HB-1 monoclonal antibody 0.5 pg/mL Dieter Glebe
human BD Fc Block 2.5 pg/well 564219 BD Biosciences
Nabi-HB 0.11U/mL giaot:harmaceuticals
5.1.13Software
Software Supplier
FlowJo 10.4 BD Biosciences
CytExpert Beckman Coulter

Graph Pad Prism 9
i-control™ software
Lightcycler 480 Software
MO.Affinity Analysis
MO.Control

Serial Cloner

Windows 7/8/10, MS Office
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5.2 Methods

5.2.1 Cell culture and transfection of mammalian cells
5.2.1.1 Maintenance of cell lines

HEK283T and HepG2-NTCP cells were kept in T25, T75 or T150 tissue culture flasks (TPP®) in Dulbecco's
Modified Eagle Medium (DMEM) (Gibco®) (supplemented with 10% fetal bovine serum (FCS), 50 U/ml
penicillin/streptomycin, 2 mM L-glutamine, 1% sodium pyruvate and 1% non-essential amino acids
(NEAA), all from Gibco®, referred to as DMEM full medium). Upon reaching a confluency of 80-100%,
media was discarded and the cells were detached using trypsin. Following trypsinization, cells were
resuspended in pre-warmed media, supplemented with the appropriate antibiotics and split
accordingly to start at a new confluency level of about 8-10%. For HepG2-NTCP cells, cell culture flasks
were collagenized using 10% collagen diluted in ddH,O to enable a better attachment to the plate
surface. Jurkat cells (JKK) were kept in Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco®)
(supplemented with 10% fetal bovine serum (FCS), 50 U/ml penicillin/streptomycin, 2 mM L-
glutamine, 1% sodium pyruvate and 0.1 mM B-mercaptoethanol, all from Gibco®, referred to as JKK
medium) until reaching a density of about 1-2-10° cells/mL. Then, they were split to start at a density
of 3-5-10° cells/mL by taking out the appropriate amount of cell suspension and adding fresh JKK

medium.
5.2.1.2 Freezing and thawing of cells

Cells were frozen by resuspending desired cell number in 90% FCS and 10% DMSO (v/v), referred to
as freezing medium. Aliquots of 500 uL were pipetted into cryo tubes and transferred into freezing
devices filled with isopropanol before transferring them to -80 °C to ensure a slow freezing rate

of -1 °C/minute.

To thaw cells, media was prewarmed to 37 °C and cells were resuspended in 20 mL of warm media
directly after taking out of the freezer to ensure fast thawing and thereby preventing formation of
crystals which would disturb the cells. Afterwards, the cell suspension was centrifuged for 10 minutes
at 450 rpm at room temperature. The supernatant was discarded and the cells were resuspended in

the desired amount of medium before being plated out and cultured at 37 °C and 5% CO..
5.2.1.3 Cell counting

To determine the cell number, either a Neubauer cell counting chamber or the NucleoCounter®
NC-250™ (chemometec) was used. After harvesting, cells were resuspended in medium to obtain a

single cell solution. For the counting with the Neubauer cell counting chamber, the cell suspension
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was diluted 1:1 with trypan blue stain (Gibco®) and single cells were counted utilizing an optical
microscope. For automated counting, 20 uL of cell suspension were mixed with 1 uL AOeDAPI Staining

Reagent (chemometec) and counted using the NucleoCounter®.
5.2.1.4 lIsolation of human PBMC

All centrifugation steps described here were performed at room temperature in a 5920R centrifuge
(eppendorf). For the isolation of human PBMC, fresh blood was mixed with heparin to avoid
coagulation and pre-warmed RPMI wash medium (50 U/ml penicillin/streptomycin) was added in a
1:1 ratio. Then, 25 mL of this mixture were carefully layered onto 12.5 mL Bicoll (density 1.077 g/mL),
without mixing the two phases. These preparations were centrifuged for 25 min at 1200 xg without
break. The lymphocyte rings of two falcons were pooled in a fresh 50 mL falcon tube and the volume
was adjusted to 40 mL with RPMI wash medium. After centrifugation for 10 min at 700 xg, the
supernatant was discarded and the pellet was resuspended in 40 mL RPMI wash medium before being
centrifuged for 20 min at 80 xg with the break set to 5. Two pellets were pooled, resuspended in 40 mL
RPMI wash medium and centrifuged for 5 min at 350 xg. The concentration of the PBMC suspension
was adjusted to 2-10° cells/mL and the cells were either frozen at -80 °C or rested overnight at 37 °C

and 5% CO; before being employed in further experiments.
5.2.1.5 Transfection of cells

For transfection of HEK293T cells, cells were seeded in T150 flasks (TPP®) to reach 80% confluence
after two days of culture. Per T150 flask, 12.5 pg total DNA was diluted in 1200 puL OptiMEM (Gibco®)
before carefully adding 37 uL FUGENE® 4K Transfection Reagent (Promega™). The FUGENE®/DNA
mixture was incubated at room temperature for 10-15 minutes. After removing media from the cells,
the mixture was added drop-by-drop before adding 25 mL DMEM full medium. Supernatant was
collected and filtered utilizing a 0.2 um syringe filter every second day for a week for further protein

purification. Collected supernatant was replaced with fresh DMEM full media.

5.2.2 HBVinfection, neutralization and quantification of viral replication
5.2.2.1 HBVinfection and neutralization assay

HepG2-NTCP cells were differentiated for 3 days in collagen-coated 24-well plates (TPP®) at a density
of 3-10° cells/well in DMEM full medium (supplemented with 2.5% DMSO (Sigma-Aldrich®), referred
to as differentiation medium). For neutralization assays, different concentrations of antibodies or
nanoshells were mixed 1:1 with HBV. This mixture was incubated at 37 °C for 3 hours. Cells were then
infected with HBV alone or with the HBV-antibody/nanoshell mixture in the presence of 4%

polyethylene glycol (PEG). After 18 hours, the inoculum was removed, the cells were washed twice
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with PBS and 1 mL differentiation media was added to the cells. On day 4 and 8 post infection, the
supernatant was collected and HBeAg levels were determined (BEP Ill, DiaSorin). On day 8 post

infection, cells were lysed, collected and subjected to qPCR to determine intracellular cccDNA.
5.2.2.2 Quantitative PCR (qPCR) of viral cccDNA

Intracellular rcDNA and cccDNA levels were quantified by quantitative real time PCR. Cell lysates of
HBV infected cells were subjected to DNA extraction using the NucleoSpin® tissue kit (Macherey-
Nagel), following the manufacturers’ instructions. For cccDNA analysis, extracted DNA was digested
with a T5 exonuclease (New England Biolabs®) according to the manufacturers’ protocol. For this,
8.5 pL of extracted DNA were mixed with 0.5 uL T5 exonuclease and 1 uL of the corresponding buffer
(New England Biolabs®). After incubation at 37 °C for 30 minutes and subsequent heat inactivation at
99 °C for 5 minutes, the samples were diluted 1:4 with H,O and subjected to gPCR. PRNP served as
reference gene. 4 uL of T5 digested DNA were mixed with 0.5 uL forward and reverse primer
(HBVcccDNA (2760) fwd, HBVcccDNA (156) rev, Prp_fwd, Prp_rev, rcDNA_fwd, rcDNA_rev20 uM) and
5 ul LightCycler 480 SYBR Green | Master mix (Roche®). The gPCRs were performed in FrameStar® 96
Well Semi-Skirted PCR plates (4Titude) on a LightCycler 480 (Roche®). The following programs were

used:

Table 1 qPCR conditions for the amplification of cccDNA.

Temperature [°C] Time [sec] Ramp [°C/sec] Acquisition mode Cycles

Denaturation 95 600 4.4 1
Amplification 95 15 4.4
60 5 2.2
50
72 45 4.4
88 2 4.4 single
Melting 95 1 4.4
65 15 2.2 1
95 0.11 Continuous: 5/°C
Cooling 40 30 2.2 1
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Table 2 qPCR conditions for the amplification of HBV rcDNA and PRNP.

Temperature [°C] Time [sec] Ramp [°C/sec] Acquisition mode Cycles

Denaturation 95 300 4.4 1
Amplification 95 25 4.4
60 10 2.2 40
72 30 4.4 single
Melting 95 1 4.4
65 60 2.2 1
95 0.11 Continuous: 5/°C
Cooling 40 30 2.2 1

5.2.3 Molecular cloning methods
5.2.3.1 Transformation of bacteria

For the amplification of a specific plasmid, One Shot® TOP10 and STBL3™ chemically competent E. coli
cells were used, respectively. For re-transformations, 0.5-1 ug DNA was added to 90 uL of freshly
thawed bacteria and mixed gently. For transformations, 10-20 uL ligation product was used. The
bacteria-DNA mixture was incubated on ice for 30 minutes (min) before being subjected to a heat
shock at 42 °C for 45 seconds (sec). After incubation on ice for 2 min, 1 mL super optimal broth with
catabolite repression (S.0.C. media) was added and bacteria were incubated for 1 hour at 37 °C and
250 rounds per minute (rpm). Following centrifugation in a table-top centrifuge (Eppendorf Centrifuge
5417 R; 5 min, 600xg), the pellet was resuspended in 200 pL and plated on LB-agar plates containing
the respective antibiotics for selection. After incubation at 37 °C overnight, clones were picked and
transferred to 3 mL LB media supplemented with the appropriate antibiotic. Working concentrations
of Ampicillin (Amp) and Kanamycin (Kan) were 50 pg/mL. Suspensions were incubated overnight at
37 °C and 300 rpm before being subjected to DNA extraction using the NucleoSpin™ Plasmid Mini kit
(Macherey-Nagel™) or used to inoculate 100 mL of LB media to proceed with DNA extraction using

the NucleoBond™ Xtra Midi kit (Macherey-Nagel™).
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5.2.3.2 Agarose gel electrophoresis and gel extraction

To either check for the correct bands after a control digest of ligated plasmids or to purifiy amplified
vectors and insert, agarose gels were run. For this, 1% agarose (w/v) was dissolved in TAE buffer using
a microwave. The liquid agarose was poured into a gel chamber and appropriate amounts of 20,000x
ROTI® GelStain (Carl Roth®) were to allow for DNA detection. DNA samples were mixed with 6x
agarose gel loading dye (Thermo Scientific™), loaded on the gel, and run for 45-60 minutes at 120 V.
Afterwards, the VWR® Imager2 and its corresponding software were used to detect DNA bands. In
case of control digests, samples showing the expected pattern were further sent to Eurofins for
sequence confirmation. For DNA extraction and purification, the corresponding bands were cut out of
the gel and the DNA was extracted and purified using the NucleoSpin® Gel and PCR Clean-up Mini kit
(Macherey-Nagel™), following the manufacturer’s instructions. The purified DNA was either used for

ligation directly or stored at -20 °C.
5.2.3.3 Restriction digest

For any restriction digests, the fast restriction enzymes by Thermo Scientific™ were used. They were
mixed with the respective DNA and 10x fast digest buffer for 15 min at 37 °C. When the restricted DNA
was used for subsequent ligation, the vector backbone was also incubated with a FastAP
thermosensitive alkaline phosphatase (Thermo Scientific™) during the digest to inhibit recirculation of

the vector.
5.2.3.4 Ligation

For DNA ligation, the T4 ligase and the corrresponding buffer from NEB® were used. Ligation was

performed overnight at 4 °C in a total reaction volume of 50 pL with an insert:vector ratio of 3:1.
5.2.3.5 Isolation of plasmid DNA

Plasmid DNA produced by E. coli was isolated using the the NucleoSpin™ Plasmid Mini or the

NucleoBond™ Xtra Midi kit (Macherey-Nagel™), following the manufacturer’s instructions.
5.2.3.6 Polymerase chain reaction (PCR)

PCR was performed using the Phusion™ Flash High-Fidelity PCR Master Mix of Thermo Scientific™ with
20 pmol/uL of each primer and 0.2-2 ug of target DNA, depending on the source of DNA. All primers
were ordered from Microsynth and are listed in 5.1.7. Annealing temperatures were applied
specifically for the used primers based on T, calculations by the Tr-calculator software of New England
Biolabs® (NEB) (https://tmcalculator.neb.com/#!/main). Amplification was performed in an Applied

Biosciences™ ProFlex™ PCR System by Thermo Fisher. PCR efficiency was verified by running an 1%
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agarose gel. The amplified PCR product was purified using the High Pure PCR Purification Kit by

Roche®, following the manufacturer’s instructions.

5.2.4 Protein production and purity as well as functional anlysis
5.2.4.1 Protein purification via affinity chromatography

Proteins of interest that were expressed and secreted by HEK293T cells were purified via affinity
chromatography. A protein G column was used to purify Fc-engineered IgG antibodies as well as the
Fc-“a”-determinant constructs. The column was first washed with 5 column volumes (CV) milli-Q®
purified water. After that, it was equilibrated with 3 CV binding buffer. For IgG purification, a sodium
phosphate buffer (0.2 M) was used, while the gentle binding buffer by Thermo Scientific™ was used
for the Fc-“a”-determinant constructs. After equilibration, the collected and filtered supernatant was
loaded onto the column. After washing the column with 10 CV of binding buffer again, the sample was
eluted with elution buffer. For I1gG purification a glycine-HCI buffer (pH 2.7) was used, whereas the
gentle elution buffer by Thermo Scientific™ was used for the Fc-“a“-determinant constructs. The
protein was eluted in 1 mL fractions. For the IgG purification, the protein was eluted in 75 L of
neutralization buffer (1 M Tris-HCI, pH 9) per 1 mL of elution fraction. The column was then re-

equilibrated with 5 CV of binding buffer and rinsed with 10 CV of 20% ethanol. The column was stored
in 20% ethanol at 4 °C.

5.2.4.2 Bradford Assay

To determine the protein concentration in different samples, a Bradford assay was performed in
addition to measurements on the NanoDrop™ (Thermo Scientific™). A serial dilution of BSA or BGA
with concentrations ranging from 0 mg/mL to 2 mg/mL served as standard. 10 pL of sample was
pipetted into a well of a 96-well plate and 300 pL of Bradford agent was added. The plate was shaken
for 30 seconds at 750 rpm before being incubated at room temperature for 10 minutes in the dark.
Finally, the optical density (OD) at 595 nm was measured using the Infinite® F Plex plate reader (Tecan

GmbH) and the standard was used to calculate the concentrations of the samples.
5.2.4.3 SDS-polyacrylamide gel electrophoresis and Western blot analysis

To analyze the purity and integrity of different proteins, an SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed. The separation gel consisted of 12.5 % acrylamide, while the stacking gel
consisted of 5% acrylamide. Samples were mixed with 4x Laemmli Buffer (Biorad) and boiled at 95-
99 °C for 10-20 minutes, depending on the complexity of the sample. The gel electrophorese was
performed at a constant voltage of 85 V for 3 hours. The gels were subsequently stained with Brilliant

Blue G 250 (Carl Roth™). For Western blot analysis, unstained gels were used. All Western blots were
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performed as wet blots. For this, the SDS gel was placed onto two Whatman® papers, that were soaked
in Western blot running buffer. Then, a nitrocellulose membrane, activated in methanol, was place on
to op to gel, followed by two more soaked Whatman® papers. This sandwich was placed between two
sponges which were also soaked in the running buffer. Remaining air between the different layers was
released and the whole setup was placed into the Western blot chamber which was equipped with
cooling packs, filled up with running buffer and surrounded by ice to keep the setup cool for the whole
run. For two blots, a constant current of 300 mA was applied for 1.5 hours, while for one blot only
200 mA were used. After blotting, the membrane was washed 2 times with TBS-T before blocking with
5% milk in TBS-T to avoid unspecific bindings. Afterwards, the membrane was washed 3 times for 15
minutes with TBS-T before applying the primary antibody in its specific dilution in milk TBS-T. The
primary antibody was incubated overnight at 4 °C while shaking. After washing again 3 times for 15
minutes, the secondary HRP-labelled antibody, diluted in 5% TBS-T, was applied and incubated for 2-
4 hours at room temperature. Subsequently, the membrane was washed with TBS-T again and ECL™
Prime Western Blotting Detection Reagent (Cytiva Amersham™) was used for detection of bands,

which were evaluated using the ECL Chemocam and Chemostar software by Intas.
5.2.4.4 Biotinylation of proteins

For the biotinylation of proteins, the EZ-Link® Micro Sulfo-NHS-Biotinylation Kit (Thermo Scientific™)
was used, following the manufacturer’s instructions. Subsequently, the Pierce Biotin Quantitation Kit

(Thermo Scientific™) was used to determine the degree of biotinylation.
5.2.4.5 HBsAg ELISA

To determine the specificity of antibodies and nanoshells conjugated to HBsAg-specific antibodies to
HBsAg, an enzyme-linked immunosorbent assay (ELISA) was performed. For this, HBsAg isolated from
patient serum (kindly provided by Roche®) was diluted in PBS and coated to a 96-well MicroWell™
MaxiSorp™ plate (Thermo Scientific™) at a concentration of 1 pg/mL (50 uL/well) for 30 minutes at
37 °C, shaking at 350 rpm or at 4 °C overnight. The wells were washed 5 times with 0.5% tween in PBS
(PBS-T) and blocked with 5% BSA in PBS for 1 hour at room temperature, shaking at 350 rpm. Plates
were washed 5 times with PBS-T again before 50 uL of samples and controls (diluted in PBS) were
added and incubated at room temperature for 2 hours, shaking at 350 rpm. After another washing
step, 50 pL of the detection antibody (goat-anti-human IgG-HRP (Sigma®), 1 ug/mL in PBS) was added
and incubated at room temperature for 1 hour, shaking at 350 rpm. Subsequently, wells were washed
again and signal was detected by adding 50 pL/well of TMB solution (Thermo Scientific™). The reaction
was stopped with 50 pl/well 2 N sulfuric acid (Carl Roth®) and the OD was measured using the Infinite®

F Plex plate reader (Tecan GmbH) at 450 nm with subtraction of the background at 560 nm.
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5.2.4.6 Anti-human IgG ELISA

To determine the specificity of antibodies and nanoshells conjugated to HBsAg-specific antibodies to
anti-human IgG, an ELISA was performed. For this, a goat-anti-human IgG (Invitrogen) was diluted in
PBS (5 pg/mL) and coated to a 96-well MicroWell™ MaxiSorp™ plate (Thermo Scientific™) at a
concentration of 1 ug/mL (50 uL/well) for 30 minutes at 37 °C, shaking at 350 rpm or at 4 °C overnight.
The wells were washed 5 times with PBS-T and blocked with 5% BSA in PBS for 1 hour at room
temperature, shaking at 350 rpm. Plates were washed 5 times with PBS-T again before 50 uL of
samples and controls (diluted in PBS) were added and incubated at room temperature for 2 hours,
shaking at 350 rpm. After another washing step, 50 uL of the detection antibody (goat-anti-human
IgG-HRP (Sigma®), 1 ug/mL in PBS) was added and incubated at room temperature for 1 hour, shaking
at 350 rpm. Subsequently, wells were washed again and signal was detected by adding 50 pL/well of
TMB solution (Thermo Scientific™). The reaction was stopped with 50 pl/well 2 N sulfuric acid (Carl
Roth®) and the OD was measured using the Infinite® F Plex plate reader (Tecan GmbH) at 450 nm with

subtraction of the background at 560 nm.
5.2.4.7 Fc-“a”’-determinant ELISA

After purification of the Fc-“a”-determinant constructs, the different purification fractions were
analyzed with an ELISA to determine the elution peak. An antibody recognizing a linear epitope of the
“a”-determinant (HB1, kindly provided by Dieter Glebe) was diluted in carbonate buffer (pH 9.6) and
coated to a 96-well MicrowWell™ MaxiSorp™ plate (Thermo Scientific™) at a concentration of 0.5 pg/mL
(50 pL/well) at 4 °C overnight. After washing and blocking with 5% BSA in PBS for 1 hour the next day,
the different purification fractions were added (50 uL/well) for 2 hours at room temperature, shaking
at 350 rpm. After another washing step, the constructs were detected using an HRP-conjugated anti-
human Fc antibody (Sigma®). TMB solution (Thermo Scientific™) was added (50 pL/well) and the
reaction was stopped using 2 N sulfuric acid (50 pL/well; Carl Roth®). The OD was measured using the
Infinite® F Plex plate reader (Tecan GmbH) at 450 nm with subtraction of the background at 560 nm
and the elution fractions showing the highest signals were pooled and further concentrated using a

spin column with a molecular weight cut off (MWCO) of 10 kDa.

To ensure the correct folding of the purified and concentrated Fc-“a”-determinant constructs, a
different ELISA setup was performed. For this, the Fc-“a”-determinant constructs were diluted in
coating buffer and coated to a 96-well MicroWell™ MaxiSorp™ plate (Thermo Scientific™) at different
concentrations (0, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3.1, 10 uM; 50 pL/well) at 4 °C overnight. After
washing and blocking with 5% BSA in PBS for 1 hour, a biotinylated antibody recognizing a

conformational epitope of the “a”-determinant was added (4D06, produced in house or MoMADb,
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production outsourced to InVivo) at a concentration of 10 pg/mL (for biotinylation method refer to
5.2.4.4). HRP-labelled avidin (1:500, 50 uL/well; eBioscience™) was used to detect the binding. TMB
solution (Thermo Scientific™) was added (50 pL/well) and the reaction was stopped using 2 N sulfuric
acid (50 pL/well; Carl Roth®). The OD was measured using the Infinite® F Plex plate reader (Tecan
GmbH) at 450 nm with subtraction of the background at 560 nm.

5.2.5 Flow cytometry

For flow cytometry analyses, different antibody panels were used. In general, for the analysis around
2.5-5 - 10° cells/well were added to a V-bottom 96-well plate (Corning®) and centrifuged at 450xg for
2.5 minutes. After washing the cells twice with FACS buffer (0.1% BSA in PBS), the extracellular staining
was applied to the cells with 50 puL per well. For the extracellular staining of moDC the following
antibodies were used: CD11b-AF594 (1:50, Biolegend®), CD14-BVv421 (1:50, BD Biosciences) and
Live/Dead™ fixable Near-IR dead cell stain (1:1000, Invitrogen). The Jurkat cells were stained with
CD16-BV605 (1:50, Biolegend®) and Live/Dead™ fixable Near-IR dead cell stain (1:1000, Invittrogen).
The staining was incubated on the cells on ice for 30 minutes in the dark. Cells were washed thrice
with FACS buffer. For the analysis of intracellular AF647-labelled HBsAg in moDC, cells were fixed using
100 pL/well Cytofix/Cytoperm™ (BD Biosciences). Following thorough washing with Perm/Wash™ (BD
Biosciences) or FACS Buffer (for non-fixed samples), cells were resuspended in 250 pL corresponding

buffer and subjected to flow cytometry analysis using a Cytoflex S (Beckman Coulter).

5.2.6 Affinity measurements
5.2.6.1 Labeling of proteins with red dye

To be able to determine the dissociation constants of different protein-protein interactions via
microscale thermophoresis, one binding partner has to be labeled with a fluorophore. For this, the
Protein Labeling Kit RED-NHS (NanoTemper) was used. Labeling, as well as determination of degree of

labeling (DOL), were performed following the manufacturer’s instructions.

5.2.6.2 kD measurements of Fc-“a”-determinant constructs and MoMAb via microscale

thermophoresis (MST)

Microscale thermophoresis (MST) is a method to assess protein-protein interactions. To evaluate the
kD of certain antibody-antigen interactions, one of the binding partners is labelled with a fluorophore
(for labeling method refer to 5.2.6.1). The concentration of the labelled interaction partner is kept
constant, while the concentration of the unlabeled partner is titrated. The fluorescence of the labelled
protein changes due to an applied temperature change. These changes in fluorescence can then be

used to calculate binding affinities and relevant values for binding events such as the kD or ECso. The
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MST measurements were conducted using the Monolith NT.115 (NanoTemper). Directly before MST
measurements, different amounts of labelled Fc-“a”-determinant were added to a constant
concentration of antibody, calculated by the MO.Control software (NanoTemper). These preparations
were filled in glass capillaries, provided by NanoTemper and subsequently subjected to MST analysis.
Using the MO.Affinity Analysis software (NanoTemper), MST data were used to calculate Kp values of

the different Fc-“a”-determinant constructs to MoMADb.
5.2.7 ADCC assessment via NFAT reporter cell line

Jurkat cells stably expressing hCD16-CD3C (kindly provided by Philipp Kolb; Institute of Virology,
Universtatsklinikum Freiburg) were transiently transfected with a plasmid coding for NFAT-dependent
luciferase expression, seeded into a 24-well cell culture plate (10°cells/well, 500 uL/well; TPP®) and
cultured at 37 °C and 5% CO.. 24 hours post transfection, 4D06 (produced in house) was added to the
cells at different final concentrations (0, 10, 100, 1000 nM) and cells were incubated again for 24 hours
at 37 °C and 5% CO,. Then, cells were lysed using a HEPES lysis buffer (25 mM HEPES, 100 mM NaCl,
2 mM MgCl,, 0.5% Triton X-100, 1x protease inhibitor). 10 uL of lysate was transferred to a well of a
white, flat bottom 96-well plate (XXX) and the Infinite® F Plex plate reader (Tecan GmbH) was utilized

to add luciferin (100 pL/well, 200 uM; p.j.k.) directly before measuring the luminescence.
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