Y nm

Fakultat fir Medizin
Institut fur Virologie

Generation and functional characterization of bi- and trispecific
antibodies for treatment of chronic hepatitis B

Oliver Quitt

Vollstandiger Abdruck der von der Fakultat fur Medizin der Technischen Universitét
Muinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.
Vorsitzender: Prof. Dr. Dirk Busch

Prifende der Dissertation:

1. Prof. Dr. Ulrike Protzer
2. Prof. Dr. Dietmar Zehn

Die Dissertation wurde am 20.02.2020 bei der Technischen Universitdt Minchen
eingereicht und durch die Fakultat fir Medizin am 16.02.2021 angenommen.






Table of contents

Table of contents

ADSTIACT .. 7
ZUSAMIMENTASSUNG ...ttt 9
ADDIEVIALIONS .o 11
1 INEFOAUCTION .o 15
1.1 The hepatitisS B VIFUS ....cccoiiiiiiiiiie e e e e e e e aaanees 15
1.1.1 Molecular biology and replication cycle of HBV ............cooovvviiiiiiiiiiiiiinnnnn. 15
1.1.2 Course of infection and HBV-associated liver diseases..................cccuvvuee. 19
1.1.3 Prophylaxis and treatment..............oouriiiiiiie e i e e e e eaeees 21
1.2 The adaptive immune SYSTEM ....ooooiiiiiiiieee e 23
1.2.1 T-cell mediated iMMUNILY .........ooeiiiiiiiiiie e e e 23
1.2.2 B-cell mediated iIMMUNILY ......cooiieiiiiiiiee e e e 26
1.3 Bispecific antibodies as immunotherapeutic tools ..............ccooeeeeeeee. 29
1.3.1 Principles of bispecific antibodies.........cccooeeeiiiiiiiiiiii e 29
1.3.2 Clinical application of bispecific antibodies............cccccvvviiiiiiiiiinis 29
1.3.3 Rational for the development of trispecific antibodies.............ccccccvvvvnnnnn. 33
1.4 AIMS OFf the WOTK ..o 34
2 RESUILS ...t e e 35
2.1 Development and functional analysis of bispecific antibodies ................ 35
2.1.1 FabDMADBOCDS ... e 35
2.1.2 Co-stimulation with FabMADACD28 ..o, 38
2.1.3  Purification of FADMADS .........oooiiiiii e 42
2.1.4 Purified FabMAbs are functional and induce a cytotoxic immune
response against HBVenv-expressing target cells.............ccccoeeeieee. 43
2.2 Comparison of bi- and tetravalent bispecific antibodies ...........cccccceeee. 45
2.2.1 Development and production of tetravalent bispecific antibodies.............. 45
2.2.2 FabMAbs and BiMADs bind their target proteins............cccoeeeeeeieiieeeeeeeee, 47
2.2.3 Bi- and tetravalent constructs activate T cells with comparable
POLEINCY ...ttt ettt e ettt e e ettt e e e et e e e era e aaee 50
2.3 Evaluation of the bsAb-mediated antiviral effect..........cccccccvvvviiviiiiinnnnnnn. 59
2.3.1 HepG2 NTCP K7 cells are highly susceptible to HBV infection ................ 59
2.3.2 BsAbDs activate T cells to eliminate infected HepG2 NTCP cells................ 60

2.3.3 Treatment with bsAbs induces MOI-dependent T-cell activation and
demonstrates an antiviral €ffeCt..............uuuuuiiiiiiiiiiiiii 61



Table of contents

2.4 Development and functional analysis of trispecific antibodies................ 63
2.4.1 Structural and biochemical properties of TriMAb and OKTriMADb............. 63
2.4.2 Expression studies and purification of THIMAD ..., 66
2.4.3 Comparison of tri- and bispecific antibodies ............cccccooviiiiiiiiiiiin . 68

3 DS CUS STON - 77

3.1 Production and stability of bi- and trispecific antibodies ......................... 77
3.1.1 Bispecific antibOdi€S.......cccoovviiiiiii e 77
312 THMAD 78

3.2 Successful redirection of T cells towards HBVenv-expressing cells

requires co-stimulation with CD28-specific constructs ............ccccoevvvvnnnnn. 79

3.3 Comparison of FabMADbs and BiMADS...........uuuiiiiiiiiiiiiiiiiiiiees 82

3.3.1 Influence of the antibody format on the redirection capacity in vitro......... 82

3.3.2 Influence of the antibody format on serum availability and half-life in

3.3.3 Kinetics of target cell elimination and cytokine-mediated antiviral

BT Ot e 84

3.4 Induction of cytotoxic CD4* T cells upon treatment with bi- and
triSPECIfiC aNTIDOTIES .....uuiiiiiiiiiiiiiiieei e 85
3.5 Effect of bsAb treatment on the T-cell subset composition...................... 86
3.6 Benefit evaluation of trispecific antibodies.............cccccuuviiiiiiiiiiiiiiiiiiiiiines 87
3.7 TriMADb functionality depends on the presence of HBVenv ...................... 88

3.8 Modulation of bsAb-mediated target cell elimination with IL-12 and
Y PEI-ILB ... e e 88
3.9 Invivo studies with BiMADbs in atumor transplant model......................... 90
3.10 Murine HBV-infection MOdelS .........oooiiiiiiiiiiiiiii e 90
3.11 Limitations of HBV immunotherapy with bispecific antibodies................ 92
3.11.1 Specificity of the bsAb-mediated T-cell redirection ...............ccoeeeeeeeee. 92
3.11.2 Sensitivity of bsAb-mediated T-cell redirection ...........ccccooeevvvvviiiiicinneeen.. 92
3.11.3 Influence and side effects of soluble HBSAQ..........couviiiiiiiiiiiiiiiee 93
3.12 Final evaluation and OUtIOOK ..............uuiiiiiiiiiiiiii 94
4 Material and MethOdS.......cccooiieeeeeee e 97
4.1 MAEEIIAIS ...t 97
4.1.1 Devices and technical eqUIPMENt...........ccovviiiiiiiiiiiiiiiieeeeeeee 97
4.1.2 ConsumMADIES ........oooviiiiiii 98
4.1.3 Chemicals and reagentS. ......ccoiieeiiiiiiiiiae e 99



Table of contents

4.1.4 Buffers and SOIULIONS...........oooiiii i 101
415 ENZYMIES oottt 102
4.1.6  Proteins @nd VIIUS ........ccoouiiiimiiiiiiieaaiiaiiiie e e e s e e e e s 103
O A <1 103
4.1.8 Celllines and DACIEIIA.............uviiiiiiiiiii e 104
4.1.9  ANDOIES ..o 104
4.1.10 PIIMEIS <o 105
4111 PIASIMIAS ... 107
4.1.12 MEAIA ..o 108
4.1.13 MOUSE SEIAINS......uiiiiiiiiieeeieiiiit et e e e e e e e e e e e e e e e e s eeeeeas 109
4114 SOMWAIE.. ..o 109

4.2 MEINOAS .. 110
4.2.1 Cloning strategy for bi- and trispecific CONStructs..............ccccoeeeeeeeeeeeeenn. 110
4.2.2 Molecular cloning Methods...........ooooiiiiiii 111
4.2.3 Culture and transfection of mammalian cells............cccccceveiiiiiiiiiiinnnen. 113
4.2.4 Antibody production and purity analysis ..........ccccceeviiiiiiieeerieiie e, 114
4.2.5 Antibody binding-Studies ... 116
4.2.6 Co-culture experiments and functional readouts..................cceevvvieeenen... 117
4.2.7 HBV-infection and quantification of viral replication ...............cccccceeeeee.. 119
4.2.8 Determination of half-life in C57BL/6J MiCe..........ccoovveiiiiiiiii, 121
e ] - 1] (o1 T 122

5 Table Of FIQUIES .ooiiiiiiiiieeeeeeee e 123
6 BibDlIOGrapRNy .. 125
ACKNOWIBAGMENTS ... e e e e e e e e b e e e e e e e aennnes 143
Publications and MEETINGS .....couviiiiiiiiiiieeeeee e 145






Abstract

Abstract

Despite the availability of an effective prophylactic vaccine, approximately 257 million
people are worldwide chronically infected with the hepatitis B virus (HBV) and therefore
harbor a high risk to develop liver cirrhosis and hepatocellular carcinoma (HCC). In 2015,
HBV-related liver diseases resulted in approximately 887,000 deaths, yet a curative
therapy for chronic hepatitis B (CHB) is still not available. Current treatment options
efficiently suppress HBV-replication, but rarely achieve viral clearance, since the viral
covalently closed circular DNA (cccDNA) in the nucleus is not targeted. Although viral
suppression improves the outcome of CHB, patients require life-long treatment and still
carry the risk of developing HBV-driven HCC. Consequently, further efforts that intent a
curative therapy for HBV infection are still in need. This thesis describes the
immunotherapeutic retargeting of endogenous T cells employing bi- and trispecific
antibodies (bsAbs, tsAbs), which aims at achieving viral clearance through the
elimination of the HBV-infected hepatocytes and cytokine-mediated degradation of the
viral cccDNA. Through simultaneous binding of the HBV envelope protein (HBVenv) on
hepatocytes and cluster of differentiation 3 (CD3) or CD28 on immune effector cells, they
can activate T cells to establish and maintain a cytotoxic immune response toward the
HBV-infected target cells.

The first part of the thesis focused on the construction, expression and in vitro
characterization of the bispecific antibodies FabMAbaCD3 and FabMAbaCD28. These
bivalent constructs are composed of the HBVenv-specific chimeric fragment antigen
binding (Fab)-fragment 5F9 that is connected to a CD3- or CD28-specific single chain
fragment variable (scFv) by a glycine-serine linker. The data showed that the constructs
are successfully expressed and that they bind both of their antigens successfully.
Moreover, purification via immobilized metal affinity chromatography (IMAC) yielded in
functional preparations that induced T-cell activation and cytotoxic elimination of
HBVenv-transgenic target cells. However, efficient T-cell redirection required the
combined administration of both constructs.

To study the impact of size and binding valency, the constructs BiMAbaCD3 and
BiMAbaCD28 were developed in cooperation with the German cancer research center
(DKFZ) in Heidelberg. BiMADbs consist of two HBVenv-specific scFv C8 connected to the
n-termini of the immunoglobulin G 1 (IgG1) fragment crystallizable (Fc) domain and two
CD3- or CD28 targeting scFv that are fused to the respective c-termini resulting in
tetravalent constructs with two binding sites for each antigen. Comparative analysis of
the different formats displayed similar potency for the bi- and tetravalent constructs,
regarding binding characteristics, T-cell activation and target cell elimination in vitro, yet
BiMADs displayed a substantially longer half-life in mice.

In the next step, the bsAb approach was applied to an HBV infection system with the
human hepatoma cell line HepG2 NTCP as model. Hereby, the bsAb-mediated T-cell
redirection induced specific elimination of the infected target cells and efficient
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degradation of the viral cccDNA. Furthermore, a strong correlation between the
multiplicity of infection (MOI) and the magnitude of the retargeted T-cell response was
observed. FabMADbs inhibited HBV replication with an ICso value of 0.719 nM.

Since the combination of CD3- and CD28-specific bsAbs was required for efficient T-cell
redirection and in consideration of a therapeutic approach, the last part of the thesis
aimed at the generation of trispecific constructs that combine both immune stimulatory
scFvs. Two different trispecific antibodies, TriMAb and OKTriMAb, were constructed
using the Fab fragment 5F9 as heterodimerization domain. The pentavalent TriMAb
consists of two scFv C8 that are fused to the n-termini of the Fab fragment 5F9 as well
as a CD3- and CD28 targeting scFv that is connected to c-terminus of heavy chain and
light chain, respectively. To further increase binding valency, two TriMAbs were
dimerized by n-terminal elongation of the CH1 domain by the amino acids
DKTHTCPPCP, resulting in a F(Ab)2-like molecule. The scFvC8 were directly fused to
the n-termini of HC and LC constant domains. This gave rise to an oktavalent construct
with four binding sites for HBVenv as well as two for CD3 and CD28, which was termed
OKTriMAb. Both constructs were successfully expressed and activated T cells in the
presence of recombinant HBVenv. Moreover, TriMAb administration induced efficient
target cell elimination and displayed a clear anti-viral effect, without the requirement of
further co-stimulation.

Taken together, the administration of HBVenv-targeting bsAbs facilitated a robust T-cell
redirection towards HBVenv-expressing target cells and might provide a feasible and
promising approach for the treatment of CHB and HBV-associated HCC.
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Zusammenfassung

Trotz der Verflgbarkeit eines wirksamen prophylaktischen Impfstoffes sind weltweit
ungefahr 257 Millionen Menschen chronisch mit dem Hepatitis-B-Virus (HBV) infiziert
und tragen daher ein erhéhtes Risiko, an einer Leberzirrhose und dem hepatozellularen
Karzinom (HCC) zu erkranken. Im Jahr 2015 starben rund 887.000 Menschen an HBV-
assoziierten Lebererkrankungen, da keine kurative Therapie der chronischen Hepatitis B
(CHB) verfugbar ist. Die derzeitige Behandlung ermdglicht eine effektive Suppression
der viralen Replikation, erreicht aber selten die vollstandige Eliminierung des Virus, da
die virale kovalent geschlossene zirkulare DNA (cccDNA) im Zellkern nicht angegriffen
wird. Obwohl die virale Suppression die Symptomatik der chronischen Erkrankung
verbessert, benttigen Patienten eine lebenslange Behandlung. Dariiber hinaus bleibt
ein erhdhtes Risiko bestehen, an HCC zu erkranken. Daher sind weitere Anstrengungen
erforderlich, eine kurative Therapie fir CHB zu entwickeln. Diese Arbeit beschreibt die
immuntherapeutische Aktivierung von endogenen T-Zellen unter Verwendung von bi-
und trispezifischen Antikdrpern (bsAbs, tsAbs), was zur viralen Eliminierung durch das
Abtoten der HBV-infizierten Hepatozyten und den Zytokin-vermittelten Abbau der viralen
cccDNA fuhren soll. Durch die simultane Bindung des HBV-Hiillproteins (HBVenv) auf
der Hepatozytenmembran und CD3 (englisch: cluster of differentiation 3) oder CD28
konnen diese Konstrukte T-Zellen aktivieren, um eine zytotoxische Immunantwort
gegenlber den HBV-infizierten Zielzellen zu induzieren.

Der erste Teil der Arbeit konzentrierte sich auf die Konstruktion, Expression und in vitro
Charakterisierung der beiden bispezifischen Antikérper FabMAbaCD3 und
FabMAbaCD28. Diese bivalenten Konstrukte bestehen aus dem HBVenv-spezifischen
chimaren Fab (englisch: fragment antigen binding) Fragment 5F9 welches mittels eines
Glycin-Serin-Linkers mit einem CD3-spezifischen beziehungsweise einem CD28-
spezifischen scFv (englisch: single chain fragment variable) Fragment verbunden sind.
Es wurde herausgefunden, dass beide Konstrukte erfolgreich exprimiert werden kénnen
und dass sie ihre Antigene erfolgreich binden. Dariliber hinaus fiihrte die Reinigung
mittels immobilisierter Metallionen-Affinitditschromatographie (IMAC) zur Gewinnung von
funktionellen Konstrukten, deren Anwendung zu einer T-Zell-Aktivierung und zur
Eliminierung von HBVenv-transgenen Zielzellen in vitro fihrte. Eine effiziente
Aktivierung der T-Zellen erforderte jedoch die kombinierte Applikation beider Antikérper.

Um die Auswirkungen von Grof3e und Valenz zu untersuchen, wurden die tetravalenten
Konstrukte BiMAbaCD3 und BiMAbaCD28 in Zusammenarbeit mit dem deutschen
Krebsforschungszentrum (DKFZ) in Heidelberg entwickelt und anschlieend eine
vergleichende Analyse der verschiedenen Formate durchgefiihrt. Diese BiMAbs
bestehen aus zwei HBVenv-spezifischen scFv Fragmenten C8, welche mittels der Fc
(englisch: fragment crystallizable) Domane des humanen Immunglobulin G 1 mit zwei
CD3-spezifischen beziehungsweise CD28-spezifischen scFv Fragmenten verbunden
sind. Die Ergebnisse zeigten eine vergleichbare Wirksamkeit fiir die bi- und tetravalenten
Konstrukte in Bezug auf ihre Bindungseigenschaften, die T-Zell-Aktivierung und die
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Eliminierung der Zielzellen in vitro, jedoch demonstrierten BiMAbs eine wesentlich
lAngere Halbwertszeit in einem Mausmodel.

Im né&chsten Schritt wurde der immuntherapeutische Ansatz auf ein HBV-
Infektionssystem Ubertragen, wobei HepG2 NTCP-Zellen als Modellzelllinie dienten.
Dabei fiihrte die bsAb-vermittelte T-Zell-Aktivierung zu einer spezifischen Eliminierung
der infizierten Zielzellen und dariiber hinaus zu einem effizienten Abbau der viralen
cccDNA. Zusatzlich wurde eine starke Korrelation zwischen der Multiplizitat der Infektion
(MOI) und der induzierten T-Zell-Antwort beobachtet. FabMAbs inhibierten die HBV-
Replikation mit einem ICso-Wert von 0,719 nM.

Da die Kombination von CD3- und CD28-spezifischen bsAbs fiir die Induktion einer
effiziente T-Zell-Aktivierung erforderlich war, zielte der letzte Teil der Arbeit auf die
Generierung von trispezifischen Antikérpern ab, welche beide immunstimulierenden
Doméanen in einem Konstrukt vereinen. Zwei verschiedene Formate, TriMAb und
OKTriMAb, wurden erfolgreich konstruiert, wobei das Fab-Fragment 5F9 als
Heterodimerisierungsdoméane diente. Der pentavalente TriMAb besteht aus zwei scFv
Fragmenten C8, welche mit den n-Termini des Fab Fragments verbunden sind, sowie
einem CD3-spezifischen scFv-Fragment, welches mit der schweren Kette des Fab
Fragments verknipft ist und einem CD28-spezifischen scFv Fragment, welches mit der
leichten Kette des Fab-Fragments verbunden ist. Um die Anzahl der Bindungen weiter
zu erhdéhen wurden zwei TriMAbs durch die Verlangerung der CH1 Domane um die
Aminosauren DKTHTCPPCP verknipft, was zur Entstehung eines F(Ab)2-ahnlichen
Molekils fuhrte. Die beiden scFv-Fragmenten C8 wurden direkt mit den konstanten
Doméanen der schweren und leichten kette verknipft, wodurch ein oktavalentes
Konstrukt mit vier Bindestellen fir HBVenv und jeweils zwei Bindestellen fir CD3 und
CD28 entstand, welches OKTriMAb genannt wurde. Beide Konstrukte konnten
erfolgreich exprimiert werden und induzierten eine spezifische T-Zell-Aktivierung in
Gegenwart von rekombinantem HBVenv. Darlber hinaus fuhrte die Anwendung von
TriMAb zu einer effizienten Eliminierung von Zielzellen in vitro und zeigte einen
deutlichen antiviralen Effekt, ohne dass eine weitere Co-Stimulation erforderlich war.

Zusammengenommen induzierte die Verabreichung von HBVenv-spezifischen bsAbs
eine robuste T-Zell-Aktivierung und die effektive Eliminierung von HBVenv-
exprimierenden Zielzellen und konnte einen praktikablen und vielversprechenden
Ansatz fur die Behandlung von chronischer Hepatitis B und dem HBV-assoziierten HCC
bieten.
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Abbreviations

pl

UM

AA

AAV

Ab
ADCC
ALL
ALT
anti-HBs
AP-1
APC
APOBEC
BCL-2
BCR
Bim
BiMAbs
BIiTE
bsAb

cccDNA
CD
CD40L
CDC
Cul
CHB

CRS
CTL
CTLA-4
CTv
DC
DKFZ

microliter

micromolar

amino acid

adeno-associated virus

antibody

antibody-depended cell-mediated cytotoxicity

acute lymphoblastic leukemia

alanine amino transferase

HBsAg-specific antibodies

activator protein 1

antigen presenting cell

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like
B-cell ymphoma 2

B-cell receptor

BCL-2 interacting mediator of cell death

Refers the constructs BiMAbaCD3 and BiMAbaCD28
bispecific T-cell engager

bispecific antibody; Refers the four constructs BIMAbaCD3,
BiMAbaCD28, FabMAbaCD3 and FabMAbaCD28

covalently closed circular DNA

cluster of differentiation

CD40 ligand

complement-mediated cytotoxicity

first constant domain of the heavy chain
chronic hepatitis B

constant domain of the light chain
cytokine release syndrome

cytotoxic T lymphocyte

cytotoxic T-lymphocyte-associated protein 4
CellTrace Violet

dendritic cell

German cancer research center
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DNA deoxyribonucleic acid

E:T ratio effector to target ratio

ECso half maximal effective concentration
EGFR epithelial growth factor receptor
ELISA enzyme-linked immunosorbent assay
EMA European medicines agency
EpCAM epithelial cell adhesion molecule
ER endoplasmic reticulum

ETV entecavir

Fab fragment antigen binding

FabMAbs Refers to the constructs FabMAbaCD3 and FabMAbaCD28
FasL first apoptosis signal ligand

Fc fragment crystallizable

FCS fetal calf serum

FcyR Fc y receptor

FDA US food and drug administration
G4S glycine-serine

grzB granzyme B

GSG glycosaminoglycan

GaH goat anti human antibody

HBc HBV core protein

HBeAg hepatitis B virus e antigen

HBVenv HBV envelope protein

HBsAg hepatitis B virus surface antigen
HBV hepatitis B virus

HBx hepatitis B virus x protein

HC heavy chain

HCC hepatocellular carcinoma

HRP horse radish peroxidase

HSPG heparan sulfate proteoglycan

i.p. intraperitoneally

V. intravenously

ICso half maximal inhibitory concentration
ICS intracellular cytokine staining
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IFNy

IL-2
ITAM
kb

kD
LAM
LAMP
LAT
LC
Lck
mAb
MFI
mg
MHC
ml
MOl
MVB
n.d.
NA
NF-AT
NF-kB
NHL
nM
NTCP
O/N
oD
ORF
P

P2A
PBMC
PBS
PD-1
Peg-IFNa

interferon y

immunoglobulin

interleukin 2

immunoreceptor tyrosine-based activation motifs
kilo base

kilodalton

lamivudine

lysosomal membrane glycoprotein

linker for activation of T cells

light chain

lymphocyte-specific protein tyrosine kinase
monoclonal antibody

mean fluorescence intensity

milligram

major histocompatibility complex

milliliter

multiplicity of infection

multivesicular bodies

not detectable

nucleos(t)ide analogue

nuclear factor of activated T-cells

nuclear factor kappa-light-chain-enhancer of activated B cells
non-Hodgkin’s lymphoma

nanomolar

sodium taurocholate co-transporting polypeptide
over night

optical density

open reading frame

hepatitis B virus polymerase

self-cleaving A2 peptide

peripheral blood mononuclear cell
phosphate-buffered saline

programmed cell death protein 1

pegylated interferon-a
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pgRNA pregenomic RNA

PLC-y phospholipase C-y

pMHC peptide-MHC complex

preC-C preCore-Core

preS-S preSurface-Surface

gPCR guantitative polymerase chain reaction
rcDNA relaxed circular DNA

rpm rounds per minute
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scFv single chain fragment variable

SCID severe combined immune deficient
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SLP-76 SH2 domain containing leukocyte protein of 76 kD
tiz half-life

TAP transporter associated with antigen processing 1
TCR T-cell receptor

TDF tenofovir disoproxil fumarate

Ten follicular helper T cell

TGFB1 transforming growth factor beta 1

Th T helper cell

TIL tumor-infiltrating lymphocyte

TIM3 mucin-domain containing-3

TNFa tumor necrosis factor a

tsAb trispecific antibody; refers to the constructs TriMAb and OKTriMAb
uPA urokinase type plasmogen activator
VH variable domain of the heavy chain

Vi variable domain of the light chain

w/o without

WB western blot

WGA wheat germ agglutinin

WHO world health organization

ZAP-70 ¢-chain associated protein
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Introduction

1 Introduction

1.1 The hepatitis B virus

The following chapter will introduce the biology of the hepatitis B virus. It will cover the
virus structure and replication cycle, viral pathogenesis, the limitations of current
therapies as well as the prerequisites for specific targeting of HBV-infected hepatocytes
with bispecific antibodies.

1.1.1 Molecular biology and replication cycle of HBV

1.1.1.1 Structure of viral particles

The hepatitis B virus is a small enveloped DNA virus that belongs to the family
Hepadnaviridea (Schaefer, 2007). Like all members of this family, HBV shows a narrow
host specificity and a strong tropism for infecting hepatocytes (Ganem and Prince, 2004).
The infectious HBV virion with a size of 42 nm in diameter was first described by Dane
et al. in 1970 (Dane et al., 1970) and is thus referred to as “Dane particle” (Fig. 1a). The
partially double stranded DNA genome, termed relaxed circular DNA (rcDNA), is
associated with the viral polymerase and embedded in an icosahedral capsid that is
assembled by the hepatitis core protein (HBc). The capsid is engulfed by a lipoprotein
membrane that is composed of host lipids and the hepatitis B envelope protein, which
exists in the three isoforms small (S), middle (M) and large (L) (Nassal, 2015). Moreover,
infected cells produce spherical and filamentous particles with a size of 22 nm that do
not contain viral DNA and are therefore not infectious (Hu and Liu, 2017). These subviral
particles can exceed the number of infectious virions ~10°-fold (Ganem and Prince,
2004).

HBYV is phylogenetically divided into 10 different genotypes (A-J) (Peeridogaheh et al.,
2018), and can be grouped in four major serological subtypes (ayw, ayr, adw and adr),
according to epitopes in the immunogenic loop of the envelope protein (Kramvis, 2014).
The individual geno- and subtypes show a distinct geographical distribution and can
further influence disease severity, treatment response, and the risk of HCC development
(Peeridogaheh et al., 2018).

1.1.1.2 Genome organization

Due to its limited coding capacity of only 3.2 kilo bases (kb), the HBV genome is highly
organized. It has four partially overlapping open reading frames (ORF), which are termed
precore-core (preC-C), presurface-surface (preS-S), P, and X (Fig. 1b) (Ganem and
Prince, 2004). The preC-C region encodes the HBc and the hepatitis B e antigen
(HBeAg) by differential initiation of translation. Expression of the C region, employing the
internal start codon, results in the production of the 22 kilo Dalton (kD) HBc, which
forms the viral capsid and is localized in the cytoplasm.

15
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Figure 1: Structure of infectious HBV particles and genome organization. (a) The partially double-
stranded rcDNA is associated with the viral polymerase and embedded in an icosahedral capsid that is
assembled by the HBc. The capsid is engulfed by a lipoprotein membrane that is composed of host lipids
and the hepatitis B envelope proteins, which exists in the three isoforms S, M and L (Nassal, 2015).
(b) The HBV genome is highly organized with four open reading frames: preC-C, preS-S, P, and X. Outer
lines depict viral transcripts. Transcription starts are marked with white arrowheads, ¢ symbolizes the
encapsidation signal on pregenomic RNA (pgRNA). Green arrows stand for promotors, Enh | / Enh |
transcriptional enhancers, DR1 / DR2 direct repeats, TP the terminal protein domain of P protein (Nassal,
2015).

In contrast, translation of the complete ORF leads to the expression of a 24 kD pre-Core
protein that carries a signal sequence driving its co-translational translocation into the
endoplasmic reticulum (ER) (Ganem and Prince, 2004). Cleavage by cellular proteases
in the Golgi complex results in the generation of a 16 kD peptide that is secreted into the
bloodstream, the HBeAg (Takahashi et al., 1983). It is supposed to regulate the immune
response by eliciting tolerance in HBe/HBc specific T cells (Chen et al., 2004) and is
further used as a marker for HBV infection. The viral envelope proteins S, M and L are
encoded by the preS-S region and are also generated by differential initiation of
transcription. Translation of the S region alone will result in expression of the S-protein.
Addition of the preS2 region leads to the production of the M-protein and further
extension with preS1 results in the expression of the L-protein. Consequently, all three
isoforms share the same carboxy-terminal domain, and S-specific antibodies will also
bind M and L. The P region encodes the viral polymerase, a 90 kD multifunctional
enzyme with reverse transcriptase and RNaseH activity, which elicits DNA synthesis and
RNA encapsidation during viral replication (Seeger and Mason, 2015). The non-
structural HBV X protein (HBXx) is encoded by the X region and has been shown to play
a crucial role during initiation and maintenance of viral replication after HBV infection
(Lucifora et al., 2011).
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1.1.1.3 Replication cycle

The replication cycle starts with attachment to the host cell, mediated by reversible
interaction between the myristoylated preS1 domain and glycosaminoglycan (GSG) side
chains of heparan sulfate proteoglycans (HSPG) (Schulze et al., 2007), followed by
specific binding to the sodium taurocholate co-transporting polypeptide (NTCP). NTCP
is a multiple transmembrane transporter for bile acids and was identified as the functional
receptor of HBV (Yan et al., 2012). It is predominantly expressed on primary hepatocytes
and consequently causes the liver tropism of HBV. Transgenic expression of NTCP
renders human hepatoma cell lines susceptible to HBV infection (Yan et al., 2012) and
was also employed in our facility to generate the clonal cell line HepG2 NTCP K7 (Ko et
al., 2018), which is used in infection experiments in this thesis. Endocytosis of viral
particles has been shown to be clathrin-dependent and is mediated by interaction of the
L-protein with the clathrin heavy chain and clathrin adaptor protein 2 (Huang et al., 2012).
However, the requirement of caveolin-1 function for productive infection of HepaRG cells
gives evidence for a second uptake route via caveolin-mediated endocytosis (Macovei
et al., 2010). After fusion of the viral envelope with the host cell membrane, the viral
capsid is released into the cytoplasm and amino-terminal nuclear localization sequences
in the HBc polypeptide drive its transport to the nucleus (Eckhardt et al., 1991), followed
by translocation via the cellular transport receptors importin a and 8 (Rabe et al., 2003).
At the nuclear basket, the viral capsid is arrested through interaction with nucleoporin
153 and disassembles, thereby delivering the HBV genome into the karyoplasm (Schmitz
et al., 2010). Inside the nucleus the partially single-stranded rcDNA is completed by the
host cell DNA repair machinery (Ji and Hu, 2017), and is converted into the cccDNA.
This episomal mini-chromosome further associates with histone proteins, forming
nucleosomes (Bock et al., 1994) and a superhelical structure (Miller and Robinson,
1984), which persists in the nucleus of infected cells. The cccDNA serves as template
for the cellular RNA-polymerase Il, leading to the generation of pregenomic and
subgenomic transcripts (Will et al., 1987), and expression of viral proteins. During
spontaneous self-assembly of HBc (Birnbaum and Nassal, 1990), pregenomic RNA is
packaged into the capsid, followed by reverse transcription, which is both mediated by
the viral polymerase (Pollack and Ganem, 1994). Expression of the precore protein
results in the secretion of HBeAg, as described in 1.1.1.1. The synthesis of envelope
proteins takes place at the ER, where the polypeptide chains are co-translationally
integrated into the lipid bilayer. Matured capsids bud into intracellular membranes
bearing HBVenv and are subsequently exported from the cell via multivesicular bodies
(MVB) (Watanabe et al., 2007). Alternatively, capsids are re-imported into the nucleus,
resulting in the establishment and maintenance of a stable cccDNA pool (Tuttleman et
al., 1986).
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Figure 2: Replication cycle of HBV. (1) After interaction with heparan sulfate proteoglycans,
(2) the HBV virion binds to NTCP and (3) is endocytosed. Following (4) uncoating, (5) the capsid is
transported to the nucleus and (6) the viral genome is released into the karyoplasm, (7) where the rcDNA is
converted into cccDNA and (8) transcription of viral RNAs is initiated. (9) Viral proteins are translated and
(10) the pgRNA is encapsidated by self-assembling core protein followed by (11) reverse transcription into
rcDNA. The capsid (12A) buds into HBVenv-bearing intracellular membranes or is (12B) re-imported into
the nucleus. (13) The enveloped capsid leaves the cell via multivesicular bodies. Moreover, HBeAg, empty
virions, spheres and filaments are secreted. During these processes, HBVenv is translocated to cell surface
and exposed on the infected hepatocyte (Ko et al., 2017).

Subviral particles have been shown to self-assemble in a pre-Golgi compartment
(Huovila et al., 1992) and leave the cell either via multivesicular bodies (filaments) (Jiang
et al., 2015) or the Golgi apparatus (spheres) (Patient et al., 2007) and are referred to
as hepatitis B surface antigen (HBsAg). Through dynamic lipid bilayer exchange between
the ER, Golgi apparatus and the cell membrane, HBVenv is translocated to cell surface
and exposed on the infected hepatocyte (Fig. 2). This is an essential prerequisite for the
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specific targeting of HBV-infected cells with the bi- and trispecific antibodies that were
generated and studied in this thesis.

1.1.2 Course of infection and HBV-associated liver diseases

The course of HBV-infection can vary between patients and is associated with the age
and the HBV-specific immune response in the infected individual. Infection of adults
mostly results in an acute self-limiting course and leads to viral clearance. In contrast,
infants and young children often fail to control the virus and thus, are at high risk to
develop chronic hepatitis B. Moreover, experiments in the chimpanzee model
demonstrated that the outcome of infection is modulated by the size of the viral inoculum.
It was observed that infection with a high dose (10%*-10%) leads to viral clearance,
whereas a low dose (10?) favors persistent infection (Asabe et al., 2009).

1.1.2.1 Acute infection

An acute infection occurs in more than 95% of immunocompetent adults and will
eventually lead to viral elimination. In Europe and North America, where the HBV
prevalence is low, infections are mainly acute and the virus is transmitted through
unprotected sexual contact and unsterile injections (Peeridogaheh et al., 2018). Since
HBYV infection itself shows no cytopathic effect, pathogenesis and disease develop when
infected cells are engaged by the host immune system, resulting in liver inflammation
and destruction of infected hepatocytes (Chisari et al., 2010). The disease can proceed
without symptoms, cause self-limiting cholestatic hepatitis with jaundice, or in rare cases
lead to fulminant hepatitis (Peeridogaheh et al., 2018). Infection with HBV is
characterized by a poor induction of the innate immune response (Wieland et al., 2004a)
and thus, viral clearance is predominately mediated by T cells that accumulate in the
infected liver (Thimme et al., 2003). Along this line, a vigorous and multispecific T-cell
response can be detected in patients with acute hepatitis that finally achieve viral
clearance (Chisari et al., 2010). Acute infections are associated with a low mortality rate
of 0.5-1%, which can be assigned to fulminant hepatitis (Peeridogaheh et al., 2018).

1.1.2.2 Chronic infection

Chronic HBV infection is defined by viral persistence for more than six months and is
determined by presence of the serological biomarker HBsAg in the blood or serum of
patients. Only 2.6% of immunocompetent adults, but 30-90% of children below the age
of five will develop chronic HBV infection. In areas with high HBV prevalence, such as
Southeast Asia and sub-Saharan Africa, infections are predominantly chronic and the
virus is transmitted maternally during pregnancy or in the perinatal period. The primary
infection is generally asymptomatic without profound signs of liver damage. However,
chronically infected individuals have a severely increased risk to develop HBV-related
liver diseases like fibrosis, cirrhosis and HCC, which can still manifest years after the
primary infection. Progression of liver disease can be accelerated by certain risk factors,
such as co-infection with the hepatitis D or C virus as well as alcohol abuse
(Peeridogaheh et al., 2018). In contrast to individuals with acute hepatitis, in chronically
infected patients only oligoclonal and dysfunctional T-cell responses can be detected,
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which fail to eliminate the infection (Chisari et al., 2010). Thus, restoration of an efficient
HBV-specific T-cell response employing bispecific antibodies is an interesting approach
for a potential therapy. Follow up studies of CHB patients infected at young age indicated
that approximately 15—-25% of chronic HBV carriers die of cirrhosis or HCC (Rizzetto and
Ciancio, 2008, Peeridogaheh et al., 2018). According to the World Health Organization
(WHO), approximately 257 million people are worldwide chronically infected with HBV
and the related liver diseases resulted in around 887.000 deaths in the year 2015 (WHO,
2019).

1.1.2.3 HBV-associated hepatocellular carcinoma

Hepatocellular carcinoma is a leading cause of cancer related death worldwide (Balogh
et al., 2016) and associated with HBV infection in 45-50% of patients (Peeridogaheh et
al., 2018, Tantiwetrueangdet et al., 2018). The previous establishment of cirrhosis is
considered to be a major risk factor for cancer development, as it occurs in 80-90% of
HCC cases (Llovet et al., 2003). However, CHB patients have been reported to develop
HCC also in the absence of cirrhosis (Chayanupatkul et al., 2017). Cancer development
is thought to occur through three molecular mechanisms, which are introduced in the
following. First, expression of the viral X protein has been shown to modulate cellular
processes on various levels including expression and activity of several proteins as well
as epigenetic mechanisms (Liu et al., 2016a). Among others, carcinogenic effects of the
X protein are driven by impairment of DNA repair mechanisms (Qadri et al., 2011) or
upregulation of apoptosis inhibition genes such as B-cell lymphoma 2 (BCL-2) and
myeloid cell leukemia-1 (Shen et al., 2013). Second, the viral DNA has been shown to
integrate into the host genome, which is observed in 85-90% of HBV-related HCC cases
(Peeridogaheh et al., 2018). Integration sites demonstrated a preference for functional
genomic regions (Zhao et al., 2016), which in turn can induce genomic instability and
hepatocarcinogenesis through mutations in tumor suppressor or oncogenes. Third,
persistent inflammation and necrosis, accompanied by compensatory proliferation of
hepatocytes will lead to accumulation of genetic damage, which is a key factor in HCC
development (Peeridogaheh et al.,, 2018). Hereby, the viral load has been shown to
determine the severity of inflammation-induced liver damage (Biazar et al., 2015) and
consequently the risk of HCC development (Pazgan-Simon et al., 2018).

HCC patients have a poor prognosis with a median survival period of about 11 months
(Greten et al., 2005). Liver resection and transplantation are the treatment options of
choice for patients with early stage disease (Balogh et al., 2016) and have the highest
curative rates with a 5-year survival of up to 74% (Allemann et al., 2013). Systemic
therapy with the serine/threonine kinase inhibitor sorafinib is the standard of care for
patients with advanced HCC and end stage disease that are no candidates for surgical
therapy (Balogh et al., 2016). However, medication with sorafinib has major side effects
(lavarone et al., 2011) and can increase patient survival by only a few months (Balogh
et al., 2016). Interestingly, HCC has been reported to maintain HBVenv expression in
some cases (Han et al., 1993, Wang et al., 2002), which renders bispecific antibodies a
potential novel treatment option for these patients.
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1.1.3 Prophylaxis and treatment

1.1.3.1 Prophylactic vaccination

An effective recombinant HBV vaccine was introduced in 1986 and has been very
successful in reducing the rate of infection as well as HBV-related morbidity and mortality
(Peeridogaheh et al., 2018). The vaccine contains HBsAg and leads to the production of
HBVenv-specific antibodies that can neutralize the virus and thereby provide protection
in 95% of vaccinated individuals (WHO, 2017). Since newborns from infected mothers
are at particular risk to get infected, a combination of active immunization with the
recombinant vaccine and passive immunization with HBV-specific antibodies within the
first 24 hours after birth is recommended. This vaccination strategy successfully prevents
HBV infection in 80-95% of children and significantly reduces mother to child
transmission (Peeridogaheh et al., 2018). Although vaccination provides a feasible and
effective approach to prevent HBV infection, it cannot be used as treatment for CHB
patients.

1.1.3.2 Treatment options

Current therapies include pegylated interferon-a (Peg-IFNa) and nucleos(t)ide
analogues (NAs), however, both medications fail to cure the disease effectively. Thus,
the goal of antiviral therapy is to reduce CHB-related morbidity and mortality.

Treatment with Peg-IFNa can lead to sustained viral control, yet displays low response
rates and elicits viral elimination in only 10% of patients (Zoulim et al., 2016). The exact
mechanism of the Peg-IFNa-mediated antiviral effect is still not completely understood,
but it is has been shown to decrease viral transcripts through epigenetic regulation of
cccDNA (Belloni et al., 2012), degrade cccDNA by induction of apolipoprotein B mRNA-
editing enzyme, catalytic polypeptide-like (APOBEC) expression (Lucifora et al., 2014)
and raise the antiviral potential of natural killer cells (NK cells) (Micco et al., 2013).

NA therapy specifically suppresses viral replication by inhibition of the reverse
transcriptase, yet the covalently closed circular DNA (cccDNA) is not targeted and
remains in the nucleus of the infected hepatocytes. This allows for reactivation of HBV
after cessation of antiviral therapy (Zoulim et al., 2016). Consequently, NA therapy
requires life-long treatment and carries the risk of long-term toxicity (Gill et al., 2015), as
well as spontaneous HBV-driven HCC development in absence of liver cirrhosis
(Chayanupatkul et al., 2017, Bruix et al., 2017). Moreover, continuous medication with
NAs increases the risk of drug resistance and consequently failure of treatment
(Peeridogaheh et al., 2018). Nucleos(t)ide analogs include lamivudine (LAM),
telbivudine, adefovir dipivoxil, entecavir (ETV), and tenofovir disoproxil fumarate (TDF).
Among these, ETV and TDF are especially effective and show the lowest rates of
emerging resistant mutants during long-term treatment (Lin et al., 2016). While continues
medication with LAM resulted in 76.3% of treatment-resistant HBV mutants within an 8-
year study (Yuen et al., 2007), numbers for ETV (Ono et al., 2012), and TDF (Buti et al.,
2015) were below 1% within 4 and 7 years, respectively. Long-term treatment with ETV
and TDF leads to effective viral suppression in more than 90% of patients and is
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generally well tolerated (Terrault et al.,, 2016). Importantly, treatment with NAs can
furthermore delay the development of cirrhosis as well as the progression to HCC in
cirrhotic patients (Lin et al., 2016). Extending antiviral therapy after hepatectomy and
liver transplantation has also been shown to improve patient survival (Pazgan-Simon et
al., 2018). However, although ETV-treatment can decrease the risk of HCC-development
in cirrhotic patients by 60%, a significantly elevated risk remains (Su et al., 2016). Taken
together, current therapies efficiently interfere with the viral replication cycle, but rarely
achieve viral elimination or “functional cure” (Block et al., 2013), a clinical situation
defined by undetectable levels of HBV-DNA in the serum, normalized levels of alanine
amino transferase (ALT), as well as seroconversion from HBsAg to HBsAg-specific
antibodies (anti-HBs) (Bertoletti and Bert, 2018). Consequently, further efforts that intent
a curative therapy for HBV infection are still needed.
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1.2 The adaptive immune system

The next chapter will introduce T lymphocytes and their role in the adaptive immune
system. It will cover fundamental mechanisms of T-cell mediated immunity, elaborate on
the characteristics of T-cell responses in acute and chronic HBV infection, and describe
the composition and signaling pathways of the T-cell receptor (TCR). This knowledge is
essential to understand the concept of bsAb-mediated T-cell redirection.

1.2.1 T-cell mediated immunity

1.2.1.1 The role of T cells in the clearance of pathogens

Matured T cells leave the thymus and recirculate between the blood and secondary
lymphoid organs until they encounter their specific antigen (Gowans and Knight, 1964,
Marchesi and Gowans, 1964). Each naive T cell is equipped with a unique T-cell receptor
(Meuer et al., 1983a, Meuer et al., 1983b) that is generated through rearrangement of
genomic DNA (Royer et al., 1984). In contrast to antibodies, the TCR is unable to
recognize native antigen, but binds proteosomally processed peptides presented by the
major histocompatibility complex (MHC) on antigen presenting cells (Zinkernagel and
Doherty, 1974). APCs, including monocytes, macrophages, dendritic cells (DCs) and
B lymphocytes, ingest antigen from the site of infection or tumor, and migrate to
secondary lymphoid organs, where they presentitto T cells in the context of MHC. After
contact with the matching peptide-MHC complex (pMHC) that is exposed on the APC,
the naive T cell is activated or “primed”, which in turn leads to proliferation and
differentiation into effector T cells that share clonal identity (Murphy and Weaver, 2016).
Based on the expression of the co-receptors CD8 and CD4, the T-cell population can be
divided into two subsets, which exert different effector functions upon activation (Cantor
and Boyse, 1975, Reinherz et al., 1979).

CD8* T cells recognize peptides with a length of 8-10 amino acids (AA) that are
presented on MHC class | molecules (Bouvier and Wiley, 1994). Upon priming through
APCs, their main task is the elimination of infected or carcinogenic target cells, which is
why they are referred to as cytotoxic T lymphocytes (CTL). The interaction of the TCR
on primed T cells and pMHC on target cells results in the release of cytotoxic granules
containing granzymes and perforin and thereby induces the lysis of the target cell (Peters
et al., 1991). The lysosomal membrane glycoproteins lamp-1 (CD 107 a), lamp-2, and
CD63, are incorporated in membranes of granules and become translocated to the CTL
plasma membrane during degranulation (Peters et al., 1991). Thus, their membranous
localization can be used as degranulation marker, implicating cytotoxic T-cell function.
Activated CD8* T lymphocytes can furthermore induce a non-cytotoxic immune
responses by the release of cytokines, such as interferon y (IFNy), interleukin 2 (IL-2),
or tumor necrosis factor a (TNFa) (Murphy and Weaver, 2016).

CD4* T cells recognize peptides presented on MHC class Il molecules. Peptide length is
not constrained and can vary between 12 and 25 AAs (Rammensee et al., 1995).
Although CD4* T cells can become cytotoxically active, their main function is the
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assistance of immune cells by the secretion of modulatory cytokines and therefore they
are referred to as T helper cells (T+). Upon activation, naive CD4* T cells can differentiate
into activating Tl and Tw2 cells (Mosmann et al., 1986, Killar et al., 1987) or inhibiting
regulatory T cells (Gershon and Kondo, 1970). Tul cells further activate T cells and
macrophages through the release of IL-2 and IFNy, while Tu2 cells secrete IL-4, 5, 6 and
10 (Del Prete et al.,, 1991), resulting in the stimulation of pre-B cells that in turn
differentiate into antibody-producing plasma cells (Murphy and Weaver, 2016).

The origin and processing of immunogenic peptides differs between MHC classes.
Cytosolic proteins are proteosomally degraded and translocated into the ER by the
transporter associated with antigen processing 1 (TAP) (Shepherd et al., 1993). In the
ER they bind and stabilize MHC | and are subsequently shuttled to the cellular
membrane. In contrast, extracellular antigen that is taken up by APCs is degraded in
acidified vesicles, followed by loading on MHC Il and presentation on the cell surface
(Bikoff and Birshtein, 1986, Eisenlohr and Hackett, 1989). Importantly, antigen from the
extracellular space can also be presented on MHC | (Bevan, 1976a, Bevan, 1976b). This
process is known as cross presentation and allows the priming of CD8* T cells in settings
where viruses do not infect the APCs (Jung et al., 2002). This mechanism has been
shown to play an important role in the induction of HBV-specific T-cell responses (Murata
et al., 2018).

1.2.1.2 T-cell mediated immunity in CHB

As already briefly mentioned in 1.1.2 the course of HBV infection largely depends on the
virus specific T-cell response. The importance of a vigorous and multi-specific CD8* and
CD4" T-cell response that controls viral infection via cytolytic (Rehermann and
Nascimbeni, 2005) and cytokine-mediated (Guidotti and Chisari, 2001) mechanisms has
been demonstrated in several studies. In contrast, viral persistence and the development
of CHB are characterized by depletion and/or exhaustion of HBV-specific T cells (Protzer
et al., 2012). The mechanisms of viral persistence are still not completely understood,
but there is evidence that it can be partially attributed to the expression of
immunomodulatory viral proteins as well as tolerance-mediating mechanisms in the liver
(Protzer et al., 2012). The secretion of HBeAg into the bloodstream has been shown to
elicit tolerance in HBc/HBeAg-specific T cells (Chen et al., 2004). A similar function is
believed to be exerted by HBsAg (Chisari et al., 2010), since high serum titers are often
associated with chronic infection and HBVenv-specific T-cell responses can hardly be
detected in CHB patients (Webster et al., 2004). Moreover, overexpression of HBx has
been shown to inhibit proteasome activity (Hu et al., 1999), which in turn will impair
antigen processing and presentation.

Independently, the liver is described as an organ with unique immune features that
promote tolerance rather than immunity (Thomson and Knolle, 2010, Knolle, 2012), and
thus offers a niche for persistent viral infections (Protzer et al., 2012). Tolerizing
mechanisms in the liver include hepatocyte-mediated T-cell elimination (suicidal
emperipolesis) (Benseler et al., 2011), hepatic priming of naive T cells that results in the
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upregulation of BCL-2 interacting mediator of cell death (Bim) and increased apoptosis
(Lopes et al., 2008, Holz et al., 2008, Holz et al., 2012). Furthermore, excess of co-
inhibitory signals mediated by programmed cell death protein 1 (PD-1) (lwai et al., 2003),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Schurich et al., 2011), T-cell
immunoglobulin and mucin-domain containing-3 (TIM3) (Liu et al.,, 2016b) and
transforming growth factor beta 1 (TGFB1) (Tinoco et al.,, 2009) contribute to a
tolerogenic environment.

However, the T-cell exhaustion in CHB patients is restricted to HBV-specific T cells,
which only make up around 0.01-2% of the total population (Chang et al., 2009). Even
though a recent study highlighted that CHB might be associated with systemic immune
regulatory mechanisms extending beyond HBV (Park et al., 2016), the majority of T cells
in CHB patients remains functional and is vacant for immunotherapeutic approaches,
including adoptive T-cell therapy or treatment with bispecific antibodies.

1.2.1.3 TCR composition and signaling

The interaction between the T-cell receptor and pMHC is a fundamental event during the
initiation of T-cell activation. However, the TCR itself is not capable of transmitting the
activation signal to intracellular components. Therefore, it is non-covalently associated
with the CD3 protein complex (Reinherz et al., 1982) that comprises the four subunits y-,
0-, € and C-chain (Borst et al., 1983), which carry intracellular immunoreceptor tyrosine-
based activation motifs (ITAM) that contain two YXXL/lI-motifs (Reth, 1989). Upon TCR
engagement, the tyrosines within ITAMs are phosphorylated by the lymphocyte-specific
protein tyrosine kinase (Lck) (van Oers et al., 1996), which is associated with the
cytoplasmic domains of the co-receptors CD4 (Rudd et al., 1988) and CD8 (Veillette et
al., 1988). Phosphorylation of both YXXL/I-motifs enables specific binding of the ¢-chain
associated protein (ZAP-70) (Chan et al., 1991). Recruitment of ZAP-70 to ITAMs results
in its activation by Lck, followed by the phosphorylation of its downstream substrates
linker for activation of T cells (LAT) (Zhang et al., 1998) and SH2 domain containing
leukocyte protein of 76 kD (SLP-76) (Jackman et al., 1995). This initiates a signaling
cascade mediated by phospholipase C-y (PLC-y) and Ca?" influx (Delon et al., 1998),
resulting in the activation of the transcription factors nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) (Li et al., 2005), nuclear factor of activated T-cells
(NF-AT) (Shaw et al., 1988) and activator protein 1 (AP-1) (Rincon and Flavell, 1994).
Eventually, this induces an alteration of gene expression and in turn leads to T-cell
activation, proliferation and differentiation (Murphy and Weaver, 2016).

The phosphorylation of ITAMs by Lck is the first detectable biochemical signal upon
TCR-pMHC interaction. However, the process that translates MHC binding into ITAM
phosphorylation remains an area of investigation. In the inactive conformation,
electrostatic interactions between the cytoplasmic tails of CD3 and the plasma
membrane result in a close association of the two, which sterically inhibits the
phosphorylation of ITMAs by Lck (Xu et al., 2008). Thus, dissociation of intracellular CD3
domains from the membrane is required for intracellular signal transduction. The
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mechanism of ITMA release is still unknown, but is proposed to involve TCR clustering
(Minguet et al., 2007) and mechanical forces exerted by highly dynamic interaction and
relative motion between T cell and APC upon TCR engagement (Ma et al., 2012). This
external force can be sensed by the TCR (Kim et al., 2009) and has been shown to
induce T-cell signaling (Feng et al., 2017) and potentiate T-cell effector function (Basu
et al., 2016). It is likely that binding of CD3-targeting bispecific antibodies might be able
to induce CD3 clustering as well as mechanical stimulation, which is the basis of bsAb-
mediated T-cell redirection.

However, the signaling induced by the TCR complex is not sufficient to achieve full
activation of naive T cells without further co-stimulation. This is mediated by additional
receptors exposed on the T-cell membrane, which specifically interact with ligands
presented on the surface of APCs (Murphy and Weaver, 2016), establishing a so-called
immunological synapse (Huppa and Davis, 2003). The best understood co-stimulatory
receptor is CD28 (Aruffo and Seed, 1987) and its ligands B7.1 (CD80) (Freedman et al.,
1987) and B7.2 (CD86), which are especially presented by specialized APC, as for
example dendritic cells (Lim et al., 2012). Activation of CD28 amplifies TCR signaling
and is required for maximal activation of PLC-y, thereby stimulating the survival (Boise
et al., 1995) and proliferation (June et al., 1987) of T cells , as well as the production of
cytokines (Jenkins et al., 1991). In the absence of co-stimulatory signals, T cells can
become insusceptible to further stimulation (T-cell anergy) (Harding et al., 1992) or
undergo apoptosis (Beyersdorf et al., 2015).

1.2.2 B-cell mediated immunity

1.2.2.1 The role of B cells in the clearance of pathogens

Naive B cells encounter their antigen in primary lymphoid follicles. In contrast to the TCR,
the B cell receptor (BCR) recognizes complement bearing native protein that is
presented by follicular dendritic cells or macrophages via complement receptors (LeBien
and Tedder, 2008). Upon BCR engagement the antigen is internalized and presented to
follicular helper T cells (Trn) via MHC class Il molecules (Victora and Nussenzweig,
2012). Ten cells that are specific for the presented peptide are activated and in turn
stimulate the B cell via CD40-CD40L interaction and the secretion of cytokines, such as
IL-21 (Grewal and Flavell, 1998). B-cell activation results in proliferation and
differentiation into memory B cells or antibody-producing plasma cells. The secreted
antibodies (Abs) inhibit the spread of pathogens and toxins by specific binding of their
target antigen, which can prevent cell entry (neutralization) and facilitates the ingestion
by macrophages via binding to fragment crystallizable (Fc) receptors (opsonization).
Moreover, interaction between antibody and target antigen on cell surfaces results in the
elimination of pathogens through complement-mediated cytotoxicity (CDC) and
elimination of infected host cells by NK cells via antibody-depended cell-mediated
cytotoxicity (ADCC) (Murphy and Weaver, 2016).
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1.2.2.2 Structure of antibodies

Antibodies consist of a variable domain and a constant domain. The constant region
exists in the 5 different isotypes immunoglobulin M (IgM), IgD, 1gG, IgA and IgE and
determines the function of the antibody (Murphy and Weaver, 2016). The predominant
isotype in the human body is IgG (Schroeder and Cavacini, 2010), which is made up of
two heavy (HC) and two light chains (LC), which are linked via disulfide bonds (Fig. 3).
Based on differences in functionality, IgG molecules can be further divided in the Fc
domain and two antigen-binding fragments (Fab). The Fab fragments bind the antigen
and determine the specificity of the antibody, while the Fc domain interacts with Fc
receptors on various immune cells, leading to the exertion of antibody-mediated effector
function, as for example ADCC.

Figure 3: Schematic representation of
an IgG1l. IgG1 is made up of two heavy
chains (blue) and two light chains (yellow).
V, Each HC is divided in a variable domain
(VW) and a constant domain, which
consists of Cnl, Cn2 and Cn3. The LC is
- also made up of a variable domain (VL) and
a constant domain (CL). The heterodimeric
protein is stabilized by cysteine bonds
between Cul and C, as well as between
the two HCs in the hinge region (black
lines). Adapted from Janeway's
Immunobiology p.:141.

Fab fragment—

Fc domain

1.2.2.3 B-cell immunity in CHB

Since T cells are widely accepted as key players in the establishment of functional cure,
the importance of the B-cell mediated immunity in the setting of HBV infection has been
neglected over decades (Zhang et al., 2018). It is clear now that HBVenv-specific
neutralizing antibodies can bind to infectious virions and thereby inhibit viral infection
(Golsaz Shirazi et al., 2014) as well as contribute to viral elimination by antibody-
mediated effector function, including CDC and ADCC (Gao et al., 2017). Moreover, they
confer protection against re-infection, which is also the basis of the prophylactic
vaccination (WHO, 2017). Viral elimination is associated with seroconversion from
HBsAg to anti-HBs (Bertoletti and Bert, 2018) and also anti-HBe antibodies seem to be
involved in the HBV-specific inmune response, as they can be detected in patients who
cleared infection, but are absent in chronically infected individuals (Chisari et al., 2010).
Recent studies further highlighted the significance of the humoral immunity, showing
HBV reactivation after B-cell depletion in lymphoma patients (Loomba and Liang, 2017)
and spontaneous viral clearance after bone marrow transplantation from vaccinated
donors to CHB patients (Lindemann et al., 2016).
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The neutralizing antibodies have also been investigated as treatment option in pre-
clinical models (Eren et al., 2000) and CHB patients (Galun et al., 2002). The
administration induced a significant but transient reduction of HBsAg and HBV-DNA in
the serum, yet did not achieve sustained viral control. This argues that treatment with
conventional antibodies can efficiently clear HBV from the circulation, yet Fc receptor-
mediated immunity fails to induce an adequate cytotoxic immune response against the
infected hepatocytes. This limitation might be overcome by combination of HBVenv-
specific antibodies with stronger immunostimulatory moieties, such as CD3- or CD28
specific antibodies. The combination of two distinct specificities within one molecule
results in the generation of a so-called bispecific antibody.
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1.3 Bispecific antibodies as immunotherapeutic tools

1.3.1 Principles of bispecific antibodies

Bispecific antibodies were developed as an alternative immunotherapeutic approach for
treatment of cancer. Simultaneous binding of a native tumor-associated antigen and the
CD3 complex on the T-cell membrane induces the establishment of a transient cytolytic
synapse, which can result in the lysis of the tumor cell. Consequently, the mode of action
is independent of the T-cell specificity and MHC-dependent antigen presentation
(Baeuerle and Reinhardt, 2009). Theoretically, this approach allows the redirection of
any CD3-positive effector cell towards a therapeutic target of choice, including the HBV
envelope protein that is exposed on the surface of infected hepatocytes (Fig. 4).

In most cases, an antibody can be reduced to its variable region, without losing antigen-
binding specificity and affinity. The connection of the light chain and heavy chain variable
domains through a linker sequence allows the construction of single-chain binding
moieties, which are termed single chain fragment variable (scFv). The combination of
two scFvs in one polypeptide results in the generation of a bispecific T-cell engager
(BIiTE) (Baeuerle and Reinhardt, 2009, van Spriel et al., 2000), which has been
established as a common format in the field of bsAb research. Most constructs
developed up to date are directed against the CD3 complex and such bsAbs have been
shown to induce efficient tumor cell lysis without the requirement of further co-stimulation
(Liu et al., 2017, Loffler et al., 2000, Riesenberg et al., 2001).

1.3.2 Clinical application of bispecific antibodies

At the moment, more than 43 different bispecific antibodies are in various stages of
clinical development (Labrijn et al., 2019). Most of them are targeting cancer-associated
antigens such as CD19, CD20, CD30, the epithelial cell adhesion molecule (EpCAM) or
the epithelial growth factor receptor (EGFR) and facilitate T-cell redirection through CD3
engagement. A second major application is the treatment of inflammatory and
autoimmune diseases through combinatory neutralization of cytokines, including IL-1q,
IL-18, IL-13, IL-17 and TNFa. Up to date, three bispecific antibodies have successfully
entered the market. They are briefly described in the following.

1.3.2.1 Catumaxomab

Catumaxomab was the first bispecific antibody to receive market approval by the
European medicines agency (EMA) in 2009 (Linke et al., 2010). It is a hybrid IgG
antibody, which is produced through the quadroma technology (Milstein and Cuello,
1983) and consists of a murine IgG2a and rat IgG2b. It targets EpCAM, recruits T cells
via interaction with CD3, and moreover, activates macrophages, DCs and NK cells via
Fc receptor-mediated effector function. Thus, it is referred to as trifunctional antibody.
Catumaxomab is indicated for the treatment of malignant ascites, but was employed in
further clinical trials for ovarian cancer, gastric cancer and epithelial cancer (Kontermann
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and Brinkmann, 2015). The dosing schedule comprises four intraperitoneal infusions of
10, 20, 50 and 150 pg on day 0, 3, 7 and 10, respectively (Heiss et al., 2010).

bispecific
antibody

HBV envelope proteins

proteasomal degradation
\HBV—infected hepatocyte o /

Figure 4: Schematic comparison of endogenous and bsAb-mediated T-cell activation in the context
of HBV infection. (a) The TCR complex, consisting of T-cell receptor and CD3, specifically recognizes
proteolytically processed peptide derived from the HBV envelope protein, which is presented on MHC class |.
(b) Through simultaneous binding of CD3 on the T cell and native HBV envelope protein exposed on the
surface of the infected hepatocyte, the bispecific antibody induces a transient immunological synapse. This
process is independent of the endogenous T-cell specificity and MHC-dependent antigen presentation.

Since the origin of the molecule is non-human, mouse- and rat-specific antibodies were
detected in around 70% of patients after the four consecutive administrations. The
immunogenicity of catumaxomab did not result in adverse side-effects and was rather
associated with an improved clinical outcome. However, this is thought to be associated
with a good physical condition of the respective patients and is not mediated by antibody
treatment (Linke et al., 2010). The immunogenicity of non-human domains in bispecific
antibodies still needs to be considered, as long-term treatment with such constructs will
probably result in drug neutralization and thereby limit the therapeutic effect. Although,
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catumaxomab-treatment showed promising results (Linke et al., 2010) and acceptable
tolerability (Heiss et al., 2010) in various trials, it was withdrawn from the market in 2017
after its manufacturer went insolvent and its production was not lucrative anymore
(GmbH, 2017). This highlights that the manufacture of bispecific antibodies can be labor-
and cost-intensive, which needs to be considered independently of their efficacy.

1.3.2.2 Blinatumomab

Blinatumomab is a bispecific antibody of the BiTE format that has been developed as
treatment option for acute lymphoblastic leukemia (ALL) and non-Hodgkin’s lymphoma
(NHL). It combines specificities for CD3 as well as CD19, a cell differentiation antigen
solely present on B cells during nearly all states of development. In 2014, it was approved
by the US food and drug administration (FDA) for the treatment of refractory/relapsed
ALL. Due to a mean half-life of 2.10 hours (Blincyto (Blinatumomab) [package insert]
Thousand Oaks), blinatumomab is applied via continuous intravenous infusion, which is
required to reach therapeutic drug concentrations in the circulation. The drug is applied
with doses of 5 or 15 pug/ml?/day resulting in a steady state concentration of 211 and 621
pg/ml, respectively (Lee et al., 2016). Despite its small size, renal excretion of the
construct has been shown to be negligible and elimination of blinatumomab is believed
to occur via catabolic pathways (Lee et al., 2016). A recent meta-analysis described
complete remission rates of 45% in ALL and 20% in NHL patients upon medication with
blinatumomab (Yu et al., 2019), and thus clearly underlines the potency of bispecific
antibodies as novel immunotherapeutic agents.

1.3.2.3 Emicizumab

Emicizumab is a recombinant bispecific full-length antibody designed for the treatment
of hemophilia A (Labrijn et al., 2019). This genetic disease manifests in a bleeding
disorder caused by mutations in the factor 8 gene that result in a dysfunction of clotting
factor VIII (FVIII) (Konkle et al., 1993). Manufacturing of emicizumab is achieved through
the “knobs-into-holes” technology that facilitates the heterodimerization of heavy chains
with different specificities resulting in the generation of bispecific IgG (Merchant et al.,
1998). By simultaneous binding of the serine protease factor 1Xa and the factor X (FX),
emicizumab mimics the function of FVIII and thereby promotes phosphorylation-
mediated activation of FX, which in turn regulates hemostasis (Kitazawa et al., 2012). In
August 2017, a phase 3 clinical trial demonstrated significantly lower bleeding rates in
hemophilia A patients upon prophylactic treatment with emicizumab (Oldenburg et al.,
2017) paving the path for its approval by the FDA in November the same year (Labrijn
et al., 2019). Emicizumab exemplifies the broad application spectrum of bispecific
antibodies, which extends beyond their potential in immunotherapy.

1.3.2.4 Risks and side effects of bsAb-treatment

The administration of bispecific antibodies is associated with certain risks and potential
side effects. One concern is unspecific T-cell activation and cytokine release in the
absence of target antigen. Bispecific antibodies that engage CD3 or CD28 could
potentially trigger TCR signaling, similar to commercial monoclonal antibodies that are
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used for in vitro T-cell stimulation. However, monoclonal CD3 or CD28 antibodies fail to
provide T-cell stimulation in a soluble state. To mimic clustering of TCRs by recruiting
CD3 and CD28 to an artificial immunological synapse and to exert mechanical forces
induced by the relative motion between T cell and APC upon TCR engagement,
monoclonal antibodies need to be immobilized by adsorption to a surface or interaction
via Fc receptors (Geppert and Lipsky, 1988, Hussain et al., 2015) (see also 1.2.1.3).
Consequently, the presence of target antigen should be required to induce bsAb-
mediated T-cell redirection, as binding to the target antigen enables local clustering of
CD3 and CD28 molecules, as well as the exertion of mechanical forces, when provided
either adsorbed to a surface or membrane-bound on the surface of target cells. To
minimize Fc-receptor binding, the mutations C220S, E233P, L234A, L235A, G236del,
N297Q, K322A, A327G, P329A, A330S and P331S are commonly introduced into the
Fc domains of bispecific constructs (Saunders, 2019). These mutations are also
employed in the BiMAD constructs that were characterized in this thesis (see also 2.2.1).

The most common side effect upon treatment with T-cell stimulating therapies is the
excessive release of proinflammatory cytokines, also known as cytokine release
syndrome (CRS) (Shimabukuro-Vornhagen et al., 2018). The clinical manifestation of
CRS can range from mild flu-like symptoms to a severe life-threatening cytokine storm;
however, the pathophysiology of CRS remains incompletely understood. It is believed to
be induced by IFNy-mediated activation of bystander cells, in particular macrophages,
which in turn respond with a massive release of cytokines, including TNFa, IL-10, and
especially IL-6 (Teachey et al., 2013). IL-6 has been shown to contribute to several
symptoms that are associated with severe CRS, such as vascular leakage (Wei et al.,
2013), intravascular coagulation (Levi and Ten Cate, 1999), and myocardial dysfunction
(Pathan et al., 2004). In 2017, the IL-6-receptor specific antibody tocilizumab was FDA-
approved for treatment of the cytokine release syndrome and its administration has been
shown to reduce blinatumomab-induced CRS in refractory ALL patients (Teachey et al.,
2013).

In the setting of HBV immunotherapy, a further concern is the systemic activation of T
cells by soluble HBsAg in the circulation of infected patients, which can on the one hand
increase the risk of CRS-development and on the other hand lead to immunopathology
in non-hepatic uninfected tissue. However, bsAb-engagement of soluble HBsAg should
neither result in efficient clustering of T-cell antigens, nor exert a mechanical stimulation
of CD3 and CD28 and therefore, T-cell activation should be limited. Nevertheless,
undirected T-cell activation by soluble HBsAg needs to excluded by in vivo experiments
with murine HBV-infection models.

Another potential risk in the setting of HBV-immunotherapy is an overwhelming T-cell
response against the infected hepatocytes, which can induce severe liver inflammation,
hepatotoxicity, and ultimately acute liver failure (Tillmann and Patel, 2014). The
percentage of infected hepatocytes in CHB patients will clearly influence the bsAb-
meditated hepatotoxicity and is known to vary between 1 and 70% (Wursthorn et al.,
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2006). Thus, dosing regiments for such constructs need to be carefully evaluated in the
pre-clinical and clinical setting.

1.3.3 Rational for the development of trispecific antibodies

The advances in recombinant antibody technology and limited efficacy of CD3-engaging
bispecific constructs in the treatment of solid tumors inspired scientists to add further
functionality to T-cell engaging molecules. Providing directed co-stimulation through
CD28-engaging bispecific antibodies is a promising approach to increase the efficacy of
CD3-targting bispecific molecules and has been shown to increase T-cell stimulation in
vitro (Hornig et al., 2012) and enhance the anti-tumor effect in vivo in an xenogeneic
ovarian tumor model (Skokos et al., 2020). Moreover, a combination therapy with CD3-
and CD28-engaging bispecific antibodies will be tested as treatment option for ovarian
cancer in the near future (Mullard, 2020). This clearly underlines the potency of co-
stimulation through CD28-targeting molecules in overcoming current limitations of bsAb-
mediated immunotherapy. However, the use of antibody cocktails is associated with
several practical hurdles during pre-clinical and clinical development. Assessment of
toxicology as well as pharmacokinetics need to be performed for each construct
individually as well as in combination resulting in increased pre-clinical work-load and
high expenses during clinical trials (Mullard, 2020).

One option to circumvent this hurdle is the development of multi-specific antibodies that
combine binding moieties for multiple therapeutic targets in one single construct. The
design of such molecules has been successfully achieved by several groups displaying
promising redirection capacity through engagement of CD16 and NKp46 on NK cells
(Gauthier et al., 2019) or CD3 and CD28 on T cells (Wu et al., 2020). The trispecific
antibody SAR442257 by Sanofi, which displays monovalent binding to CD38 and CD3
and CD28, is currently tested in a phase 1 clinical trial for treatment of patients with
relapsed and refractory multiple myeloma and non-Hodgkin’s lymphoma
(NCT04401020). (Mullard, 2020).

Early on during this project, it became evident that co-stimulation with CD28-specific
antibodies is also required to induce a potent immune response in the setting of bsAb-
mediated HBV immunotherapy. The combination of CD3- and CD28-specific constructs
did not only enhance T-cell redirection synergistically, but was also needed for efficient
target cell elimination. Additionally, the development of trispecific constructs was clearly
recommended during an advisory board meeting with the Paul-Ehrlich-Institut (PEI), as
a single molecule will have reduced regulatory requirements during further pre-clinical
and clinical development of a potential product.
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1.4 Aims of the work

Current HBV therapies efficiently interfere with the viral replication cycle, but rarely
achieve viral eradication, since the viral cccDNA in the nucleus of the infected host cell
is not targeted. Although viral suppression improves the outcome of CHB, patients
require life-long treatment and still carry an increased risk for HCC development, which
is associated with a poor prognosis. This thesis is based on the hypothesis that bispecific
antibodies that bind the HBV envelope protein, as well as CD3 or CD28, can redirect
endogenous T cells toward HBV-infected hepatocytes and achieve viral clearance
through specific elimination of infected cells. The aim of this study was the generation
and functional characterization of diverse bi- and trispecific antibody constructs. It should
be investigated if the construction of such antibodies is feasible, and moreover, if they
can redirect T cells toward HBV-infected hepatocytes to achieve viral clearance by the
elimination of the cccDNA. The term FabMADs refers to the constructs FabMAbaCD3
and FabMAbaCD28 and the term BiMAbs refers to the constructs BiMAbaCD3 and
BiMAbaCD28. The abbreviation bsAbs includes all four bispecific constructs.

The first part of the thesis comprised the generation and functional characterization of
the two bispecific antibodies FabMAbaCD3 and FabMAbaCD28. This included the
cloning and recombinant expression of the constructs, as well as studies on antigen
binding and the redirection potential towards recombinant HBVenv and HBVenv-
expressing target cells. Moreover, the producibility as well as long-term storage were
investigated.

To study the impact of size and binding valency, the constructs BiMAbaCD3 and
BiMAbaCD28 were developed in cooperation with the DKFZ in Heidelberg. In the second
part of the thesis, the two different bsAb formats were intensively compared regarding
their affinity, redirection efficiency, activation and target cell elimination, as well as their
half-life in mice.

In the next step, the bsAb approach was applied to an HBV infection system with HepG2
NTCP cells as model cell line. It was analyzed, if FabMAb-mediated T-cell redirection
induces specific elimination of infected target cells and if this cytotoxicity is accompanied
by specific reduction of the viral parameters, including cccDNA. Furthermore, the
correlation between the multiplicity of infection and the magnitude of the retargeted T-cell
response was studied.

Since the combination of CD3- and CD28-specific bsAbs was found to be required for
efficient T-cell redirection in all previous experiments and in consideration of a
therapeutic approach, the last part of the thesis aimed at the generation of trispecific
constructs that combine both immune stimulatory scFvs. This comprised the construction
and expression of two trispecific antibodies, TriMAb and OKTriMAb, and experiments
that analyzed the redirection potential and antiviral effect of these antibodies. Finally, the
expression and purification of the lead candidate TriMAb was investigated in more detail
and experiments on the functionality of the purified construct were perform
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2 Results

2.1 Development and functional analysis of bispecific
antibodies

2.1.1 FabMAbaCD3

2.1.1.1 Structural and biochemical properties of FabMAbaCD3

FabMAbaCD3 is composed of an HBVenv-specific chimeric Fab-fragment that is
connected to a CD3-specific scFv by a glycine-serine (G4S) linker (Fig. 5a, b, Fig. 6a).
The chimeric Fab-fragment consists of HBVenv-specific murine heavy and kappa chains
that are derived from the antibody 5F9 (Golsaz Shirazi et al., 2014, Golsaz-Shirazi et al.,
2016) and the human IgG1l Cuxl. The Cul domain is c-terminally elongated by 5 amino
acids (EPKSC) of the hinge domain, to allow disulfide bond formation between Cys218
of HC and Cys214 of the LC. The AA numbers refer to the protein sequence in figure 5
(Fig. 5a, b). The scFvCD3 was generated by fusing the variable domains of the murine
antibody OKT3 (Kung et al., 1979) with a G4S linker (Fig. 6a). The FabMAbaCD3
construct has a molecular weight of 77.5 kD and facilitates monovalent binding to both
antigens. To enable efficient purification under neutral pH conditions, FabMAbaCD3 was
equipped with a C-terminal 10x His-tag. The molecular construction of this molecule was
performed by myself. Further information about the procedure is provided in the methods
section.

2.1.1.2 FabMAbaCD3 is successfully produced by HEK 293T cells

The heterodimeric protein was expressed as a single ORF with the two chains being
separated by the self-cleaving A2 peptide (P2A). Usage of a P2A site allows equimolar
expression of the two chains, but prolongs the HC-scFvOKT3 polypeptide by 21
c-terminal AA, which remain even after successful self-cleavage (Fig. 5a). Thus, potential
influences on protein size, structure, and functionality need to be considered. As
producer cell line, human embryonic kidney (HEK) 293T cells were used. To increase
production efficiency, stable producer cell lines were generated by combination of
antibiotic selection and single cell dilution. FabMAbaCD3-containing supernatant was
harvested every 3 to 4 days, sterile-filtered, and used for functional assays to determine
the binding and redirection capacity.

2.1.1.3 FabMAbaCD3 binds the HBV envelope protein

To ensure successful cloning of the 5F9 variable domains as well as correct heterodimer
formation, binding of FabMAbaCD3 to HBVenv was analyzed by Enzyme-Linked
Immunosorbent Assay (ELISA). HBsAg from human serum was coated on 96-well
polystyrene plates as bait, and binding of the construct to HBsAg was detected with a
polyclonal HRP goat-anti human antibody (HBsAg ELISA), followed by the assessment
of horse radish peroxidase (HRP) activity. Functional HBVenv-binding Abs were
detected in the supernatant of producer cell lines resulting in a strong ELISA signal, while
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phosphate-buffered saline (PBS) controls did not. The ELISA signal was always
specifically depending on the presence of HBsAg (Fig. 6b). These data indicated that the
5F9 variable domains were successfully inserted into the construct resulting in the
generation of an HBVenv-specific Fab-fragment. It further demonstrated expression and
functional heterodimerization in HEK 293T cells, as well as secretion into the
supernatant.

a

FabMAbaCD3 HC-scFvOKT3 peptide: MW = 54.01 kD; total MW with LC = 77.52 kD
0 EVQLVESGGGLVHPGRSLKVSCAASGFTFNNYAMSWVRQTPDRRLELVAVINSDGRSTFYPDTVMGRFTISRDNAKNTLY
80 LOMSSLKSEDTAIYYCARTFYADYWGQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGA
160 LTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSC TS
240
320 SS QIVLTQSPAIMSASPGEKVTMTCSASSSVSY
400 MNWYQQKSGTSPKRWIYDTSKLASGVPAHFRGSGSGTSYSLTISGMEAEDAATYYCQQWSSNPFTFGSGTKLEINHHHHH
480 HHHHHLEGSGATNFSLLKQAGDVEENPG

HC variable 5F9 : [1 : 120]

HC constant hu IgGl : [121 @ 212]

hinge domain fragment: Cys218 for : [213 : 218]

disulfide bond with LC

TS: adaptor sequence Spel : [234 : 235]

SS: adaptor sequence XbaI”~Spel : [353 : 354]

LC scFv OKT3 : [370 : 475]

10x His Tag : [476 : 485]

LE: adaptor sequence Xhol : [486 : 487]

P2A residual Aa : [488 : 508]

FabMAbaCD3/28 LC: MW = 23.51 kD

0 DIVMTQSHKFMSASVGDRVSISCKASQNVDTTVAWFQOKPGQSPKLLIYWASTRHSGVPDRFTGSGSRSGFTLTISNVQS
80 EDLAVYFCQQYSIFPYTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQ
160 ESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

LC variable 5F9 :[1 : 107]
LC kappa constant : [108 : 214]
Cys214: disulfide bond with HC : [214]

Figure 5: Amino acid sequences of FabMAbaCD3.(a) Amino acid sequence of the FabMAbaCD3 HC5F9-
scFvOKT3 peptide. Adaptor sequences are traces of the cloning procedure. TS: restriction recognition site
of Spel; SS: ligation site of Xbal- and Spel-digested DNA fragments; LE: restriction recognition site of Xhol.
(b) Amino acid sequence of the FabMAbCD3/28 LC peptide.

2.1.1.4 FabMAbaCD3 activates T cells in the presence of immobilized HBsAg

In the next step, activation of T cells through FabMAbaCD3 was assessed. Therefore,
freshly isolated peripheral blood mononuclear cells (PBMC) were cultured on HBSAg-
coated plates in the presence of FabMAbaCD3-containing supernatant for 72 hours.
Supernatant of non-transfected HEK 293T cells (w/o Ab) and wells without HBsSAg
(-HBsAQ) served as controls. As readout for T-cell activation, changes in cell morphology
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and IFNy release were evaluated. Microscopic analysis showed distinct cluster formation
of PBMC within the first 12 hours in FabMAbaCD3 treated HBsAg coated wells, while
cells in control samples showed no changes in morphology (Fig. 6c). ELISA-based
determination of IFNy levels after 72 hours revealed T-cell activation with values around
5000 pg/ml. In control samples, no IFNy secretion was observed (Fig. 6d). These findings
suggest that FabMAbaCD3 can interact with CD3 and thereby activate T cells in the
presence of TCR clustering on HBsAg-coated plates, resulting in IFNy secretion. It is
hereby clearly stated that the cloning procedure of FabMAbaCD3 as well as results
mentioned in 2.1.2-2.1.4 were already included in the Master’s Thesis “Generation and
functional analysis of bispecific antibodies for immunotherapy of chronic hepatitis B virus
infection” by Oliver Quitt (Quitt, 2013).

2.1.1.5 FabMAbaCD3 fails to activate T cells in the presence of HBVenv-

expressing target cells without co-stimulation through mAbaCD28
To study, if FabMAbaCD3 is able to redirect and activate T cells to establish a cytotoxic
immune response against HBVenv-expressing hepatocytes, human hepatocellular
carcinoma (Huh7) cells were stably transfected with the small HBV envelope protein
(Huh7S) and employed in co-cultures. HUh7S cells and PBMC were cultivated in the
presence of FabMAbaCD3-containing supernatant for 64 hours and target cell viability
was measured in real-time employing an XCELLigence RTCA. Parental Huh7 cells and
supernatant of non-transfected HEK 293T cells (w/o Ab) served as controls. Target cell
viability did not change in the presence of FabMAbaCD3, and IFNy secretion, serving as
marker for T-cell activation, was not observed. To examine, if the induction of a cytotoxic
immune response requires co-stimulation of the TCR signaling in this setting, cultures
were supplied with a commercial monoclonal aCD28 antibody (maCD28). Treatment
with FabMAbaCD3 and maCD28 led to a strong decrease in cell viability of HBVenv-
expressing Huh7S cells, while parental Huh7 cells stayed viable over the course of the
experiment. Control treatment with maCD28 alone did not show any effect on target cell
viability. Target cell elimination was accompanied by specific IFNy secretion (Fig. 6e, f).
These data led to the conclusion that single treatment with FabMAbaCD3 fails to activate
T cells on HBVenv-expressing target cells, yet this limitation can be overcome by co-
stimulation with a monoclonal aCD28 antibody.
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Figure 6: FabMAbaCD3 binds HBVenv and redirects T cells towards HBVenv-expressing target cells.
(a) Schematic representation of FabMAbaCD3. (b) Binding of FabMAbaCD3 to HBsAg determined by
ELISA. FabMAbaCD3 in the supernatant of producer cell lines (HEK 293T) interacting with human serum
derived HBsAg was detected using polyclonal goat anti-human IgG HRP antibodies. Wells supplied with
PBS or without HBsAg served as controls. (c) Microscopic analysis of cell morphology after 12-hour culture
of PBMC on HBsAg-coated plates treated with supernatant of FabMAbaCD3 producer cell lines (HEK 293T)
(right) or with supernatant of non-transfected HEK 293T cells (w/o Ab). (d) IFNy concentration in the
supernatant of co-cultures determined by ELISA. PBMC were cultured on HBsAg-coated plates and treated
with supernatant of FabMAbaCD3 producer cell lines (HEK 293T) for 72 hours. Supernatant of non-
transfected HEK 293T cells (w/o Ab), or wells without HBsAgQ served as controls. (e) Target cell viability was
determined over 64 hours in real-time employing an xCELLigence RTCA. HBVenv-postivie Huh7S (right) or
HBVenv-negative Huh7 cells (left) were co-cultured with PBMC and treated with supernatant of
FabMAbaCD3 producer cell lines (HEK 293T) and a commercial monoclonal aCD28 antibody (1 pg/ml),
singly or in combination. Cells treated with supernatant of non-transfected HEK 293T cells (w/o Ab) served
as controls. (f) IFNy concentration in the supernatant of the co-cultures described in (e) after 64 hours
quantified by ELISA. Data are presented as mean values + SD of (b) triplicate analysis or (d-f) triplicate co-
cultures (n = 3).

2.1.2 Co-stimulation with FabMAbaCD28

2.1.2.1 Structural and biochemical properties of FabMAbaCD28

To increase the specificity of the co-stimulatory signal, a second bispecific molecule was
generated by replacement of the scFvCD3 with a CD28-specific scFv. The variable
domains of scFvCD28 are derived from the antibody 9.3 (Baroja et al., 1989) (Fig. 7a, b,
Fig. 8a). Consequently, FabMAbaCD28 is very similar in structure and size with a
molecular weight of 78.2 kD. The molecular construction of this molecule was performed
by myself. Further information about the procedure is provided in the methods section.
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FabMAbaCD28 HC-scFv9.3 peptide: MW = 54.69 kD; total MW with LC = 78.20 kD

0 EVQLVESGGGLVHPGRSLKVSCAASGFTFNNYAMSWVRQTPDRRLELVAVINSDGRSTFYPDTVMGRFTISRDNAKNTLY
80 LOMSSLKSEDTAIYYCARTEFYADYWGQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGA

160 LTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSC TS
240
320 SR DIELTQSPASLAVSLGQRATISCRASESV

400 EYYVTSLMOWYQQKPGQPPKLLIFAASNVESGVPARFSGSGSGTNFSLNIHPVDEDDVAMYFCQQSRKVPYTFGGGTKLE
480 IKRNHHHHHHHHHHLEGSGATNFSLLKQAGDVEENPG

HC variable 5F9 : [1 : 120]
HC constant hu IgGl 0 [121 @ 212]
hinge domain fragment: Cys218 for : [213 : 218]

disulfide bond with LC

TS: adaptor sequence Spel : [234 : 235]
SR: adaptor sequence Xbal : [353 : 354]
LC scFv 9.3 : [372 : 484]
10x His Tag : [485 : 494]
LE: adaptor sequence Xhol : [495 : 496]
P2A residual Aa : [497 : 517]

FabMAbaCD3/28 LC: MW = 23.51 kD

0 DIVMTQSHKFMSASVGDRVSISCKASQNVDTTVAWFQQOKPGQSPKLLIYWASTRHSGVPDRFTGSGSRSGFTLTISNVQS
80 EDLAVYFCQQYSIFPYTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQ
160 ESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

LC variable 5F9 : [1 : 107]
LC kappa constant : [108 : 214]
Cys214: disulfide bond with HC : [214]

Figure 7: Amino acid sequences of FabMAbaCD28.(a) Amino acid sequence of the FabMAbaCD28
HC5F9-scFv9.3 peptide. Adaptor sequences are traces of the cloning procedure. TS: restriction recognition
site of Spel; SS: ligation site of Xbal- and Spel-digested DNA fragments; LE: restriction recognition site of
Xhol. (b) Amino acid sequence of the FabMAbCD3/28 LC peptide.

2.1.2.2 FabMAbaCD28 has lower expression efficiency than FabMAbaCD3

A stable FabMAbaCD28 producer cell line was generated by antibiotic selection and
single cell dilution and the supernatant was tested in HBSAg ELISAs. Supernatant of
producer cell lines resulted in a strong OD 450 signal, while PBS controls did not
(Fig. 8b). Comparison of supernatants of the FabMAbaCD3-producing cell lines showed
a lower signal for FabMAbaCD28. To investigate, if this effect was cell line dependent,
new producer cell lines were generated based on Chinese hamster ovary (CHO) K1
cells. Comparison of the cell lines revealed a better expression in CHO K1 cells for both
constructs, yet antibody amounts from FabMAbaCD28 producer lines were still about
50% lower than those from FabMAbaCD3 cell lines (Fig. 8c). To provide the highest
antibody concentration possible, further experiments were performed with supernatants
from CHO K1 producer cell lines.
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2.1.2.3 Co-application of FabMAbaCD28 enhances T-cell activation specifically
in the presence of immobilized HBsAg

Next, the effect of FabMAbaCD28 in co-cultures of PBMC on HBsAg-coated plates was
studied. Co-cultures were supplied with supernatant containing FabMAbaCD3,
FabMAbaCD28, or the combination in a 1:1 ratio. Supernatant of non-transfected CHO
K1 cells (w/o Ab) and wells without HBsAg (-HBsAQ) served as controls. PBMC were
cultured for 72 hours and the concentration of IFNy in the supernatant was determined
by ELISA. In FabMAbaCD3-treated wells, cytokine levels around 5000 pg/ml were
measured, while IFNy was undetectable in FabMAbaCD28-treated samples. However,
the combination of both constructs resulted in a synergistic effect, reaching IFNy
concentrations of around 10000 pg/ml. IFNy secretion was always completely dependent
on the presence of HBsAg (Fig. 8d).

2.1.2.4 Combination of the bispecific constructs induces a cytotoxic immune
response against HBVenv-expressing target cells

To investigate, if the combination of FabMAbaCD3 and FabMAbaCD28 allows
redirection and cytotoxic T-cell activation towards HBVenv-expressing cells, HUh7S cells
and PBMC were co-cultured in the presence of the bsAbs, singly or in combination.
Target cell viability was measured in real-time for 160 hours employing an xCELLigence
RTCA. Parental Huh7 cells and supernatant of non-transfected CHO K1 cells (w/o Ab)
served as control. In accordance with lacking IFNy secretion, target cell viability did not
change in the presence of FabMAbaCD28. Treatment with FabMAbaCD3-containing
supernatant of CHO K1 cells induced about 50% elimination of Huh7S cells in the co-
cultures at relatively late time points, although IFNy was not detectable (Fig. 8e, f). The
combination of both constructs led to distinct and specific elimination of HBVenv-
expressing Huh7S cells, accompanied by IFNy release. T-cell activation, namely
elimination of target cells and secretion of IFNy, was always dependent on the
expression of the HBV envelope protein (Fig. 8e, f). These data indicated that co-
application of FabMAbaCD28 is able to specifically enhance FabMAbaCD3-mediated T-
cell activation resulting in efficient target cell elimination. Single treatment with
FabMAbaCD28 failed to induce T-cell activation in the presence of immobilized HBsAg
or Huh7S cells. It is important to emphasize that all studies mentioned were conducted
with supernatant of producer cell lines and quantitative comparisons are therefore to be
taken with caution. To study the FabMAb-depended T-cell redirection in more detail,
experiments needed to be performed with purified constructs.
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Figure 8: FabMAbaCD28 enhances FabMAbaCD3-mediated T-cell activation synergistically and
promotes specific target-cell elimination. Schematic representation of FabMAbaCD28. (b) Binding of
FabMAbaCD28 to HBsAg determined by ELISA. FabMAbaCD28 in the supernatant of producer cell lines
(HEK 293T) interacting with human serum derived HBsAg was detected using polyclonal goat anti-human
IgG HRP antibodies. Wells supplied with PBS or without HBsAg served as controls. (c) Comparative ELISA
analysis of antibody-containing supernatants of HEK293T and CHO K1 producer cell lines. FabMAbs
interacting with human serum derived HBsAg were detected using polyclonal goat anti-human IgG HRP
antibodies. Supernatant of the respective non-transfected producer cells (w/o Ab) served as controls.
(d) IFNy concentration in the supernatant of PBMC cultured on HBsAg-coated plates and treated with
supernatant of FabMAbaCD3 producer cell lines (CHO K1), FabMAbaCD28 producer cell lines (CHO K1),
or the combination (ratio 1:1) after 72 hours. The cytokine concentration in the supernatant was determined
by ELISA. Supernatant of the non-transfected CHO K1 cells (w/o Ab) served as controls. (e) Cell viability of
Huh7S (right) and Huh7 control cells (left) in co-culture with PBMC treated with supernatant of FabMAbaCD3
producer cell lines (CHO K1), FabMAbaCD28 producer cell lines (CHO K1), or the combination (ratio 1:1).
Cells treated with supernatant of non-transfected CHO K1 cells (w/o Ab) served as controls. Target cell
viability was determined over 160 hours in real-time employing an XxCELLigence RTCA. (f) IFNy
concentration in the supernatant of co-cultures described in (e) after 160 hours quantified by ELISA. Data
are presented as mean values + SD of (b, c) triplicate analysis or (d-f) triplicate co-cultures (n = 3).
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2.1.3 Purification of FabMADbs

2.1.3.1 Production at InVivo Biotech Services

Purification of FabMAbs was outsourced to InVivo Biotech Services, to allow large scale
production of the constructs. FabMAbs were expressed in a 5-liter culture of HEK 293
suspension cells and purified with a combination of IMAC and size exclusion
chromatography (SEC). It is important to mention that the constructs were expressed
using a two-vector system, preventing the need for a P2A site. Thus, purified constructs
do not contain the P2A residues and are smaller by 2.4 kD, which might influence their
structure and functionality. The production yielded in 15 mg (FabMAbaCD3) and 30 mg
(FabMAbaCD28). Purity was determined in house by polyacrylamide gel electrophoresis
(PAGE) following Coomassie staining (Fig. 9a). PAGE was performed under reducing
and non-reducing conditions to assess the integrity of the monomeric as well as the
dimeric state of the constructs. Under reducing conditions FabMAbs migrated with an
apparent molecular weight of ~55 and ~23 kD, which correspond to the heavy chain-
scFv polypeptide and the light chain, respectively. Under non-reducing conditions, the
constructs migrated with a molecular weight of ~100 kD, that can be assigned to the
respective FabMADb heterodimer. Purity of the constructs was over 95% under reducing
conditions, yet FabMAbaCD3 samples showed additional bands with high molecular
weight (>130 kD) under non-reducing conditions. Since these impurities were absent
under reducing conditions, they can be assigned to aggregation of FabMAbaCD3.
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Figure 9: Size exclusion chromatography allows efficient aggregate elimination in FabMAbaCD3
samples. (a) 2.5 ug of the indicated purified construct were separated by PAGE (12.5%)under reducing and
non-reducing conditions, and total protein in the preparation was stained with Coomassie. (b) Size exclusion
chromatography (SEC) chromatogram of FabMAbaCD3 sample using a HiPrep Sephacryl S-200 column.
The milli absorption units (mAu) are based on the absorption at 280 nm. (c) 15 pl of the indicated fraction
were separated by PAGE (12.5%) under non-reducing conditions, and total protein in the preparation was
stained with Coomassie. (d) 2.5 ug of the indicated purified construct were separated by PAGE (12.5%)
under reducing and non-reducing conditions, and total protein in the preparation was stained with
Coomassie. Samples were analyzed directly after SEC and 14 weeks later (bottom).
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2.1.3.2 Size exclusion chromatography of FabMAbaCD3

To remove the FabMAbaCD3 aggregates, a second SEC was performed at the protein
expression and purification facility of the German Research Center for Environmental
Health under the direction of Dr. Arie Geerlof using a HiPrep Sephacryl S-200 column.
The chromatogram and Coomassie staining of the collected fractions demonstrated a
clear separation of aggregates from heterodimers (Fig. 9b, c), thereby increasing the
purity to above 95%. Fractions D7 till E1 were pooled, stored at 4 °C, and monitored for
14 weeks. Since no re-aggregation of the constructs was observed (Fig. 9d), constructs
were stored long-term at 4 °C. Thus, both bsAbs were available at high purity and were
used in further experiments.

2.1.4 Purified FabMADbs are functional and induce a cytotoxic immune
response against HBVenv-expressing target cells

The highly purified bsAbs were employed in co-cultures with Huh7S cells and PBMC to
determine their functionality. 1, 10, and 100 nM of the constructs, singly or in
combination, were applied and target cell viability was assessed in real-time for 96 hours
employing an XCELLigence RTCA. As marker for T-cell activation, the IFNy
concentration in the culture was determined by ELISA. Single treatment with
FabMAbaCD3 did neither result in loss of cell viability, nor in the secretion of IFNy at any
concentration analyzed (Fig. 10a-c). In contrast, treatment with FabMAbaCD28 induced
specific and dose-depended elimination of Huh7S cells at 1 nM and 10 nM. At 1 nM, the
elimination resulted in about 50% target cell elimination and IFNy secretion was not
observed. At 10 nM, the cell viability was reduced by almost 100% and this effect was
accompanied by specific secretion of IFNy (Fig. 10a-c). When both antibodies were used
in combination, 100% of target cells were eliminated and IFNy secretion was already
observed at a concentration of 1 nM. Increasing the dosage to 10 nM could neither
enhance the kinetics of target cell elimination nor IFNy release, yet a minor loss of cell
viability was observed for HBVenv-negative Huh7 control cells at around 72 hours. This
effect was not accompanied by IFNy release. At 100 nM, treatment with FabMAbaCD28
and the combination showed a distinct negative effect on the viability of Huh7 control
cells, while specific elimination of Huh7S cells was not further enhanced. The adverse
effect was accompanied by a very mild elevation of IFNy levels in the culture (Fig. 10a-c).
These data indicated that the purification with IMAC and SEC leads to a preparation of
functional bsAbs, which can induce a cytotoxic immune response against HBVenv-
expressing target cells. Even though FabMAbaCD28 induced T-cell activation upon
single administration, the combination of both constructs was substantially more effective
at lower concentrations (1 nM). High concentrations of FabMAbaCD28 and the
combination (100 nM) led to unspecific elimination of Huh7 control cells. This
antigen-independent T-cell activation was accompanied by comparatively low secretion
of IFNy and was also observed in the absence of CD3 engagement. The increased
sensitivity upon co-administration of FabMAbaCD3 and FabMAbaCD28 provides a

43



Results

therapeutic window between 1 and 10 nM, in which efficient elimination of target cells is
achieved, while control cells are not affected.
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Figure 10: Purified FabMAbs induce a cytotoxic immune response against HBVenv-expressing target
cells. (a-c) Cell viability of Huh7 (top) and Huh7S cells (middle) in co-culture with PBMC and FabMAbaCD3,
FabMAbaCD28, or the combination (1:1 ratio) using a total antibody concentration of (a) 1 nM, (b) 10 nM or
(c) 100 nM. Co-cultures in the absence of bsAbs (w/o Ab) served as controls. Cell viability was determined
over 96 hours in real-time employing an xCELLigence RTCA. The IFNy concentration in the supernatant of
co-cultures (bottom) was determined by ELISA after 96 hours. The optical density (OD) at 450 nm was
normalized to the respective w/o Ab control (Huh7 cells) and is depicted as fold change. Data are presented
as mean values + SD of triplicate co-cultures (n = 3).
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2.2 Comparison of bi- and tetravalent bispecific antibodies

2.2.1 Development and production of tetravalent bispecific antibodies

2.2.1.1 Structural and biochemical properties of BiMAbs

To study the impact of size and binding valency on the functionality and efficacy of
cytotoxic T-cell redirectors in the setting of HBV infection, a second set of bsAbs was
developed in cooperation with Dr. Frank Momburg (DKFZ, Heidelberg). BiMAbs consist
of two HBs-specific scFv C8 (Bohne et al., 2008) connected to the n-termini of IgG1 Fc
domains via a G4S linker. For recruitment of effector cells two CD3- or CD28 specific
scFv were fused to the Fc c-termini, resulting in tetravalent constructs with two binding
sites for each antigen and a molecular weight of 165 kD (Fig. 11a, b, Fig. 12a). To avoid
aberrant disulfide formation in the absence of Ig light chains Cys220 was mutated to Ser.
Effector function mediated by Fc y receptor (FcyR) binding, namely antibody depended
cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC), were reduced by
introduction of the mutations C220S, E233P, L234A, L235A, G236del, N297Q, K322A,
A327G, P329A, A330S and P331S into the Fc domain. These AA changes refer to the
nomenclature of “recommendations for the description of protein sequence variants” by
the human genome variation society (Human genome variation society ), since they are
well established in the field of antibody protein biochemistry. To enable efficient
purification, BiMAbs were equipped with a Strep-tag Il between the Fc domain and the
c-terminal scFvs (Fig. 11a, b). The molecular construction of these molecules was
performed by Frank Momburg.

2.2.1.2 Production at Proteros Biostructures GmbH

BiMAbs were produced by Proteros Biostructures GmbH. The constructs were
expressed in HEK 293 suspension cells and purified with a combination of ion-exchange
chromatography and SEC. Purity was determined by PAGE following Coomassie
staining. Gels were furthermore loaded with FabMAb samples to allow a direct
comparison of the formats. Migration patterns of FabMAbs were already described in
2.1.3.1. The homodimeric BiMAbs migrated with a molecular weight of ~85 kD under
reducing and ~170 kD under non-reducing conditions (Fig. 12b). Western blot (WB)
analysis with polyclonal goat anti human IgG antibodies visualized bands with the same
migration pattern (Fig. 12c). At the time point of comparative analysis, all constructs had
been stored at 4 °C for over 10 months. BsAb preparations, especially BIMAbaCD3
showed signs of aggregation and fragmentation, but purity under non-reducing
conditions was still above 90% in case of all four constructs. The high quality of the
preparations allowed the comparative analysis of antigen binding and redirection
capacity.
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a

BiMAbaCD3 peptide: MW monomer = 82.3 kD; MW dimer = 165 kD
0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR
160
240 GNS ASEPKSSDKTHTCPPCPAPPAAGPSVFLFPPKPKDTLMISRTPEVT
320 CVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCAVSNKGLASSIEKTISKAK
400 GQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQG
480 NVFSCSVMHEALHNHYTQKSLSLSPGKDPGWSHPQFEKSR
560
640 GNS ASQIVLTQSPAIMSASPGEKVTMTCSASSSVSYMNWYQQOKSGTSPKRWIYDTSKLASGV
720 PAHFRGSGSGTSYSLTISGMEAEDAATYYCQQWSSNPFTFGSGTKLEIN

HC scFv C8 : [1 : 138]

Yol-linker : [139 : 147]

GNS: adaptor sequence EcoRI : [257 : 259]

AS: adaptor sequence Nhel : [275 : 276]

Fc domain : [277 : 507]

DPG: adaptor sequence BamHI/SmaIl : [508 : 510]

Strep tag II : [511 : 518]

SR: adaptor sequence Xbal : [519 : 520]

GNS: adaptor sequence EcoRI : [644 : 646]

AS: adaptor sequence Nhel : [662 : 663]

LC scFv OKT3 : [664 : 769]

BiMAbaCD28 peptide: MW monomer = 82.3 kD; MW dimer = 165 kD

0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR

160

240 GNS ASEPKSSDKTHTCPPCPAPPAAGPSVFLFPPKPKDTLMISRTPEVT
320 CVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCAVSNKGLASSIEKTISKAK
400 GQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQG
480 NVFSCSVMHEALHNHYTQKSLSLSPGKDPGWSHPQFEKSS

560

640 SR DIELTQSPASLAVSLGQRATISCRASESVEYYVTSLMOWYQOKPGQPPKLLIFAASNVESG
720 VPARFSGSGSGTNFSLNIHPVDEDDVAMYFCQQSRKVPYTFGGGTKLEIKR

HC scFv C8 : [1 : 138]
Yol-linker : [139 : 147]
GNS: adaptor sequence EcoRI : [257 : 259]
AS: adaptor sequence Nhel : [275 : 276]
Fc domain : [277 : 507]
DPG: adaptor sequence BamHI/Smal : [508 : 510]
Strep tag II : [511 : 518]
SS: adaptor sequence XbaI”~Spel : [519 : 520]
SR: adaptor sequence XbaI : [644 : 645]
LC scFv 9.3 : [661 : T771]

Figure 11: Amino acid sequences of BiMAbs.Amino acid sequence of the (a) BiMAbaCD3 monomer and
(b) BiMAbaCD28 monomer. Adaptor sequences are traces of the cloning procedure. GNS: restriction
recognition site of EcoRI; AS: restriction recognition site of Nhel; DPG: restriction recognition site of BamHI
and Smal; SR: restriction recognition site of Xbal; SS: ligation site of Xbal- and Spel-digested DNA
fragments.
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2.2.2 FabMAbs and BiMADbs bind their target proteins

2.2.2.1 BsAbs bind CD3 and CD28 on human T cells

Binding to the targets CD3 and CD28 on T cells was determined by flow cytometry.
Human PBMC were incubated with 1 uM of bsAbs and subsequently stained for CD4,
CD8 and human IgG. Flow cytometry analysis detected IgG-positive CD4* and CD8*
T cells in case of all four bsAbs (Fig. 12d, e). It is hereby clearly stated that staining and
analysis of BiMAb samples in this figure were performed by Shanshan Luo. To further
compare the binding to CD3 and CD28 on CD8" and CD4* T cells, PBMC were incubated
with a half-logarithmic dilution series of FabMAbs at concentrations ranging from 0.03-
1000 nM. Calculation of the half maximal effective concentration (ECso) values with non-
linear regression resulted in 29.6 nM (FabMAbaCD3) and 392.6 nM (FabMAbaCD28)
for CD8* T cells and 20.04 nM and 210.5 nM when CD4* T cells were analyzed (Fig. 12f).
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Figure 12: Purified bsAbs bind CD3 and CD28 on human T cells. (a) Schematic representation of
BiMAbs. (b) 2.5 pg of the indicated bispecific antibody were separated by PAGE (12.5%) under reducing
and non-reducing conditions, and total protein in the preparation was stained with Coomassie. (c) WB of
bsAbs under reducing and non-reducing conditions. 100 ng of the respective antibody were separated by a
12.5% polyacrylamide SDS-gel and transferred to a polyvinylidene fluoride membrane. BsAbs were
detected with polyclonal goat anti human IgG antibodies. (d, €) FACS analysis of human 1gG on (d) CD4* T
cells or (e) CD8* T cells after incubation with 1 pM FabMAbs (top panel) or BiMAbs (bottom panel). BsAbs
interacting with CD3 and CD28 on T cells were detected with anti-human IgG PE antibodies. Controls were
incubated with anti-human IgG PE antibodies, only. (f) Non-linear regression of the percentage of IgG
positive CD8* (top) and CD4"* (bottom) T cells after incubation with a half-logarithmic dilution series of
FabMADbs ranging from 1000-0.03162 nM. Binding to T cells was determined by flow cytometry as described
in (d, e). ECso was calculated using non-linear regression log(agonist) vs. response variable slope with a
robust fit (Prism). Data are presented as single values of a representative experiment.
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2.2.2.2 BiMAbs and FabMAbs bind the HBV envelope protein with different
characteristics

To compare the binding characteristics of FabMAbs and BiMAbs to HBVenv, an HBsAg
ELISA was performed using a half-logarithmic dilution series of bsAbs at concentrations
ranging from 0.03-1000 nM. Calculation of ECso values with non-linear regression
resulted in 1.6 nM for FabMAbaCD3, 2.1 nM for FabMAbaCD28 and 0.7 nM for the
BiMADs (Fig. 13a). To demonstrate a broad applicability of the constructs, the binding
capacity to several HBVenv geno- and subtypes was analyzed by ELISA. Since goat anti
human IgG antibodies led to a high background signal in this setting, alternative detection
antibodies were employed. An anti-6x His Tag antibody allowed specific detection of
FabMADbs, while BiMAbs were detected with a Strep Tag Il specific antibody (Fig. 13b).
HBsAg in serum from a genotype panel (Paul-Ehrlich-Institut) was captured with
HBVenv-specific antibodies (Murex HBsAg Version 3 from DiaSorin) and detected with
a combination of bsAbs and tag-specific HRP-labeled antibodies. The binders C8 and
5F9 recognized all analyzed HBVenv genotypes with a distinct binding characteristics.
5F9 showed reduced signals for the genotypes E, F2 and H. C8 showed reduced binding
to D1_ayw2 and D2_ayw?2, while D2_awy3 was recognized well (Fig. 13c). To
investigate, if the bsAbs can interact with HBVenv on the membrane of target cells, Huh7
hepatoma cells were transiently transfected with an mCherry-HBVenv fusion protein and
incubated with 50 nM of bsAbs. Cell membranes and bsAbs were stained with wheat
germ agglutinin (WGA) and a goat anti-human IgG antibody, respectively, and co-
localization was visualized by confocal microscopy (Fig. 13d). Positive IgG-staining was
exclusively found on mCherry-HBVenv transfected cells. This data led to the conclusion,
that all four constructs bind the HBV envelope protein successfully and that they should
be analyzed for their capacity to redirect T cells towards HBV-infected cells. It is hereby
clearly stated that immunofluorescence staining and analysis of BiMAb samples in this
figure were performed by Lili Zhao and Shanshan Luo.
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Figure 13: BsAbs bind the HBV envelope protein on hepatoma cell membranes. (a) ELISA analysis of
the interaction of FabMAbs (top panel) or BiMADbs (bottom panel) with patient derived HBsAg. BsAbs were
applied employing a half-logarithmic dilution series ranging from 1000-0.03162 nM and were detected using
polyclonal goat anti-human IgG HRP antibodies. As control antibody served Erbitux®. ECso was calculated
using non-linear regression log(agonist) vs. response variable slope with a robust fit (Prism).
(b) HBsAg-coated plates were incubated with 10 nM FabMAb (top) or BiMAb (bottom) and bsAbs interacting
with patient derived HBsAg were detected by StrepMAb classic-HRP (BiMADb) or anti-6x His-Tag antibody
HRP-conjugate (FabMAb). PBS-coated plates (w/o Ab) treated with the respective secondary antibody
served as control. (c) The binding characteristics of FabMADbs (top) and BiMAbs (bottom) to several HBVenv
geno- and subtypes were determined by ELISA. HBsAg derived from different HBV genotypes was captured
with HBVenv-specific antibodies (Murex HBsAg Version 3 from DiaSorin) and incubated with 50 nM
FabMAbaCD28 (top) or BiMAbaCD28 (bottom). BsAbs were detected by StrepMADb classic-HRP (BiMAb) or
anti-6x His-Tag antibody HRP-conjugate (FabMAb). The OD at 450 nm was normalized to the respective
Al_adw? value. (d) Immunofluorescence staining to study binding of bsAbs to mCherry-HBVenv expressing
Huh7 cells. Cells were incubation with 50 nM of BiMAbs (top) or FabMAbs (bottom) and bsAbs were detected
with anti human 1gG Alexa Flour 647 antibodies. Membranes are stained with WGA and nuclei with DAPI.
Data are presented as mean value + SD of (a) three independent triplicate analyses (n = 9), (b) triplicate
analyses (n = 3) or (c) single values.
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2.2.3 Bi- and tetravalent constructs activate T cells with comparable
potency

2.2.3.1 BsAbs titration in the presence of HBsAg demonstrates the benefit of co-
stimulation

For comparison of the redirection potential of the different antibodies, PBMC were
cultured on HBsAg-coated plates for 72 hours in the presence of bsAbs. Since results in
2.1.4 demonstrated that bsAb concentrations above 10 nM can lead to loss of cell
viability on parental Huh7 cells, without enhancing the rate or kinetics of cytotoxic target
cell elimination, redirection potential at low concentration was investigated. Therefore,
0.1, 0.316, 1, 3.162, and 10 nM of each antibody as well as a mixture of the respective
formats in a 1:1 ratio was used. As readout for T-cell activation the release of IFNy, IL-
2, and TNFa was determined by ELISA. Single application of the CD3- or CD28-specific
constructs induced cytokine levels below 500 pg/ml, yet the combination of both
constructs led to a profound and synergistic increase, reaching values above 5000 pg/ml.
Single treatment with FabMAbaCD28 resulted in cytokine levels around 1000 pg/ml.
Nevertheless, co-application of FabMAbaCD3 enhanced cytokine levels synergistically
(Fig. 14a-c).
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Figure 14: Combination of CD3- and CD28-specific constructs enhances cytokine secretion
synergistically. (a) IFNy, (b) IL-2, and (c) TNFa concentration in the supernatant of PBMC cultured on
HBsAg-coated plates in the presence of the indicated bsAb-concentration after 72 hours quantified by
ELISA. Samples without HBsAg in the presence of 10 nM antibody (w/o Ag) and in the absence of bsAbs
(w/o Ab) served as controls. Data are presented as mean values + SD of triplicate co-cultures (n = 3).
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The benefit of co-stimulation was further demonstrated by evaluation of CD25 expression
and lysosomal associated membrane protein 1 (LAMP-1) translocation via flow
cytometry. Dot plot analysis showed an increase in size and granularity of the PBMC
after 72-hour co-culture, when they were cultured on HBsAg-coated plates in the
presence of bsAbs (Fig. 15a). According to live/dead staining analysis, the viability of
PBMC was above 95% (Fig. 15a). The ratio of CD4/CD8 T cells was ~3:1 for bsAb-
treated PBMC in HBsAg-coated plates and ~4.3:1 for PBMC in control wells. The
experiments in this thesis were performed with PBMC of various healthy donors with
different CD4/CD8 ratios. A ratio of ~4:1 was observed for at least 2 donors and might
be a donor-intrinsic characteristic.
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\Figure 15: Gating strategy for detection of CD25 and LAMP-1 positive T cells. PBMC were cultured on
control plates (top) or HBsAg-coated plates (bottom) in the presence of 3 nM FabMAbaCD3 and
FabMAbaCD28 in combination (1:1 ratio). (a) PBMC were gated for lymphocytes, which were further gated
on living cells and CD4- as well as CD8-expression to distinguish T cells (b) Dot blots of CD4* T cells that
are gated for the expression of CD25 (left) or LAMP-1 (right). (c) Dot blots of CD8* T cells that are gated for
the expression of CD25 (left) or LAMP-1 (right).
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Similar to the cytokine profile, single treatment with CD3-specififc antibodies and
FabMAbaCD28 induced upregulation of CD25 and LAMP-1 translocation, but the
combination of the respective formats further increased the percentage of positive CD4*
and CD8* T cells. Analysis of the mean fluorescence intensity (MFI) even indicated a
synergistic effect. While CD25 was equally upregulated on both T-cell types, LAMP-1
levels were higher on CD8* T cells, especially when the MFI was taken into account (Fig.
15b, c, Fig. 16a-d). Compared to the data presented in 2.1.1.4, single treatment with
FabMAbaCD3 and BiMAbaCD3 induced activation and degranulation of T cells.
However, T-cell activation upon single treatment with CD3-engaging bsAbs was only
observed in co-cultures with recombinant HBVenv and not in co-cultures with HBVenv
transgenic Huh7S cells or HBV-infected HepG2 NTCP K7 cells. A similar pattern was
also observed in 2.1.2.3.
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Figure 16: Combination of CD3- and CD28-specific constructs increases CD25 expression and
LAMP-1 translocation. (a, b) CD25 expressing (a) CD8* or (b) CD4* T cells in the absence (left) or
presence (right) of immobilized HBsAg after 72-hour co-culture treated with 3 nM of the indicated bsAbs,
singly or in combination (1:1 ratio). The quantification is shown as percentage of positive cells (respective
top panel) and MFI of the population (respective bottom panel). (c, d) LAMP-1 expressing (c) CD8* or (d)
CD4* T cells in the absence (left) or presence (right) of immobilized HBsAg after 72-hour co-culture treated
with 3 nM of the indicated bsAbs, singly or in combination (1:1 ratio). The quantification is shown as
percentage of positive cells (respective top panel) and MFI of the population (respective bottom panel). Data
are presented as mean values + SD of triplicate co-cultures (n = 3).
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To analyze the T-cell proliferation upon stimulation with the bsAbs, PBMC were stained
with Cell Trace Violet (CTV) prior to start of co-culture. Even though proliferation was
observed upon single treatment with the bsAbs, T cells proliferated substantially
stronger, when the culture was supplied with the combination of the respective formats.
CD4* and CD8" underwent 2-3 cell divisions within 72 hours of culture (Fig. 17a-c).
These data demonstrated that providing a co-stimulation clearly increases the activation,
proliferation and degranulation of the redirected T cells and consequently further
characterization in this study was performed with a combination of the CD3- or CD28-
specific constructs. Moreover, a total antibody concentration of 3 nM was defined as
reasonable working concentration.
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Figure 17: Combination of CD3- and CD28-targeting constructs stimulates T-cell proliferation.
(a) Histograms of CTV-stained CD8* (top) and CD4" (bottom) T cells after 72-hour co-culture on immobilized
HBsAg supplied with 3 nM of the indicated bsAbs, singly or in combination (1:1 ratio) (b, ¢) Quantification of
proliferated (b) CD8* or (c) CD4* T cells in the absence (left) or presence (right) of immobilized HBsAg after
72-hour co-culture treated with 3 nM of the indicated bsAbs, singly or in combination (1:1 ratio).
(b, c) Data are presented as mean values + SD of triplicate co-cultures (n = 3).

2.2.3.2 BiMAbs and FabMADbs activate T cells with similar kinetics

Next, the kinetics of T-cell activation in cultures with Huh7S cells were investigated.
Huh7S cells and PBMC were co-cultured with 3 nM of bsAbs in combination and
supernatants were collected after 4, 8, 12, 24, 48, and 72 hours, followed by
measurement of IFNy, IL-2 and TNFa. Cytokines were first detectable after 12 hours and
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continually increased over the course of the experiment. The strongest increase took
place between 12 and 24 hours post start of co-culture (Fig. 18a).

To define the percentage of cytokine-secreting cells, intracellular cytokine staining (ICS)
was performed. PBMC were harvested 4, 8, 12, 24, and 48 hours after the start of co-
culture and stained for expression of IFNy, IL-2 and TNFa. CD4* and CD8* T cells started
to express cytokines already within the first 4 hours. After 48 hours, ~50% of CD8" and
~70% of CD4* T cells in the culture stained positive for at least one of the cytokines.
While a substantial amount of T cells showed expression of two or more cytokines,
around 50% of T cells stained positive for TNFa only (Fig. 18b). The percentage of
polyfunctional T cells was determined by the use of Boolean combination gates (FlowJo).
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Figure 18: BiMAbs and FabMAbs activate T cells with similar kinetics. (a-c) PBMC were co-cultured
with HBVenv-positive Huh7S cells and 3 nM of CD3- and CD28-targeting BiMAb or FabMADb in combination
(2:1 ratio). (a) IFNy (top) IL-2 (middle), and TNFa (bottom) concentration in supernatants of co-cultures of
PBMC and Huh7S cells at the indicated time points quantified by ELISA. Supernatants of Huh7 cells co-
cultured with PBMC and 3 nM antibody after 72 hours (w/o Ag) and Huh7S cells co-cultured with PBMC in
the absence of bsAbs after 72 hours (w/o Ab) served as controls. (b) Intracellular cytokine staining of IFNy,
IL-2, and TNFa for CD8" (top) and CD4* (bottom) T cells at indicated time points in co-culture with HuUh7S
cells. PBMC co-cultured with Huh7 cells and 3 nM antibody after 48 hours (w/o Ag) and PBMC co-cultured
with Huh7S in the absence of bsAbs after 48 hours (w/o Ab) served as controls. The percentage of
polyfunctional T cells was determined by the use of Boolean combination gates (FlowJo).
(c) Intracellular staining of grzB for CD8* (top) and CD4* (bottom) T cells at indicated time points after co-
culture with Huh7S. PBMC co-cultured with Huh7 cells and 3 nM antibody after 48 hours (w/o Ag) and PBMC
co-cultured with Huh7S in the absence of bsAbs after 72 hours (w/o Ab) served as controls. Data are
presented as mean values + SD of triplicate co-cultures (n = 3).

The cytotoxic potential of the redirected T cells was determined by analysis of granzyme
B (grzB) expression. PBMC were co-cultured with Huh7S cells in the presence of bsAbs
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and harvested after 4, 8, 12, 24, and 48 hours. The major increase of grzB expression
was detected between 12 and 24 hours. After 48 hours, flow cytometry analysis
determined more than 90% of grzB-expressing T cells. CD8* T cells showed higher
background expression than CD4* T cells (Fig. 18c).

2.2.3.3 BsAbs induce dose-depended elimination of HBVenv-positive target cells
To compare the efficacy of target cell elimination, Huh7S cells and PBMC were co-
cultured with 0.1, 0.316, 1, 3.162, and 10 nM of bsAbs in combination for 96 hours and
target cell viability was measured in real-time employing an XCELLigence RTCA.
FabMAbs and BiMADbs induced target cell elimination when applied at a concentration of
0.3 nM or higher. Rate and kinetics were very comparable and correlated positively with
the antibody concentration. The maximum was reached at 1 nM, with around 50% of
eliminated target cells within the first 48 hours of co-culture (Fig. 19a, b). Minor loss of
cell viability of HBVenv-negative Huh7 control cells was detected at high antibody
concentration (>3 nM) and late time points. The rate of target cell elimination correlated
with the concentration of IFNy, IL-2, TNFa, and grzB detected in the co-cultures
(Fig. 19c-d).
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Figure 19: BiMAbs and FabMAbs activate T cells to eliminate HBVenv-expressing target cells with
comparable kinetics. (a-f) PBMC were co-cultured with HBVenv-positive Huh7S cells or HBVenv-negative
parental Huh7 cells and treated with CD3- and CD28-targeting BiMAb or FabMAb in combination (1:1 ratio)
at indicated concetration. (a, b) Cell viability of HBVenv-positive Huh7S cells (left) or HBVenv-negative
parental Huh7 cells (right) in co-culture with PBMC supplied with increasing doses of (a) FabMAbs or (b)
BiMAbs. Samples without bsAbs (0 nM) served as controls. Target cell viability was determined over 96
hours in real-time employing an XxCELLigence RTCA. (c-f) The concentration of (c) IFNy, (d) IL-2, (e) TNFa
and (f) grzB in the supernatant of co-cultures after 96 hours was determined by LEGENDplex analysis. Data
are presented as mean values + SD of triplicate co-cultures (n = 3).
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Cytokine secretion was exclusively observed in cultures with Huh7S cells. These data
indicate that BiMAbs and FabMAbs can redirect and activate T cells to eliminate
HBVenv-expressing Huh7S cells in a comparable manner, when CD3- and CD28
specific constructs are applied in combination.

In consideration of a potential therapeutic approach, cytotoxic potential of PBMC of CHB
patients in the setting of antibody-mediated T-cell redirection was assessed. PBMC were
co-cultured with Huh7S cells in the presence of BiMAbs and target cell viability was
measured in real time. The rate and kinetics of target cell elimination were comparable
to experiments with PBMC of healthy donors (Fig. 20a).
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Figure 20: BsAbs activate T cells from CHB patients to eliminate HBVenv-expressing target cells.
(a-d) PBMC were co-cultured with HBVenv-positive Huh7S cells or HBVenv-negative parental Huh7 cells
and treated with 3 nM CD3- and CD28-targeting BiMAb or FabMADb in combination (1:1 ratio). (a) Cell viability
of HBVenv-positive Huh7S cells and HBVenv-negative Huh7 cells in co-culture with PBMC of a CHB patient
or healthy donor supplied with 3 nM BiMADbs in combination (1:1 ratio). Target cell viability was determined
over 96 hours in real-time employing an xCELLigence RTCA. (b) Cell viability of HBVenv-positive Huh7S
cells (left) or HBVenv-negative Huh7 cells (right) in co-culture with PBMC treated with 3 nM FabMAbs in
combination (1:1 ratio). Co-cultures were supplied with the indicated doses of subviral particles. Samples
without FabMAbs and subviral particles (w/o Ab) served as control. (c, d) Concentration of (c) IFNy and (d)
IL-2 in the supernatant of co-cultures described in (b) after 96 hours determined by ELISA. (e) PBMC were
cultured on HBsAg-coated plates (+HBsAg) or control plates (-HBsAg) and treated with 3 nM FabMAbs in
combination (1:1 ratio) (left) or BiMAbs in combination (1:1 ratio) (right). The percentage of (Tn), central
memory (Tcwm), effector memory (Tem) and effector T cells (Terr) was subsequently determined via flow
cytometry. The subsets of CD8* T cells were defined employing the markers CD45R0O, CD45RA, CCR7 and
CD62L according to Golubovskaya and Wu (Golubovskaya and Wu, 2016). Data are presented as (a-d)
mean values * SD of triplicate co-cultures (n = 3) or (e) mean values of triplicate co-cultures (n = 3).

Since CHB patients harbor high levels of soluble HBsAg in the blood circulation, it is
important to consider a potential influence on the efficacy and safety of HBVenv-specific
bsAbs. To study these effects, co-cultures were supplemented with increasing doses of
subviral particles, ranging from 3x10° to 3x108 particles per ml. As readout, target cell
elimination and cytokine release was measured. Kinetics of Huh7S cell elimination
remained unchanged, but noticeable loss of Huh7 cell viability was detected when
subviral particles in the culture reached values above 3x107/ml (Fig. 20b). Elimination of
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Huh7 cells was accompanied by IFNy and IL-2 release at concentrations of 10® and
3x108 subviral particles per ml (Fig. 20c, d).

To determine the influence of antibody treatment on the T-cell subset composition,
PBMC were cultured on HBsAg-coated plates in the presence of 3 nM FabMAbs or
BiMADbs in combination and the percentage of naive (Tn), central memory (Tcwm), effector
memory (Tem) and effector T cells (Terr) was determined by flow cytometry. In control
samples (w/o Ab and w/o Ag) ~40% of Tn, ~20% of Tem and Terr, and 5% of Tcu were
detected. Treatment with bsAbs increased the percentage of Tcmand Temto ~40%, while
Teer and Ty were hardly detectable anymore (Fig. 20e).

Taken together, these data led to the conclusion that the bsAbs can activate T cells of
CHB patients to eliminate HBVenv-expressing target cells. Furthermore, the T-cell
subset composition of bsAb-treated PBMC showed a memory-effector phenotype, while
untreated PBMC contained a high proportion of naive T cells. It is important to
emphasize, that the potential elimination of uninfected hepatocytes in the presence of
soluble HBsAg need to be considered and must be carefully evaluated in the in vivo
setting.

2.2.3.4 The half-life of BiMAbs and FabMADs differs substantially in mice
Finally, the impact of the antibody format on the serum availability in C57BL/6 mice was
evaluated. To limit the number of animals for this experiment, Fab- and Fc-specific
detection antibodies were used for ELISA. This allowed specific detection of FabMAbs
(Fig. 21a) and BiMAbs (Fig. 21b), when the constructs were applied in a mixture.
However, for convenience reasons BiMAb samples were quantified employing an
Architect® (anti-HBs), whereas FabMAb concentration was determined by ELISA. Since
quantification by Architect® measurement requires bivalent binding to HBVenv,
FabMAbs cannot be detected in this assay. Animals were injected intravenously (i.v.),
intraperitoneally (i.p.), or subcutaneously (s.c.) with 50 ug of BiMAbaCD28 and
FabMAbaCD28, or vehicle (PBS). Mice were bled after 1, 6, 12, 24, 48 and 72 hours and
the antibody levels in the serum were determined (Fig. 21c). It is hereby clearly stated
that injection of antibodies and bleeding of mice was performed by Julia Festag and Eva
Loffredo-Verde.
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Figure 21: The half-life of BiMAbs and FabMAbs differs substantially in C57BL/6 mice.
(a, b) HBsAg ELISA to demonstrate specific detection of FabMAbs and BiMAbs by goat anti-human Fab
HRP antibodies and goat anti-human Fc HRP antibodies, respectively. HBsAg-coated plates were incubated
with a half-logarithmic dilution series ranging from 10-0.01 nM of (a) FabMAbaCD28 and (b) BiMAbaCD28.
BsAbs were detected with goat anti-human Fc HRP antibodies (BiMAb) or goat anti-human Fab HRP
antibodies (FabMADb). (c) Schematic representation of the mouse experiment for the evaluation of half-life
(tu2) with 3 mice per group. Blood drops indicate the time point of bleeding and collection of serum. (d) Half-
life of BiMADbs (left) and FabMAbs (right) in mouse sera of C57BL/6 mice. 50 pyg of BiMAbaCD28 and
FabMAbaCD28 in 200 pl PBS were injected i.v., i.p., or s.c. Control mice (naive) were injected with 200 pl
PBS only. Mice were bled after 1, 6, 12, 24, 48 and 72 hours and the antibody concentration in the serum
was determined by ELISA (FabMAbs) or Architect® (BiMAbs). The values were normalized to the 1-hour
time point of the i.v. injected group. (a, b) Data are presented as mean value + SD of triplicate parallel
analyses (n = 3). (d) BiMAb data is given as mean + SD of single analysis for each mouse (n = 3) and
FabMAb data represent mean + SD of technical duplicates for each mouse (n = 6).

FabMAb serum levels decreased rapidly with a short half-life (ti2) below 6 hours, while
BiMADs persisted substantially longer. Within the first 48 hours, BiMAD levels reached a
plateau at around 50% of the initial input, which was maintained until the end of the
experiment, leading to a ti, of at least 72 hours. Both formats demonstrated very similar
serum availability after the respective i.v. and i.p. administration, whereas the s.c. route
showed different kinetics. Subcutaneously applied FabMAbs were hardly detectable at
all, while BiMAD levels increased continuously within the first 48 hours, reaching the
same plateau as the other application routes (Fig. 21d).

Overall, treatment with BiMAbs and FabMADbs, singly and in combination, showed a very
comparable redirection potential in vitro that was demonstrated by proliferation, cytokine
secretion, and the establishment of a cytotoxic immune response towards HBVenv-
expressing target cells. However, BiMAbs showed a substantially longer ti» in C57BL/6
mice, which makes them the lead candidate for potential in vivo studies.
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2.3 Evaluation of the bsAb-mediated antiviral effect

2.3.1 HepG2 NTCP K7 cells are highly susceptible to HBV infection

In the next step, the bsAb approach was applied to an HBV infection system, where
HepG2 NTCP K7 cells were used as model cell line (Ko et al., 2018). To study the
correlation between the MOI and the grade of infection in this setting, cells were infected
with increasing MOI and the number of infected cells, as well as, the viral markers
HBeAg, intracellular HBV DNA and cccDNA were quantified 10 days post infection. The
amount of infected cells in the culture was determined by intracellular HBc-staining and
flow cytometry analysis. The percentage of HBc-positive cells correlated positively with
the MOI, ranging from 22.8% at low MOI (25 HBV virions/cell) to 82.4% at high MOI (500
HBYV virions/cell) (Fig. 22a-c).
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Figure 22: HepG2 NTCP K7 cells are highly susceptible to HBV infection. Cells were infected with the
MOI 25, 50, 100, 250 and 500 HBV virions/cell and analysis was performed 10 days post infection.
(a) Percentage of HBc-positive HepG2 NTCP cells after infection with the indicated MOI. Cells were stained
for intracellular HBc expression with a combination of anti-HBc containing rabbit serum and anti-rabbit PE
antibodies, and analyzed by flow cytometry. (b) Histogram of HBc-stained HepG2 NTCP cells infected with
the indicated MOI. Sating was performed as described in (a). (c) Quantification of the percentage of HBc-
HepG2 NTCP cells described in (a, b). (d) HBeAg in the supernatant of infected HepG2 NTCP cells secreted
from day 8-10 quantified by AXSYM measurement. (e) Intracellular HBV-DNA and (f) cccDNA in infected
HepG2 NTCP cultures. Cells were lysed 10 days post infection and viral DNAs were quantified by gPCR.
(c-f) Data are presented as mean values + SD of triplicate cultures (n = 3). n.d. = not detectable.
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The viral parameters were quantified with an AXSYM (HBeAg) or gPCR (intracellular
HBV-DNA, cccDNA) and showed similar patterns (Fig. 22d-f). However, HBeAg,
intracellular HBV-DNA, and cccDNA levels increased by ~50%, when the MOI was
raised from 250 to 500 HBV virions/cell, while the percentage of HBc* cell only showed
a mild increase.

2.3.2 BsAbs activate T cells to eliminate infected HepG2 NTCP cells

The antibody-mediated cytotoxic immune response against HBV-infected target cells
was evaluated in XCELLigence experiments as described in 2.2.3.3. HepG2 NTCP cells
were infected at a MOI of 500 HBV virions/cell and co-cultured with PBMC in the
presence of bsAbs at day 10 post infection (p.i.).

FabMAb w/o HBV FabMAb MOI 500

BiMAb w/o HBV BiMAb MOI 500

-
=]
-
=]

() viability [normalized cell index] Q)
viability [normalized cell index] T
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Figure 23: Treatment with bsAbs induces specific elimination of infected HepG2 NTCP cells.
(a, b) Target cell viability was determined over 96 hours in real-time employing an XxCELLigence RTCA. Cell
viability of uninfected (left) or infected HepG2 NTCP cells (MOI 500 HBV virions/cell) (right) in co-culture
with PBMC supplied with increasing dose of (a) FabMAbs or (b) BiMAbs in combination (1:1 ratio). Samples
without bsAbs (w/o Ab) served as controls. (c) Microscopic analysis after 6 days of co-culture in the 24-well
format. Infected HepG2 NTCP cells were treated with 0.1, 1, 10 and 100 nM of FabMAbs in combination
(2:1 ratio). Uninfected HepG2 NTCP cells (w/o HBV) served as controls. (a, b) Data are presented as mean
values * SD of triplicate co-cultures (n = 3).

60



Results

FabMAbs and BiMAbs induced target cell elimination, when applied at a concentration
of 0.3 nM or higher. Rate and kinetics were comparable and correlated with the antibody
concentration. However, the BiMAb-mediated target cell elimination was slower at 0.3
and 1 nM. In contrast to Huh7 controls, elimination of uninfected Hep2G NTCP cells was
not detected. The reduction of cell viability was around 80% and correlated with the
percentage of HBc-positive cells determined in 2.3.1 (Fig. 23a, b). A dose-depended
T-cell activation and cytotoxic activity was further evaluated by microscopic analysis.
Therefore, co-cultures were established in the 24-well format. Infected HepG2 NTCP
cells were treated with 0.1, 1, 10 and 100 nM of FabMADbs in combination and co-cultures
were maintained for 6 days. Fresh medium with bsAbs was supplied every two days.
Treatment with 0.1 nM of the FabMAb combination did neither induce T-cell clustering,
nor did it show a cytopathic effect. At a concentration of 1 nM, distinct clustering of PBMC
was observed, while 10 nM resulted in notable rupture of the cell layer. This effect was
not enhanced, when the bsAb concentration was increased to 100 nM. Uninfected
HepG2 control cells showed no cytopathic effect, even at a concentration of 100 nM (Fig.
23c).

2.3.3 Treatment with bsAbs induces MOI-dependent T-cell activation
and demonstrates an antiviral effect

To study the correlation between the level of infection and the efficacy of T-cell
redirection, HepG2 NTCP cells were infected with different amount of HBV (MOI 0, 25,
50, 100, 250 and 500 HBV virions/cell) and employed in co-cultures with PBMC and 0,
0.1, 1 and 10 nM of FabMAbs in combination for 12 days (Fig. 24a). On day 3, the
supernatant was analyzed for the presence of IFNy, IL-2 and TNFa by ELISA. Cytokine
levels correlated with the antibody concentration and the MOI. The secretion of cytokines
was always completely depended on the presence of HBV and bsAbs (Fig. 24b). IFNy
levels increased until day 4 of co-culture and were undetectable from day 6 on (Fig. 24c).
As readout for cytotoxicity, cell viability was determined by Cell Titer Blue assay (CTB)
after 12 days. The loss of viability correlated with the MOI and showed about 90%
reduction at a MOI of 500 HBV virions/cell and about 10% reduction at a MOI of 100
HBV virions/cell (Fig. 24d). To quantify the antiviral effect, HBeAg, intracellular HBV-DNA
and cccDNA were measured 12 days after start of co-culture. At the highest viral load
(MOI 500 HBYV virions/cell) and at least 1 nM of bsAbs, a profound antiviral effect was
detected, which led to 90% reduction of HBeAg and 99% reduction of intracellular HBV-
DNA and cccDNA. Yet, the antiviral effect correlated with the MOI, leading to smaller
efficacy at low MOIs (Fig. 24e). HBeAg levels in the culture showed a major reduction
until day 6, which is consistent with the kinetics of IFNy concentration determined earlier
(Fig. 24f). To calculate half-maximal inhibitory concentration (IC50) values, a half-
logarithmic dilution series ranging from 0.01 to 100 nM was employed. Non-linear
regression of HBeAg values resulted in an IC50 value of 0.7194 nM (Fig. 24g). These
data indicated that treatment with the bsAbs can activate T cells in the presence of HBV-
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infected HepG2 NTCP cells, resulting in cytokine secretion, elimination of target cells,
and profound reduction of viral parameters.
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Figure 24: Treatment with bsAbs mediates a dose- and MOI-depended anti-viral effect.
(a) Schematic representation of the co-culture setup employing infected HepG2 NTCP cells (MOI 500 HBV
virions/cell) in the 24-well format. (b) Concentration of IFNy (top), IL-2 (middle) and TNFa (bottom) in the
supernatant of co-cultures of infected HepG2 NTCP cells (MOI 500 HBV virions/cell) and PBMC supplied
with the indicated concentrations of FabMADbs in combination (1:1 ratio) after 3 days of co-culture. Cytokine
concentrations in the supernatant were quantified by ELISA. (c) IFNy concertation in the supernatant at
indicated time points in co-cultures with uninfected (top) or infected HepG2 NTCP cells (MOl 500 HBV
virions/cell) (bottom) and the indicated concentration of FabMAbs in combination (1:1 ratio). The IFNy
concertation in the supernatant was quantified by ELISA. (d) Viability of HepG2 NTCP cells infected with
indicated MOI after a 12-day co-culture with PBMC and 10 nM FabMAbs in combination (1:1 ratio). The
viability was determined with the Cell Titer Blue assay. (e) Levels of HBeAg (top), intracellular HBV-DNA
(middle), and cccDNA (bottom) in co-cultures of infected HepG2 NTCP cells (infected with the indicated
MOI) and PBMC after 12-day treatment with FabMAbs in combination (1:1 ratio) at indicated concentrations.
Viral parameters were determined by Architect® (HBeAg) or gPCR (viral DNAS). Data are presented in
percent relative to w/o Ab and MOI 500 HBV virions/cell. (f) HBeAg levels in supernatant of co-cultures of
infected HepG2 NTCP cells (MOI 500 HBV virions/cell), PBMC and FabMAb in combination (1:1 ratio) at
indicated time points. The HBeAg concentration was determined by AXSYM measurement. Data are
presented in percent relative to w/o Ab and MOI 500 HBV virions/cell at day 0. (g) ICso values of FabMAb
treatment based on the HBeAg-level in the supernatant. Infected HepG2 NTCP cells (MOl 500 HBV
virions/cell) were co-cultured with PBMC and a half-logarithmic dilution series of FabMAbs in combination
(1:1 ratio) ranging from 100-0.01 nM for 12 days. ECso was calculated using non-linear regression
log(agonist) vs. response variable slope with a robust fit (Prism). Data are presented in percent relative to
w/o Ab and MOI 500 HBV virions/cell. (b-g) Data are presented as mean values + SD of triplicate co-cultures
(n = 3). n.d. = not detectable.
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2.4 Development and functional analysis of trispecific
antibodies

2.4.1 Structural and biochemical properties of TriMAb and OKTriMADb

The combination of CD3- and CD28-specific bsAbs did not only synergistically enhance
T-cell activation, but was also required to induce effective elimination of HBVenv-
expressing Huh7S cell and HBV-infected HepG2 NTCP cells. In consideration of a
therapeutic approach, both immune stimulatory scFv were combined in two trispecific
antibody constructs (tsAbs), using the Fab5F9 as heterodimerization domain. The
structure of the TriMAb is based on the construct FabMAbaCD3. To provide a co-
stimulatory signal the scFvCD28 was fused to the c-terminus of the light chain. The
affinity to HBVenv was further increased by addition of the scFvC8 to the n-termini of
heavy and light chain, resulting in a pentavalent construct with a molecular weight of
162 kD, which contains three binding moieties for HBVenv and one for CD3 as well as
CD28. (Fig. 25a, b, Fig. 27a).

To further increase binding valency, two TriMAbs were dimerized by n-terminal
elongation of the Cyl domain with the amino acids DKTHTCPPCP from the IgG1 hinge
region. This allows disulfide bond formation between the respective Cys395 and Cys398
of the heavy chain, resulting in a F(Ab).-like molecule. To reduce protein size, the
variable domains of Fab5F9 were removed and scFvC8 were directly fused to the n-
termini of HC and LC constant domains. Hence, the Fab fragment lost its HBVenv-
specificity and is used for heterodimerization only. This resulted in an oktavalent
construct with four binding sites for HBVenv as well as two for CD3 and CD28, referred
to as OKTriMAD (Fig. 26a, b, Fig. 27a). The molecular construction of this molecule was
performed by myself. Further information about the procedure is provided in the methods
section.
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a

TriMAb C8-HC-scFvOKT3 peptide: MW = 80.9 kD; total MW with LC = 162 kD

0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR

160
240 EVQLVESGGGLVHPGRSLKVSCAASGFTFNNYAM
320 SWVRQTPDRRLELVAVINSDGRSTFYPDTVMGRFTISRDNAKNTLYLOMSSLKSEDTAIYYCARTFYADYWGQGTTLTVS
400 SASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQ
480 TYICNVNHKPSNTKVDKKVEPKSC TS
560 sSs

640 QIVLTQSPAIMSASPGEKVTMTCSASSSVSYMNWYQQKSGTSPKRWIYDTSKLASGVPAHFRGSGSGTSY
720 SLTISGMEAEDAATYYCQQWSSNPFTFGSGTKLEINHHHHHHHHHH

HC scFv C8 :[1 : 138]

Yol-linker : [139 : 147]

HC variable 5F9 : [287 : 403]

HC constant hu IgGl : [404 : 499]

hinge domain fragment: Cys504 for : [500 : 504]

disulfide bond with LC

TS: adaptor sequence Spel : [515 : 516]

SS: adaptor sequence XbaI”Spel : [634 : 635]

LC scFv OKT3 : [651 : 756]

10x His Tag : [757 : 766]

TriMAb C8-LC-scFv9.3 peptide: MW = 81.7 kD; total MW with HC = 162 kD

0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR

160

240 DIVMTQSHKFMSASVGDRVSISCKASQNVDTTVA
320 WFQQKPGQSPKLLIYWASTRHSGVPDRFTGSGSRSGFTLTISNVQSEDLAVYFCQQYSIFPYTFGGGTKLEIKRTVAAPS
400 VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYAC

480 EVTHQGLSSPVTKSFNRGEC TS
560 SR
640 DIELTQSPASLAVSLGQRATISCRASESVEYYVTSLMOWYQQOKPGQPPKLLIFAASNVESGVPARFSGSGSGT

720 NFSLNIHPVDEDDVAMYFCQQSRKVPYTFGGGTKLEIKRWSHPQFEK

HC scFv C8 : [1 : 138]
Yol-linker : [139 : 147]
LC variable 5F9 : [287 : 393]
LC kappa constant : [394 : 500]
Cys500: disulfide bond with HC : [500]

TS: adaptor sequence Spel : [511 : 512]
SR: adaptor sequence Xbal : [632 : 633]
LC scFv 9.3 : [648 : 759]
Strep tag II : [760 : 767]

Figure 25: Amino acid sequences of TriMAb.Amino acid sequence of (a) the TriMAb C8-HC-scFvOKT3
peptide and (b) the TriMAb C8-LC-scFv9.3 peptide. Adaptor sequences are traces of the cloning procedure.
TS: restriction recognition site of Spel; SS: ligation site of Xbal- and Spel-digested DNA fragments;
SR: restriction recognition site of Xbal.
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OKTriMAb C8-HC-scFv9.3 peptide: MW = 68.4 kD; total MW tetramer = 275 kD

0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR

160
240 ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFP
320 EPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCP
400
480 SR DIELTQSPASLAVS

560 LGQRATISCRASESVEYYVTSLMOWYQQKPGQPPKLLIFAASNVESGVPARFSGSGSGTNFSLNIHPVDEDDVAMYFCQQ
640 SRKVPYTFGGGTKLEIKR

HC scFv C8 : [1 : 138]
Yol-linker : [139 : 147]
AS: adaptor sequence Nhel : [287 : 288]
HC constant hu IgGl : [289 : 384]
Hinge domain fragment:Cys389 for ds bond : [385 : 399]

with LC as well as Cys395 and Cys398 for
ds bond with HC

SR: adaptor sequence Xbal : [531 : 532]

LC scFv 9.3 : [547 : 658]

OKTriMAb C8-LC-scFvVOKT3 peptide: MW = 68.9 kD; total MW tetramer = 275 kD

0 MAEVQLVESGGGLLQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSSISGSGGSTYYADSVKGRFTISRDNSKNT
80 LYLOMNSLRAEDTALYYCAKPPGRQEYYGSSIYYFPLGNWGQGTLVTVSSASTKGPKLEEGEFSEAR

160

240 RTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYP
320 REAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

400 TS

480 ss QIVLTQ

560 SPAIMSASPGEKVTMTCSASSSVSYMNWYQQKSGTSPKRWIYDTSKLASGVPAHFRGSGSGTSYSLTISGMEAEDAATYY
640 CQQWSSNPFTFGSGTKLEIN

HC scFv C8 1 : 138]
Yol-linker : [139 : 147]
LC kappa constant : [287 : 393]
Cys393: disulfide bond with HC : [393]

TS: adaptor sequence Spel : [419 : 420]
SS: adaptor sequence XbaI”Spel : [538 : 539]
LC scFv OKT3 : [555 : 660]

Figure 26: Amino acid sequences of OKTriMAb.Amino acid sequence of (a) the TriMAb C8-HC-
scFVOKTS3 peptide and (b) the TriMAb C8-LC-scFv9.3 peptide. Adaptor sequences are traces of the cloning
procedure. AS: restriction recognition site of Nhel; TS: restriction recognition site of Spel; SR: restriction
recognition site of Xbal; SS: ligation site of Xbal- and Spel-digested DNA fragments.
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2.4.2 Expression studies and purification of TriMADb

2.4.2.1 TsAbs are expressed successfully and bind HBVenv specifically

TsAbs were expressed using a two-vector system, with each chain being encoded on a
separate ORF. As producer cell lines served HEK 293T and CHO K1 cells. To increase
production efficiency, stable producer cell lines were generated by combination of
antibiotic selection and single cell dilution. Supernatant was harvested every 3 to 4 days,
sterile-filtered, and used for functional assays. Binding of tsAbs to HBVenv was analyzed
by HBsAg ELISA. Here, supernatant of producer cell lines resulted in a strong ELISA
signal (Fig. 27b). Comparison of the cell lines revealed a higher yield in HEK293T cells
for both constructs (Fig. 27c). To provide the highest possible antibody concentration,
further experiments were performed with supernatants of HEK 293T producer cell lines.
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Figure 27: TriMAb and OKTriMAb are expressed and bind HBsAgQ. (a) Schematic representation of
trispecific constructs. (b) Binding of TriMAb and OKTriMAb to HBsAg determined by ELISA. TriMAb and
OKTriMADb in the supernatant of producer cell lines (HEK 293T) interacting with human serum derived HBsAg
was detected using polyclonal goat anti-human IgG HRP antibodies. Wells supplied with PBS or without
HBsAg served as controls. (c) Comparative ELISA analysis of antibody-containing supernatants of
HEK293T and CHO K1 producer cell lines. TsAbs interacting with human serum derived HBsAg were
detected using polyclonal goat anti-human IgG HRP antibodies. Supernatants of the respective non-
transfected producer cells (w/o Ab) served as controls. Data are presented as mean value + SD of triplicate
analyses (n = 3).

2.4.2.2 The TriMADb-single chains are hardly secreted

Since TriMADb was selected as the lead candidate for further studies it was subjected to
more detailed expression studies. The HBsAg ELISA with polyclonal goat anti human
antibodies (GaH) gives no information about the integrity or paring of the TriMAb
heterodimer and thus the construct was further modified. To allow specific detection of
the separate chains, the HC was c-terminally equipped with a 10x His Tag and the LC
with a Strep Tag Il and the construct was codon-optimized for expression in CHO cells.
The two separate chains where furthermore sub-cloned into a single ORF, with the two
chains being separated by P2A site. Next, CHO cells were transfected with either the HC
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only, the LC only, co-transfected with HC/LC, or transfected with the single ORF HC/LC
construct, using a total of 5 pg plasmid DNA for all samples. After antibiotic selection for
4 weeks, supernatants were collected and employed in an HBsAg ELISA and detected
with polyclonal goat anti human antibodies, or the tag-specific antibodies. Detection with
GaH showed a 3-fold higher signal for the co-transfection sample, when compared to
the single ORF construct. The signal for single transfection with the LC was ~20% lower
than single ORF and the HC was hardly detected at all. Detection with the anti-His Tag
antibody showed a 10-fold higher signal for the co-transfected samples. Here, single
transfection with LC did not result in a signal and the HC was also not detectable.
Detection with the Strep Tag ll-specific antibody showed a similar pattern as GaH
(Fig. 28a). This indicated that the individual chains are successfully detected by the tag-
specific antibodies. Furthermore, TriMAb production is most efficient, when HC and LC
are co-transfected on separate ORFs, while single chains are less secreted. Since the
HC was undetectable upon single transfection, His Tag-pulled constructs should
predominantly exist as dimers. Therefore, TriMAb purification was performed with IMAC.

2.4.2.3 Expression in serum-free medium increases the efficacy of IMAC

IMAC was performed with Protino Ni-NTA Agarose and gravity flow columns. A TriMAb
CHO producer cell line, based on the co-transfection expression system, was cultured
with or without 10% fetal calf serum (FCS) for 5 days and supernatants were employed
in the purification procedure. The binding step was either performed for 4 hours or
overnight (O/N). In total, 4 fractions were collected and analyzed by HBsAg ELISA.
Samples without FCS had the highest antibody concentration in fraction 1, while samples
with 10% FCS showed the peak in fraction 2 (Fig. 28b). The respective fractions were
pooled, concentrated with centrifugal filters, and dialyzed against PBS, followed by
Coomassie staining and WB analysis under reducing and non-reducing conditions.
Under reducing conditions, samples without FCS showed a distinct band at 80 kD,
referring to the TriMADb heavy and light chains, which are comparable in size (Fig. 28c).
O/N incubation resulted in a higher yield than incubation for 4 hours. The purity in 0%
FCS samples was above 90%. In contrast, preparations with 10% FCS contained various
impurities and a strongly reduced signal at 80 kD. Under non-reducing conditions,
TriMAb migrated with an apparent molecular size above 250 kD. WB analysis with
polyclonal goat anti human IgG antibodies revealed bands with the same migration
pattern (Fig. 28d). Proteins with incorrect size did not result in a positive signal. The
sample without FCS and O/N incubation was further analyzed with His Tag- and Strep
Tag ll-specific antibodies. Both detection antibodies resulted in a specific signal with the
same pattern as Coomassie staining and GaH analysis (Fig. 28e). These data indicated
that cultivation in serum-free medium can enhance the purity in IMAC preparation. The
yield can be further increased by a prolonged incubation time with Ni?* sepharose resin.
Moreover, both chains of TriMAb are expressed and migrate with the same molecular
size under reducing and non-reducing conditions, respectively.
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Figure 28: TriMADb is successfully purified with IMAC. (a) CHO cells that were either transfected with the
HC only, the LC only, co-transfected with HC/LC, or transfected with the single ORF HC/LC construct and
selected with antibiotics for 4 weeks. Superntants were analyzed by ELISA employing HBsAg-coated plates
and constructs were detected with polyclonal anti-human 1gG (left), anti-10x His Tag (middle), or anti-Strep
Tag Il (right) detection antibodies. (b) ELISA with HBsAg-coated plates to analyze the TriMAb concentration
in IMAC fractions (diluted 1:100) after expression in cultures with 0 or 10% FCS. Detection was performed
with polyclonal anti-human IgG antibodies. (c) Coomassie staining of pooled IMAC fractions (0 and
10% FCS) after incubation with Ni?* sepharose resin for 4 hours or overnight. 15 pl of samples were loaded
and separated by PAGE (8%) under reducing and non-reducing conditions. (d) WB analysis of samples
described in (c). 15 pl of the respective sample were separated by an 8% polyacrylamide SDS-gel and
transferred to a polyvinylidene fluoride membrane. Detection was performed with polyclonal goat anti
human IgG antibodies. (e) WB of purified TriMAb samples (0% FCS, O/N). 100 ng of protein were separated
by an 8% polyacrylamide SDS-gel and transferred to a polyvinylidene fluoride membrane. Detection was
performed with anti-Strep Tag Il (left) and with anti-10x His Tag detection antibodies. (a, b) Data are
presented as mean values + SD of triplicate analyses (n = 3).

2.4.3 Comparison of tri- and bispecific antibodies

2.4.3.1 Treatment with tsAbs activates T cells stronger than FabMAbs in
combination

To compare the redirection of T cells through TriMAb and OKTriMAb and the FabMAbs
in combination, experiments were first performed with cell culture supernatants, since
purified antibodies were not yet available. PBMC were cultured on HBsAg-coated plates
in the presence of antibody containing supernatant for 72 hours. Supernatant of non-
transfected HEK 293T cells (w/o Ab) and wells without HBsAg (-HBsAgQ) served as
controls. As readout for T-cell activation, IFNy release, grzB expression, and LAMP-1
translocation were evaluated. Administration of tsAbs induced a two-fold (OKTriMAD)
and three-fold (TriMAb) higher secretion of IFNy than the combination of FabMAbs. In
control samples, no IFNy secretion was observed (Fig. 29a).
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Figure 29: Treatment with tsAbs activates T cell to secrete IFNy and induces grzB expression and
LAMP-1 translocation. (a) IFNy concentration in the supernatant of PBMC cultured on control plates
(-HBsAg) or HBsAg-coated plates (+HBsAQ) that were treated with supernatant of producer cell lines (HEK
293T) of indicated bi- and trispecific constructs after 72 hours. The cytokine concentration in the supernatant
was determined by ELISA. Samples treated with supernatant from non-transfected HEK 293T cells (w/o Ab),
served as controls. Supernatants of FabMAbs in combination were mixed in a 1:1 ratio. Data are presented
as mean values + SD of triplicate co-cultures (n = 3). (b, c) Histograms of (b) CD8* and (b) CD4* T cells
stained for grzB-expression and LAMP-1 translocation after 72-hour co-culture with control plates (top) or
with HBsAg-coated plates (bottom) in the presence of supernatant of producer cell lines of indicated bi- and
trispecific constructs.

Analysis of grzB and LAMP-1 showed increased upregulation of both markers on CD8*
and CD4*T cells in tsAbs treated samples (Fig. 29b, ¢). While the FabMAb combination
led to ~50% of grzB and LAMP-1 positive CD8* T cells, both tsAbs induced nearly 100%
(Fig. 30a). The percentage of grzB* CD4* T cells was comparable to CD8" T cells, while
LAMP-1* cells were reduced by about 50% (Fig. 30b). These data was also published in
the patent WO2016146702A1 (Protzer et al.,, 2016). MFI analysis showed a 2-fold
(OKTriMAD) and 4-fold (TriMAb) higher grzB expression in tsAbs-treated CD8" T cells,
compared to the combination of FabMAbs. The MFI pattern of LAMP-1 correlated with
the percentage of positive cells (Fig. 30c). CD4* T cells showed lower MFI for LAMP-1
than CD8* T cells (Fig. 30d). This led to the conclusion that treatment with the trispecific
antibodies can redirect and activate T cells in the presence of HBsAg-coated plates.
Moreover, the redirection capacity of the trispecific constructs is comparable to the
combination of FabMAbaCD3 and FabMAbaCD28. However, these results have to be
taken with caution, since the antibody concentration in the supernatant was not
guantified and antibodies were not adjusted to equimolar concentrations.
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Figure 30: Redirection capacity of tsAbs is comparable to the combination of FabMAbs.
(a, b) Percentage of grzB- (top) and LAMP-1-expressing (bottom) (a) CD8* or (b) CD4* T cells after 72-hour
culture on control plates (-HBsAg) or HBsAg-coated plates (+HBsAQ) treated with supernatant of producer
cell lines (HEK 293T) of indicated bi- and trispecific constructs. Samples treated with supernatant from non-
transfected HEK 293T cells (w/o Ab) served as controls. (c, d) MFI of grzB- (top) and LAMP-1 (bottom)
expressing (c) CD8* or (d) CD4* T-cell populations after 72-hour co-culture on HBsAg-coated plates treated
with supernatant of producer cell lines (HEK 293T) of indicated bi- and trispecific constructs. Samples treated
with supernatant from non-transfected HEK 293T cells (w/o Ab) served as controls. Data are presented as
mean values of triplicate co-cultures (n = 3).

2.4.3.2 Treatment with TriMADb induces target cell elimination without further co-
stimulation
To study, if tsAbs can activate T cells to establish a cytotoxic immune response against
HBVenv-expressing cells, Huh7S cells and PBMC were cultivated in the presence of
TriMAb- and OKTriMAb-containing supernatant for 128 hours and target cell viability was
measured in real-time employing an XCELLigence RTCA. As marker for T-cell activation,
IFNy levels in the culture were determined at the end of the experiment. Parental Huh7
cells and supernatant of non-transfected HEK 293 cells (w/o Ab) served as control. To
increase the antibody availability in the culture, supernatants were concentrated using
high recovery centrifugal filters and co-cultures were supplied with 0.5x, 1x, 5x and 10x
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concentrated supernatant. Treatment with TriMADb induced elimination of Huh7S cells at
the concentrations 5x and 10x (Fig. 31a) and the cytotoxic activity was accompanied by
secretion of IFNy (Fig. 31b). Huh7 control cells showed loss of cell viability at a
concentration of 10x, yet in these cultures IFNy release was not observed.
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Figure 31: TriMAb induces elimination of HBVenv-expressing cells without further co-stimulation.
Target cell viability was determined over 128 hours in real-time employing an xCELLigence RTCA. (a) Cell
viability of HBVenv-negative Huh7 cells (left) and HBVenv-positive Huh7S cells (right) in co-cultures with
PBMC and supernatant of TriMAb producer cell lines (HEK 293T) at indicated concentration. Samples
treated with supernatant of non-transfected HEK 293T cells (w/o Ab) served as controls. (b) IFNy
concentration in the supernatant of co-cultures descripted in (a) after 128 hours determined by ELISA.
(c) Cell viability of HBVenv-negative Huh7 cells (left) and HBVenv-positive Huh7S cells (right) in co-cultures
with PBMC and supernatant of OKTriMAb producer cell lines (HEK 293T) at indicated concentration.
Samples treated with supernatant of non-transfected HEK 293T cells (w/o Ab) served as controls. (d) IFNy
concentration in the supernatant of co-cultures described in (c) after 128 hours determined by ELISA. Data
are presented as mean values + SD of triplicate co-cultures (n = 3).

These data was also published in the patent WO2016146702A1 (Protzer et al., 2016).
OKTriMADb treatment led to a loss of target cell viability at the concentration 10x (Fig.
31c). Kinetics were clearly reduced compared to TriMAb and IFNy release was not
observed (Fig. 31d). Huh7 control cells showed no reduction in viability upon OKTriMAb
treatment. These data indicated that TriMAb can successfully redirect T cells towards
HBVenv-expressing target cells with similar kinetics as the combination of bsAbs
illustrated in 2.2.3.3, when the concentration “1x supernatant” is taken into account.
These results have to be taken with caution, since the TriMAb concentration in the
supernatant was not quantified. OKTriMAD failed to induce efficient target cell elimination
in this setting, and thus, TriMAb was used as lead candidate for further investigation.
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2.4.3.3 Administration of IL-12 and hyper-IL6 fails to increase TriMAb-mediated
target cell elimination

In the next step, it was investigated, if TriMAb-mediated T-cell activation and target cell
elimination can be further enhanced by co-application of immune-stimulatory cytokines.
Therefore, co-cultures of Huh7S cells, PBMC and TriMAb-containing supernatant, were
supplied with IL-12 or hyper-IL-6, followed by evaluation of cell viability. As marker for T-
cell activation, IFNy levels in the culture were evaluated at the end of the experiment.
Parental Huh7 cells and supernatant of non-transfected HEK 293T cells (w/o Ab) served
as control. Neither IL-12, nor hyper IL-6 had an influence on the kinetics of target cell
elimination (Fig. 32a, ¢). However, IL-12 treatment led to a profound increase in IFNy
release, while hyper IL-6 did not (Fig. 32b, d).
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Figure 32: Administration of IL-12 and hyper-IL6 fails to increase TriMAb-mediated target cell
elimination. (a) Cell viability of HBVenv-negative Huh7 cells (left) or HBVenv-positive Huh7S cells (right) in
co-cultures with PBMC, supernatant of TriMAb producer cell lines (HEK 293T), and the indicated
concentration of IL-12. Samples treated with supernatant of non-transfected HEK 293T cells (w/o Ab) served
as controls. Target cell viability was determined over 80 hours in real-time employing an XCELLigence
RTCA. (b) Fold-increase of IFNy in the supernatant of IL-12 treated co-cultures described in (a). Values
were normalized to the IFNy concentration in TriMAb-treated cultures. (c) Cell viability of HBVenv-negative
Huh7 cells (left) and HBVenv-positive Huh7S cells (right) in co-cultures with PBMC, supernatant of TriMAb
producer cell lines (HEK 293T), and 20 ng/ml hyper-IL6. Samples treated with supernatant of non-
transfected HEK 293T cells (w/o Ab) served as controls. Target cell viability was determined over 112 hours
in real-time employing an XCELLigence RTCA. (d) Fold-increase of IFNy in the supernatant of hyper IL-6
treated co-cultures described in (c). Values were normalized to the concentration in TriMAb-treated cultures.
Data are presented as mean values + SD of triplicate co-cultures (n = 3).

2.4.3.4 Treatment with TriMAb induces trifunctional T cells

To evaluate the sensitivity of TriMAb-mediated T-cell activation, co-cultures were
performed with decreasing levels of immobilized HBsAg. PBMC were cultured on 5, 1,
and 0.2 pg/ml of immobilized HBsAg for 72 hours and supplied with TriMAb or FabMAbs
in combination. T-cell activation was determined by ICS for IFNy, IL-2, and TNFa as well
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as proliferation. Antibody-containing supernatants were applied undiluted, 1:10, and
1:100. Supernatant of non-transfected HEK 293 cells (w/o Ab) served as control.
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Figure 33: Treatment with TriMAb induces trifunctional T cells. (a, b) Percentage of IFNy*, IL-2*, TNFa*,
or proliferating CD8* T cells after co-culture with 5 pg/ml (left), 1 pg/ml (middle), or 0.2 pg/ml of immobilized
HBsAg in the treated with (a) supernatant of FabMAbaCD3 and FabMAbaCD28 producer cell lines (HEK
293T) in a 1:1 combination, and (b) supernatant of TriMADb producer cell lines (HEK 293T), after 72 hours of
co-culture determined by ICS. Samples treated with supernatant of non-transfected HEK 293T cells (w/o
Ab) served as controls. (c, d) Percentage of mono-, bi, and trifunctional CD8* T cells after co-culture with
5 pg/ml of immobilized HBsAg treated with supernatant of FabMAbaCD3 and FabMAbaCD28 producer cell
lines (HEK 293T) in a 1:1 combination and (b) supernatant of TriMAb producer cell lines (HEK 293T) after
72 hours of co-culture determined by ICS. The percentage of polyfunctional T cells was determined by the
use of Boolean combination gates (FlowJo). Data are presented as mean values of triplicate co-cultures
(n=23).

The percentage of activated T cells correlated with the antibody concentration and the
quantity of HBsAg. When producer cell line derived supernatants were applied undiluted
and with a 1:10 dilution, treatment with TriMAb or with the FabMAbs in combination
showed a potent induction of cytokine expression, which was not observed when the
1:100 dilution was employed. At 5 pg/ml HBsAg and treatment with undiluted
supernatant, FabMADbs in combination induced ~60% IFNy*, ~50% IL-2* and ~70%
TNFa*CD8" T cells, while TriMAb-treated samples showed nearly 80% cytokine-positive
T cells. The dilution had a stronger effect on TriMAb-mediated T-cell activation, with a
reduction by ~50%, when the supernatant was diluted 1:10, while FabMAbs showed only
a ~25% reduction. The titration of HBsAg had almost no effect on the redirection capacity
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of FabMAbs, which performed almost equally well at all concentrations. In contrast,
TriMAD failed to induce T-cell activation at 0.2 pg/ml HBsAg, when the supernatant was
diluted 1:10 (Fig. 33a, b). To further characterize the state of activation, the amount of
T cells that express a combination of IFNy, IL-2 and TNFa was determined by use of
Boolean combination gates in FlowJo. At 5 pg/ml HBsAg and treatment with undiluted
supernatant, the FabMAb combination resulted in 20% mono-, 28% bi- and 33%
trifunctional CD8* T cells, while TriMAb induced 13%, 22% and 56%, respectively. CD4*
T cells showed similar patterns of polyfunctionality (Fig. 33c, d). These data suggest that
TriMADb performs better at high antigen concentration, but is less sensitive when HBsAg
levels are low. These results have to be taken with caution, since antibodies were not
adjusted to equimolar concentrations.

2.4.3.5 Treatment with TriMAD elicits an antiviral effect

The TriMAb-mediated antiviral effect was evaluated in co-cultures with infected HepG2
NTCP cells, as described for bispecific antibodies in 2.3.3 (Fig. 34a). To study the
correlation between the level of infection and the efficacy of T-cell redirection, HepG2
NTCP cells were infected at an MOI of 5, 50 and 500 HBV virions/cell. IFNy release
correlated positively with the MOI and was detectable at day 3, 6 and 10, when HepG2
NTCP cells were infected with an MOI of 50 HBV virions/cell or higher. IFNy secretion
was always dependent on the presence of HBV and TriMAb (Fig. 34b). To quantify the
antiviral effect, HBeAg, intracellular HBV-DNA and cccDNA were measured 10 days after
the start of co-culture. At an MOI of 500 HBV virions/cell, HBeAg, and intracellular HBV-
DNA levels showed 60% reduction, while cccDNA levels where reduced by 20%. The
antiviral effect correlated with the MOI, leading to smaller effects at lower MOIls
(Fig. 34c, d). These data led to the conclusion that TriMAb can redirect T cells towards
HBV-infected HepG2 NTCP cells, resulting in T-cell activation and reduction of viral
parameters, without further co-stimulation.
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Figure 34: Treatment with TriMAb elicits an antiviral effect. (a) Schematic representation of the co-
culture setup employing infected HepG2 NTCP cells (MOI of 5, 50 and 500 HBV virions/cell) and supernatant
of TriMAb producer cell lines in the 24-well format. (b) Concentration of IFNy in the supernatant of the co-
culture of infected HepG2 NTCP cells and PBMC treated with supernatant of TriMAb producer cell lines
(HEK 293T) at indicated time points after start of co-culture. The IFNy concentration was determined by
ELISA. (c) HBeAg levels in the supernatant of the co-culture of infected HepG2 NTCP cells and PBMC
treated with supernatant of TriMADb producer cell lines (HEK 293T) at indicated time points after start of co-
culture. HBeAg concentration was determined by AxXSYM measurement. (d) Levels of intracellular HBV-
DNA (top) and cccDNA (bottom) in co-cultures of infected HepG2 NTCP and PBMC after 10-day treatment
with supernatant of TriMAb producer cell lines (HEK 293T) determined by gPCR. Data are presented in
percent relative to w/o Ab and MOI 500 HBYV virions/cell. (b-c) Data are presented as mean values + SD of
triplicate co-cultures (n = 3).

2.4.3.6 Purified TriMAb activates T cells to form clusters, secrete cytokines and
eliminate HBVenv-expressing target cells
Finally, activation of T cells through purified TriMAb was assessed. Therefore, PBMC
were cultured on HBsAg-coated plates for 72 hours supplied with 3 nM of TriMAb or
FabMADs, singly and in combination. Samples without antibodies (w/o Ab) and wells
without HBsAg (-HBsAQ) served as controls. As readout for T-cell activation, changes in
cell morphology as well as IFNy and IL-2 release were evaluated. Microscopic analysis
showed distinct cluster formation of PBMC within the first 12 hours in TriMAb treated
wells that were comparable to the combination of FabMAbs. Cells in control samples

75



Results

showed no change in morphology (Fig. 35a). IFNy and IL-2 levels in TriMADb treated
cultures were also comparable to the combination of FabMADbs. In control samples, no
cytokine secretion was observed (Fig. 35b, c).
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Figure 35: Purified TriMAb activates T cells to induce cluster formation, cytokine release and target
cell elimination. (a) Microscopic analysis of cell morphology of PBMC cultured for 72 hours on HBsAg-
coated plates supplied with 3 nM of TriMAb or FabMAb, singly or in combination (1:1 ratio). (b, c) Fold-
increase of (b) IFNy and c) IL-2 in the supernatant PBMC cultured on control plates (-HBsAg) or HBsAg-
coated plates (+HBsAg) supplied with 3 nM of TriMAb or FabMADb, singly or in combination (1:1 ratio) after
72 hours. Values were normalized to FabMAbaCD3 (IFNy) or FabMAbaCD28 (IL-2). (d) Target cell viability
was determined over 96 hours in real-time employing an xCELLigence RTCA. Cell viability of HBVenv-
negative Huh7 cells (left) or HBVenv-positive Huh7S cells (right) in co-culture with PBMC supplied with
increasing doses of purified TriMAb. Samples without TriMAb (w/o Ab) served as controls. (b-d) Data are
presented as mean values + SD of triplicate co-cultures (n = 3).

To analyze the efficacy of target cell elimination, HUh7S cells and PBMC were co-
cultured with 0.1, 0.316, 1, 3.162, and 10 nM of purified TriMAb for 96 hours and target
cell viability was measured in real-time employing an xCELLigence RTCA. TriMAb
induced target cell elimination when applied at a concentration of 1 nM or higher. Rate
and kinetics of cell viability loss correlated positively with the antibody concentration. The
maximum was reached at 3 nM, with around 50% of target cells being eliminated in the
first 48 hours of co-culture (Fig. 35d). These data demonstrated that purified TriMAb is
functional and induces T-cell activation with similar potency as the combination of
FabMAbaCD3 and FabMAbaCD28.

76



Discussion

3 Discussion

Current treatment options for chronic hepatitis B efficiently suppress viral replication, but
rarely cure the disease. Consequently, further efforts that intent a curative therapy are in
need. The underlying thesis demonstrates the immunotherapeutic retargeting of
endogenous T cells employing bi- and trispecific antibodies. The application of these
constructs facilitated a robust T-cell redirection towards HBVenv-expressing target cells
and might provide a feasible and promising approach for the treatment of chronic
hepatitis B and HBV-associated HCC, as discussed in the following.

3.1 Production and stability of bi- and trispecific antibodies

3.1.1 Bispecific antibodies

After successful design and cloning, the bispecific antibodies were expressed in HEK
293 T cells and bsAbs-containing supernatants were employed in functional assays to
determine their binding and redirection capacity. Experiments with cell culture
supernatants were useful for basic studies on expression and functionality as well as
screening of producer cell lines, but did not allow further in depth analysis, since the
antibody concentration could not be determined and furthermore varied between
constructs, producer cell lines and even batches. Thus, the purification of the constructs
was a crucial step within this study, as it firstly proved the producibility of the constructs
and secondly allowed the accomplishment of reproducible experiments regarding dose-
response correlation, activation kinetics and comparison of the bi- and tetravalent
formats.

Since large-scale expression and purification of antibodies is not established in our
institute, the production of bispecific antibodies was outsourced to InVivo Biotech
services. In contrast to in-house studies, the expression was performed using a two-
vector system, with the two chains being encoded on separate plasmids. Even though,
usage of a P2A site allows convenient co-expression using a single ORF, it drastically
reduces the expression efficiency and is therefore not recommended for large-scale
production (Tim Welsink from InVivo Biotech Services, personal communication). We
could confirm this during production of TriMAb, where the co-transfection of two plasmids
yielded a 3-fold higher expression than usage of a P2A site (Fig. 28a).

Following successful production, the bsAbs were tested for their integrity and stability.
In-house quality control of the FabMAb constructs revealed aggregates in the
FabMAbaCD3 preparation, yet these could be successfully eliminated by further SEC
(Fig. 9a-c). Since no re-aggregation was detected during storage at 4 °C for 12 months
(Fig. 9d, Fig. 12b, c), the aggregation process presumably happened during expression
or shipment of the preparation. Successful long-term storage at 4 °C demonstrated high
stability and underlines the clinical feasibility of FabMAb-meditated HBV immunotherapy.
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In contrast, WB analysis illustrated lower stability of BiMAbs, which was displayed by
aggregation of BiMAbaCD3 and fragmentation of both constructs (Fig. 12c). Since the
Fc domain is considered rather stable, the lower stability of tetravalent BiMAbs likely
originated from the presence of the 4 scFv within the homodimer. Substantial differences
in the stability of individual scFvs have been described in literature and can influence the
quality and yield in the production of these molecules (Reiter et al., 1994, Willuda et al.,
1999). Along this line, Fab-fragments have been shown to be more stable than the
respective scFv derived from the same antibody, which resulted in an improved
neutralization capacity in vivo (Quintero-Hernandez et al., 2007).

It is clear that the stability of bi- and trispecific constructs will go hand in hand with the
clinical feasibility of this immunotherapeutic approach and therefore will play an important
role in the further development of a potential therapy. Consequently, producibility and
stability of the bispecific antibodies are as important as half-life and efficacy and need to
be considered independently.

3.1.2 TriMAb

In contrast to the experiments with FabMAbs, the HBsAg ELISA and co-cultures with
TriMAb-containing supernatants do not allow the assessment of the dimerization status.
Successful redirection of effector cells could also be conferred by the individual chains
applied in combination. To enable selective detection, the heavy and light chain were
equipped with a His Tag or Strep Tag I, respectively. Expression studies showed that
the single expression of the individual chains does not result in notable secretion into the
supernatant, while co-expression of both chains increased the signal up to 10-fold. Singly
expressed LC was detectable to some extent, yet the HC alone was not secreted at all
(Fig. 28a). It is known that HC-dimers are retained in the cell as part of a quality control
process until they dimerize with the cognate LC (Mains and Sibley, 1983). The retention
is mediated by strong affinity to the intracellular chaperone HC-immunoglobulin binding
protein (BiP), which interacts with the CH1 domain of the HC in the absence of the LC
(Bole et al., 1986, Hendershot et al., 1987). The assembly of heavy and light chain
reverses this interaction and thereby allows secretion of correctly folded and assembled
Ig molecules from the cell (Hendershot, 1990, Feige et al., 2009). This mechanism has
been shown to work also in CHO cells, which are widely used for large scale antibody
production (Borth et al., 2005) and also for the TriMAb expression studies in 2.4.2. Along
this line, efficient production of heavy-chain-only-antibodies in murine transgenic plasma
cells requires deletion of the CH1 domain from the constant regions (Drabek et al., 2016).
Even though a recent study demonstrated an LC-independent secretion of HC dimers
from CHO-S cells (Stoyle et al., 2017), this was not observed during TriMADb expression
in CHO K1 cells. These data indicated that purification based on the HC-associated tag,
will result in an increased isolation of assembled dimers, and therefore, IMAC was
chosen as the method of choice.

Yield and purity of TriMAb after IMAC was substantially affected by the presence of FCS
in the supernatant. Samples with 10% FCS resulted in a notable contamination with
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several proteins, while serum-free supernatants did not (Fig. 28c). During IMAC, proteins
interact with the Ni?* chelate residues according to the number of accessible histidine
residues (Arnold, 1991). Although histidine makes up only 2% of the overall amino acid
abundance, certain proteins contain naturally occurring contiguous histidines (Schmitt et
al., 1993), which can lead to a co-purification with the His-tagged protein of interest, and
thereby contaminate the preparation (Schmitt et al., 1993). Moreover, it is known that
albumins, such as bovine serum albumin, contain several cysteines and therefore have
a rather strong affinity to Ni?* chelate residues during IMAC. Consequently, future
production efforts should only be carried out with serum-free medium.

Another option is the exchange of the c-terminal tags followed by purification with Strep
Tag Il affinity chromatography, which should be less sensitive to the presence of serum
proteins. WB-analyses of the purified sample showed clear expression of heavy and light
chain, which migrated with an apparent molecular mass of 80 kD under reducing
conditions (Fig. 28d, e) and therefore correspond with the expected size of the construct
according to the peptide sequence (Fig. 25a, b). However, the result under non-reducing
conditions, which showed a distinct band with a molecular mass greater than 250 kD,
varied largely from the expected size of the heterodimer (~160 kD). Reasons for this
observation may be a different migration pattern of the reduced protein marker compared
to the non-reduced samples. TriMAb contains one intermolecular and eight
intramolecular disulfide bonds, which persist under non-reducing conditions and may
have substantial influence on the migration pattern in PAGE. Similar characteristics have
been observed in FabMAb samples, where the apparent molecular mass of the dimer
under non-reducing conditions is greater than expected (Fig. 9a, d). However, it cannot
be excluded that the unexpected migration pattern originates in the formation of
unspecific aggregates. Therefore, future TriMAb batches need to be analyzed
additionally by high pressure liquid chromatography or dynamic light scattering to
evaluate the size and integrity of the construct in more detail. After all, purified TriMAb
demonstrated functionality by induction of T-cell cluster formation, cytokine secretion and
target cell elimination (Fig. 35).

3.2 Successful redirection of T cells towards HBVenv-
expressing cells requires co-stimulation with CD28-
specific constructs

Unlike other bsAbs that are currently in clinical development (Trivedi et al., 2017),
efficient T-cell activation in the setting of bsAb-meditated HBV immunotherapy was not
achieved by single treatment with CD3-specific constructs, but required co-stimulation
with CD28-specific antibodies. Possible factors that modulate the redirection efficiency
are the epitopes recognized on CD3 and HBVenv, as well as antigen density on the
target cell.

The CD3-specififc scFv that is used in all our constructs is derived from the well-studied
murine antibody OKT3 and interacts exclusively with a conformational epitope on the
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CD3e¢ subunit according to crystal structure analysis (Kjer-Nielsen et al., 2004). BsAbs
equipped with scFv OKT3 have been shown to induce efficient target cell elimination
without the requirement of further co-stimulation in the field of cancer immunotherapy
(Rossi et al., 2014) and infectious diseases (Meng et al., 2018), yet it is not employed in
clinical relevant constructs as blinatumomab or catumaxomab. However, also another
CD3-binder that was tested in cooperation with Roche Diagnostics GmbH (Penzberg,
Germany) required co-stimulation with CD28-specific constructs to induce T-cell
activation in this setting (Eva Loffredo-Verde, unpublished). This finding indicates that
the single targeting of CD3 will not be sufficient to redirect and activate T cells in the
setting of HBV-targeting immunotherapy. Nevertheless, it cannot be excluded that other
CD3 binders can improve the redirection efficiency of HBVenv-targeting bi- and trispecific
antibodies and may circumvent the requirement of co-stimulation.

The targeting of HBVenv by BiMAbs and FabMADbs is mediated by the binders C8 and
5F9, respectively. TriMAb combines both HBVenv binders (Fig. 27a), however
successful binding of the Fab-fragment to HBVenv has not been confirmed in this study.
ELISA data and co-cultures with HBsAg clearly demonstrated binding of TriMAb to
HBVenv (Fig. 27b, ¢, Fig. 28a), yet to which extent this binding is mediated by C8 or 5F9
remains to be investigated. Since studies have shown that membrane-proximal epitopes
promote redirection efficiency of BiTEs (Bluemel et al., 2010, Li et al., 2017), different
HBVenv binders can demonstrate individual activation capacity, independent of their
mere affinity. Epitope mapping by alanine-substitution experiments indicated that C8
recognizes a conformational epitope in the “a” determinant of the small envelope protein
(Lili Zhao, unpublished). This conformational structure is located in the major hydrophilic
region of the S protein and consists of two loops, which are stabilized by disulfide bonds.
It is exposed on the surface of viral particles and therefore is especially immunogenic
(Roonhi et al., 2005, Fields and Knipe, 1990). Studies with different HBsSAg mutants
indicated that also the antibody 5F9 recognizes an epitope in the “a” determinant
(Golsaz-Shirazi et al., 2016). Since the antibody 5F9 can be used to stain denatured
HBsAg in WB experiments, its epitope is most likely linear (Lili Zhao, unpublished). Thus,
both binders recognize structures in the “a” determinant, but they do not share the same
epitope.

To study the influence of different HBV genotypes on the binding characteristics of the
bsAbs to HBVenv, an HBsAg genotype panel was screened. The data revealed distinct
patterns for both binders, which differed about 5-fold between HBsAg variants with the
strongest and weakest binding. 5F9 showed less binding to the genotypes E, F2 and H.
The binding of C8 was reduced for D1_ayw2 and D2_ayw2, while D2_ayw3 was
recognized well (Fig. 13c). Therefore, the HBV genotype can have an impact on the
redirection capacity of bispecific antibodies, which needs to be considered. These
findings argue that the isolation and evaluation of additional HBVenv-binders will be
beneficial for further development of bsAb-mediated HBV immunotherapy, as they can
modulate redirection capacity as well as broaden applicability through an increased HBV
subtype coverage.
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The level of HBVenv frequency and density on infected hepatocytes has not been
documented in literature up to date and might furthermore vary strongly between patients
and even single hepatocytes depending on their location within the liver, as well as, the
level of infection. The frequency of CD19 that is successfully targeted in a variety of CD3-
specific BiTEs against lymphoma has been described to be around 22x10% molecules
per cell (Ginaldi et al., 1998). Since the translocation of HBVenv to the cell membrane is
believed to be a passive mechanism (see 1.1.1.3), it is expected to be exposed at
comparatively low levels that may not be sufficient to induce a potent T-cell response
upon single treatment with CD3-specific antibodies. In this study, the limitation was
overcome by administration of a co-stimulatory signal through CD28 triggering. Providing
co-stimulation through engagement of CD28 did also increase the sensitivity of targeted
immunotherapy in other studies, illustrated by enhanced secretion of IFNy and IL-2, as
well as proliferation and expression of CD25 (Hornig et al., 2012).

Moreover, activation of CTLs with CD3¢-targeting BiTEs only, has been shown to induce
apoptosis of the activated cells via CD95/first apoptosis signal ligand (FasL) interaction.
This effect could be reduced by addition of CD28 co-stimulation, thereby increasing the
live span of CTLs and the anti-tumoral effect in vivo (Daniel et al., 1998). The benefit of
co-stimulation was further demonstrated in a recent study employing trispecific
antibodies that target CD38 on myeloma as well as CD3 and CD28. Application of these
constructs resulted in potent T-cell activation and suppressed myeloma growth in a
humanized mouse model (Wu et al., 2020). These findings argue that co-stimulation via
CD28 might be beneficial in the setting of antibody mediated T-cell redirection, as long
as it does not increase the risk or severity of adverse side effects.

Since the life-threating cytokine-release syndrome suffered by six healthy volunteers
following the administration of the superagonistic antibody TGN1412 in 2006
(Suntharalingam et al., 2006), the application of CD28-specific antibodies has been
handled with caution in immunotherapeutic research. This superagonistic CD28 antibody
is able to induce a full activation of primary resting T cells without pMHC/TCR interaction
(Luhder et al., 2003), yet was shown to depend on FcyR interaction on monocytes
(Hussain et al., 2015). The CD28-specific scFv in our constructs is derived from the
hybridoma 9.3, and has been studied as full-length IgG format as well as scFv included
in a bispecific construct. Stimulation with the cross-linked monoclonal antibody (mAb)
9.3 alone did neither induce the transcription factors NF-AT or NF-kB, nor the expression
of cytokines like IFNy, IL-2 or IL-4 (Siefken et al., 1998). However, use of scFv9.3 in a
melanoma targeting BiTE, resulted in supra-agonistic CD28-triggering, which induced T-
cell activation and melanoma cell elimination (Grosse-Hovest et al., 2003). Similar effects
were also observed in the present study, where single treatment with FabMAbaCD28
resulted in efficient elimination of target cells and IFNy release (Fig. 10a-c). Moreover,
translocation of LAMP-1 upon single treatment with FabMAbaCD28 in the presence of
HBsAg suggests that the Iytic activity in these co-cultures is at least partially mediated
by CD8" and CD4" T cells (Fig. 16c, d). This provides evidence that CD28-targeting
bispecific antibodies may be able to activate T cells without additional stimulation.
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However, simultaneous engagement of CD3 and CD28 increased T-cell activation
synergistically and is clearly the method of choice in HBV-targeting immunotherapy.
Additionally, the mutations in the Fc domain of BiMAbs should impair FcyR interaction,
and thereby restrict T-cell redirection to the presence of HBVenv. FabMADbs that lack the
Fc domain should always depend on HBVenv to allow crosslinking and synapse
formation. This should localize the T-cell activation to HBV-infected hepatocytes in the
liver or HBVenv-positive tumors and thereby reduce the risk of a systemic cytokine
release syndrome. In this project, T-cell activation was clearly dependent on the
presence of HBVenv and thus, we are convinced that co-stimulation with the CD28-
specific constructs is a reasonable strategy to increase the sensitivity and efficacy of
T-cell redirection in the setting of CHB. Nevertheless, dosing regiments for these
constructs must be carefully evaluated in further pre-clinical models.

3.3 Comparison of FabMAbs and BiMAbs

3.3.1 Influence of the antibody format on the redirection capacity in
vitro

The functional efficacy and pharmacokinetics of bsAbs strongly depend on their size,
binding valency, and in particular the presence or absence of an Fc domain (Dahlen et
al., 2018). To investigate the influence of these features on antibody-meditated T-cell
redirection towards HBV-infected cells, two different bispecific antibody formats were
developed and compared for their activation capacity. Manufacturing of both formats was
equally feasible and long-term storage in PBS at 4 °C for one year did not result in
notable aggregation or fragmentation of the constructs (Fig. 12).

Overall, the format had only a minor influence on the redirection capacity of the
constructs in vitro. The mutations that were introduced in the Fc domain of BiMAbs
should reduce ADCC and CDC (Armour et al., 1999, Xu et al., 2000, Idusogie et al.,
2000), and thereby limit the T-cell stimulation to CD3 and CD28 triggering. An increased
T-cell activation by BiMAbs was still expected, as they showed stronger binding to
HBVenv (Fig. 13a), and furthermore, bivalent binding to the T-cell antigens. However,
the use of equimolar concentrations throughout the study showed comparable potency
of both formats in co-cultures with Huh7S cells (Fig. 18, Fig. 19), and even a slightly
increased redirection capacity by FabMAbs in the presence of HBV-infected HepG2
NTCP cells (Fig. 23a, b). Differences between transgenic Huh7S cells and infected
HepG2 NTCP cells can be explained by the underlying HBVenv genotype used in the
different models. Huh7S cells express HBVenv of genotype A, which is recognized
equally well by 5F9 and C8. In contrast, C8 displayed ~50% reduced binding to genotype
D and serotype ayw, which was used in the experiments with infected HepG2 NTCP.
This observation shows that the binding characteristic to HBVenv can affect the
redirection efficiency and supports the benefit of additional HBVenv-binders for further
development of bsAb-mediated HBV immunotherapy.
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Other factors that potentially affect the redirection capacity are the size of the constructs
and the presence of the rigid Fc domain, which may both have a steric influence on the
formation of the immunological synapse. Current concepts of T-cell activation that are
based on the kinetic segregation model for TCR triggering (Davis and van der Merwe,
2006) propose the exclusion of the CD45 phosphatase from the synapse as promotor
for the phosphorylation of peptide-major histocompatibility complex (pMHC)-bound
TCRs. This effect has been shown to be caused by the large extracellular domain of
CD45 that is sterically excluded from regions with close cell-to-cell contact (James and
Vale, 2012). Small constructs may drive this process more efficiently than larger ones,
resulting in a stronger T-cell activation by FabMADbs. This may be a further explanation,
why FabMADbs display comparable efficacy, even though they show reduced binding to
HBVenv and only monovalent binding to the T-cell antigens. It may also be the reason
for potent redirection activity of FabMAbaCD28, which was not observed upon single
treatment with BiMAbaCD28 (Fig. 14a-c). This provides evidence that the size and
rigidity of bsAbs can affect their redirection potential in the setting of HBV infection.

3.3.2 Influence of the antibody format on serum availability and half-
life in mice

In contrast to the comparable redirection capacity, the format substantially influenced the
half-life in C57BL/6 mice. The small size of FabMADs, as well as the lack of the Fc domain
suggests a short t1» of about 2 hours in humans, comparable to antibodies of the BITE®
format (Portell et al., 2013). In mice, the measured t1» was below 6 hours and is therefore
in line with the half-life published for the BiTEs MT110 and muS110, which are similar in
size (Amann et al., 2008). In case of BiMAbs, the molecular weight of 170 kD that limits
renal elimination, as well as recycling through the neonatal Fc receptor (FcRn), suggests
a prolonged ti» comparable to full-length IgG1 that can be up to 30 days in humans
(Mankarious et al., 1988). The murine FcRn has been described to bind human IgG1 Fc
domains and facilitates antibody recycling in mice (Gurbaxani et al., 2006, Datta-Mannan
et al., 2007). Yet, it is important to acknowledge that the mutations E233P, L234A,
L235A, G236del, A327G, A330S and P331S, which are included in the BiMAb Fc
domain, have been shown to impair the interaction with the FcRn (Stapleton et al., 2018)
and therefore might negatively influence the pharmacokinetics of these constructs. In
this study, the ti, of BIMAbs was at least 72 hours. Serum level at later time points were
not determined, but it can be assumed that the ty» is comparable to human IgG1, which
has been shown to be around 9.5 days in CD-1 ® mice (Unverdorben et al., 2016). The
prolonged t1» of BiMAbs was the major criterion to choose them as lead candidate for the
tumor transplant model discussed in 3.7, considering FabMAbs would have required at
least 2 injections daily in order to maintain a reasonable drug level in the circulation. In
the patient setting however, a reduced ti» might be beneficial in limiting the risk and
severity of potential adverse side effects. It is to be expected that FabMAbs will be
cleared from the circulation with similar kinetics as blinatumomab, namely 22.3 + 5.0
L/d/m? (Klinger et al., 2012) and a mean half-life of 2.10 hours (Blincyto (Blinatumomab)
[package insert] Thousand Oaks).
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3.3.3 Kinetics of target cell elimination and cytokine-mediated
antiviral effect

In co-cultures with HBsAg-coated plates or Huh7S cells, the redirection with the
combination of CD3- and CD28-specififc constructs led to the induction of polyfunctional
T cells, accompanied by cytokine secretion and target cell elimination. However, the
kinetics of Huh7S cell and infected HepG2 NTCP cell elimination were slow compared
to studies with CD19xCD3 (Loffler et al., 2000, Liu et al.,, 2017) or EpCAMxCD3
constructs (Riesenberg et al., 2001) that showed distinct target cell elimination within 24
hours of co-culture. This difference can be explained by generally low exposure of
HBVenv on the target cells, as already discussed in 3.2. Moreover, HBVenv levels may
be further reduced as result of a suboptimal experimental setup in the killing assays.
Throughout all xCELLigence experiments Huh7S and infected HepG2 NTCP cells were
trypsinized one day prior to the start of co-culture in order to be re-seeded in an E plate
96 that is compatible with the device. The trypsinization may on the one hand result in
partial digestion of HBVenv on the surface and thereby reduce the amount of accessible
target molecules. On the other hand, detachment of the cells will induce morphological
changes and lead to a partial de-differentiation of the hepatoma cells, which is especially
critical in case of infected HepG2 NTCP K7 cells that rely on differentiation to support
efficient HBV replication (Ko et al., 2018). Recently it has been shown that seeding of
Huh7S cells two weeks prior to co-culture increases the level of HBVenv in the culture
and enhances S-CAR-meditated cytotoxicity drastically (Antje Malo, personal
communication). This setting would be close to the in situ situation, where hepatocytes
have a distinct polarization and are embedded in a fixed tissue context. This suggests
that a longer incubation time between seeding of target cells and start of co-culture might
enhance the strength and speed of bsAb-mediated T-cell redirection. How far the
HBVenv levels in these cultures resemble the in vivo situation still needs to be
determined.

Moreover, kinetics of target cell elimination can be strongly affected by the effector to
target ratio (E:T ratio) in the co-culture. In our study, an E:T ratio of 1:1 (based on the
assumptions that T cells make up 60% of the total PBMC and that every T cell in the
population may become an effector cell) was used throughout all experiments. In
contrast, the studies with the CD19xCD3 and EpCAMxCD3 constructs used E:T ratios
of 10:1 (Liu et al., 2017), 20:1 (Loffler et al., 2000) or 25:1 (Riesenberg et al., 2001).
Experiments with an E:T ratio of 1:1 employing a HIVenvxCD3 construct resulted in
kinetics comparable to our data, namely around 50% of eliminated target cells within 48
hours of co-culture (Sung et al., 2015). This indicates that kinetics of target cell
elimination can be strongly modulated by the effector to target ratio in vitro, yet it does
not give information about the in vivo situation, where an adjustment of this ratio is not
possible. Along this line, studies with enriched, pure or pre-activated T-cells have not
been performed in this thesis, since the in vivo situation is closer resembled by an
unstimulated PBMC population.
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The kinetics can be furthermore influenced by the immune suppressive properties of
hepatocyte-derived cell lines. Since it was shown that hepatocyte derived target cells
display an intrinsic resistance to grzB-dependent apoptosis (Kafrouni et al., 2001)
conferred by serine protease inhibitor-9 expression (Willberg et al., 2007), cytotoxic
mechanisms most likely depend strongly on Fas/FasL interaction, which can influence
the efficiency of target cell elimination.

The secreted levels of cytokines in the co-cultures were in the ng/ml range, which is in
line with previously published studies (Liu et al., 2017). The profound secretion of IFNy
and TNFa needs to be emphasized, since it has been shown that these cytokines can
induce cccDNA degradation without target cell lysis (Xia et al., 2016). The potency of a
cytokine-mediated anti-viral effect through induction of APOBEC3 was recently also
demonstrated in HBV-infected human hepatocytes in mice (Koh et al., 2018). The
relevance of cytokine-induced effects in the setting of antibody-mediated T-cell
redirection was further supported by transwell assays in our facility (Xia et al., 2016).
PBMC, Huh7S cells and BiMAbs were cultured in the inlet that allowed cytokine diffusion
to HBV-infected HepaRG cells, but prohibited direct contact between effector cells and
the infected hepatoma cells. After 7 days of co-culture, a significant reduction in HBeAg,
intracellular HBV-DNA and cccDNA was observed, which correlated with high levels of
IFNy, IL-2 and TNFa in the supernatant (Quitt, Luo et al., accepted at Journal of
Hepatoloy). This gives evidence that the retargeted cytolytic T-cell response can be
complemented by a local cytokine release that may further purge the viral cccDNA via
non-cytolytic mechanisms, thereby limiting hepatotoxicity and preserving organ integrity.

3.4 Induction of cytotoxic CD4™ T cells upon treatment with
bi- and trispecific antibodies

The treatment with bsAbs in combination, as well as TriMADb, led to a strong induction of
grzB-expression in CD4* T cells (Fig. 18c, Fig. 29c, Fig. 30b, d). Recent repetitions of
binding studies with PBMC and bsAbs confirmed binding to T cells and showed particular
strong engagement of CD4* T cells (Quitt, Luo et al., accepted at Journal of Hepatoloy).
This is in line with literature that shows higher levels of CD3 (Valle et al., 2015) as well
as CD28 (Lee et al.,, 1990) expression by CD4* T cells compared to their CD8*
counterparts. This might lead to enhanced engagement and activation of CD4* T cells
upon treatment with CD3- and CD28-targeting bispecific antibodies. Accordingly,
increased proliferation (Fig. 17) and cytokine production (Fig. 18b) of CD4" T cells was
observed. Moreover, experiments with isolated CD4* T cells and CD4*-T-cell-depleted
PBMC clearly demonstrated that CD4* T cells are able to efficiently eliminate HBVenv-
expressing target cells upon treatment with bsAbs and are additionally essential for the
production and secretion of proinflammatory cytokines, such as IFNy (Quitt, Luo et al.,
accepted at Journal of Hepatoloy). Efficient target cell elimination by CD4* T cells has
been reported in several studies (Wisskirchen et al., 2017, Appay et al., 2002, Brown,
2010, Quezada et al., 2010) and was in particular shown for BiTE-redirected T cells
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(Haagen et al., 1994). Taken together, this data provides evidence that CD4* T cells are
especially susceptible to redirection by CD3 and CD28-targeting molecules and can be
regarded as key players in the bsAb-mediated T-cell therapy for CHB as they exhibit
efficient target cell elimination as well as cytokine release. Even though, these findings
have not been reproduced with TriMADb, a similar effect is to be expected, since TriMAb
demonstrated comparable redirection capacity as the bsAbs in combination.

3.5 Effect of bsAb treatment on the T-cell subset
composition

Treatment with bsAbs had a major influence on the composition of T-cell subsets in
the PBMC population. In controls ~40% of Tn, ~20% of Tem and Terr, and 5% of Tcwm
were detected, while the treatment with bsAbs increased the percentage of Tcmand Tewm
to ~40%, while percentages of Terr and Tn were reduced to below 5% (Fig. 20e). These
changes in the T-cell subset composition can originate from differentiation of naive
T cells into memory or effector cells, by unbalanced proliferation of the different
subtypes, or activation-induced apoptosis upon bsAb-treatment. The underlying
experimental setup does not provide clear evidence, which of these possibilities is the
main driver behind this observation.

It has been shown in literature that stimulation of naive human T cells with aCD3/aCD28-
coated beads can induce differentiation into T cells with effector memory and central
memory phenotype (Li and Kurlander, 2010, Shi et al., 2013). This provides evidence
that artificial induction of CD3- and CD28-signaling by antibody engagement can result
in memory formation in vitro. Activation with the bispecific antibodies in the presence of
HBVenv will presumably lead to comparable CD3- and CD28-triggering and thereby can
potentially induce the differentiation of naive T cells in the co-culture into Tcy and Tewm
(Fig. 20e). Induction of a memory phenotype has moreover been shown for bsAb-treated
T cells in vitro (Hornig et al., 2012).

The proliferation capacity of the different T-cell subsets is known to differ with Ty and Tem
displaying a higher capacity than Tem and terminally differentiated effector memory
T cells that re-express CD45RA (Temra) (Sallusto et al., 1999, Geginat et al., 2003). Temra
(CCRT/CD45RAY) express the same markers as Terr that were analyzed in this thesis
(CD62L/CCR7/CD45RO/CD45RAY) (Golubovskaya and Wu, 2016) and thus, can be
regarded as similar. This gives evidence that the percentage increase of Tem upon
treatment with the bsAbs can be rather assigned to differentiation from the naive or
central memory population than to relatively increased proliferation.

Additionally, it was shown that the in vitro TCR-stimulation of Tem and Temra Was
associated with increased rate of cell death in these populations (Geginat et al., 2003).
This is in line with the general dogma of a short-lived effector memory cell population
that exerts immediate effector function upon antigen re-encounter in non-lymphoid
inflamed tissues (Sallusto et al., 2004). In the setting of bsAb-mediated T-cell activation,
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efficient engagement of CD3 and CD28 on Terr or Temra Might lead to fast activation of
these cells, followed by activation-induced apoptosis.

Taken together, literature provides evidence that treatment with bsAbs might be able to
induce differentiation of Ty into Temand Tcwm cells and we speculate that differentiation is
the main driver behind the changes in the T-cell subset composition observed in figure
20e. To further elucidate the dynamics of differentiation and effector cell survival in the
setting of bsAb-redirected T cells, further experiments with isolated subsets need to be
performed.

3.6 Benefit evaluation of trispecific antibodies

Early studies using supernatants of producer cell lines showed stronger T-cell activation
by the trispecific antibodies, indicated by increased cytokine secretion (Fig. 29a), grzB
expression (Fig. 29b, d) and a greater percentage of trifunctional T-cells (Fig. 33c, d).
Increased efficiency and sensitivity indicate a clear benefit for the use of trispecific
antibodies. However, these results have to be taken with caution, since the antibody
concentration in the supernatant was not quantified in these experiments and therefore
antibodies could not be adjusted to equimolar concentrations.

Although OKTriMAb induced potent T-cell activation in the presence of immobilized
HBsAg (Fig. 29a), efficient redirection towards HBVenv expressing target cells was not
observed (Fig. 31c, d). This may be explained by the complex structure and the
comparatively large size, which may sterically interfere with the formation of
immunological synapses between T cells and HBVenv-expressing target cell. However,
correct folding, dimerization and secretion of OKTriMAb have not been further
investigated, since TriMAb showed a superior redirection capacity in early experiments
(Fig. 29a, Fig. 31a, b) and was therefore selected as lead candidate for further studies.
After all, OKTriMAD is a particularly complex molecule and the presence of eight scFvs
will very likely have a strong impact on the producibility and stability of this construct, as
described in 3.1.1. Taken together, further experiments are required to assess correct
folding, dimerization and stability of OKTriMAb. This is a prerequisite to gain valid
information about its redirection capacity.

In experiments with purified TriMAb the redirection capacity was comparable to the
combination of FabMADs. Production of TriMAD in our facility yielded pure preparations,
yet the overall yield was low. Therefore, the impact of long-term storage on the integrity
of the construct has not been evaluated so far. Even though the benefit of a highly potent
single molecule was clearly stated by the PEI, large-scale producibility and stability of
TriMADb during long-term storage is a major concern, which needs to be investigated in
the future. TriMAb and OKTriMAb are both included in the Patent Cooperation Treaty
application “Trispecific binding molecules for treating HBV infection and associated
conditions” (Protzer et al., 2016), which has been filed by the Helmholtz Centre Munich
and where | am a co-inventor.
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3.7 TriMAD functionality depends on the presence of
HBVenv

TriMAb- and OKTriMAb-mediated T-cell redirection was clearly dependent on the
presence of HBVenv, which was either provided as recombinant protein adsorbed to the
cell culture plate (Fig. 29, Fig. 33b, c, d), expressed by transgenic Huh7S cells (Fig. 31,
Fig. 32), or expressed by HBV-infected HepG2 NTCP cells (Fig. 34). Activation of T cells
in the absence of target antigen was not observed, even though these trispecific
molecules exhibit simultaneous binding to CD3 and CD28.

As already briefly discussed in 1.2.1.3, the dissociation of ITAM-containing intracellular
CD3 domains from the membrane is required for intracellular signal transduction and
subsequent activation of the T cell. The release of ITAMs into the cytoplasm is proposed
to require TCR clustering (Minguet et al., 2007) as well as mechanical forces exerted by
highly dynamic interaction and relative motion between T cell and APC upon TCR
engagement (Ma et al., 2012). Accordingly, monoclonal CD3 or CD28 antibodies only
provide T-cell stimulation when they are immobilized by adsorption to a cell culture plate
or bead, or by interaction with APCs via Fc receptors (Geppert and Lipsky, 1988, Hussain
et al., 2015) and fail to do so in a soluble state. This interaction mimics the clustering of
TCRs by recruiting CD3 and CD28 to an artificial immunological synapse, as well as the
mechanical forces exerted by the relative motion between T cell and APC upon TCR
engagement and is therefore required to induce T-cell activation in this artificial setting.
To prevent this Fc-receptor-mediated cross-linking and provide dependence on HBVenv,
the Fc domains in BIMAbaCD3 and BiMAbaCD28 were mutated (see 2.2.1.1).

Thus, mere binding of the T-cell antigens by soluble TriMAb or OKTriMAb will cross-link
only few CD3 and CD28 molecules without inducing efficient clustering or exerting any
mechanical force. Since TriMAb and OKTriMAb contain no Fc domain, potential
interaction with APCs in the PBMC population can also be excluded. Only simultaneous
engagement of immobilized HBVenv and the T-cell antigens will provide efficient
clustering of CD3 and CD28 molecules, as well as the mechanical force that is required
to induce potent T-cell activation.

3.8 Modulation of bsAb-mediated target cell elimination with
IL-12 and hyper-IL6

The cytokine IL-12 has been described to regulate cell-mediated immunity by increasing
the cytotoxic activity of CD8" T lymphocytes, thus was proposed to be a useful modulator
in immunotherapeutic approaches (Mehrotra et al., 1993). Directed release of IL-12 has
already been employed to enhance the sensitivity and efficacy of CAR T-cell-mediated
anti-tumoral effects (Zhang et al., 2011) and was recently also investigated in the context
of HBV immunotherapy in our facility (Meyer-Berg, 2016). We therefore decided to
investigate the influence of recombinant IL-12 in setting of TriMAb-induced T-cell
redirection. To enable recombinant expression of the heterodimeric cytokine, the two
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subunits of IL-12 are fused by introduction of a GeS linker, resulting in biological active
single chain IL-12 (sclL-12) (Lieschke et al., 1997). Administration of sclL-12 in co-
cultures of PBMC, Huh7S and TriMAb had no influence on the loss of cell viability, but
led to a 5-fold increase in IFNy release (Fig. 32a, b). A similar fold increase was observed
in activated T cells, which constitutively expressed IL-12 upon retroviral transduction
(Zhang et al., 2011). As already discussed in 3.3.3, the cytokine mediated antiviral effect
can contribute to efficient cccDNA elimination and local release of IFNy and TNFa in the
liver may therefore be beneficial to the outcome of bsAb-based immunotherapy.
However, systemic administration of tolerable doses of IL-12 alone or in combination
with immunotherapeutic agents, like Rituximab or therapeutic vaccination, did not
demonstrate a sustained antitumoral efficacy in clinical trials (Lasek et al., 2014). Since
the clinical efficacy of IL-12 is limited by dose-dependent toxicity upon systemic
administration, methods for targeted delivery and controlled expression have been
developed. In the field of adoptive T-cell therapy this was achieved by sclL-12 expression
under control of an NF-AT responsive promotor, which results in specific IL-12 production
upon CAR-engagement in the presence of target antigen (Zhang et al., 2011). In the
setting of bispecific molecules, targeted IL-12 delivery can be achieved by fusion of
target-specific antibodies with sclL-12. Such constructs have been developed for cancer
associated proteins like human epidermal growth factor receptor 2 (Peng et al., 1999),
CD30 (Heuser et al., 2003) or the carcinoembryonic antigen (Makabe et al., 2005) and
all of them displayed antitumoral activity. Targeted delivery of IL-12 in HBV
immunotherapy could enhance cytotoxic activity specifically in the presence of HBVenv-
expressing cells and thereby limit systemic adverse side effects. Co-administration of
hypothetical Fab5F9-scIL12 or C8-sclL12 fusion proteins together with the bispecific
antibodies might be an interesting approach to increase the cytokine-mediated antiviral
effect, however, generation of such constructs has not been performed so far.

IL-6 trans-signaling has been described to be a mechanistically distinct and rapid
process to induce the development of naive into effector T cells within 18 hours. The
differentiation has been shown to be dependent on the presence of cross-presenting
liver sinusoidal endothelial cells and resulted in upregulation of grzB expression and a
superior activation potential of the T cells (Bottcher et al., 2014). A comparable effect
was conferred by administration of hyper-IL-6, a fusion protein of IL-6 and its receptor,
in the presence of anti-CD3/CD28 coated microbeads (Bottcher et al., 2014). However,
administration of hyper-IL-6 in co-cultures of PBMC, Huh7S and TriMAb had no influence
on kinetics of target cell elimination or IFNy release in our experiments (Fig. 32c, d).
Since no increased cytokine release was observed by Bottcher and colleagues, it was
also not expected in our setting. In contrast, substantial upregulation of grzB expression
and rapid effector cell development might have a positive effect on the antibody-
mediated cytotoxic T-cell response, yet was not observed in our system. Follow-up
studies that compare the grzB-expression in the presence or absence of hyper-IL6 have
not been performed so far. Thus, it is not possible to make a clear statement on the effect
of hyper-IL-6 in bsAb-mediated HBV immunotherapy.
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3.9 In vivo studies with BiMADbs in a tumor transplant model

In vivo studies on the functionality of HBVenv-targeting bispecific antibodies were
performed by Shanshan Luo, and are included in the submitted manuscript (Quitt, Luo
et al., accepted at Journal of Hepatoloy). Since the redirection potential of the constructs
is restricted to human T cells, a tumor transplant model with human effector and target
cells was established in Rag2/IL2Ryc” mice. Moreover, it was considered that patients
with HBVenv-positive HCC at end stage would probably be the first patients to benefit
from this novel therapeutic approach. 2x10° Huh7 and Huh7S cells were subcutaneously
injected into the left and the right flank of each animal, respectively, and tumor growth
was monitored for two weeks. Considering their substantially increased half-life
(Fig. 21d), BiMAbs were chosen as lead candidate for this study. On day 14, when
tumors were well established, mice were i.p. injected with 2x10” PBMC and i.v. injected
with 100 pg of a BiMAbaCD3/CD28 combination (corresponding to ~2.5 mg/kg body
weight), or PBS. The administration of bsAbs was repeated 4 times every 2 days. After
10 days of treatment, mice were sacrificed and tumors as well as sera were collected
and analyzed. In BiMAb-treated animals, HBVenv-positive tumors were significantly
smaller, while the size of HBVenv-negative tumors was unaffected. This correlated with
the amount of tumor-infiltrating lymphocytes (TILs), determined by the presence of
human CD8 transcripts via qPCR. To evaluate the activation status of TILs, the levels of
human IFNy, IL-2 and TNFa transcripts in the tissue of HBVenv-positive tumors were
guantified by qPCR and the cytokines were increased in BiMAb-treated mice in
comparison to control mice. As further readout for functionality, the HBsAg concentration
in the serum was determined and showed significant reduction in BiMAb-treated animals.
This tumor transplant model with HBVenv-expressing Huh7 cells demonstrates
functionality of bsAbs in vivo. It showed that i.v. injected BiMAbs can engage i.p.
administered T cells and further redirect them successfully towards HBVenv-positive
tumors, resulting in T-cell activation, tumor infiltration and tumor cell elimination.
However, the model lacks clinical relevant data on the antibody-mediated antiviral effect,
which will clearly depend on efficient T-cell recruitment into the liver and the
establishment of a cytotoxic immune response against HBV-infected hepatocytes. The
evaluation of these subjects requires the use of murine HBV-infection models, which are
described in the following.

3.10 Murine HBV-infection models

The establishment of murine infection models is particularly difficult, due to HBV’s narrow
host specificity. One option is the use of human liver chimeric mice which are susceptible
to HBV infection (Dandri and Petersen, 2012). These mice are generated by transgenic
expression of the liver-toxic urokinase type plasmogen activator (UPA) under control of
the albumin promotor. This results in subacute liver failure in newborn animals, which in
turn enables efficient transplantation of hepatocytes (Rhim et al., 1994). The combination
of uPA mice with severe combined immune deficient (SCID) mice allows the engraftment
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of primary human hepatocytes that can be infected with wild-type HBV (Dandri et al.,
2001). This model was already used to study the in vivo efficacy of adoptively transferred
T cells engrafted with HBV-specific TCRs (Kah et al., 2017). To evaluate the bsAbs-
mediated T-cell redirection in this model, mice will need to be injected with human
effector cells (PBMC or isolated T-cells) and the bispecific antibodies. Another model
combines the transplantation of human hepatocytes with the establishment of a human
immune system by injection of human CD34* hematopoietic stem cells into Rag2” IL-
2Ryc” NOD.sirpa uPAY"Y mice. These mice demonstrate a robust engraftment of human
myeloid and lymphoid cell subsets and are moreover susceptible to HBV infection
(Strick-Marchand et al., 2015). The availability of human effector and target cells
resembles the situation in patients closer than other models. Experiments in cooperation
with Héléne Strick-Marchant at the Institute Pasteur were planned already, but due to a
lack of available animals could not been conducted so far.

A different approach is the development of murine surrogate antibodies that specifically
interact with murine CD3 and CD28, followed by evaluation in immunocompetent AAV-
HBV infected animals (Yang et al., 2014). Suitable scFv were already successfully
introduced into the BiMAb format and the redirection of murine splenocytes in the
presence of HBsAg has been demonstrated in our facility (Eva Loffredo-Verde,
unpublished). The infection of C57BL/6J mice with AAV-HBV is well established in our
facility (Julia Festag, unpublished) and provides a feasible model for the in vivo
evaluation of the murine surrogate constructs in the near future. All models in 3.10 focus
on the assessment of antibody-mediated T-cell redirection towards HBYV infected cells
located in the liver. Since the liver has been described as an immune privileged site
(Wohlleber and Knolle, 2012), the efficacy of antibody mediated T-cell redirection may
differ from the one observed against subcutaneous tumors. Targeting of HBVenv on
hepatocytes by BiMAbs has already been demonstrated by Shanshan Luo. In this
experiment, 50 pg and 100 pg of BiIMAbaCD3 or BiMAbaCD28 were i.v. injected into
transgenic HBV1.3xfs or C57BL/6 control mice. Two hours post injection, mice were
sacrificed and liver sections were stained with anti-human IgG antibodies, following
examination by immunohistochemistry, to evaluate the binding of BiMAbs to HBVenv on
the hepatocytes. Positive I1gG staining was exclusively found in livers of BiMAb-treated
HBV1.3xfs mice, while PBS-controls as well as C57BL/6 control animals were negative
(Quitt, Luo et al., accepted at Journal of Hepatoloy). To demonstrate that the bi- and
trispecific antibodies can moreover mount a potent T-cell response against HBV-infected
hepatocytes or HBVenv-positive tumors in the liver should be a major goal of upcoming
in vivo studies, since it clearly underlines the feasibility as treatment option for chronic
hepatitis B and HBV-associated HCC.
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3.11 Limitations of HBV immunotherapy with bispecific
antibodies

3.11.1 Specificity of the bsAb-mediated T-cell redirection

Throughout the project, bsAb-mediated T-cell proliferation and cytokine secretion was
always completely dependent on the presence of the HBV envelope protein, which was
either provided as immobilized HBsAg or expressed by Huh7S and infected HepG2
NTCP cells. However, at antibody concentration of 100 nM (Fig. 10) or late time points
in some XCELLigence cultures (Fig. 19a, b), HBVenv-negative Huh7 cells showed bsAb-
dependent loss of viability that was not accompanied by the release of IFNy, IL-2, TNFa
or grzB (Fig. 10, Fig. 19c¢-f). This effect can be mediated by formation of aggregates or
adherence of the constructs to the cell culture plate, which may both induce receptor
cross-linking and CD3/CD28-triggering in the absence of HBVenv. Moreover, the Huh7
cells and PBMC are not HLA-matched in this setting, which might result in an increased
cytotoxic activity, especially in combination with mild CD28 triggering. Studies to
investigate the specificity of T-cell redirection in cultures with Huh7 cells in more detail
were performed by Shanshan Luo. In these experiments, Huh7 cells were mixed with
25, 50, 75 or 100% of Huh7S cells, and cultured with PBMC and BiMADbs in
combination. Here, the loss of cell viability correlated clearly with the percentage of
HBVenv-positive cells in the culture (Quitt, Luo et al., manuscript accepted at Journal
of Hepatoloy).

HepG2 NTCP cells did not show any loss of cell viability in the absence of HBV, even at
FabMADb concentrations of 100 nM (Fig. 23c). Moreover, the percentage of eliminated
HepG2 NTCP cells correlated closely with the amount of infected cells that were
determined by intracellular HBc staining (Fig. 22a, Fig. 23a, b). Along this line, the level
of secreted cytokines corresponded well with the MOI that was used for infection
(Fig. 24b). In addition, no unspecific activation of T cells in the absence of HBVenv or
the bi- and trispecific antibodies was observed in experiments with HepG2 NTCP cells
(Fig. 24b, c, Fig. 34b).

Taken together, we could demonstrate that the presence of the HBV envelope protein is
clearly required to induce a potent T-cell redirection in the presence of bi- and trispecific
antibodies. The potential risk of a cytokine release syndrome upon bsAb treatment needs
to be considered, but can be reduced by careful dose-escalation studies and treatment
with IL-6-specific mAbs (see 1.3.2.3).

3.11.2 Sensitivity of bsAb-mediated T-cell redirection

Co-culture experiments in 2.3.3 showed a clear correlation between the anti-viral effect
correlated and the viral input. At an MOI of 500 HBV virions/cell, treatment with FabMAbs
led to a profound reduction of viral parameters that was accompanied by substantial
levels of proinflammatory cytokines in the culture (Fig. 24b, e). In contrast the anti-viral
effect was greatly reduced at an MOI of 25 HBV virions/cell, even though cytokine
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secretion was still measurable (Fig. 24b, e). The infection experiments in 2.3.1 suggest
that the use of a high MOI will not only increase the overall percentage of infected cells
in the culture, but also the number of virions that infect a single cell resulting in a relative
increase of viral protein expression per cell (Fig. 22). It is expected that the bsAb-
meditated T-cell redirection requires a certain threshold of accessible target antigen to
induce effector cell activation. This idea is supported by HBsAg-titration experiments in
2.4.3.4, which show a clear TriMAb-mediated effect at a concertation of 1 pg/ml, while
0.2 pg/ml do not result in T-cell activation (Fig. 33b). Similar observations have been
made in studies with CAR engrafted T-cells, which required an MOI above 25 to elicit an
antiviral effect in co-cultures with infected HepG2 NTCP cells (Karin Wisskirchen,
personal communication). These findings suggest that the anti-viral effect might be
limited by the number of infected cells as well as the amount of accessible HBVenv per
cells. However, the question remains if the level of HBVenv on infected hepatocytes in
CHB patients will be sufficient to trigger T-cell activation, and even more so if the
response is strong enough to control the HBV infection. Answers to these questions
might be obtained by use of HBV-infected human liver chimeric mice, as described in
3.10.

3.11.3 Influence and side effects of soluble HBsAg

A concern for the clinical use of T-cell engaging bsAbs is the effect of secreted HBsAg.
The influence of soluble HBsAg on the redirection potential of bsAbs was studied by
titration of subviral particles in 2.2.3.3. The administration of subviral particles did not
impair the elimination of Huh7S target cells, yet a loss of cell viability of HBVenv-negative
Huh7 cells was detected, when the amount of particle exceeded 1x107/ml (Fig. 20b). In
contrast to the cytokine-independent elimination discussed in 3.11.1, the effect was
accompanied by substantial secretion of cytokines. The elimination of Huh7 cells and
the level of cytokines in the culture correlated clearly with the amount of administered
subviral particles. Since T-cell activation was still dependent on the presence of HBVenv,
the observation cannot be declared as unspecific effect. We propose that the subviral
particles adhere to the cell culture plate or to Huh7 cells through interaction with HSPGs,
and thereby mimic immobilized HBVenv molecules, which in turn can allow efficient
crosslinking similar to HBsAg-coated plates. However, it is unclear if this effect will play
a major role in vivo.

In the tumor transplant model, high levels of HBsAg in the circulation did neither prevent
targeting of HBVenv on the tumor cell membrane, nor induced a systemic cytokine
release syndrome (Quitt, Luo et al., accepted at Journal of Hepatoloy). Severe adverse
side effects induced by OKT3 and TGN1412 antibodies have been described in a
humanized mouse model of human PBMC-reconstituted NOD-RAG1"AB""HLADQ9* o
9)|L-2Ryc” mice. These mice showed severe signs of illness like reduced motility and
rapid decline of body temperature within 2-6 hours post antibody injection, which was
accompanied by elevated levels of human IFNy and TNFa in the circulation (Weissmuller
et al., 2016). Such signs of illness were not observed upon administration of BiMAbs, yet

93



Discussion

human cytokine levels in the serum of the mice were not determined. It needs to be
emphasized that this work was performed in Rag2/IL2Ryc” mice, which do hardly allow
the evaluation of safety issues. Independently, the risk of HBsAg-mediated side effects
can be substantially decreased by administration of HBV-neutralizing monoclonal
antibodies prior to treatment. In clinical trials, administration of such antibodies
demonstrated a rapid and significant decrease in HBsAg to undetectable levels and was
well tolerated by patients (Galun et al., 2002). If neutralizing antibodies will impair bsAb-
mediated T-cell redirection through masking of HBVenv on the hepatocyte membrane
remains to be investigated, yet this approach would provide an option for a safe
evaluation of the bsAbs in the clinical setting.

3.12 Final evaluation and outlook

Up to date, there is no curative therapy for chronic hepatitis B available. Current
treatment options efficiently suppress HBV-replication, but rarely eliminate the viral
infection. Even though viral suppression improves the outcome of CHB, patients require
life-long treatment and still carry the risk of developing HBV-driven HCC.
(Vlachogiannakos and Papatheodoridis, 2013, Chayanupatkul et al., 2017, Bruix et al.,
2017). Elimination of the cccDNA in HBV-infected hepatocytes remains a major
therapeutic goal in CHB therapy and will be required to cure the disease (Wieland et al.,
2004b, Lucifora and Protzer, 2016). Thus, immunotherapy with bispecific antibodies that
mount an effective T-cell response against HBV-infected hepatocytes is a promising
approach to achieve functional cure. The data presented here demonstrate that bi- and
trispecific antibodies, which target HBVenv as well as CD3 or CD28, can successfully
redirect T cells to establish and maintain a cytotoxic immune response towards HBV
infected cells. This T-cell redirection resulted in the induction of polyfunctional
effector cells, efficient elimination of target cells and reduction of viral parameters.

During the study it became evident that administration of CD3-specific antibodies alone
is not sufficient to induce a cytotoxic immune response against HBVenv-expressing
target cells, yet this limitation was overcome by co-stimulation with CD28-specific bsAbs.
In consideration of a therapeutic approach, both immune stimulatory scFv were
successfully combined in a trispecific antibody that showed comparable redirection
efficacy as the bispecific antibodies in combination. However, the clinical applicability of
the trispecific construct will depend strongly on its efficient production and its stability,
which requires further investigation.

In the tumor transplant model, BiMAbs attracted T cells to HBVenv-expressing tumors,
resulting in T-cell activation, tumor infiltration and elimination of tumor cells. Further
studies need to determine, if the bispecific antibodies can facilitate efficient T-cell
recruitment to the liver followed by the establishment of a cytotoxic immune response
against HBV-infected hepatocytes. Therefore, | propose that further studies should
concentrate on experiments in murine HBV-infection models. This will provide valuable
information about the antibody-mediated antiviral effect in vivo.
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Taken together, the administration of HBVenv-targeting bsAbs facilitates a robust T-cell
redirection towards HBVenv-expressing target cells and provides a feasible and
promising approach for the treatment of chronic hepatitis B and HBV-associated HCC.
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Material and Methods

4 Material and Methods

4.1 Materials

4.1.1 Devices and technical equipment

Product Supplier
Acu-jet pro Brand
ArchitectTM Abbott
BEP Il (HBeAg measurement) Siemens
Centrifuge 5920R Eppendorf

CytoFLEX S

Beckman Coulter

ELISA-Reader infinite F200

Tecan

Flow cytometer FACS Canto I[I™

BD Biosciences

Freezing device

Nalgene / biocision Coolcell

Fusion Fx7

Peqglab

Incubator Heracell 150

Heraeus Holding GmbH

LightCycler® 480 Il

Roche Diagnostics

1 °C freezing container

Nalgene

NanoDrop One

Thermo Scientific

Nanophotometer OD600 IMPLEN GmbH
Neubauer improved hemocytometer Brand
Pipettes Eppendorf

Shaker and incubator for bacteria

INFORS AG; Heraeus Holding GmbH

Sterile hood HERA safe

Thermo Scientific

T professional Trio Thermocycler Analytik jena
Table-top centrifuge 5417R Eppendorf
Thermo Mixer F1.5 Eppendorf

XCELLigence RTCA Single Plate

ACEA Biosciences

AKTApurifier (Protein Expression and
Purification facility, HMGU)

GE healthcare lifesciences

Water bath WNB 10

Memmert GmbH

Agarose Gel electrophoresis device PeglLab
Bio Rad power bank basic

SDS-Page device 40-0911 Biometra
Western Blotting device Trans Plot SD Bio-Rad
Power supply for SDS-Page and WB E835 | Consort
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4.1.2 Consumables

Product Supplier
Cell culture flasks, dishes, plates TPP
Cell strainer 100 mm Falcon

Cover glass 24 x 50 mm

VWR international

Cryo vials, Greiner Bio One

Merck

Cuvettes

Implen

ELISA 96-well plates Nunc MaxiSorb

Thermo Scientific

E-Plate (VIEW) 96

ACEA Biosciences

FACS 96-well V-bottom plates

Roth

Falcon tubes 15 ml / 50 ml

Greiner Bio One

Filter tips Greiner Bio One
Filters 0.45 um/0.2 pm Sarstedt
FrameStar® 96 Well Semi-Skirted PCR | 4titude

Plates

Microvette 500 LH-Gel Sarstedt

Needles Braun

PCR tubes Thermo Scientific

Pipette tips 10 ml — 1 ml

Biozym / Greiner Bio One / Gilson

Pipettes (disposable) 2, 5, 10, 25, 50 ml

Greiner Bio One

Reaction tubes 1.5 ml, 2 ml

Greiner Bio One, Eppendorf

Reagent reservoirs, sterile Corning
Surgical Disposable Scalpels Braun
Syringes Braun
Gravity Flow columns (15 ml) Bio-Rad

Amersham Hybond-P

GE healthcare lifesciences

Hi-Prep Sephacryl S-200 column (Protein
Expression and Purification facility,
HMGU)

GE healthcare lifesciences

HistoBond® adhesive microscope slides
76 x 26 x 1 mm

Paul Marienfeld GmbH & Co.KG

Whatman paper

GE healthcare lifesciences

Amicon Ultra 2ml Centrifugal filters 50 K

Merck

Stericup vacuum driven 0.45 pM

Merck
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4.1.3 Chemicals and reagents

Product Supplier
Acetic acid Roth
Agarose PegLab
Ammonium persulfade (APS) Roth
Ampicillin Roth

Antibiotics/Antimycotics, 100x

ThermoFisher scientific

Biocoll separating solution (density 1.077 g/ml) | Biochrom
Blasticidin Gibco

Bovine serum albumin (BSA) Roth
Brefeldin A Sigma-Aldrich
Cytofix/Cytoperm BD Biosciences
Sodium dihydrogenic phosphate (NaH2PO.) Roth
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
DMEM Gibco
DMEM/F12 Gibco

DNA ladder 1kb / 100bp Eurogentec
EDTA Roth

Sodium hydroxide (NaOH) Roth

Ethanol Roth
Methanol (MetOH) Roth
Imidazole Sigma-Aldrich

Fetal calf serum (FCS)

ThermoFisher scientific

Fixable Viability Dye eF780 eBioscience
Coomassie brilliant blue-R250 Roth
Glycerol Roth
Heparin-Natrium 25000 Ratiopharm

Page RulerPlus Protein standart (SDS-PAGE)

ThermoFisher scientific

Zeocin Invivogen
Isopropanol Roth
L-Glutamine, 200 mM Gibco

LDS sample Buffer non-reducing (4x)

ThermoFisher scientific

LightCycler 480 SYBR green master mix

Roche

near-infrared live/dead

ThermoFisher scientific
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FuGene HD

Promega

Mounting solution

Southern Biotech

Lipofectamine 2000 Invitrogen
Tris(hydroxymethyl)-aminomethan (TRIS) Roth
6-aminocaproic acid Sigma-Aldrich
2-Mercaptoethanol Roth

Sodium chloride (NaCl) Roth

Glycine Roth
Propidium iodid BD bioscience
CellTiter-Blue® Cell Viability Assay Promega
Polyethylenglycol 6000 (PEG) Merck

Trypsine

ThermoFisher scientific

Versene

ThermoFisher scientific

Wheat germ agglutinin (Alexa Flour 488
coupled)

ThermoFisher scientific

Collagen R Solution 0,2%, (10x)

SERVA

Phosphate Buffered Saline pH 7,4 (PBS)

ThermoFisher scientific

Minimum Essential Medium Non-essential
amino acids (MEM NEAA) 100x

ThermoFisher scientific

Sodiumpyruvate (NaP) 100x

ThermoFisher scientific

Amersham ECL Prime Western Blotting
Detection Reagent

GE healthcare lifesciences

Magnesium chloride

Roth

Magnesium sulfade

Roth

OptiMEM ThermoFisher scientific
Milk powder Roth
Peptone Roth
Yeast extract Roth
Tween 20 Roth

Ultra Pureprotogel

National diagnostics

Tryphan blue 0.4% Sigma-Aldrich
Temed Roth
3,3',5,5"-Tetramethylbenzidin (TMB) Invitrogen
SDSultra pure Roth

Sulfuric acid (2 N) Roth
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Potassium chloride (KCI)

Roth

4.1.4 Buffers and solutions

Buffer Ingredients/source
ELISA assay diluent 1% BSA in PBS
FACS buffer 0.1% BSA in PBS
PBS-T 0.05% Tween 20 in PBS
NPI-10 NaH>PO, 50 mM
Adjust pH to 8.0 using NaOH NacCl 300 mM
Imidazole 10 mM
NPI-20 NaH>PO, 50 mM
Adjust pH to 8.0 using NaOH NacCl 300 mM
Imidazole 20 mM
NPI-250 NaH>PO4 50 mM
Adjust pH to 8.0 using NaOH NacCl 300 mM
Imidazole 250 mM
Tris-acetate-EDTA buffer (50x) Tris 2M
Acetic acid 2M
EDTA pH 8.0 50 mM
in H20
SDS-Page running buffer (10x) Tris 250 mM
Glycin 2M
SDS 1%
Stacking gel buffer (SDS-PAGE) Tris 0.5 M
pH 6.8 SDS 0.4%
In H20
Separation gel buffer (SDS-PAGE) Tris 15M
pH 8.8 SDS 0.4%
In H20
WB buffer Al Tris 0.3 M
MetOH 2%
In H20
WB buffer A2 Tris 25 mM
MetOH 2%
In H20
WB buffer cathode buffer Tris 25 mM
6-aminocaproic acid 40 mM
MetOH 2%
In H20
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Immunofluorescence blocking buffer BSA 5%
PBS

3x reducing loading dye (SDS PAGE) Tris-HCL pH 6.8 2.5 ml
Glycerine 10 ml
20% SDS 10 ml
2-Mercaptoethanol 5ml
H20 2.5 ml

ELISA assay diluent BSA 1%

Immunofluorescence washing buffer In PBS

ELISA coating buffer PBS

SDS Page stacking gel (5 ml) H.0 2.975 ml
Lower buffer 1.3ml
Acrylamide 30% 0.67 ml
Temed 0.005 ml
10% APS 0.05 ml

SDS Page 12% separation gel (10 ml) H20 3.2ml
Lower buffer 2.7 ml
Acrylamide 30% 4 mi
Temed 0.01 ml
10% APS 0.1ml

SDS Page 8% separation gel (10 ml) H.0 4.6 ml
Lower buffer 2.7 ml
Acrylamide 30% 2.6 ml
Temed 0.01 ml
10% APS 0.1ml

10x FastDigest buffer ThermoFisher scientific

10x Shrimp alkaline phosphatase buffer ThermoFisher scientific

Coomassie staining solution H.0 50%
MetOH 40%
Acetic acid 10%
CBB-R250/G250 0.1%

Coomassie de-staining solution H.0 50%
MetOH 40%
Acetic acid 10%

10x T4 ligase buffer ThermoFisher scientific

4x non-reducing loading dye (SDS-PAGE) | ThermoFisher scientific

4.1.5 Enzymes

Product

Supplier

Shrimp alkaline phosphatase

ThermoFisher scientific

T4 Ligase

ThermoFisher scientific
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Aarl Fast Digest

ThermoFisher scientific

Afll Fast Digest

ThermoFisher scientific

Xhol Fast Digest

ThermoFisher scientific

BamHI Fast Digest

ThermoFisher scientific

Rsrll Fast Digest

ThermoFisher scientific

Apal Fast Digest

ThermoFisher scientific

Hindlll Fast Digest

ThermoFisher scientific

Kpn2I

ThermoFisher scientific

Pwvul

ThermoFisher scientific

T5 exonulcease

New England Biolabs

EcoRlI

ThermoFisher scientific

4.1.6 Proteins and virus

Protein Source
HBsAg, serotype adw from human serum Roche
hiL-12 Peprotech
Hyper-IL6 Institut fir molekulare Immunologie
TUM
subviral particles AG Protzer
HBV AG Protzer
4.1.7 Kits
Product Supplier
ARCHITECT anti-HBsAg Reagent Kit Abbott

BD OptEIA TNF ELISA Set

BD Biosciences

Enzygnost HBe

Siemens

FoxP3 Staining Kit

eBioscience

GeneJet Gel Extraction Kit

ThermoFisher scientific

GenelJet Plasmid Miniprep Kit

ThermoFisher scientific

hIFNy uncoated ELISA Kit

ThermoFisher scientific

hIL-2 uncoated ELISA Kit

ThermoFisher scientific

Murex ELISA Version 3

DiaSorin

Phusion Hot Start Flex 2x Master Mix

New England Biolabs
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Plasmid Plus Midi Kit

Qiagen

Protino Ni NTA beads

Macherey-Nagel

NucleoSpin® Tissue Kit

Macherey-Nagel

LEGENDplex Mulite-Analyte Flow Assy Kit

BioLegend

4.1.8 Cell lines and bacteria

Cell line Description Source
CHO-K1 Chinese hamster ovary cells for recombinant | AG Protzer
protein expression, deficient for proline
synthesis
HEK 293 Human embryonic kidney cells for recombinant | AG Protzer
protein expression
HepG2 NTCP K7 | Human hepatoma cell line with transgenic | AG Protzer
expression of human NTCP
Huh7 Human hepatoma cell line AG Protzer
Huh7S Huh7 cells expressing the small HBV envelope | AG Protzer
protein
One Shot® Stbl3 | Chemically competent E. coli for transformation | ThermoFisher
scientific
4.1.9 Antibodies
Product Dilution Supplier

Anti-6x His Tag antibody (ab18184) | 1:500/1:5000 Abcam
anti-6x His-Tag antibody HRP- | 1:500 Invitrogen
conjugate

Erbitux (Cetuximab) - Merck

Goat anti-human Ig (H+L), HRP | 1:1000 Southern Biotech
conjugate

Goat  anti-mouse 109G, HRP | 1:1000/1:10000 | Sigma-Aldrich
conjugate

hCCR7 BV650, clone G043H7 1:20 BioLegend
hCD25 PE, clone M-A251 1:20 BD Biosciences
hCD28 (for co-stimulation in culture) | - eBiosciences
hCD3 AF700, clone UCHT1 1:50 BD Biosciences
hCD4 FITC, RPA-T4 15 BD Biosciences
hCD4 PE-eFlour 610, clone RPA-T4 | 1:20 ThermoFisher scientific
hCD45RA APC, clone HI100 1:20 BioLegend
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hCD45R0O PE, clone UCHL1 1:20 BioLegend

hCD62L PE-Cy7, clone DREG-56 1:20 BioLegend

hCD8 APC, clone SK1 1:20 BD Biosciences

hCD8 PB, clone SK1 1:50 BioLegend

hgrzB PE, clone GB11 1:40 ThermoFisher scientific
hIFNy AF700, clone B27 1:40 BD Biosciences

hiL-2 FITC, clone MQ1-17H12 1:40 BD Biosciences
hLAMP1 Alexa Flour 488, clone | 1:20 ThermoFisher scientific
H4A3

hTNFa eFlour 450, clone Mab11 1:40 ThermoFisher scientific
StrepMAD classic, HRP conjugate 1:500/1:4000 IBA GmbH

Donkey anti-rabbit IgG PE 1:10 BD Biosciences

Rabbit anti-HBc serum 1:4000 Michael Nassal

4.1.10 Primers

Primers were purchased from Microsynth AG, Balgach, Switzerland.

Name of Primer

Sequence

C8_hinge_AflIl_fwd

GATCCTTAAGATGGATTTTGAGGTGCAGATT
TTC

C8_hinge_rev TGGGCACGGTGGGCATGTGT
cccDNA_fwd GCCTATTGATTGGAAAGTATGT
cccDNA_rev AGCTGAGGCGGTATCTA

CD28 Aarl fwd

GATCCACCTGCGATCACTAGTCAGGTC

CD28 Aarl rev

GATCCACCTGCGATCGATGCCGTTTGATCTC

CD28_pAl_KC_L1_Aarl_fwd

GATCCACCTGCGATCGGGGGAGGGGGCAG
CACTAGTCAG

CD28_pAl_KC_L1_Aarl_rev

GATCCACCTGCGATCGAGCTCACCGTTTGAT
CTCCAGCTTGG

CD3_Aarl_fwd GATCCACCTGCGATCGGCGGAGGGGGCTCT
GGCGGCGGAGGGTCTGGGGGAGGGGGCA
GCACTAGTCAGGTGC

CD3_Aarl_rev GATCCACCTGCGATCCTCAATTGATTTCCAG

CD3_pAl_HC_CH1_Aarl_fwd

GATCCACCTGCGATCGGGGGAGGGGGCAG
CACTAGTCAGGTGC

CD3_pAl_HC_CH1_Aarl_rev

GATCCACCTGCGATCGAGCTCAATTGATTTC
CAGCTTGGTGCCC

fusion_upstream_Aflll_fwd

GATCCTTAAGGCCACCATGGACTTCGAG
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HC_CH1_Kpn2l_fwd

GATCTCCGGAGGCGGAGGGTCTGAGGTGC
AACTG

HC_CH1_Xhol_rev

GATCCTCGAGACAAGATTTGGGCTCCACTTT

HC_Xhol_rev

GATCCTCGAGTCAATGGTGGTGATGGTGGT
GGTGATGGTGGTGGTTGAT

hinge_CD28_fwd

GAGCCCAAATCTTGTGACAAAACTCACACAT
GCCCACCGTGCCCAGGAGGCGGAGGGTCT
GGCGGAGGGGGGAGCACTAGTCAG

hinge_CD28_Xhol_rev

GATCCTCGAGCTACCGTTTGATCTCCAGCTT
GGTC

KC_LC Kpn2l_fwd

GATCTCCGGAGGCGGAGGGTCTGACATTGT
GATGACCC

KC_LC_Xhol_rev

GATCACTCGAGCGCACTCGCCCCGGTTG

LC_AfllI_fwd GATCCTTAAGGCCACCATGGATTTTGAAGTG
CAG

LC_Xhol_rev GATCCTCGAGTCATTTCTCGAACTGGGGGT
G

p84 Aarl fwd GATCCACCTGCGATCCATCACCACCAT

p84 Aarl rev GATCCACCTGCGATCTAGTGCTGCCCCCTC

C

pAl_C8_HC_VD_CD3_Aarl_fwd

GATCCACCTGCGATCGCTCGAGTCTAGAGG
GCACG

pAl_C8 HC VD _CD3_Aarl_rev

GATCCACCTGCGATCCCCCAGAGCCCCCTC
CGCCAACTTTCTTGTCCACCTTGG

pAl_C8 _KC_LC_CD28_Aarl_fwd

GATCCACCTGCGATCGCTCGAGTCTAGAGG
GCACG

pAl_C8_KC_LC_CD28_Aarl_rev

GATCCACCTGCGATCCCCCAGAGCCCCCTC
CGCCGCACTCGCCCCGGTTGAAGCTCTTGG

pB_Aarl_fwd GATCCACCTGCGATCTGAGAATTCTAGCTCG
AG

pB_Aarl_rev GATCCACCTGCGATCCGCCAGACCCTCCGC
CGCCAGAGCCCCCTCCGLCLCGLACTECGCCC
CGGTTGAAGCTCTTGG

Prp_fwd TGCTGGGAAGTGCCATGAG

Prp_rev CGGTGCATGTTTTCACGATAGTA

rcDNA_fwd GTTGCCCGTTTGTCCTCTAATTC

rcDNA_rev GGAGGGATACATAGAGGTTCCTTGA

TriMAb_hinge_Aarl_fwd

GATCCACCTGCGATCTCCTGCGGAGGCGGC
GGATCTGGTGGTGG

TriMAb_hinge_Aarl_rev

GATCCACCTGCGATCAGGACTTGGGTTCCA
CTTTCTTGTCCACCTTGGTATTGGAGGGC

106




Material and Methods

WA468 CTCTCTGGCTAACTAGAGAACCCACTGC
WA469 GAAAGGACAGTGGGAGTGGCACCTTC
WA579 GGCTGCCTGGTGAAGGACTACTTC
WA580 GACAAGAGCAGCTCCACAGCCTATATG

WAGB09_5F9_LC_fwd

GTGCTCTGGATCCCTGGAGCCATTGGGGAC
ATTGTGATGACCCAGTCGCACAAATTC

WAG610 5F9 LC rev

CAGCCACGGTCCGTTTTATTTCCAGCTTGGT
CCCCCCTCCGAAC

WA613_5F9 HC_fwd

AAACTTAAGCTTCTCAACATGAACTTAGGGC

TCAGCTTCATTTTCCTTG
WA614 5F9 HC_rev ACGCTTGGGCCCTTGGTGCTGGCTGAGGAG
ACTGTGAGAGTGGTGCCTTG
4.1.11 Plasmids
Name of plasmid Number in Source
plasmid bank
p84 based on pcDNA3.1 (Invitrogen) | 1142 provided by Sandra
Lattgau
pHBVenv_small (pSVBX24H) 1145 provided by Volker Bruf3
pmCherry_HBVenv 523 provided by Volker Bruf3
pAl_scFvC8 277 Master's Thesis
Francesca Pinci
pB1_scFvC8 279 Master's Thesis
Francesca Pinci
p84_FabMAbaCD3 1146 generated in thesis
p84_FabMAbaCD28 1147 generated in thesis
pAl HC 5F9 1148 generated in thesis
pAl_HC_5F9_scFvCD28 1155 generated in thesis
pAl_C8 HC_CH1_scFvCD3 1150 generated in thesis
= pAl_TriMAb_HC
pAl_C8_KC_LC_ scFvCD28 1151 generated in thesis
= pAl_TriMAb_LC
pAl_C8_CH1_hinge_scFvCD28 1152 generated in thesis
= pAl_OKTriMAb_HC
pB1_C8 LC_scFvCD3 1153 generated in thesis
= pAl_OKTriMAb_LC
pAl_scFv_CD28 1155 generated in thesis
p84_TriMAb_hinge 1157 generated in thesis
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pAl_TriMAb_HC 1158 generated in thesis
pAl Blasti_TriMAb LC 1159 generated in thesis
4.1.12 Media
Medium Ingredients

DMEM full medium DMEM 500 ml
FCS 50 mi
Pen/Strep, 10,000 1U/ml 5.5 ml
L-Glutamine, 200 mM 5.5 ml
NEAA, 100x 5.5 ml
Sodium pyruvate, 100 mM 5.5 ml

DMEM/F12 full medium DMEM/F12 500 mi
FCS 50 ml
Pen/Strep, 10,000 1U/m 5.5 ml
L-Glutamine, 200 mM 5.5 ml
NEAA, 100x 5.5 ml
Sodium pyruvate, 100 mM 5.5 ml

Freezing medium FCS 90%
DMSO 10%

HepG2 Diff. medium DMEM 500 ml
FCS 50 ml
Pen/Strep, 10,000 1U/mI 5.5 ml
L-Glutamine, 200 mM 5.5 ml
NEAA, 100x 5.5 ml
Sodium pyruvate, 100 mM 5.5 ml
DMSO 10.5 ml

RPMI full medium RPMI 500 ml
FCS 50 ml
Pen/Strep, 10,000 1U/mI 5.5 ml
L-Glutamine, 200 mM 5.5 ml
NEAA, 100x 5.5 ml
Sodium pyruvate, 100 mM 5.5ml

Lysogen Broth (LB)-Medium NacCl 99/l
Peptone 10 g/l
Yeast extract 549/
Agar (optional) 14 g/l
In H20

Super optimal broth (SOB) medium LB medium with
Potassium chloride 2.5 mM
Magnesium chloride 10 mM
Magnesium sulfide 10 mM
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4.1.13 Mouse strains
Mouse strain Source
C57BL/6 AG Protzer
4.1.14 Software
Software Application Supplier

FlowJo, Version 10.4

Flow cytometry analysis

BD Biosciences

ImageJ Purity calculation of Coomassie | National Institutes
stains of Health
LightCycler 480 SW 1.5.1 | gPCR analysis Roche

Prism 5.01

Graph design, statistical calculation

INnC.

Graphpad Software

RTCA software 2.0

XCELLigence viability analysis

ACEA Biosciences

Serial cloner

DNA and protein analysis

SerialBasics
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4.2 Methods

4.2.1 Cloning strategy for bi- and trispecific constructs

4.2.1.1 FabMAbaCD3 and FabMAbaCD3

FabMAbaCD3 was cloned by exchanging the heavy and light chain of the construct
CD22xOKT3 (VHCD22_huCH1y_(G4S)s_VHOKT3_(G4S)s_VKOKT3_10xHis_P2A _
V. .CD22_huCH1k) provided by Gerhard Moldenhauer/Sandra Littgau, with the variable
domains of the HBs-specific murine antibody 5F9. Therefore, variable domains were
amplified from cDNA (provided by Forough Golsaz Shirazi) via PCR using the primers
WA613 5F9 HC fwd and WA614 5F9 HC rev for the heavy chain as well as
WAG609 5F9 LC fwd and WAG610_5F9 LC_rev for the light chain. The PCR fragments
were inserted into p84 (based on pcDNA3.1, Invitrogen) by usage of the unique
restriction sites Apal/Hindlll in case of the heavy chain and BamHI/Rsrll in case of the
light chain. To exchange the scFvOKT3 for scFvCD28, the restriction site Aarl was
introduced via PCR using the primers CD28 Aarl fwd, CD28 Aarl rev, and the template
pAl_CD28 as well as p84 Aarl fwd, p84 Aarl rev, and the template p84 FabMAbaCD3,
resulting in the two fragments Aarl_ scFvCD28 Aarl and Aarl_10xHis_P2A V,5F9
huCH1k_backbone_Vu5F9 _huCH1ly (G4S)s_Aarl. The ligation of the two fragments
resulted in the construct FabMAbaCD28. The correct sequence was verified by Sanger
sequencing (Eurofins, GATC) using the primers WA468, WA469, WA597 and WAS80.

4.2.1.2 TriMAb

The heavy chain was amplified by PCR employing the two primers HC_CH1_Kpn2l_fwd
and HC_CH1_Xhol_rev on the template pA1_HC_5F9. The PCR fragment was inserted
into the plasmid pAl_scFvC8 using the restriction sites Kpn2l and Xhol, resulting in the
interim construct pA1_scFvC8 HC _ CHL1. To introduce the scFvOKTS3, the restriction site
Aarl was introduced via PCR using the primers CD3_pAl HC CH1 Aarl_fwd and
CD3 _pAl HC_ CH1 Aael rev on the template p84 FabMAbaCD3 as well as
pAl C8 HC CH1 CD3 Aarl fwd and pAl_C8 HC CH1l CD3 Aarl_rev on the
template pAl_scFvC8_ HC_CH1, resulting in the two fragments Aarl_scFvCD3_Aarl and
Aarl_BB_C8 HC_CH1_Aarl. The ligation of the two fragments resulted in the construct
C8_HC_CH1_scFvCD3. The same procedure was repeated for the light chain using the
primers KC_LC_Kpn2l_fwd and KC_LC_Xhol_rev on pB_LC_5F9, following insertion
into pAl_scFvC8 which resulted in the interim construct pAl_scFvC8_ KC_LC. The
scFvCD28 was introduced via PCR using the primers CD28_pAl_KC_L1_Aarl_fwd and
CD28 pAl_KC_L1 Aarl_rev on the template p84_FabMAbaCD28 and
pAl_C8 KC_LC_CD28_Aarl_fwd and pAl_C8_ KC_LC_CD28 Aarl_rev on the
template pAl_scFvC8 KC_LC, resulting in the fragments Aarl_scFvCD28_ Aarl and
Aarl_BB_C8 KC_LC_Aarl. The ligation of the two fragments generated the construct
C8_KC_LC_scFvCD28.
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4.2.1.3 Sequence optimization of TriMAb

Since TriMAb was chosen as lead candidate, the sequence was optimized for expression
in CHO cells (GeneArt, Thermofisher Scientific). The heterodimeric construct was
designed as one open reading frame with both chains being separated by a P2A site.
Moreover, the heavy chain was equipped with a 6x His Tag and the light chain with a
Strep Tag Il. The sequence included the terminal restriction sites Aflll and EcoRlI, which
allowed one-step sub-cloning into the vector p84. However, the GenaArt sequence
lacked the amino acids EPKSC of the hinge domain and therefore disulfide bond
formation between heavy and light chain could not occur. These AA were introduced via
PCR with the primers TriMAb_hinge_Aarl_fwd and TriMAb_hinge_Aarl_rev, digestion
with Aarl, and self-ligation of generated fragment, which resulted in the constructs p84
TriMAb_hinge. Moreover, heavy and light chain were sub-cloned in two different
expression plasmids, as this could provide a higher expression efficiency (see 2.4.3.1).
The chains were amplified via PCR using the primers fusion_upstream_Aflll_fwd and
HC_Xhol_rev as well as LC_Aflll_fwd and LC_Xhol_rev and inserted into the plasmids
pAl and pAl_Blasti, respectively. During amplification of the heavy chain, 4 further
histidines were added to the n-terminus of the sequence, resulting in a 10x His Tag.

4.2.1.4 OKTriMAb

The heavy chain C8_CH1_hinge_scFv_CD28 was generated by insertion of the PCR
fragment C8_hinge_CD28_fusion into the backbone pAl_scFv_C8 using the restriction
sites Aflll and Xhol. The PCR fragment was created through fusion PCR, combining the
fragment C8_hinge amplified with the primers C8 hinge_Aflll_fwd and C8_ hinge_rev
employing the template pAlscFvC8 and the fragment hinge scFvCD28 was generated
with the primers hinge_ CD28 fwd and hinge CD28 Xhol _rev using the template
pAl HC 5F9 CD28. The light chain C8 LC_scFv_CD3 was constructed through
ligation of the PCR fragments Aarl_scFvCD3_ Aarl generated with the primers
CD3_Aarl_fwd, CD3_Aarl_rev, and the template p84_FabMAbaCD3, and the fragment
Aarl_BB_C8 LC_Aarl amplified with the primers pB_Aarl_fwd and pB_Aarl_rev, using
the template pB1_scFvC8.

4.2.2 Molecular cloning methods

4.2.2.1 Culturing and transformation of Escherichia coli (E. coli)

For transformation and cloning, One Shot® StbI3™ chemically competent E. coli cells
were used. For transformation, 90 pl of freshly thawed cell suspension were mixed with
10 pl ligation product and incubated for 15 min on ice. For re-transformation 1 ug plasmid
DNA was used. After a heat shock at 42 °C for 90 seconds (sec), 400 ul of SOB medium
were added and bacteria were incubated for 45 min at 37 °C and 230 rpm. Then, cells
were centrifuged in a table-top centrifuge 5417R (5 min, 600 xg), 400 ul of supernatant
were discarded, and the pellet was re-suspended. Finally, the suspension was plated on
LB-agar plates containing the appropriate antibiotic for selection. The working
concentration of Ampicillin and Kanamycin was 50 pg/ml. Clones were picked with 10 pl
pipette tips and transferred to a 3 ml LB medium supplemented with the respective
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antibiotic. Suspension cultures were placed in a shaker at 300 rounds per minute (rpm)
and incubated at 37 °C over night.

4.2.2.2 Polymerase chain reaction (PCR)

PCR was performed using the Phusion Hot Start Flex 2 Master Mix (NEB) with 20 pmol/ul
of each primer and 1-5 pg template DNA. Temperature and duration of the cycles were
performed according to the provided protocol. The optimal annealing temperature was
assessed by the TM-calculator software of New England Biolabs
(https://tmcalculator.neb.com/#!/main). Amplification was performed in a T Professional
Trio Thermocycler and efficiency was analyzed by agarose gel-electrophoresis (1%
Agarose) and the Fusion Fx7 gel-documentation device (PeglLab). Upon successful
amplification, the product was purified using the Gene Jet Plasmid Gel Extraction Kit
(ThermoFisher scientific). Purified DNA was either directly digested or stored at -20 °C.
All primers for cloning are listed in 4.1.4.

2.2.3.5 Digestion and Ligation

For cloning, FastDigest enzymes (ThermoFisher scientific) were used. Digestion was
performed according to the manufacturers’ protocol and results were analyzed by
agarose gel electrophoresis. Upon successful digestion, the respective fragments were
cut out from the gel and purified using Gene Jet Plasmid Gel Extraction Kit
(ThermoFisher scientific). Backbones of vectors were dephosphorylated using shrimp
alkaline phosphatase (ThermoFisher scientific) according to the manufacturers’
protocol. Ligation was performed with T4 Ligase (ThermoFisher scientific) according to
the following protocol. First 100 ng of vector were mixed with a 5-fold excess of insert
(regarding molarity not weight) and combined with 1 pl of 10x T4 Ligase Buffer and T4
Ligase. A final volume of 10 ul was adjusted by addition of H,O millipore. Incubation took
place for 1 hour at room temperature (RT, 23 °C). To control for vector re-ligation, the
reaction was also performed without insert. Subsequently samples were transferred into
E. coli. After incubation for 12 hours, clones were picked from the plate and cultivated in
3 ml LB medium under antibiotic selection.

4.2.2.3 Preparation of Plasmid-DNA

For preparation of plasmid DNA, the Gene Jet Plasmid Miniprep Kit and 2 ml of bacterial
suspension were used. For higher DNA amounts (required for transfection of mammalian
cells), the Plasmid Plus Midi Kit (Qiagen) and 100 ml of bacterial suspension were
employed. All steps were performed according to the provided manuals. Afterwards, an
aliquot of purified DNA was checked by control digestion and gel-electrophoresis. The
concentration and quality of the preparation were determined with Nano Drop One
(ThermoFisher scientific). Clones that showed appropriate migration patterns upon
control digestion were sent for sequencing. Finally, all DNA samples were stored
at -20 °C.

4.2.2.4 Sequence analysis
To obtain the sequence of generated PCR products and constructs, DNA was sent to
GATC Biotech (now Eurofins: https://www.eurofinsgenomics.eu/). Planning of cloning
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procedures and alignments were performed using serial cloner software
(serialbasics.free.fr/Serial_Cloner).

4.2.3 Culture and transfection of mammalian cells

4.2.3.1 Cell culture

Human cell lines (HEK 293, Huh7, HepG2 NTCP) were cultured in Dulbecoo’s Minimum
essential medium (DMEM, supplemented with 10% fetal bovine serum, 50 U/ml
penicillin/streptomycin, 2 mM L-glutamine, 1% sodium pyruvate and 1% non-essential
amino acids (NEAA), all from Life Technologies, referred to as DMEM full medium) using
T25 or T75 cell culture flasks (TPP) and split every 3 to 4 days depending on their
confluency. CHO K1 cells were cultured in DMEM/F12 medium and PBMC were cultured
in Roswell Park Memorial Institute medium (RPMI), both with the same supplements as
DMEM. Media with corresponding supplements are listed in 4.1.6. All cell lines were
analyzed by microscopy once per day and their condition was assessed based on growth
and morphology.

4.2.3.2 Preparation of peripheral blood mononuclear cells (PBMC)

Fresh blood was mixed with heparin to avoid coagulation, and diluted 1:1 with pre-
warmed RPMI wash medium (50 U/ml penicillin/streptomycin). All centrifugation steps
were performed in a 5417R (Eppendorf) at RT. 25 ml of the mixture were layered onto
13 ml Biocoll Separating solution with a density of 1.077 g/ml (Millipore, Merck), without
mixing the two phases. After centrifugation at 1200 xg for 25 min without break, the
PBMC were isolated and transferred to a 50 ml falcon tube. Two lymphocyte rings were
pooled and the volume was adjusted to 40 ml by adding RPMI wash medium. The
isolated PBMC were centrifuged for 10 min at 700 xg at RT and the pellet was
resuspended in 40 ml RPMI wash medium. Next, PBMC were centrifuged at 80 xg with
break 5 for 20 min. Two pellets were pooled and the volume was adjusted to 40 ml using
RPMI wash medium. After a final centrifugation for 5 min at 350 xg, the cell number was
determined and the concentration was adjusted to 2x10° cells/ml. Cells were either
frozen at -80 °C or rested overnight at 37 °C. After resting, PBMC were employed in co-
cultures and referred to as “freshly isolated PBMC”.

4.2.3.3 Freezing and thawing of mammalian cells

For freezing, ~1 x 107 cells were resuspended in 500 pl FCS containing 10% dimethyl
sulfoxide (DMSO, Sigma), transferred to a Greiner Cryo.S vial (Merck), placedina 1 °C
freezing container (Nalgene) and stored at -80 °C. For thawing, 1 ml of pre-warmed
medium was added “drop by drop” to the partially defrosted cell suspension. The vial
was inverted 5 times and the cells suspension was carefully transferred into a 50 ml
flacon tube containing 25 ml of pre-warmed medium. After centrifugation for 5 minutes
at 350 xg, cells were resuspended in medium and either counted and rested overnight
(PBMC) or seeded in cell culture flasks (human and hamster cell lines).
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4.2.3.4 Cell counting

To determine the cell number, cells were trypzinized and 10 pl of single cell suspension
were diluted 1:1 with trypan blue (Sigma-Aldrich) and counted employing a Neubauer
counting chamber (Brand).

4.2.3.5 Transfection of mammalian cells

Huh7 and HEK 293 cells were transfected with Lipofectamine® 2000 Reagent
(ThermoFisher scientific) and CHO-K1 with FuGene HD (Promega) according to the
manufacturers’ protocol. Transfection was performed in the 6-well format (TTP). Cells
were analyzed for transgene expression 24-48 hours after transfection.

4.2.3.6 Generation of stable cell lines

To achieve stable cells lines, plasmids were linearized via Pvul digestion and transfection
was performed according to the protocol in 4.2.3.3. Thereupon, cells were selected using
400-600 pg/ml of Zeocin or 4-6 pg/ml Blasticidine for several days, until single clones
were detectable on the plate. TriMAD cell lines got co-transfected with two plasmids, and
consequently, selected with both antibiotics at once. The clones were trypsinized and
transferred to a 48-well plate, where they were cultivated further. After reaching 100%
confluency under selection pressure, the supernatants of the clone were checked for
presence of bispecific constructs via ELISA. Positive clones were subjected to a single
cell dilution. The cell concentration was adjusted to 2.5 cells/ml and 200 pl/well of the
cell suspension were transferred to a 96-well plate. Cells were cultured for 2-4 weeks
until single clones reached a confluency of 100%. The different clones were compared
for antibody secretion and high-producing clones were isolated and transferred to T25
cell culture flasks. Producer cell lines were finally used for the production of antibodies
or stored at -80 °C.

4.2.4 Antibody production and purity analysis

4.2.4.1 Production of bsAbs

BiMAbs were ordered from Proteros Biostructures, Martinsried, Germany. After
expression in HEK293 cells, the constructs were purified with a combination of
ion-exchange chromatography (IEX) and size exclusion chromatography (SEC).
FabMAbs were produced by InVivo Biotech Services, Henningsdorf/Berlin, Germany.
Constructs were expressed in HEK293 cells and purified a combination of metal chelate
affinity chromatography (IMAC) and SEC. The protein concertation of the samples was
determined with Nano Drop 1 (Protein>A280->19G).

To remove the FabMAbaCD3 aggregates, a second SEC was performed at the protein
expression and purification facility (German Research Center for Environmental Health)
under the direction of Dr. Arie Geerlof using a HiPrep Sephacryl S-200 column, an AKTA
purifier and a flow rate of 1.3 ml/min. In total, two runs with a total volume of 5 ml were
performed and 24 fractions were collected, respectively. Following Coomassie staining
analysis, fractions D7 till E1 were pooled and stored at 4 °C.

114



Material and Methods

4.2.4.2 Expression and purification of TriMADb

The TriMAb producer cell line used for the purification studies was generated on the
basis of CHO cells and transfected with two separate plasmids encoding for the heavy
and light chain, respectively (see 2.4.3). A clonal producer cell line was established via
single cell dilution and antibody expression was performed in a hyperflask (Cornig®,
Sigma-Aldrich, Merck) according to the following protocol. Producer cell lines from 3
confluent T150 flasks were pooled, seeded into the hyperflask und cultured with
DMEM/F12 medium containing 10% FCS for 48 hours. After 48 hours, the medium was
changed to DMEM/F12 without FCS. The supernatant was collected, filtered (0.2 pM,
Sarstedt) and stored at 4 °C. Cells were cultured for 48 hours without FCS and the
supernatant was collected and filtered. In the following, both supernatants were used for
the purification procedure employing Protino® Ni-NTA beads (Macherey-Nagel). The
puffers NPI-10, NPI-20, and NPI-250 were prepared according to the manufacturer’'s
protocol. The experimental procedure was based on 4.3 of the manufacturer’s protocol
“Batch purification of polyhistidine-tagged proteins under native conditions”, but was
slightly modified. Equilibration was performed according to the provided protocol. For
batch binding 2 ml of original 50% solution were used per 250 ml of supernatant. Batch
binding took place at 4 °C either for 2 hours or overnight on a rolling incubator. After
batch binding the beads were transferred to 20 ml gravity flow columns (BioRad) and
washed by addition of 10 bed volumes (10 ml) of NPI-20. Finally, 5 ml of NPI-250 elution
puffer were added to the column and 5 fraction of 1 ml each were collected and analyzed
by HBsAg-ELISA. The first 2 fractions were pooled and concentrated to a total volume
of 100 ul employing centrifugal filters with a 30 kD cut-off (Merck). Concentrated TriMAb
samples were stored at 4 °C.

4.2.4.3 SDS-polyacrylamide gel electrophoresis and Western blot analysis

SDS-Page and Western Blot (WB) analysis were performed to analyze the purity and
integrity of the bi- and trispecific antibodies. 2.5 pg of purified antibody (BiMAbs,
FabMADbs) or 15 ul of sample (TriMAb) were separated on a 12.5% SDS-Page under
reducing and non-reducing conditions and stained with Coomassie CCB R250 (Roth).
For analysis of TriMAb samples 8% acrylamide were employed. Since the protein
concentration varied greatly, 15 pl of the 0% FCS sample and 3.5 pl of the 10% FCS
sample were loaded. WB analysis was performed with 100 ng of protein. Samples were
separated by PAGE as described above and transferred to a polyvinylidene fluoride
membrane (Millipore) at 20 V for 1 hour. After blocking with 5% dry skimmed milk
(Roth) in phosphate-buffered saline (PBS, ThermoFisher scientific) containing 1%
Tween-20 (PBST, Roth) for 1 hour at room temperature (RT), membranes were
incubated with a goat anti human IgG HRP conjugate (Sigma) diluted 1:10000 in PBST
containing 5% milk overnight at 4 °C. Following 3 washing steps with PBST for
10 minutes each, membranes were incubated with Amersham ECL Prime Western
Blotting Detection Reagent (GE) and bands were visualized in an ECL chemocam
(Intas). The TriMAb LC was detected with the StrepMAb classic (IBA Life sciences)
1:2000 in PBST containing 5% milk. The TriMAb heavy chain was detected with a
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combination of an anti-6x His Tag antibody (ab18184, Abcam) 1:5000 and a goat anti-
mouse IgG HRP conjugate 1:10000 (Sigma-Aldrich, Merck), both in PBST containing
5% milk. The primary antibody was incubated at 4 °C overnight. After three washing
steps with PBST for 10 minutes the secondary antibody was incubated for 1 hour at
RT. Visualization of bands was performed as mentioned above.

4.2.5 Antibody binding-studies

4.2.5.1 ELISA for analysis of HBsAg-binding

ELISAs were performed in 96-well MaxiSorp plates (ThermoFisher scientific). HBsAg
from patient serum (kindly provided by Roche) was added in PBS (100 pl; 1 pg/ml) and
incubated overnight at 4 °C. From now on, all incubation steps were performed on a
thermomixer compact (Eppendorf) at 300 rounds per minute (rpm). After 4 washing steps
with PBS 0.5% tween (PBST), plates were blocked with 200 pl assay diluent (PBS
containing 1% bovine serum albumin BSA, Roth) for 1 hour at RT. The plates were
washed 4 times with 200 ul PBST and supernatant of PCLs or a dilution series of purified
antibodies (1000, 316.2, 100, 31.62, 10, 3.162, 1, 0.316, 0.1, 0.031, 0.01, 0.003 nM) was
applied in 100 pl assay diluent, followed by incubation for 1.5 hours. After 4 washing
steps with PBST, 100 pul of goat anti human IgG HRP conjugate diluted 1:1000 in assay
diluent were added to the plates and incubated for 1 hour. For detection of individual
TriMAD chains, a combination of mouse anti-His Tag 1:500 (Abcam) and goat anti-mouse
1:1000 (Sigma-Aldrich) or StrepMAb classic-HRP 1:500 and goat anti-mouse 1:1000
was employed. After 5 final washing steps with PBST, the ELISA was developed by
addition of 100 pl stabilized chromogen TMB (Life technologies) and the reaction was
stopped with 100 pl 2N sulfuric acid (Roth). The OD was determined at 450 nm and
background subtraction 560 nm employing an infinite F200 reader (Tecan)

4.2.5.2 HBsAg-genotype ELISA

To analyze the binding capacity to several HBsAg genotypes, a modified protocol of the
Murex HBsAg Version 3 (DiaSorin) was conducted using the provided stripes. 25 pl
sample diluent (provided with the kit) were transferred to the stripes, followed by addition
of 75 ul assay diluent (1% BSA in PBS) containing either 1 IU (for FabMADb) or 5 IU (for
BiMAD) antigen from an HBsAg-genotype panel (Paul-Ehrlich-Institute). The stripes were
incubated for 1 hour at 37 °C and 50 nM FabMADb or 100 nM BiMAb were added in 25 pl
assay diluent. After incubation for 30 min at 37 °C, antibodies were detected with an anti-
6x His-Tag antibody HRP-conjugate (Invitrogen) diluted 1:500 (FabMADbs) or a StrepMADb
classic-HRP diluted 1:4000 (BiMADb). Detection antibodies were applied in 25 ul assay
diluent and incubated for 30 min at 37 °C. The stripes were washed 4 times and
developed as mentioned in 4.2.5.1.
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4.2.5.3 Confocal microscopy to visualize binding of bsAbs to HBVenv on
membranes

0.7x10° Huh7 cells were seeded in a 6-well plate (TPP) and cultured for 24 hours until
they reach a confluency of ~ 80%. Next, the cells were transfected with 5 ug mCherry-
HBVenv plasmid DNA (kindly provided by Volker Bruss, German Research Center for
Environmental Health, Munich) using FuGene HD according to the manufacturer’s
protocol. The transfected cells were cultured and monitored for 48 hours at 37 °C and
the immunofluorescence staining was performed as described in the following. The cells
were treated with 500 pl trypsin for 10 min and resuspended extensively after adding of
1 ml DMEM full medium to generate single cell suspensions. Cells were centrifuged at
500 xg for 2 min at 4 °C in a centrifuge 5417R. From now on, all steps were performed
on ice to prevent internalization of antibodies. The supernatant was decanted and the
pellet was resuspended in 1 ml blocking buffer (5% BSA in PBS) following incubation for
1 hour. Subsequently, the cells were washed 3 times using assay diluent (1% BSA in
PBS) and incubated with 50 nM of bsAbs in 200 pl assay diluent for 1.5 hours. Cells were
washed 3 times following incubation with 200 pl of a 1:1 dilution of Alexa Fluor 647 goat
anti-human 1gG (ThermoFisher scientific), 1:500 in assay diluent, and an Alexa 488
coupled wheat germ agglutinin (ThermoFisher scientific), 1:400 in assay diluent for
45 min. After 3 washing steps, cells were incubated with 4% paraformaldehyde in PBS
(ChemCruz) for 15 min. After 3 washing steps, cells were resuspended in 100 pl
mounting solution (Southern Biotech), transferred to HistoBond® adhesive microscope
slides (Paul Marienfeld) and covered with borosilicate glass (VWR international). After
overnight storage in the dark at 4 °C, the slides were analyzed employing a Fluoview
FV10i (Olympus).

4.2.5.4 Flow cytometry to study binding of bsAbs to T cells

2.5x10° PBMC were washed once with PBS 0.1% BSA (FACS buffer) and incubated in
FACS buffer containing 1000 nM or a dilution series of bsAbs (1000, 316.2, 100, 31.62,
10, 3.162, 1, 0.316, 0.1, 0.031) for 30 min at 4 °C. After 3 washing steps with 200 pl
FACS puffer, cells were stained with a cocktail containing an anti-CD8 PB (clone DK25,
Dako) 1:50, anti-CD4 FITC 1:5 (clone RPA-T4, BD) and anti-human IgG PE (clone G18-
145, BD) 1:25 in 50 ul FACS buffer for 30 min at 4 °C in the dark. PBMC were washed 3
times, stained with 10 pl propidium iodide (BD), and analyzed on a CytoFlexS
(Beckmann Coulter).

4.2.6 Co-culture experiments and functional readouts

4.2.6.1 Co-culture of PBMC and HBsAg or HUh7S cells

Co-cultures were performed in 96-well cell culture plates (TPP). HBsAg from patient
serum (kindly provided by Roche) was added in PBS (100 pl; 1 pg/ml) and incubated
overnight at 4 °C. Huh7S cells, a cell line that is stably transfected with HBVenv, served
as target cells. 4x10* of Huh7S or parental Huh7 cells were seeded to the plates and
cultured for 24 hours. The next day, plates were washed once with PBS and 1x10° freshly
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isolated PBMC in 100 pl RPMI1640 full medium were seeded in each well. BsAbs or
tsAbs were diluted in DMEM full medium and subsequently added to the PBMC. The co-
culture was maintained for the indicated amount of time, and supernatants as well as
T cells were analyzed at respective time points. For target cell elimination assays, cells
were seeded in 96-well E-plates (ACEA Biosciences) one day prior to the start of the co-
culture. Cell viability was measured for the indicated amount of time employing an
XCELLigence RTCA SP device (ACEA Biosciences).

4.2.6.2 ELISA for quantification of proinflammatory cytokines

To study the cytokine secretion profile of activated T cells, supernatants of co-cultures
were analyzed by the human IFN gamma uncoated ELISA kit (ThermoFisher scientific),
the human IL-2 uncoated ELISA kit (ThermoFisher scientific) and the BD OptEIA human
TNF ELISA set (BD), according to the manufacture’s protocol. ELISAs were performed
on MaxiSorp plates.

4.2.6.3 Cytokine measurement with LEGENDplex

For simultaneous measurement of IFNy, IL-2, TNFa and grzB, the LEGENDplex Multi-
Analyte Flow Assay Kit (BioLegend) for CD8/NK cells was employed. The experimental
procedure was performed according to the manufacturers’ protocol and samples were
analyzed on a CytoFlexS.

4.2.6.4 FACS to analyze activation marker and proliferation

Prior to start of co-culture PBMC were stained using the cell trace violet proliferation kit
(ThermoFisher scientific) according to the manufacturer’s protocol. After 72 hours of co-
culture, cells were harvested and washed with 200 ul FACS buffer, followed by staining
with a 50 pl mix containing 1:20 dilutions of anti-CD4 PE-eFlour 610 (clone RPA-T4,
ThermoFisher scientific), anti-CD8 APC (clone SK1, BD), anti-LAMP1 Alexa Flour 488
(clone H4A3, ThermoFisher scientific), anti-CD25 PE (clone M-A251, BD), as well as
near-infrared live/dead (ThermoFisher scientific) 1:1000 in FACS buffer for 30 min at
4 °C in the dark. Cells were washed 3 times with 200 pul FACS buffer and analyzed on a
CytoFlexsS.

4.2.6.5 Intracellular cytokine staining

4 hours prior to harvest, cells were treated with 0.2 pg/ml Brefeldin A (Sigma). Cells were
harvested at respective time points and stored at 4 °C, followed by simultaneous staining.
Cells were washed with 200 ul FACS buffer and stained with CD4 PE-eFlour 610 (clone
RPA-T4, ThermoFisher scientific) 1:20, CD8 APC (clone SK1, BD) 1:20 and near-
infrared live/dead (ThermoFisher scientific) 1:1000 in 50 yul FACS buffer for 30 min at
4 °C in the dark. After 3 washing steps with 200 ul FACS buffer, cells were incubated
with 100 pl Cytofix/Cytoperm (BD) for 20 min in the dark. Cells were washed 3 times with
200 pl Perm/Wash (BD) and stained with a cocktail containing anti-TNFa eFlour 450
(clone Mabl1, ThermoFisher scientific), anti-IL-2 FITC (clone MQ1-17H12, BD), anti-
IFNy AF700 (clone B27, BD) and anti-grzB PE (clone GB11, ThermoFisher scientific),
all 1:40 in FACS buffer for 30 min at 4 °C in the dark. Finally, cells were washed 3 times
with 200 pl FACS buffer and analyzed on a CytoFlexS.
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4.2.6.6 Staining for T-cell subset analysis

The subsets of CD8* T cells were defined employing the markers CD45R0O, CD45RA,
CCRY7 and CD62L according to Golubovskaya and Wu (Golubovskaya and Wu, 2016).
Cells were cultured for 72 hours on HBsAg-coated plates in the presence of 3 nM
FabMADb or BiMADb in combination. After harvest, cells were washed once with 200 pl
FACS buffer and stained with CD3 AF700 (clone UCHTL, BD) 1:50, CD4 FITC (RPA-T4,
BD) 1:5, CD8 PB (clone SK1, BioLegend) 1:50, CD45RA APC (clone HI100, BioLegend)
1:20, CD45RO PE (clone UCHL1, BioLegend) 1:20, CCR7 BV650 (clone G043H?7,
BioLegend) 1:20, CD62L PE-Cy7 (clone DREG-56, BioLegend) 1:20 and near-infrared
live/dead (ThermoFisher scientific) 1:1000 in 50 pl FACS buffer for 30 min at 4 °C in the
dark. After 3 washing steps with 200 pl FACS buffer, cells were analyzed on a CytoFlexS.

4.2.7 HBV-infection and quantification of viral replication

4.2.7.1 Intracellular HBc-staining for flow cytometry

1,2x108 HepG2 NTCP K7 cells (Burwitz et al., 2017) per well were seeded in 6-well cell
culture plates (TPP) in a total volume of 2 ml. The next day, when cells reached a
confluency of ~90%, the medium was replaced by differentiation medium (DMEM
containing 2.5% DMSO). After differentiation for 2 days, medium was discarded and cells
were infected by addition of HBV (MOI of 0, 25, 50, 100, 250 and 500 HBV virions/cell)
mixed with differentiation medium supplied with 4% polyethylene glycol (PEG) in a total
volume of 1 ml. 24 hours after infection, medium was discarded, followed by 2 washing
steps with 2 ml PBS. Fresh differentiation medium was added and cells were cultured
for 8 days. The cells were washed once with PBS and incubated with 1 ml of a 1:1
mixture of trypsin and Versene solution (0.02%, both ThermoFisher Scientific) for
30 min at 37 °C. After trypsin inactivation by addition of 2 ml DMEM full medium, cells
were passed through a 100 uM cell strainer (Falcon) to generate a single cell
suspension. The cells were transferred to a 96-well V-bottom plate (Bottger) and washed
once with FACS buffer. From now on, all incubation steps were performed at 4 °C in the
dark. Cells were stained with fixable viability dye eFlour 780 (ebioscience) diluted 1:5000
in 50 ul FACS buffer for 30 minutes. After 3 washing steps with FACS buffer, the
permeabilization of cells was achieved by treatment with 100 ul permeabilization solution
(FoxP3 Staining kit, eBioscience) for 1 hour. Next, the cells were washed twice with
permeabilization buffer (FoxP3 Staining kit, eBioscience) and stained with a rabbit anti-
HBc antibody diluted 1:2000 in 50 pl permeabilization buffer for 30 minutes. After three
washing steps with permeabilization buffer, the cells were stained with a F(ab’), Donkey
anti-rabbit IgG PE (555416, BD) diluted 1:10 in 50 pl permeabilization buffer for 30 min.
Finally, cells were washed 3 times with permeabilization buffer and resuspended in 200
pl FACS buffer. Analysis was performed employing a CytoFlexS.

4.2.7.2 Co-culture with infected HepG2 NTCP cells

Co-cultures with infected hepG2 NTCP K7 cells were performed in 24-well cell culture
plates (TPP). 2x10° cells were seeded in in a total volume of 500 ul and cultured until
they reached a confluency of ~90%. The medium was replaced by differentiation medium
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and cells were cultured for 2 days. Cells were infected by addition of HBV (MOI of 0, 25,
50, 100, 250 and 500 HBYV virions/cell) mixed with differentiation medium supplied with
4% PEG in a total volume of 250 pul. 24 hours after infection, cells were washed twice
with 1 ml PBS and cultured for 8 days in differentiation medium. 2 days prior to the start
of co-culture the medium was exchanged. The co-culture started 10 days after infection.
The supernatant was collected and 5x10° freshly isolated PBMC were added in 250 pl
RPMI1640 full medium and mixed with 250 pl DMEM full medium containing 10, 1 or
0.1 nM of the bsAbs or tsAb. The co-culture was supplied with 1% DMSO to prevent the
de-differentiation of HepG2 NTCP cells. Every 2 days, the culture was supplied with 1 ml
fresh medium containing bsAbs or tsAb. The co-culture was maintained for 10 days and
supernatants were stored at -20 °C for simultaneous analysis. To analyze the cell
viability, a cell titer blue assay (Promega) was performed according to the manufacturer’s
protocol at the end of the experiment. To quantify viral DNAs, cellular DNA was extracted
employing a NucleoSpin® tissue kit (Macherey-Nagel) according to the provided
protocol. For viability measurements in the XCELLigence device cells were infected in
the 6-well format as described in 4.2.7.1. The infected cells were trypsinized 7 days post
infection and 4x10° cells per well were seeded in a 96-well E-plate. After 24 hours, co-
cultures were performed as described in 4.2.6.1. To prevent the de-differentiation of
HepG2 NTCP cells, co-cultures were additionally supplied with 1% DMSO.

4.2.7.3 Quantification of viral replication

Quantification of the viral parameters HBsAg, HBeAg, intracellular HBV-DNA, and
cccDNA allowed the assessment of the antibody-mediated antiviral effect of redirected
T cells on the HBV-infected HepG2 NTCP K7 cells. HBeAg and HBsAg levels in the
supernatant of co-cultures were determined using the HBeAg BEP Il test (DiaSorin,
Saluggia, ltaly) and Architect® (Abbott Laboratories), respectively. Intracellular HBV-
and cccDNA levels were analyzed by quantitative real time PCR. DNA from 24-well
plates was extracted employing a NucleoSpin® tissue kit (Macherey-Nagel) according
to manufacturer’'s protocol. Specific detection of cccDNA was ensured by T5
exonuclease digestion (New England Biolabs) according to the manufacturers protocol
prior to PCR (Xia et al., 2016). To ensure specific detection of cccDNA (Xia et al., 2016),
isolated DNA was subjected to T5 exonuclease digestion (New England Biolabs).
Therefore, 8.5 pl of extracted DNA were mixed with 0.5 pl T5 exonuclease and 1 pl of
NEB buffer. The digestion was incubated for 30 minutes at 37 °C following heat
inactivation for 5 minutes at 99 °C. Digested samples were diluted 1:4 with H,O and
employed in qPCRs (Xia et al., 2017). PRNP was used as reference gene. Reactions
were performed in FrameStar® 96 Well Semi-Skirted PCR plates (4Titude). One reaction
contained 4 pl extracted DNA or T5-digested DNA, 0.5 pl forward and reverse primer
(20 uM) and 5 pl LightCycler 480 SYBR Green | Master mix (Roche). Used primers were
cccDNA 92- and cccDNA 2251 for cccDNA, HBV1745 and HBV1844 for intracellular
HBV-DNA, and PRNP fwd and PRNP rev for PRNP. For detailed information about
primer sequences see 4.1.4. (Xia et al., 2017) Measurements were performed on a
LightCycler 480 (Roche Diagnostics) with the following gPCR programs.
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qPCR conditions of cccDNA

Ramp Acquisition
T[°C] t [sec] [°C/sec] 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
gPCR conditions of rcDNA and PRNP
Ramp Acquisition
T[°C] t [sec] [°C/sec] 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

4.2.8 Determination of half-life in C57BL/6J mice

The pharmacokinetics of bsAbs in vivo were analysed employing C57BL/6 mice. Animals
were injected with 50 pg of BiIMAbaCD3 and FabMAbaCD28 in 200 pl PBS. Control mice
were injected with PBS only. 3 animals each were injected intravenously (i.v.),
intraperitoneally (i.p.), or subcutaneously (s.c.) and serum was collected after 1, 6, 12,
24,48 and 72 hours. For the quantification of FabMAbs, an HBsAg ELISA was performed
as described in 4.2.5.1. Different serum dilutions (1:20-1:160) were added and incubated
for 1.5 hours at RT. As standard, a dilution series of FabMAbs (10, 5, 2.5, 1.25, 0.625,
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0.3125, 0.1 and 0.05 pg/ml) was employed. FabMAbs were detected by goat anti-human
Fab HRP diluted 1:1000 (Sigma). BiMADb levels in the serum were quantified by
Architect®.

4.2.9 Statistics

All statistical analysis was performed with Prism 5.01.336 (Graphpad). ECso was
calculated using non-linear regression log(agonist) vs. response variable slope with a
robust fit. 1Csp was calculated with non-linear regression log(inhibitor) vs. response
variable slope with a robust fit.
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