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Abstract

Formaldehyde-fixed, paraffin-embedded (FFPE) cell and tissue samples are of great importance

for immunohistochemical studies of histological specimens. However, antibodies for FFPE samples

pose a challenge to antibody discovery as current immunization strategies rely predominantly on

soluble proteins that cannot adequately reflect the changes in target antigens during the FFPE

process. Enveloped virus-like particles (VLPs) allow for the presentation of membrane-anchored

target antigens on the VLP surface and elicit a strong target antigen-specific antibody response

after immunization. This proof-of-concept study presents a novel FFPE-like fixation methodology

for VLP preparation aiming at the generation of FFPE-compatible monoclonal antibodies (mAbs).

Human 293-F-derived VLP-producing suspension cell pools were established to produce human

immunodeficiency virus (HIV)-like particles decorated with the truncated human low affinity

nerve growth factor receptor (trNGFR) as model antigen. The trNGFR antigen was efficiently

incorporated into VLPs with an average of 284 ± 24 trNGFR molecules per VLP. To develop a

fixation protocol applicable to VLPs, trNGFR-expressing cells were subjected to a variety of

fixation treatments. Changes in epitopes introduced by fixation were monitored using two mAbs

recognizing either an epitope present in native NGFR or an epitope present in native and FFPE

NGFR. The novel simplified fixation procedure consisted of only formaldehyde and 90 °C heat

fixation (FF90). Transmission electron microscopic and dynamic light scattering analysis of FF90

VLPs revealed that the fixed VLPs withstood the FF90 treatment and showed no morphological

changes, allowing for the FF90 trNGFR-VLPs to be used to immunize mice for hybridoma cell

generation.

Hybridoma clones were screened for mAbs specifically recognizing native, FF90 and FFPE

trNGFR-expressing cells in a flow cytometric assay. The isolated hybridoma mAbs did not

recognize native epitopes but were reactive with FF90 and FFPE epitopes. The use of FF90-

trNGFR VLPs for immunization led to the discovery of nine FFPE-NGFR-specific mAbs. This proof-

of-concept study demonstrated that FF90-treated VLPs decorated with a membrane-anchored

target antigen are suitable antigens to preferentially generate FFPE-compatible mAbs. The FF90-

VLP platform should be useful for the future discovery of specific mAbs directed against a variety

of FFPE cell surface antigens.

Keywords: virus-like particle, VLP, antibody discovery, formalin-fixed paraffin-embedded, FFPE,

hybridoma, antigen display
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Kurzfassung

Formaldehyd-fixierte, Paraffin-eingebettete (FFPE) Zell- und Gewebeproben sind für die immun-

histochemische Untersuchung histologischer Präparate von großer Bedeutung. Die Entwicklung

neuer Antikörper für FFPE-Proben stellt jedoch eine Herausforderung dar. Die gegenwärtigen

Immunisierungsstrategien basieren hauptsächlich auf löslichen Proteinen, die die Veränderungen

der Zielantigene während des FFPE-Prozesses jedoch nur ungenügend abbilden können. Umhüllte

virusartige Partikel (VLPs) ermöglichen die Präsentation von membranverankerten Zielantigenen

auf der VLP-Oberfläche und rufen nach Immunisierung eine starke zielantigenspezifische Anti-

körperreaktion hervor. In der vorliegenden Arbeit wird eine neuartige FFPE-ähnliche Fixierungs-

methode für VLP-basierte Antigene zur Generierung von FFPE-kompatiblen monoklonalen Anti-

körpern (mAb) vorgestellt.

Von humanen 293-F-abgeleitete, VLP-produzierende Suspensionszellen wurden hergestellt, um

humane Immundefizienz-Virus (HIV)-basierte VLPs zu produzieren, die mit dem Modellantigen

trunkierter humaner Nervenwachstumsfaktor-Rezeptor (trNGFR) dekoriert waren. Die VLPs

präsentierten durchschnittlich 284 ± 24 trNGFR-Moleküle pro VLP. Zur Entwicklung eines verein-

fachten Fixierungsprotokolls wurden trNGFR-exprimierende Zellen verschiedenen Fixierungsbe-

handlungen unterzogen. Die durch die Fixierung hervorgerufenen Veränderungen an trNGFR

wurden mit zwei mAbs überwacht, von denen einer spezifisch für ein natives Epitop ist und der

andere ein Epitop erkennt, das sowohl im nativen als auch FFPE-Antigen vorkommt. Das neue

vereinfachte Fixierungsprotokoll besteht lediglich aus Formaldehydfixierung mit anschließender

90 °C-Hitzefixierung (FF90). Elektronenmikroskopische und dynamische Lichtstreuungsanalysen

der VLPs zeigten, dass die VLPs gegenüber der FF90-Behandlung stabil waren und keine morpho-

logischen Veränderungen aufwiesen, so dass die FF90-trNGFR-VLPs zur Immunisierung von

Mäusen zur Generierung von Hybridomzellen verwendet werden konnten.

Die Hybridom-Klone wurden in einem durchflusszytometrischen Verfahren auf mAbs untersucht,

die spezifisch native, FF90- und FFPE-trNGFR-exprimierende Zellen erkennen. Die untersuchten

Hybridom-mAbs erkannten keine nativen Epitope, waren aber reaktiv gegenüber FF90- und FFPE-

Epitopen. Die Verwendung von FF90-trNGFR-VLPs zur Immunisierung führte zur Entdeckung

von neun FFPE-NGFR-spezifischen mAbs. Dieser Konzeptnachweis hat gezeigt, dass FF90-

behandelte VLPs, die mit einem membranverankerten Zielantigen dekoriert sind, geeignet sind, um

FFPE-kompatible mAbs zu erzeugen. Die FF90-VLP-Plattform sollte für die zukünftige Entwicklung

von spezifischen mAbs gegen eine Vielzahl von FFPE-Zelloberflächenantigenen nützlich sein.

Schlagwörter: virusartige Partikel, VLP, Antikörperentwicklung, formalin-fixiert paraffin-eingebettet,

FFPE, Hybridoma, Antigenpräsentation

iv



Table of Contents

Abstract iii

Kurzfassung iv

Table of Contents v

List of Abbreviations viii

1. Introduction and Aim 1

2. Theoretical Background 4

2.1. Antibody discovery technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1. In vitro display technologies . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.2. Immunization-dependent mAb discovery . . . . . . . . . . . . . . . . . . . 6

2.2. Basics of adaptive immune responses . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3. Antigen formats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1. Soluble antigens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.2. Particulate antigens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4. Virus-like particles (VLPs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.1. Structure and morphology . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.2. Gag assembly and VLP formation . . . . . . . . . . . . . . . . . . . . . . 14

2.4.3. VLPs as immunogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3. Results 18

3.1. Establishment and characterization of VLP producer cell pools . . . . . . . . . . . 18

3.1.1. 293-F/Mos1.Gag/trNGFR, 293-F/Mos1.Gag and 293-F cells express NGFR 18

3.1.2. Recombinant trNGFR but not wild-type NGFR is incorporated into HIV-

derived VLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2. Development of a fixation protocol for antigen preparation . . . . . . . . . . . . . 22

3.2.1. Formaldehyde and heat fixation induces a loss of epitope recognition by the

"native" anti-NGFR mAb while maintaining recognition by the corresponding

FFPE-compatible mAb . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

v



Table of Contents

3.2.2. FF90 treatment induces the appearance of epitopes recognizable by FFPE-

compatible antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.3. FF90 VLPs maintain their integrity and morphology after formaldehyde and

heat fixation at 90 °C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3. Generation and screening of monoclonal antibodies . . . . . . . . . . . . . . . . 27

3.3.1. Screening strategy for antibodies . . . . . . . . . . . . . . . . . . . . . . . 27

3.3.2. FF90 trNGFR-VLP immunization elicits blood IgG antibodies that bind to

FF90 3T3/Gag/trNGFR cells . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.3. FF90 trNGFR-VLP immunization generates hybridoma antibodies that rec-

ognize FF90 3T3/Gag/trNGFR cells . . . . . . . . . . . . . . . . . . . . . 30

3.3.4. The majority of generated hybridoma antibodies is also specific for FFPE

3T3/Gag/trNGFR cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4. Discussion 36

5. Materials and Methods 42

5.1. Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.1.1. List of chemicals and consumables . . . . . . . . . . . . . . . . . . . . . . 42

5.1.2. List of antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.1.3. Equipment and software list . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.1.4. Compositions of buffers and solutions . . . . . . . . . . . . . . . . . . . . 48

5.2. Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.2.1. Design of the transposase expression vectors . . . . . . . . . . . . . . . . 49

5.2.2. Design of the transposon donor vectors . . . . . . . . . . . . . . . . . . . 51

5.3. Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.3.1. Cell lines, media and culture conditions . . . . . . . . . . . . . . . . . . . 52

5.3.2. Establishment of stable recombinant cells . . . . . . . . . . . . . . . . . . 53

5.3.3. VLP production, concentration and storage . . . . . . . . . . . . . . . . . 54

5.4. Fixation of cells and VLPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.4.1. Formaldehyde, ethanol and heat treatment of single cells . . . . . . . . . . 55

5.4.2. Formaldehyde-fixed paraffin-embedded single cell preparation . . . . . . . 55

5.4.3. Preparation of formaldehyde-fixed and 90 °C-fixed VLPs . . . . . . . . . . 56

5.5. Characterization of cells and VLPs . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.5.1. Flow cytometric analysis of cells . . . . . . . . . . . . . . . . . . . . . . . 56

5.5.2. Protein quantitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.5.3. VLP capture assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.5.4. Western blotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.5.5. Dynamic light scattering measurement . . . . . . . . . . . . . . . . . . . . 59

vi



Table of Contents

5.5.6. Transmission electron microscopic imaging . . . . . . . . . . . . . . . . . 59

5.5.7. Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.6. Generation and screening of antibodies . . . . . . . . . . . . . . . . . . . . . . . 60

5.6.1. Immunization of mice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.6.2. Generation of hybridoma cells . . . . . . . . . . . . . . . . . . . . . . . . 60

5.6.3. Flow cytometric screening . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6. References 63

List of Figures 81

List of Tables 83

Appendix 84

A. Supplementary data 85

A.1. Plasmid maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.2. NGFR staining of recombinant cells . . . . . . . . . . . . . . . . . . . . . . . 87

A.3. IgM antibodies in blood samples . . . . . . . . . . . . . . . . . . . . . . . . . 88

A.4. Results of positive hybridoma supernatants identified in the first screening . . 89

B. Standard lab protocols 99

B.1. SDS-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

B.2. Blotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

C. Acknowledgements 105

D. Curriculum vitae 106

E. List of publications 108

vii



List of Abbreviations

APCy allophycocyanin

APC antigen-presenting cell

BCR B cell receptor

BSA bovine serum albumin

CA capsid

CD cluster of differentiation

CDS coding sequence

CFSN cell-free supernatant

DC dendritic cell

DLS dynamic light scattering

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent

assay

ESCRT endosomal sorting complexes

required for transport

Fab antigen-binding fragment

FBS fetal bovine serum

FDC follicular dendritic cell

FF90 formaldehyde- and 90 °C-fixed

FFPE formaldehyde-fixed

paraffin-embedded

FITC fluorescein isothiocyanate

FSC-A forward scatter area

Gag group-specific antigen

HAT hypoxanthine-aminopterin-

thymidine

HIV human immunodeficiency virus

HRP horseradish peroxidase

hyPBase hyperactive piggyBac

transposase

IHC immunohistochemistry

Ig immunoglobulin

IN integrase

IVS synthetic intron

IRES internal ribosomal entry site

MA matrix

mAb monoclonal antibody

MCS multiple cloning site

MFI mean fluorescent intensity

MHC major histocompatibility complex

Mos1.Gag mosaic Gag

NGFR nerve growth factor receptor

viii



NC nucleocapsid

p55-Gag Gag precursor polyprotein

PB piggyBac

PBMCs peripheral blood mononuclear

cells

PCR polymerase chain reaction

PdI polydispersity index

PE phycoerythrin

PEI polyethylenimine

PI(4,5)P2 phosphatidylinositol-(4,5)-

bisphosphate

PR viral protease

PRR pattern recognition receptor

PVDF polyvinylidene fluoride

RRID research resource identifier

RT reverse transcripase

PAMP pathogen-associated molecular

pattern

SB Sleeping Beauty

scFv single chain variable fragment

SDS-PAGE sodium dodecyl

sulphate-polyacrylamide gel

electrophoresis

SI stain index

SOP standard operating procedure

SSC-A side scatter area

TCR T cell receptor

TEM transmission electron microscopy

TLR toll-like receptor

trNGFR truncated human low affinity

nerve growth factor receptor

TIR terminal inverted repeat

VCD viable cell density

VLP virus-like particle

WPRE woodchuck hepatitis virus post

transcriptional element

ix



1. Introduction and Aim

For decades, antibodies represent the leading protein class of biopharmaceuticals [Walsh 2018;

Walsh and Walsh 2022] and are important reagents in many fields of science and medicine.

Their ability to specifically bind to a wide range of biomolecules renders them invaluable tools for

therapeutic, diagnostic and research purposes. For most diagnostic and therapeutic applications

monoclonal antibodies (mAbs) that recognize a specific epitope present on a single antigen are

preferred to polyclonal antibodies consisting of a heterogeneous mixture of undefined mAbs.

Diagnostic mAbs are used for the specific detection and quantitation of target antigens in, for

example, immunoassays, flow cytometry and immunohistochemical (IHC) examinations of histo-

logical specimens such as tumor biopsies [Gao et al. 2018]. These specimens are often preserved

as formaldehyde-fixed paraffin-embedded (FFPE) tissues in paraffin blocks and represent an

enormous source of material for research studies [Gaffney et al. 2018; Tucker et al. 2019]. How-

ever, many mAbs are designed for living cells and native conditions and therefore may not work in

applications involving FFPE antigens as recently demonstrated [Haverkamp et al. 2019]. Thera-

peutic mAbs specific for the native Middle East Respiratory Syndrome coronavirus spike protein

were examined for their ability to recognize their respective antigen in FFPE tissue samples. Of the

eight mAbs tested, only three mAbs bound specifically to FFPE-treated spike proteins [Haverkamp

et al. 2019].

Tissues and samples subjected to the FFPE process are first fixed using formaldehyde solution,

followed by a step-wise dehydration in alcohol solutions, clearing in xylene and embedding in

paraffin wax. The FFPE procedure leads to chemical modifications of amino acids introduced by

formaldehyde, cross-linking of proteins and formation of protein aggregates [Werner et al. 2000;

Thavarajah et al. 2012]. These modifications result in the generation of new epitopes and the

masking of pre-existing epitopes so that many antibodies instrumental in the staining of native

tissues lose their ability to recognize their epitope in FFPE tissues. Therefore, there is a great

need to develop FFPE-compatible mAbs.

Commonly used strategies to generate FFPE-compatible murine mAbs for diagnostic and research

applications are based on immunization of mice using denatured soluble proteins and subsequent

hybridoma generation [Wang et al. 2005; O’Shannessy et al. 2011; Hatano et al. 2014; Hatano

1



1. Introduction and Aim

et al. 2019; Kurokawa and Yamamoto 2022; Suzuki et al. 2023]. Although several suitable mAbs

have been identified using this approach, the use of soluble antigens requires many immunizations

and often extensive screening. The formulation of soluble antigens poses particular challenges

for weak immunogens and complex membrane-anchored surface antigens [Dodd et al. 2018].

The latter can only be solubilized by deletion or truncation of the hydrophobic domains frequently

mutilating the structure of the antigen. Enveloped virus-like particles (VLPs) offer an attractive

solution as they facilitate the incorporation of conformationally authentic cell surface antigens into

the VLP membrane. Furthermore, VLPs are known to be highly immunogenic and effective in

eliciting an antibody response against the displayed target antigen [Deml et al. 2005; Nooraei et al.

2021; Gonelli et al. 2021]. Consequently, VLPs presenting cell surface antigens at high densities

and subjected to FFPE-like fixation prior to immunization could be instrumental in the generation

of FFPE-compatible mAbs using hybridoma technology.

This thesis aimed at the development of a novel FFPE-like VLP-based cell surface antigen delivery

system to discover FFPE-compatible mAbs in a proof of concept study. To achieve this, the

following objectives were pursued:

1. For the production of human immunodeficiency virus (HIV)-derived VLPs decorated with the

model target antigen truncated human low affinity nerve growth factor receptor (trNGFR),

recombinant 293-F VLP producer suspension cells were established using transposon

vector-mediated gene transfer of HIV-1 group-specific antigen (Gag)- and trNGFR-encoding

donor vectors. The generated cell pools were analyzed for VLP formation and trNGFR

expression using flow cytometry as well as Gag- and NGFR-specific enzyme-linked im-

munosorbent assays (ELISAs). In addition, trNGFR incorporation into VLPs was assessed

employing a VLP capture assay.

2. As the preparation of FFPE-fixed VLPs is very challenging and paraffin embedding and

subsequent extraction of VLPs is not possible, a simplified fixation methodology for FFPE-like

antigen preparation had to be developed. For this purpose, different treatments mimicking

steps of the FFPE procedure were assessed using 293-F cells expressing trNGFR and two

mAbs recognizing either the native target antigen or both, the native and FFPE antigen.

The effect of the tested fixation protocols on mAb reactivity was monitored using flow

cytometric analysis of the fixed cells. The identified novel fixation protocol was further

evaluated for additional antigens present on peripheral blood mononuclear cells (PBMCs).

To investigate the effect of the fixation treatment on VLP morphology and integrity, native and

fixed VLP preparations were compared using dynamic light scattering (DLS) measurement

and transmission electron microscopy (TEM).

2



1. Introduction and Aim

3. The suitability of formaldehyde- and 90 °C-fixed (FF90) trNGFR-VLP antigens for the

generation of FFPE-compatible mAbs was assessed by immunization of mice with three

and four doses of FF90 trNGFR-VLPs, respectively. The antibody response in blood plasma

was analyzed for native and FF90-reactive immunoglobulin (Ig)G and IgM antibodies before

hybridoma cells were generated. The hybridoma clones were screened for mAbs specifically

recognizing native, FF90 and FFPE trNGFR-expressing screening cells employing flow

cytometry.

3



2. Theoretical Background

2.1. Antibody discovery technologies

Basically, two main strategies to mAb discovery can be distinguished: a) immunization-independent

in vitro technologies relying on the generation of antibody display libraries and b) immunization-

dependent in vivo technologies based on the isolation of animal- or human-derived B cells

(Figure 2.1). Immunization-dependent strategies can be further separated into the single B cell

technology and the traditional hybridoma technology.

2.1.1. In vitro display technologies

Display technologies allow for the construction of very large libraries in which various antibodies or

fragments thereof are displayed on cell- or virus-derived particles and screened for reactivity to a

specific antigen. Phage libraries arose as the first platform in the early 1990s displaying antibody

fragments [McCafferty et al. 1990; Breitling et al. 1991; Barbas et al. 1991]. Antibody display

libraries are classified as universal or immune libraries [Valldorf et al. 2022]. Universal libraries

consist of either antibody fragment coding sequences (CDSs) derived from natural sources repre-

senting animal or human antibody repertoires (naïve libraries), in silico constructed sequences

(synthetic libraries) or a combination of both (semi-synthetic libraries), whereas immune libraries

are generated from pre-immunized animals or humans after antigen exposure [Nagano and Tsut-

sumi 2021]. Universal libraries offer an enormous diversity resulting from the shuffling of heavy

and light chains derived from separate parental mAbs, and thus include heavy and light chain

pairs that form antibodies directed against self-antigens and antigens that are highly toxic or of

low immunogenicity. Immune libraries on the other hand benefit from the in vivo affinity maturation

of the antigen-specific antibodies before library generation, but are restricted to the isolation of

antigen-binding molecules targeted to a single antigen.

Depending on the choice of the display platform, different library sizes are available. For example,

phage display enables library sizes of up to 1012 unique clones, mammalian and yeast display of

up to 109 and ribosome display of even up to 1015 unique clones [Valldorf et al. 2022]. Besides

the supported library size, the platforms may foster different antibody formats (Figure 2.2). Mam-

malian display platforms can be used to present complete Ig molecules including post-translational

4
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Figure 2.1. Overview on different monoclonal antibody (mAb) discovery technologies. Immunization-
independent strategies are based on antibody library screens, whereas immunization-dependent
strategies rely on isolated B cells after immunization with the target antigen. Adapted from [Laustsen
et al. 2021] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/); „Monoclonal Antibodies Pro-
duction“ and „Blank Panels (Layout 4x1) 2“ by BioRender.com (2023) [Biorender.com 2023].

modifications, whereas phage display platforms usually display only antibody fragments such

as single chain variable fragments (scFvs) and antigen-binding fragments (Fabs). Each clone

harbors the CDS of the antibody (fragment) that is displayed on its surface (genotype-phenotype

coupling). Suitable antigen-specific antibodies are selected from the library by in vitro panning.

Panning consists of iterative cycles of incubation of the display library with the (immobilized)

antigen, removal of unbound individuals and amplification of antigen-specific candidates resulting

in a smaller sublibrary of enriched antigen-specific binders ready for the next cycle. The genotype-

phenotype coupling of the display platforms facilitates the easy recovery of cognate CDSs, and

thus the recombinant production of soluble mAbs or antibody fragments for further characterization.

In contrast to immunization-depended strategies, in vitro display libraries are rapidly screened

for suitable antibodies and universal libraries are commercially available. A drawback of display

platforms is the random pairing of the variable heavy and light chains that may lead to undesirable

properties such as reduced stability and aggregation [Lehmann et al. 2015; Ma et al. 2020].

5



2. Theoretical Background

Figure 2.2. Schematic illustration of antibody formats. (A) Immunoglobulin G (IgG) structure. (B) The
antigen-binding fragment (Fab) consists of the Fab region of an immunoglobulin. (C) The single chain
variable fragment (scFv) is a fusion protein consisting of the variable region of an immunoglobulin
connected by a linker peptide. Abbreviations: VH/L = variable domain of the heavy/light chain; CH/L

= constant domain of the heavy/light chain; Fc = fragment crystallizable region. Adapted from
„Immunoglobulin G (IgG) Structure“ by BioRender.com (2023) [Biorender.com 2023].

In addition, the lack of affinity maturation of antibodies may result in antibodies with a lower

binding affinity to their cognate antigen compared to antibodies discovered utilizing immunization-

dependent technologies [Sorouri et al. 2014]. However, in vitro affinity maturation strategies for

phage and yeast display employing mutagenesis techniques exist and were successfully used to

generate high affinity antibodies [Gram et al. 1992; McConnell et al. 2012; Wellner et al. 2021].

2.1.2. Immunization-dependent mAb discovery

The in vivo approach to antibody discovery is based on the isolation of animal- or human-derived

B cells after exposure of the individual to the target antigen. Basically, the technology can be

separated into antibodies produced by hybridoma cell generation and antibodies recloned directly

from either immortalized B cells (for example by Epstein-Barr virus infection) or from primary

B cells (Figure 2.1).

Köhler and Milstein established the first expression system for the production of mAbs named

hybridoma technology in 1975 [Köhler and Milstein 1975]. The generation of hybridoma cells

can be summarized in five steps: (1) Development and generation of the immunogenic antigen

(Chapter 2.3), (2) immunization of the host, (3) isolation of antibody-producing B cells and fusion

to myeloma cells, (4) screening and selection of hybridoma cells producing antigen-specific anti-

6



2. Theoretical Background

bodies, and (5) amplification of hybridoma cells and purification of mAbs [Zaroff and Tan 2019].

Immunization of the host animal, usually mice, is conducted over a duration of several weeks using

repetitive injections of the antigen. The initial priming of the host’s immune system does usually

result in an increase in antigen-specific B cells. A second injection of the antigen called boost

increases antibody levels and additional boosts yield antibodies with high affinity to the antigen

[Greenfield 2022].

For hybridoma preparation, short-lived antibody-producing B cells are isolated from the lymphoid

organs, such as the spleen, and fused with immortalized myeloma cells to generate immortal

antibody-producing hybridoma cells. Fusion of the two cell types is mediated by polyethylene

glycol or pulsed electric fields [Karsten et al. 1985; Wu et al. 2022]. Murine myeloma cells such

as the Sp2/0-Ag14 cell line are capable of producing Igs but do not produce Igs by themselves

and the cells are sensitive to hypoxanthine-aminopterin-thymidine (HAT) selection [Shulman et al.

1978]. The HAT medium is used to select for hybridomas from a mixture of unfused cells. The

enzyme inhibitor aminopterin blocks nucleotide synthesis and cells not capable of synthesizing

nucleotides using hypoxanthine die. In contrast to B cells, myeloma cells lack the hgprt gene

required for the salvage pathway for nucleotide synthesis [Parray et al. 2020]. Unfused B cells are

short-lived and die during the HAT selection process. The surviving hybridoma cell clones are

subsequently screened to select for cell clones producing antigen-specific antibodies. Positive

clones are further expanded and used for the production of murine mAbs. The whole hybridoma

protocol takes approximately 4 to 6 months [Pedrioli and Oxenius 2021].

Although an old method, hybridoma technology is still a useful and preferred method, especially for

generating murine mAbs for analytic applications [Zaroff and Tan 2019; Parray et al. 2020]. Over

the years, other species than mice were used to generate hybridoma cells. Rabbits and chicken,

for example, were instrumental in the generation of mAbs against human epitopes that are not

immunogenic in mice [Lillehoj et al. 1994; Spieker-Polet et al. 1995; Rief et al. 1998]. However,

the success of these non-murine hybridoma cells was limited due to the unavailability of suitable

fusion partners for B cells and insufficient stability of the generated hybridoma cells [Parray et al.

2020]. Consequently, single B cell strategies were increasingly employed for the generation of

mAbs from these species.

Single B cell technologies avoid the generation of hybridoma cells or immortalization of B cells.

Antigen-specific B cells are isolated either from PBMCs of human or animal donors or from the

spleen of experimental animals followed by molecular cloning of the Ig variable region cDNAs

and recombinant production of mAbs [Babcook et al. 1996]. Multi-parameter cell sorting relies

on the specific interaction of membrane-bound Igs, the B cell receptors (BCRs), with the cognate
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fluorescent dye-labeled antigen and additional fluorescent antibodies, e.g. for memory B cell

labeling [Perry et al. 2019]. Sorted single B cells are either directly subjected to cell lysis, mRNA

isolation and reverse transcription polymerase chain reaction (PCR) to obtain the Ig variable

region cDNAs or cultivated in single cell cultures to further analyze secreted mAbs before reverse

transcription PCR is performed [Pedrioli and Oxenius 2021]. Starkie and colleagues isolated

antigen-specific IgG+ memory B cells originating from murine spleen and rabbit PBMCs using

multi-parameter cell sorting [Starkie et al. 2016]. The authors generated cDNA PCR products and

transfected them directly into HEK-293 cells for transient expression of mAbs specific for their

cognate antigen [Starkie et al. 2016]. The entire procedure took only one week. Other single

B cell technologies rely on the screening of secreted mAbs utilizing microfluidic systems and other

miniaturized devices [Pedrioli and Oxenius 2021; Gaa et al. 2021].

In summary, immunization-dependent technologies benefit from in vivo antibody generation and

affinity maturation resulting in antibodies with high affinities for the target antigen. In addition and

in contrast to in vitro display libraries, hybridoma as well as single B cell technologies maintain the

natural pairing of the variable heavy and light chain domains of the Igs.

2.2. Basics of adaptive immune responses

For the elicitation of antigen-specific antibodies as part of the adaptive immune response to a

foreign antigen, antigen presentation as well as B and T cell activation is required (Figure 2.3).

Dendritic cells (DCs), macrophages and B cells are considered professional antigen-presenting

cells (APCs) and internalize particulate and soluble antigens efficiently through macropinocytosis,

phagocytosis and endocytosis [Roche and Furuta 2015]. Receptors involved in phago- and

endocytosis include pattern recognition receptors (PRRs), complement and Fc receptors as well

as the antigen-specific BCRs. PRRs such as toll-like receptors (TLRs) and scavenger receptors

bind to pathogen-associated molecular patterns (PAMPs), Fc receptors interact with immune

complexes consisting of antibody-labeled antigens, whereas complement receptors recognize

antigens opsonized with complement factors.

After internalization, antigens are delivered to endo-lysosomal compartments, in which proteases,

e.g. of the cathepsin family, process the antigens into peptides [Hsing and Rudensky 2005]. The

peptide fragments of the processed antigens are loaded onto major histocompatibility complex

(MHC) class II molecules, transported to the cell surface of APCs and displayed as MHC-II-peptide

complexes. Among APCs, DCs are the most efficient activators of T cells [Kleindienst and

Brocker 2005; Jong et al. 2006]. Upon antigen uptake and processing, immature DCs develop into
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Figure 2.3. Illustration of the key steps involved in the elicitation of antigen-specific antibodies.
(a) Antigens are recognized through cell surface receptors such as pattern recognition (PRRs) and B
cell receptors (BCRs). The antigen is processed into antigenic peptide fragments, which are loaded
onto major histocompatibility complex (MHC) class II molecules and displayed as MHC-II-peptide
complexes. (b) Mature dendritic cells activate CD4+ T cells expressing the T cell receptor (TCR)
specific for the MHC-II-displayed antigenic peptide. Activated CD4+ T cells proliferate and differentiate
into CD4+ T effector cells. (c) Antigen-activated B cells present antigen-derived peptides to CD4+

T effector cells. The interaction between B and T cells is essential for clonal expansion, proliferation
and differentiation of antigen-specific B cells. (d) Upon T cell stimulation, B cells proliferate generating
B cell clones and differentiate into memory B cells and antibody-producing plasma cells. Some
B cell clones undergo somatic hypermutation of the bcr genes resulting in B cell subclones with
different affinities for their target antigen. (e) Antigen persistance on follicular dendritic cells (FDCs) as
immune complexes enables the selection of B cell subclones with high antigen affinity. B cells acquire
membrane-tethered antigen from FDCs and present the antigenic peptides to T cells entering a new
cycle of clonal expansion. This process is called affinity maturation. Created with Biorender.com.
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mature DCs and migrate into secondary lymphoid organs, that is lymph nodes and the spleen,

to present antigenic peptides to T cells. Naïve cluster of differentiation (CD)4+ T cells recognize

the MHC-II-peptide complex through antigen-specific T cell receptor (TCR) interaction. After

activation, the antigen-specific CD4+ T cells proliferate (clonal expansion), differentiate into CD4+

T effector cells and migrate towards B cell-rich regions.

In contrast to the TCR that exclusively recognizes antigenic peptides loaded onto MHC-II mole-

cules, the BCR binds to unprocessed antigens enabling the BCR to recognize complex structural

epitopes. Naïve B cells encounter their cognate antigen in the follicles of lymphoid organs. Antigens

smaller than 200 nm can travel as free antigens through lymphatic vessels, whereas larger antigens

are transported in a cell-dependent manner [Ikomi et al. 1999; Sixt et al. 2005; Manolova et al.

2008; Bachmann and Jennings 2010]. DCs, macrophages and follicular dendritic cells (FDCs)

can display membrane-tethered unprocessed antigens for B cell presentation [Carrasco and

Batista 2007; Heath et al. 2019]. FDCs are pivotal for affinity maturation. The non-phagocytic

FDCs are located in the germinal center of B cell follicles and retain unprocessed antigens in the

form of immune complexes [Qin et al. 2000]. Following BCR-mediated antigen recognition and

uptake, the antigen is processed into peptides and presented at the B cell surface as a MHC-II-

peptide complex. Upon antigen-specific interaction with CD4+ T effector cells, the activated B cell

proliferates (clonal expansion) and differentiates into memory B cells and antibody-producing

plasma cells. In addition, the cooperation between T effector cells and B cells enables antibody-

producing cells to switch the Ig class, for example from IgM to IgG, as well as to enter the affinity

maturation process. Somatic hypermutation of the bcr genes results in B cell subclones expressing

BCRs with modified antigen-binding variable regions, and thus different affinities for the antigen.

High affinity B cells can acquire antigens from FDCs, process and present the antigens to T

effector cells that convey survival and proliferation signals to the B cell subclone and thereby

selecting for high affinity antibodies [Batista et al. 2001; Wang et al. 2011; Abd El-Aleem et al.

2022].

2.3. Antigen formats

The choice of the antigen format for immunization is crucial for the successful development of novel

mAbs and is often neglected during antibody discovery [Ebersbach and Geisse 2012]. Folding

and structure of the antigen during immunization and screening should as closely as possible

resemble the target antigen structure occurring in the application which the mAb is developed for.
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2.3.1. Soluble antigens

Soluble proteins are commonly used as immunogens for the development of therapeutic as well

as analytic mAbs. Soluble antigens comprise purified protein preparations and short synthetic

peptides. Synthetic peptides are usually 8 to 20 amino acids long and can be synthesized in

high purity [Trier et al. 2012]. The selection of the right amino acid sequence of the peptide is

fundamental in antibody development. The secondary structures of the synthetic peptide as well

as the accessibility and location of the sequence within the protein are important factors in isolating

mAbs that recognize the complete antigen [Trier et al. 2012; Ramos-Vara and Miller 2014]. Peptide

antigens can be used to direct the immune response to a specific epitope, but due to the short

amino acid sequence it can be challenging to isolate mAbs that recognize structural epitopes

[Dodd et al. 2018]. In addition, peptides by themselves often show poor immunogenicity and

require the use of carrier proteins such as keyhole limpet hemocyanin and adjuvants to induce an

immune response [Trier et al. 2012].

Fusion proteins, full-length proteins and polypeptide chains are produced in suitable prokaryotic

and eukaryotic host cells or derived from cell or tissue lysates. In contrast to synthetic peptides,

these proteins can fold in three-dimensional structures and include post-translational modifica-

tions. However, soluble antigens may not be suitable immunogens when the target antigen is

a membrane protein. Removing the hydrophobic transmembrane region and using the purified,

soluble extracellular domain may work for some membrane proteins, but this approach might not

be suitable for membrane proteins that form complex three-dimensional structures and consist of

several transmembrane regions [Dodd et al. 2018]. In addition, soluble antigens often require adju-

vants such as aluminium salts, Freund’s adjuvant or PRR agonists to efficiently stimulate immune

responses [Burakova et al. 2018; Lee and Suresh 2022]. Moreover, some adjuvants such as alu-

minium salts and antigen formulations may negatively affect the structure and conformation of the

antigen [Fox et al. 2013; Barinova et al. 2017]. In some cases, the weak immunogenicity of soluble

antigens can be improved using particle-based formulations for antigen delivery [Bezbaruah et al.

2022].

2.3.2. Particulate antigens

Insoluble or particulate antigens include bacteria, viruses, whole cells but also nanoparticles such

as liposomes, lipid nanoparticles and VLPs. Particulate antigens are usually better immunogens

than soluble proteins. The similar dimensions of particulate antigens to pathogens as well as the

often hydrophobic, charged and receptor-interacting surface structures facilitate antigen uptake,

processing and presentation by APCs [Bachmann and Jennings 2010].
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For the discovery of mAbs directed against cell-surface antigens, whole cells displaying either

naturally occurring or recombinantly expressed membrane proteins are suitable for immunization

[Tuekprakhon et al. 2018; Dodd et al. 2018]. Since the membrane proteins are expressed in their

native environment and embedded into a lipid bilayer membrane, the target antigens are presented

in their native conformation enabling the elicitation of conformation-specific mAbs [Asgarov et al.

2017]. Moreover, cells can be fixed with formaldehyde and subsequently embedded in paraffin to

generate cells that display FFPE antigens [Knudsen et al. 2009]. However, extensive screening is

necessary to identify target antigen-specific antibodies, because whole cells contain many host

cell proteins potentially distracting the immune response away from the desired target antigen

[Jones et al. 2016; Dodd et al. 2018]. In competition with the host cell proteins, the immunogenicity

and relative abundance of the target antigen greatly influences the success of antibody discovery

[Dodd et al. 2018].

Enveloped VLPs generated by co-expression of viral structural proteins and the target surface

antigen represent an alternative to cells for the presentation of membrane proteins. VLPs can

display and efficiently deliver linear and conformational antigens to APCs. The advantage of VLPs

originates from their inherent immunogenicity combined with a better ratio of target antigen to host

cell proteins as only a limited number of distracting host cell proteins are incorporated into VLPs

[Ebersbach and Geisse 2012].

2.4. Virus-like particles (VLPs)

VLPs are nanoparticles that self-assemble into structures similar to the cognate parental virus,

but VLPs lack the viral genome. Based on their structure, they can be divided into enveloped

and non-enveloped VLPs. Non-enveloped VLPs consist of one or multiple types of viral proteins.

Examples for non-enveloped VLPs include approved vaccines against hepatitis B and human

papilloma viruses [Valenzuela et al. 1982; Harper et al. 2006]. Enveloped VLPs are formed by

one or multiple viral proteins and are surrounded by a lipid bilayer derived from the host cell

membrane. Examples of enveloped VLPs include retrovirus- and influenza-like particles. VLPs

are produced recombinantly using different expression platforms such as procaryotes, yeast,

insect, mammalian and plant cells [Fuenmayor et al. 2017]. However, for efficient production of

retrovirus-derived enveloped VLPs, such as HIV-like particles, mammalian and insect expression

systems are predominantly used [Cervera et al. 2019]. Retrovirus-derived VLPs can be utilized as

nanoscale cargo vessels that function as scaffolds for the delivery of proteins and nucleic acids

and as vaccine candidates [Link et al. 2006; Kaczmarczyk et al. 2011; Knopp et al. 2018; Lu et al.

2019; Fontana et al. 2021; Nooraei et al. 2021].
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Figure 2.4. Schematic illustration of the HIV-1 Gag precursor polyprotein (p55-Gag). The p55-Gag
protein consists of three structural subunits: the matrix (MA, p17-Gag), capsid (CA, p24-Gag) and the
nucleocapsid (NC, p7-Gag) domains as well as two spacer peptides (SP1 and SP2) and the p6 domain
each separated by protease cleavage sites (represented as triangles). Located at the N-terminus of
MA, a myristic acid group anchors Gag to the plasma membrane of the host cell. The NC domain
harbors two zinc finger motifs responsible for binding the viral RNA genome. P(T/S)AP and LPXnL are
conserved late assembly domains that interact with cellular proteins. Created with Biorender.com.

2.4.1. Structure and morphology

The retroviral Gag proteins are the structural core proteins responsible for the formation of particles.

The HIV-1 Gag precursor polyprotein (p55-Gag) consists of several subunits: the matrix (MA), the

capsid (CA) and the nucleocapsid (NC) domains flanked by two spacer peptides (SP1 and SP2)

and the C-terminal p6 domain (Figure 2.4). Each domain is separated by protease cleavage sites

and involved in key steps in the formation of viral and virus-like particles (Chapter 2.4.2).

Figure 2.5 illustrates the main commonalities and differences of the HI virion and HIV p55-Gag-

formed VLPs. Both particles are spherical and surrounded by a lipid bilayer membrane derived

from the host cell. The average diameter of the virions ranges from 110 nm to 128 nm, whereas

the diameter of VLPs is slightly increased and ranges from 132 nm to 146 nm [Gentile et al. 1994;

Martin et al. 2016]. On average 14 ± 7 viral envelope glyoprotein trimers are embedded in the

lipid bilayer membrane of the virion mediating fusion and entry of the virion into the host cell [Zhu

et al. 2006]. The p55-Gag proteins of the mature virion are processed by the viral protease (PR)

into the three structural proteins MA, CA and NC. The MA subunit is anchored to the membrane

envelope via a myristic acid group present at the N-terminus. The CA proteins form the conically

shaped capsid containing the viral RNA genome, reverse transcripase (RT), integrase (IN) and the

NC proteins stabilizing the genome. VLPs formed by Gag proteins alone lack the Pol proteins that

are responsible for maturation of the particle by Gag precursor cleavage. Therefore, the p55-Gag

proteins remain unprocessed and are ordered concentrically below the VLP membrane [Wright

et al. 2007; Martin et al. 2016]. In contrast to the virion, the VLP is devoid of the viral RNA genome

and therefore is non-infectious. Recombinant co-expression of p55-Gag proteins and a membrane

target protein enables the formation of VLPs displaying the target antigen on the surface of the

VLPs (antigen-decorated VLPs).
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Figure 2.5. Simplified structures of a HIV-1 virion and a HIV-like particle (VLP). Both particles are
spherical and surrounded by a lipid bilayer. Trimers of envelope glycoproteins are embedded in the
membrane of the mature virion, whereas the VLP can be decorated with a recombinant target antigen.
The Gag precursor polyproteins (p55-Gags) of the mature virion are processed into the three structural
proteins matrix (MA), capsid (CA) and nucleocapsid (NC) by the viral protease (PR). The CA proteins
form the capsid containing the viral RNA genome, reverse transcriptase (RT), integrase (IN) and
the NC proteins. As the VLP lacks the Pol proteins, the p55-Gag proteins remain unprocessed and
are ordered concentrically below the VLP membrane. VLPs can be decorated with recombinantly
expressed membrane proteins as target antigens for immunization or remain undecorated. Adapted
from „HIV-1 Structure“ by BioRender.com (2023) [Biorender.com 2023].

2.4.2. Gag assembly and VLP formation

Although the recombinant expression of the HIV p55-Gag alone is sufficient to mediate the

formation of VLPs, the process of assembly, budding and release of the particles depends

heavily on the interaction of Gag subunits with cellular proteins, lipids and RNA. HIV assembles at

cholesterol-rich cell membrane micro-domains called lipid rafts. The N-terminal MA domain recruits

Gag proteins to the plasma membrane and anchors them in the lipid bilayer via a myristoylation

signal [Saad et al. 2007; Li et al. 2007]. Studies revealed that Gag binding to the cell membrane

induces the coalescence of lipid rafts and tetraspanin-enriched microdomains and reduces the

diffusion of cholesterol, phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2) and tetraspanin at

assembly sites [Krementsov et al. 2010; Hogue et al. 2011; Favard et al. 2019]. The trapping of

these components and the manipulation of the lipid environment at viral assembly sites provides

budded particles with a rigid, and thus robust enveloping membrane.

The interaction of highly basic regions present in the MA domain with acidic membrane phospho-

lipids such as PI(4,5)P2 and cellular RNAs regulates the localization of assembly sites [Murray

et al. 2005; Mücksch et al. 2017; Gaines et al. 2018]. In particular, the binding of cellular tRNALys

prevents targeting of Gag to intracellular membranes [Alfadhli et al. 2009; Alfadhli et al. 2011;
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Gaines et al. 2018; Thornhill et al. 2019]. Upon binding of the MA domain to PI(4,5)P2 and simulta-

neous binding of NC domain to viral RNA, the Gag protein refolds into an extended conformation

promoting the formation of Gag multimers [Datta et al. 2011; Chen et al. 2020b]. In the absence of

viral RNA cellular RNA serves as a scaffold for VLP assembly and is packaged into VLPs [Rulli

et al. 2007; Pitoiset et al. 2017]. The growing Gag multimer bends the membrane and forms a

spherical particle that is still connected to the cell membrane. The conserved sequences of the

late assembly domains P(T/S)AP and LPXnL present in the p6 domain of Gag recruit adapter pro-

teins for endosomal sorting complexes required for transport (ESCRT) components [Baumgärtel

et al. 2011; Weiss and Göttlinger 2011; Votteler and Sundquist 2013]. The assembled ESCRT

machinery finally mediates membrane fission and releases the VLP from the cell membrane.

As the Gag proteins interact closely with cellular molecules, host-derived proteins and RNAs

are incorporated into the particles during the formation of VLPs. Membrane proteins present at

lipid rafts are usually embedded in the membrane envelope and displayed on the VLP surface.

The incorporation of most membrane proteins is regarded as a passive process, but some

proteins are actively concentrated within or excluded from incorporation into retroviral particles

[Hammarstedt et al. 2000; Hammarstedt and Garoff 2004]. Examples of displayed membrane

proteins include cell adhesion molecules such as intercellular adhesion molecule 1 (CD54),

integrins and complement regulatory proteins that confer protection against the host organism’s

complement system [Montefiori et al. 1994; Beausejour and Tremblay 2004; Segura et al. 2008;

Jalaguier et al. 2015; Hu et al. 2010].

2.4.3. VLPs as immunogens

The immunogenicity of VLPs originates from their particulate virus-like structure, their small size

and the highly repetitive structure of densely presented surface antigens. As VLPs resemble the

structure of their parental virus, VLPs are identified through the same mechanisms, for example

PAMPs recognized by PRRs, responsible for the detection of viruses [Nooraei et al. 2021]. These

features enable efficient activation of DCs, B cells and T cells resulting in a strong cellular and

humoral immune response [Buonaguro et al. 2006; Sailaja et al. 2007; Bachmann and Jennings

2010].

The nanometer size of VLPs ranging from 20 nm to 200 nm enables traveling of VLPs through the

lymph vessels as free antigens independent of cell-mediated transport [Ikomi et al. 1999; Sixt et al.

2005; Manolova et al. 2008; Bachmann and Jennings 2010]. As a consequence, VLPs rapidly

enter the lymphatic organs and interact with immune cells residing in these organs. Macrophages

present in the lymph nodes or the spleen gather small particles such as viruses and VLPs and

translocate these particular antigens to follicular B cells and FDCs [Aichele et al. 2003; Junt et al.
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2007; Carrasco and Batista 2007; Matter and Ochsenbein 2008; Link et al. 2012]. In a study

comparing the soluble Qβ antigen and its particulate form, the Qβ-VLP, Link and colleagues

identified complement and natural IgM as responsible agents for capture, transport and deposit

of VLPs in the spleen [Link et al. 2012]. Natural antibodies exist unrelated to the encounter of a

cognate antigen and are often cross-reactive for a variety of antigens including bacterial and viral

antigens [Ochsenbein and Zinkernagel 2000]. Natural antibodies and complement components

support the clearance of antigens from the blood, as they opsonize and label foreign antigens for

immune cells with the cognate receptors [Matter and Ochsenbein 2008; Link et al. 2012].

The repetitive arrangement of antigens present on the surface of VLPs facilitates the cross-linking

of BCRs, which is a strong activation signal for B cells and already sufficient to induce an early

T cell-independent IgM antibody response – mostly also in the absence of adjuvants [Bachmann

et al. 1993; Jegerlehner et al. 2002]. Although T cell-independent activation of B cells is possible,

the isotype switch from IgM to IgG depends on the high epitope density displayed and the ability of

the VLPs to recruit T cells to promote B cell differentiation, isotype switch and affinity maturation

[Jegerlehner et al. 2002; Chen et al. 2020c].

The envelope of VLPs allows for the conformational adequate display of complete membrane

proteins for immunization. The possibility to functionalize VLPs with a variety of antigens, for

example viral envelope glycoproteins, tetraspanning membrane proteins and other cell surface

markers, renders retrovirus-derived VLPs attractive candidates for immunization [Chua et al. 2013;

Schneider et al. 2018; Fontana et al. 2021; Boix-Besora et al. 2022]. Furthermore, VLPs facilitate

immunization with self-antigens and can induce an auto-antibody response mediated by the repeti-

tive structure of the self-antigen on the VLP surface that can break B cell tolerance [Bachmann et al.

1993; Schneider et al. 2018; Chen et al. 2020c]. After uptake of the self-antigen-decorated VLP,

the B cell processes the VLP and presents peptides derived from the viral structural core proteins

on MHC-II molecules. T cells specific for the virus-derived antigens recognize the presented

peptides and stimulate the antigen-presenting and self-antigen-specific B cell to proliferate and

differentiate resulting in a strong auto-antibody response [Chen et al. 2020c].

The formation of target antigen-decorated VLPs can be achieved by co-overexpression of Gag

structural core proteins and the target antigen in appropriate VLP producer cells [Cervera et al.

2019]. However, display of the target antigens on the VLP surface depends on the presence of

the protein in lipid rafts. General mechanisms that target proteins to lipid raft microdomains are

post-translational modifications such as lipidation, glycosylphosphatidylinositol (GPI)-anchors,

palmitoylation, myristoylation and sterol-conjugation as well as other structural features of trans-

membrane domains [Legler et al. 2005; Levental et al. 2010; Lorent and Levental 2015; Yurtsever

16



2. Theoretical Background

and Lorent 2020]. These mechanisms can be exploited to genetically modify proteins that do not

naturally occur at lipid rafts accordingly and thereby facilitate their incorporation into VLPs [Kueng

et al. 2007; Deo et al. 2014; Deo et al. 2016]. Some lipid raft-associated membrane proteins are

not included into the VLP envelope due to steric hindrance of a long cytoplasmic domain of the

protein. In this case, truncation of the cytoplasmic tail can be a solution [Schnierle et al. 1997;

Henriksson et al. 1999; Stitz et al. 2000; Christodoulopoulos and Cannon 2001].
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3.1. Establishment and characterization of VLP producer cell pools

Stable human 293-F VLP producer cell pools were generated using transposon vector-mediated

gene transfer. 293-F cells were co-transfected with the piggyBac (PB) transposase expression

construct and the transposon donor vector pPB-mos1.gag-IpW encoding for the mosaic Gag

(Mos1.Gag) protein consisting of synthetically shuffled Gag sequences originating from different

HIV variants [Fischer et al. 2007; Langedijk et al. 2019]. Four days post transfection, puromycin

was added to the culture medium to initiate the selection of stably transfected cells. Cells were

subjected to increasing concentrations of puromycin to establish the stable VLP producer cell pool

293-F/Mos1.Gag producing undecorated VLPs [Rosengarten et al. 2022b]. For the production of

truncated human low affinity nerve growth factor receptor (trNGFR)-decorated VLPs, the 293-F/-

Mos1.Gag/trNGFR VLP producer cell pool was subsequently generated. The 293-F/Mos1.Gag

cells were co-transfected with the Sleeping Beauty (SB) transposase expression construct and

the transposon donor vector pSB-trNGFR-IhW encoding for the trNGFR (Figure 5.1). The trNGFR

differs from the wild-type nerve growth factor receptor (NGFR) in the length of the cytoplasmic

tail. The C-tail of the trNGFR comprises only 8 amino acids, whereas the C-tail of the wild-type

NGFR is 155 amino acids long. Three days post transfection, cells stably expressing Mos1.Gag

and trNGFR were selected using increasing concentrations of hygromycin. Stable VLP producer

cells were investigated for the expression of Gag proteins and trNGFR as well as VLP formation

and antigen incorporation into VLPs.

3.1.1. 293-F/Mos1.Gag/trNGFR, 293-F/Mos1.Gag and 293-F cells express NGFR

For the detection of cell surface expression of trNGFR, cells were stained using the phycoerythrin

(PE)-conjugated anti-NGFR mAb REA844. Matching isotype control antibodies served as negative

controls. The expression of NGFR was investigated using flow cytometric analysis of the antibody-

labeled cells. As shown in Figure 3.1, NGFR was detected in 293-F/Mos1.Gag/trNGFR cells,

293-F/Mos1.Gag cells and 293-F cells, albeit for the latter two at lower expression levels as

compared to 293-F/Mos1.Gag/trNGFR cells. As the PB-derived transposase expression construct

harbors the reporter gene trngfr, the detection of NGFR in 293-F/Mos1.Gag cells might have

resulted from random stable integration of the plasmid into the genome. However, the very similar
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Figure 3.1. Flow cytometric results of cell surface expression of nerve growth factor receptor
(NGFR) in the recombinant virus-like particle (VLP) producer cell pools 293-F/Mos1.Gag and 293-
F/Mos1.gag/trNGFR, and the parental 293-F cell line. Cells were stained using the PE-conjugated
anti-NGFR monoclonal antibody REA844 (grey, solid line) and a matching isotype control antibody
(white, dotted line). (A) 293-F/Mos1.Gag/trNGFR cells, (B) 293-F/Mos1.Gag cells, (C) 293-F cells.

NGFR expression of 293-F and 293-F/Mos1.Gag cells as well as the comparable stain indices

of 9.4 and 9.9, respectively (Figure 3.1, Table S1), strongly indicated an endogenous expression

of wild-type NGFR rather than a residual expression of trNGFR originating from the transposase

expression construct. In contrast, 293-F/Mos1.Gag/trNGFR cells showed pronounced NGFR

expression and a stain index of 63.0 (Figure 3.1A and Table S1). Thus, the successful and high

expression of the recombinant trNGFR at the cell membrane was confirmed – a prerequisite for

efficient VLP incorporation.

3.1.2. Recombinant trNGFR but not wild-type NGFR is incorporated into

HIV-derived VLPs

The formation of VLPs and the incorporation of the trNGFR and wild-type NGFR, respectively,

into VLPs was first investigated utilizing Gag- and NGFR-specific ELISAs. Biological replicates of

VLP producer cell cultures were seeded at a viable cell density (VCD) of 0.5 × 106 viable cells/mL

in 20 mL culture medium. Three days after inoculation, cell-free supernatants (CFSNs) were

harvested from cell cultures and analyzed for their p24-Gag content. CFSN harvested from

293-F/Mos1.Gag cultures contained on average 180 ± 59 ng/mL p24-Gag, whereas CFSN of

293-F/Mos1.Gag/trNGFR cell cultures produced on average 53 ± 7 ng/mL p24-Gag. Gag protein

was not detectable in CFSN of 293-F cells (data not shown). Subsequently, 15 mL of CFSN of

the VLP producer cell cultures was subjected to ultracentrifugation to pellet VLPs formed by the

Gag proteins. The pelleted VLP samples were analyzed for their p24-Gag content. Gag was

found in all samples demonstrating the successful formation of VLPs (Table 3.1). An independent

two-sample t-test showed a significant difference between the amount of VLPs produced by
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Table 3.1. Gag content of VLP samples produced by 293-F/Mos1.Gag and 293-F/Mos1.Gag/trNGFR
cell pools. Cells were seeded at a VCD of 0.5 × 106 viable cells/mL. After three days, 15 mL CFSN
was harvested from the cultures and subjected to ultracentrifugation to isolate VLPs. The VLP pellets
were analyzed using a p24-Gag-specific ELISA. Data shown represent mean ± standard deviation of
biological replicates.

VLP producer cell pools Total pelleted Gag Replicates

293-F/Mos1.Gag 535 ± 59 ng n=3
293-F/Mos1.Gag/trNGFR 55 ± 19 ng n=4

293-F/Mos1.Gag and the 293-F/Mos1.Gag/trNGFR cell pools (t=15.605, df=5, p=0.00002). The

293-F/Mos1.Gag cultures produced approximately 10-fold more VLPs (535 ± 59 ng Gag) than the

293-F/Mos1.Gag/trNGFR cultures (55 ± 19 ng Gag; Table 3.1).

In addition, the CFSNs harvested from 293-F, 293-F/Mos1.Gag and 293-F/Mos1.Gag/trNGFR

cell cultures were examined for the presence of NGFR proteins including both wild-type NGFR

and trNGFR. The CFSNs of the VLP producer cell pools were normalized to a p24-Gag con-

centration of 45 ng/mL before determining the NGFR concentrations. No NGFR was detectable

in the CFSN of the 293-F cell culture demonstrating that full-length wild-type NGFR was not

secreted into the cell culture medium as a soluble protein (Table 3.2). NGFR was also absent in

CFSNs of the VLP producer cell pool 293-F/Mos1.Gag strongly suggesting that wild-type NGFR

is not incorporated into VLPs. In contrast, NGFR was readily detected in the CFSNs derived

from the 293-F/Mos1.Gag/trNGFR cell cultures indicating that the detected NGFR was trNGFR

incorporated into VLPs. The mean relative trNGFR amount of 99.60 ± 8.50 ng per 1 µg p24-Gag

revealed a Gag to trNGFR mass ratio of approximately 10:1 in CFSNs (Table 3.2). The average

number of trNGFR molecules was calculated at 284 ± 24 trNGFR molecules per VLP.

Table 3.2. NGFR content of CFSNs harvested from 293-F, 293-F/Mos1.Gag and
293-F/Mos1.Gag/trNGFR cell cultures. NGFR concentrations were determined using an NGFR-
specific ELISA and normalized to p24-Gag concentrations. Data shown represent mean ± standard
deviation of biological triplicates, if not otherwise stated. Reproduced from [Schatz et al. 2023b] (CC
BY 4.0; https://creativecommons.org/licenses/by/4.0/).

Cells trNGFR per 1 µg Gag Replicates

293-F <0.08 ng n=1
293-F/Mos1.Gag <0.08 ng n=3
293-F/Mos1.Gag/trNGFR 99.60 ± 8.50 ng n=3
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Figure 3.2. Indirect detection of NGFR displayed on VLPs employing a VLP capture assay followed by
an anti-Gag Western blot analysis. (A) Schematic illustration of the experimental set-up of the VLP
capture assay. a.) VLP samples are incubated with anti-NGFR-coated magnetic beads. VLPs not
displaying trNGFR do not bind to the beads (left), whereas trNGFR-displaying VLPs are captured by
anti-NGFR mAbs (right). b./c). The supernatant containing unbound VLPs is separated from the beads
and the beads are subsequently washed. d.) Finally, the beads are subjected to a Gag-specific Western
blot to detect VLPs captured by the anti-NGFR-coated beads. (B) VLPs were immunoprecipitated
using the anti-NGFR mAb REA844 immobilized on the surface of magnetic beads. Beads coated
with isotype control antibodies served as negative controls. Unbound VLPs were taken from the
supernatant of samples after incubation with antibody-coated beads. Unbound and captured VLP
samples were subsequently subjected to Western blot analysis for the detection of Gag precursor
polyprotein (p55-Gag) proteins using primary antibodies directed against Gag. The trNGFR-free VLPs
were produced by 293-F/Mos1.Gag cells, which expressed only Gag proteins, wheras the trNGFR-
VLPs were produced by 293-F/Mos1.Gag/trNGFR cells expressing Gag proteins and human trNGFR.
The VLP samples used for the capture assay contained up to 25 ng Gag protein per sample. The
positions of the molecular weight marker (MW) in kilodaltons (kDa) is depicted on the left. The arrows
indicate the expected position of p55-Gag proteins. Adapted from [Schatz et al. 2023b] (CC BY 4.0;
https://creativecommons.org/licenses/by/4.0/).

To demonstrate that the trNGFR detected in the CFSN of 293-F/Mos1.Gag/trNGFR cell pools was

VLP-associated, an NGFR-specific VLP capture assay was performed (Figure 3.2A, [Rosengarten

et al. 2022a]). Magnetic beads were coated with anti-NGFR mAbs and isotype control antibodies

that served as negative control, respectively. VLPs devoid of trNGFR display and produced by

293-F/Mos1.Gag cells as well as trNGFR-VLPs produced by 293-F/Mos1.Gag/trNGFR cells were

incubated with the antibody-coated beads. After incubation, the supernatant and the beads

were separated in a magnetic field and samples taken from the supernatant were analyzed for

unbound VLPs. The beads were washed extensively and subjected to p55-Gag Western blot

analysis for the detection of Gag-formed VLPs. As visible in Figure 3.2B, comparable amounts

of unbound VLPs were detected in trNGFR-free and trNGFR-VLP samples after incubation with
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isotype control antibody-coated beads, whereas slightly less Gag was detected after incubation of

the trNGFR-VLP sample with anti-NGFR-coated beads compared to the trNGFR-free VLP sample.

The anti-NGFR-coated beads did not capture trNGFR-free VLPs. In contrast, trNGFR-VLPs were

precipitated using anti-NGFR-coated beads demonstrating that the trNGFR detected in the CFSNs

of the trNGFR-VLP producer cell pools was particle-associated and trNGFR is incorporated into

VLPs. No VLPs were precipitated using isotype control antibodies demonstrating that capturing of

VLPs was entirely mediated by the anti-NGFR mAbs. These results supported the previous data

obtained from the NGFR-specific ELISA showing that the wild-type NGFR present on the surface

of the 293-F/Mos1.Gag cells was not incorporated into VLPs, whereas the C-terminally truncated

variant trNGFR decorated the HIV-derived VLPs.

3.2. Development of a fixation protocol for antigen preparation

Since the trNGFR-VLPs were intended to be used for immunization of mice to generate antibodies

directed against the formaldehyde-fixed paraffin-embedded (FFPE) target antigen, a fixation

technique for VLPs had to be developed to generate VLPs presenting FFPE-like trNGFR proteins.

FFPE tissue processing includes the initial fixation of the tissue using formaldehyde (typically

in a concentration of 4 %), followed by dehydration using graded alcohol solutions, clearing in

xylene and final embedding in liquid paraffin at 50 °C to 70 °C. This procedure introduces changes

in the protein 3D structure, chemical modification of amino acids, cross-linking of proteins and

formation of protein aggregates [Werner et al. 2000; Thavarajah et al. 2012]. Hence, new epitopes

are generated and pre-existing epitopes are masked during the fixation and embedding procedure.

To develop a fixation protocol suitable to form FFPE-like epitopes that are potentially able to elicit

an antibody response against FFPE antigens in mice, NGFR was chosen as a model antigen

and changes induced during fixation were monitored using two antibodies with a different NGFR

recognition profile. The anti-NGFR mAb C40-1457 is routinely used in flow cytometry applications

and for immunohistochemistry (IHC) staining of FFPE tissue sections [Lin et al. 2018; Fujii et al.

2022]. The anti-NGFR mAb REA844 is applicable for flow cytometric analysis of native cells and

for IHC staining of acetone- and formaldehyde-fixed tissue sections but not for FFPE samples

[Miltenyi Biotec undated; Personal communication 2021], and thus not recognizing FFPE NGFR.

The aim was to develop a fixation procedure that leads to the loss of epitope recognition by the

„native“ mAb REA844 while still preserving the binding of the FFPE-compatible mAb C40-1457.

The fixation protocol was developed using the 293-F/Mos1.Gag/trNGFR cells instead of VLPs to

avoid time-consuming separation of liquids and VLPs employing ultracentrifugation. In addition,

ultracentrifugation is accompanied with a loss of VLPs at every centrifugation step. Therefore,

the fixation protocol was developed minimizing centrifugation steps and keeping it as simple as

possible.
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Figure 3.3. Flow cytometric results of NGFR staining of 293-F/Mos1.Gag/trNGFR cells after employing
different fixation strategies. Cells were stained using the PE-conjugated anti-NGFR mAbs REA844
and C40-1457 (shown in blue) and matching isotype control antibodies as negative control (shown
in red). The REA844 antibody recognizes a native epitope, whereas the C40-1457 antibody also
recognizes an formaldehyde-fixed paraffin-embedded (FFPE) epitope. (A) Cells were chemically fixed
using different substances. Panel 1: Native cells were freshly harvested from cell cultures without
fixation. Panel 2: Formaldehyde-fixed cells were incubated in 4 % formaldehyde for 1 h (middle). Panel
3: Cells were first fixed in formaldehyde and afterwards incubated in ascending ethanol concentrations
(50 %, 70 % and 90 % for 20 min, respectively). (B) Heat denaturation: After formaldehyde fixation,
cells were incubated in hot PBS for 1 h at different temperatures including 70 °C, 80 °C, 90 °C and
100 °C. Adapted from [Schatz et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).

3.2.1. Formaldehyde and heat fixation induces a loss of epitope recognition by the

"native" anti-NGFR mAb while maintaining recognition by the

corresponding FFPE-compatible mAb

293-F/Mos1.Gag/trNGFR cells were harvested, subjected to different fixation steps, stained

using the two anti-NGFR mAbs REA844 and C40-1457, and analyzed employing flow cytometry.

Matching isotype control antibodies were used as negative controls. As shown in Figure 3.3A, both

anti-NGFR antibodies bound to native cells as well as cells that were fixed using 4 % formaldehyde

solution. As formaldehyde fixation alone did not change the recognition profile of the antibodies, an

additional fixation step using alcohol was introduced to test the potential influence of dehydration
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of proteins. Cells were first fixed using formaldehyde solution, washed and subjected to increasing

concentrations of ethanol (50 %, 70 % and 90 %). Only minor effects of the ethanol fixation on

the recognition profile of the antibodies were observed. Both antibodies showed a partial loss of

binding but remained reactive to the majority of cells.

Next, the combination of formaldehyde fixation and heat denaturation was investigated. 293-F/-

Mos1.Gag/trNGFR cells were fixed using 4 % formaldehyde solution. After fixation, cells were

incubated in hot PBS at different temperatures ranging from 70 °C to 100 °C. Incubation at 70 °C

hardly influenced the NGFR binding capacity of the anti-NGFR mAbs (Figure 3.3B). In contrast,

incubation at 80 °C caused a drastic decrease in NGFR recognition of the mAb REA844 while

not affecting the reactivity of mAb C40-1457. At 90 °C and 100 °C the fluorescent signal intensity

mediated by the native mAb REA844 was similar to the isotype control staining. Although the

overall signal intensity decreased with increasing temperatures and was lowest at 100 °C, the

FFPE mAb C40-1457 was still able to bind to the 293-F/Mos1.Gag/trNGFR cells.

3.2.2. FF90 treatment induces the appearance of epitopes recognizable by

FFPE-compatible antibodies

The combination of formaldehyde fixation and subsequent heat treatment at 90 °C, hereafter

called FF90, was further evaluated using native and FF90 human PBMCs stained with antibodies

directed against four different CD markers, namely CD3, CD4, CD8 and CD20. For each CD, a

mAb recognizing only the native epitope but not the FFPE epitope (as proclaimed by the manufac-

turer) and vice versa was used.

Native PBMCs (no fixation) from two healthy donors were stained with the fluorophor-conjugated

mAbs and analyzed using flow cytometry (Figure 3.4A). All antibodies recognizing the native

epitope of their respective antigen bound to distinct subpopulations of native PBMCs: CD3+,

CD8+ and CD20+ cells showed a single subpopulation, whereas CD4+ cells occured as two sub-

populations of PBMCs. In contrast, the antibodies recognizing an FFPE epitope of their respective

antigen did not recognize any subsets of the native PBMCs. Only the FFPE-compatible anti-CD8

mAb showed a slight recognition of some cells above the background signal.

PBMCs from the same donors were subjected to FF90 fixation and subsequently stained using

the same antibody set (Figure 3.4B). FF90 PBMCs stained with the native anti-CD3 mAb showed

a weak increase in the overall fluorescent intensity of the whole PBMC population indicating an

unspecific labeling with the anti-CD3 antibodies rather than a specific staining of CD3+ cells. The

native anti-CD4 and the anti-CD8 mAbs did not recognize CD4+ and CD8+ FF90 PBMCs. In

contrast, the native anti-CD20 mAb was still able to label CD20+ FF90 PBMCs.
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Figure 3.4. Representative flow cytometric results of native and formaldehyde- and 90 °C-fixed (FF90)
peripheral blood mononuclear cells (PBMCs) from a healthy donor stained with different PE- or
fluorescein isothiocyanate (FITC)-conjugated cluster of differentiation (CD) marker antibodies recog-
nizing either native epitopes or formaldehyde-fixed paraffin-embedded (FFPE) epitopes. (A) Native
PBMCs from a healthy donor. (B) PBMCs from the same donor stained after fixation in formaldehyde
and subsequent heat-fixation at 90 °C (FF90 PBMCs). Cells not incubated with antibodies were used
for gating to determine the unstained population.

Staining of FF90 PBMCs with the FFPE-compatible anti-CD3 mAb facilitated a similar weak

increase in the overall fluorescent intensity of the FF90 PBMC population as the anti-CD3 mAb

for the native epitope indicating unspecific binding. The FFPE anti-CD4 mAb exhibited the same

pattern of CD4+ lymphocytes as the native anti-CD4 mAb when staining native PBMCs, whereas

the FFPE anti-CD8 antibody showed a shift in fluorescent intensity similiar to the one of the FFPE

anti-CD3 mAb. The FFPE anti-CD20 mAb recognized a CD20+ subpopulation of FF90 PBMCs

alike the native anti-CD20 antibody.

In summary, FF90 fixation almost completely reversed the staining pattern of the antibodies under

investigation. Except for the native anti-CD20 mAb, no distinct FF90 PBMCs subpopulations were
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stained using the native anti-CD3, anti-CD4 and anti-CD8 mAbs. The FFPE mAbs anti-CD4 and

anti-CD20 both labeled a subset of FF90 PBMCs similar to the native subpopulations stained with

the respective antibodies specific for native epitopes. Encouraged by these results, the FF90

treatment was chosen for preparation of VLPs.

3.2.3. FF90 VLPs maintain their integrity and morphology after formaldehyde and

heat fixation at 90 °C

VLPs for later immunization of mice were treated following the FF90 fixation procedure and

subjected to ultracentrifugation to pellet the FF90 VLPs. In order to evaluate whether FF90 VLPs

were still intact after the FF90 treatment, the pelleted FF90 VLP samples were assessed for

their Gag content employing p24-Gag-specific ELISA and Gag-specific Western blot analysis.

Gag proteins were not detectable using the antibody-based assays (data not shown). It appears

feasible to assume that the formaldehyde fixation masked the epitopes recognized by the Gag-

specific antibodies. However, transmission electron microscopic (TEM) imaging of native and

FF90 VLPs revealed intact VLPs and a comparable morphology of both, native as well as FF90,

VLPs (Figure 3.5A). The observed VLPs were spherical with the typical concentric ring of ordered

immature Gag molecules below the VLP envelope [Wright et al. 2007; Martin et al. 2016]. Dynamic

Figure 3.5. Morphology of VLPs before and after fixation. Native VLP samples were harvested from
VLP producer cell pools and concentrated using ultracentrifugation. FF90 VLPs were obtained from
formaldehyde and heat fixation of native VLPs at 90 °C. (A) Negative stain transmission electron
microscopic images of native and FF90 VLPs. The arrows indicate VLPs. Scale bars shown represent
200 nm and 500 nm, respectively. (B) Determination of the average size of native and FF90 trNGFR-
VLPs using dynamic light scattering measurement. Data are represented as mean ± standard
deviation from n = 3 individual VLP preparations and significance was calculated using independent
two-sample t-test (not significant (n.s.): p > 0.05). Adapted from [Schatz et al. 2023b] (CC BY 4.0;
https://creativecommons.org/licenses/by/4.0/).

26



3. Results

light scattering (DLS) analysis of three individual VLP preparations showed that the average size

of native VLPs was 161.4 ± 13.5 nm, whereas the diameter of FF90 VLPs was slightly bigger with

an average size of 179.5 ± 11.1 nm (Figure 3.5B). No significant difference between the diameter

of native and FF90 VLP preparations was observed using an independent two-sample t-test

(t=−1.793, df=4, p=0.147). In addition, the samples were monodisperse as indicated by the low

polydispersity indices (PdI) of native VLPs (0.110 ± 0.027) and FF90 VLPs (0.163 ± 0.021).

3.3. Generation and screening of monoclonal antibodies

Hybridoma technology was utilized to generate mAbs directed against fixed NGFR. For this

purpose, two mice were immunized intravenously with FF90 VLPs displaying human trNGFR.

As summarized in Figure 3.6, three doses of FF90 trNGFR-VLPs (9.5 µg total protein) were

administered at intervals of 14 days. Two days after the third injection, the blood was analyzed

for NGFR-specific antibodies. The first mouse was sacrificed and hybridoma cell fusion was

performed on day 31 (MZ34). The second mouse received a fourth dose of FF90 trNGFR-VLPs

(3.2 µg total protein) on day 56. Again, the blood was analyzed and splenocytes isolated from

mouse 2 were fused with Sp2/0-Ag14 myeloma cells to generate hybridoma cells (MZ35).

3.3.1. Screening strategy for antibodies

For screening of blood and hybridoma antibodies, the 3T3/Gag/trNGFR screening cell line was

generated using transposon vector-mediated gene transfer. Murine 3T3/Gag cells were co-

transfected with the SB transposase expression construct (pSB100x-trNGFR-SEAP) and the

transposon donor vector pSB-trNGFR-IhW encoding for the human trNGFR. Starting three days

post transfection, the selection of stably transfected cells was initiated using increasing concen-

trations of hygromcyin. At a final concentration of 400 µg/mL hygromycin, single cells highly

expressing trNGFR were isolated from the stable cell pool employing cell sorting and limiting

dilution to establish the clonal screening cell line 3T3/Gag/trNGFR H6 (hereafter referred to as

3T3/Gag/trNGFR; Figure S3).

The screening strategy was based on flow cytometric analysis of a mixture of native and FF90 3T3/-

Gag/trNGFR cells. The increased autofluorescence of fixed 3T3/Gag/trNGFR cells at 450/50 nm

allowed for separation between native and fixed cells during analysis. A representative example of

the gating strategy for flow cytometric screening is shown in Chapter 5.6.3, Figure 5.2. The cell

mixture was first incubated with the putative murine antibodies present in blood plasma samples

or hybridoma cell culture supernatants and subsequently labeled using fluorophor-conjugated

anti-mouse Ig secondary antibodies.
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Figure 3.6. Immunization schedule. Two mice were immunized on day 0, 14 and 28 using 9.5 µg
total protein of formaldehyde- and 90 °C heat-fixed trNGFR-VLPs (FF90 trNGFR-VLPs). The second
mouse received a fourth dose consisting of FF90 trNGFR-VLPs (3.2 µg total protein) on day 56.
Blood samples were taken two days after the last dose and hybridoma cell fusion was performed
on the following day (indicated by the arrow). Adapted from [Schatz et al. 2023b] (CC BY 4.0;
https://creativecommons.org/licenses/by/4.0/) and created with BioRender.com.

3.3.2. FF90 trNGFR-VLP immunization elicits blood IgG antibodies that bind to

FF90 3T3/Gag/trNGFR cells

Two days after the third and fourth immunization, respectively, blood samples were taken and

analyzed for antibodies binding to the murine 3T3/Gag/trNGFR screening cell line, which expressed

the human trNGFR. Plasma samples from mice that did not receive any immunizations served

as a negative controls. No IgG antibodies specific to native and FF90 3T3/Gag/trNGFR cells

were detected in the plasma sample of the negative control mouse (Figure 3.7A). In contrast, IgG

binding to FF90 3T3/Gag/trNGFR cells was present in the blood of mice immunized with FF90

trNGFR-VLPs. Immunization with the FF90 trNGFR-VLPs elicited only a weak IgG response to

native 3T3/Gag/trNGFR cells. The fluorescent intensity of the IgG signal of mouse 1 was slightly

more intense than the IgG signal of mouse 2. Hence, mouse 1 was chosen for the generation

of hybridoma cells (fusion MZ34). Noteworthy, analysis of IgM antibodies revealed that IgM

antibodies able to recognize epitopes of the FF90 3T3/Gag/trNGFR were already present in mice

not immunized with the FF90 trNGFR-VLPs (Figure S4). Therefore, generated hybridoma cells

were only screened for IgG antibodies. Mouse 2 was boosted with a fourth dose of FF90 trNGFR-

VLPs (3.2 µg total protein) at day 56. Two days later, the blood was analyzed for antibodies binding

to 3T3/Gag/trNGFR cells. The administration of the additional VLP boost induced an increase in

IgG antibodies binding to FF90 as well as to native 3T3/Gag/trNGFR cells (Figure 3.7B). The IgM

antibodies remained unchanged (Figure S4).
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Figure 3.7. Flow cytometric results of murine IgG antibodies present in blood plasma. The 3T3/Gag/-
trNGFR screening cell line was incubated with blood plasma samples. The murine IgG antibodies
were subsequently labeled with PE-conjugated anti-mouse IgG1 and IgG2ab secondary antibodies.
(A) Blood plasma samples drawn from mouse 1 and mouse 2 on day 30 and from a negative control
mouse not immunized with the VLP immunogen. Mouse 1 and 2 received three immunizations. The
screening cells were incubated with 35 µL of plasma. (B) Plasma sample taken from mouse 2 on day
58 and from a negative control mouse not immunized with the VLP immunogen. Mouse 2 received a
fourth dose of FF90 trNGFR-VLPs. The screening cells were incubated with 25 µL of plasma. Adapted
from [Schatz et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).
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3.3.3. FF90 trNGFR-VLP immunization generates hybridoma antibodies that

recognize FF90 3T3/Gag/trNGFR cells

After fusion of splenocytes and Sp2/0-Ag14 myeloma cells, culture supernatants of hybridoma

cell cultures showing one or more clusters of cells were initially screened for reactivity with native

and FF90 3T3/Gag/trNGFR cells employing flow cytometry. Cultures were defined as positive

when at least 90 % of the native or FF90 screening cells were labeled with fluorophore-conjugated

anti-mouse IgG1 or IgG2ab secondary antibodies, respectively. Table 3.3 summarizes the results

of the screening. The first hybridoma cell fusion MZ34 using splenocytes isolated from mouse 1,

which received three VLP immunizations, yielded in total 698 hybridoma cell clones. Of these

clones, only 3 reactive clones were identified as producers of FF90 3T3/Gag/trNGFR-reactive

antibodies (0.4 % of tested supernatants). Two antibodies belonged to the Ig class IgG1 and one

antibody to class IgG2ab. In contrast, hybridoma cell fusion MZ35 performed with splenocytes

of mouse 2, which was immunized with four doses, resulted in 975 hybridomas of which 35

clones produced FF90 3T3/Gag/trNGFR-reactive mAbs (3.6 % of tested supernatants). Only one

antibody bound to an epitope present in native as well as FF90 cells (Figure S22). Among the

35 identified MZ35 clones, 26 clones (74.3 %) produced IgG2ab antibodies and 9 clones (25.7 %)

were IgG1 producers. This observation is in accordance with the reported property of VLPs to

preferentially stimulate the differentiation of B cells into IgG2a-secreting cells [Zhang et al. 2009;

Lee et al. 2017]. The respective dot plots of the flow cytometric screening results of the positive

hybridomas are appended in Chapter A.4, Figures S5-S23.

Table 3.3. Summary of the flow cytometric screening results of hybridoma cell cultures for FF90 NGFR
reactivity and specificity. In the first screening, hybridoma supernatants were tested for reactivity with
native and FF90 3T3/Gag/trNGFR cells. In the second screening, hybridoma supernatants were tested for
specificity to NGFR employing NGFR-negative FF90 human peripheral blood mononuclear cells (PBMCs).
Adapted from [Schatz et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).

ID Immunization Screening Cells used for
screening

Reactive mAbs/
tested mAbs

MZ34 3 x FF90
trNGFR-VLPs

1st native and FF90
3T3/Gag/trNGFR+

3/698 (0.4 %)a

2nd FF90 PBMCs (NGFR-) 2/2 (100.0 %)b

MZ35 4 x FF90
trNGFR-VLPs

1st native and FF90
3T3/Gag/trNGFR+

35/975 (3.6 %)a

2nd FF90 PBMCs (NGFR-) 4/13 (30.8 %)b

a Number of positive individual hybridoma supernatants (supernatant from a single well) out of total
number of screened hybridoma supernatants.

b Number of reactive, that is NGFR-unspecific, individual hybridoma supernatants out of tested positive
hybridoma supernatants identified in the 1st screening.
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Positive cultures were expanded and single subclones were generated by limiting dilution of

cultures containing more than one cell cluster. The hybridoma supernatants were frequently

retested during cultivation and approximately half of the initially positive cultures lost their ability

to produce antibodies or stopped growing. Finally, 15 hybridoma antibody candidates were

successfully expanded and further tested for their specificity to FF90 NGFR.

The VLPs used for immunization were produced in human 293-F/Mos1.Gag/trNGFR cells, and

thus some human host cell proteins were co-incorporated into the VLPs along with the target

antigen trNGFR. Consequently, the hybridoma supernatants were tested for reactivity with FF90

human PBMCs and in parallel with FF90 3T3/Gag/trNGFR cells as control. Human PBMCs

were chosen for specificity testing to identify hybridoma antibodies that unspecifically recognize

human host cell proteins. Noteworthy, NGFR expression was reported on approximately 20 %

of PBMCs [Morgan et al. 1989] and associated with CD20+-positive B lymphocytes [Brodie et al.

1996]. Therefore, the FF90 PBMCs were co-stained with an anti-CD20 mAb to exclude CD20+

cells from the specificity analysis. Stain indices (SIs) for each antibody were calculated as the

difference between the mean fluorescent intensity (MFI) of the tested antibody and the isotype

control antibody divided by 2-fold the standard deviation of the isotype control’s MFI. Antibodies

that showed a SI > 1.0 were considered as reactive.

All fifteen tested hybridoma antibodies were confirmed as FF90 3T3/Gag/trNGFR binders. With

the exception of the mAb 3H6 (SI: 3.5), the SIs of the other fourteen mAbs were above 15

(Figure 3.8A+B). In contrast, the SIs of the FF90 PBMC staining ranged from 0 to 228. The two

hybridoma mAbs 11D6.44 and 14B4.7.2 from fusion MZ34 as well as four of the thirteen tested

mAbs from fusion MZ35, namely 8B6, 12D1, 19B3 and 20G3, bound to NGFR-negative FF90

PBMCs (all revealing SIs > 1.0) and therefore were classified as non-specific to FF90 NGFR

(Table 3.3, Figure 3.8A). Figure 3.8C shows representative examples of anti-mouse IgG versus

forward scatter area (FSC-A) dot plots of FF90 PBMCs at four different SIs. Noteworthy, the

anti-NGFR mAb C40-1457 exhibited an unspecific staining of NGFR-negative FF90 PBMCs, too.

In summary, no antibodies derived from fusion MZ34 were FF90 NGFR-specific, but nine mAbs

– namely 3H6, 5G10, 6E7, 6G8, 16D8.1, 18F10, 19C5, 19H2 and 20A9 – derived from fusion

MZ35 showed specificity for FF90 NGFR as these mAbs did not bind to the NGFR-negative FF90

PBMCs.
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Figure 3.8. Specificity of hybridoma mAbs for FF90 NGFR. Human FF90 PBMCs were stained with
either hybridoma supernatants or the commercial murine control antibody anti-NGFR mAb C40-1457.
As positive control FF90 3T3/Gag/trNGFR cells were stained in parallel with hybridoma supernatants
or the anti-NGFR mAb C40-1457. (A) Stain indices (SI) of murine antibodies used to stain FF90
3T3/Gag/trNGFR cells (light grey) and FF90 PBMCs (dark gey). SI were calculated as the difference
between the mean fluorescent intensity (MFI) of the sample and the isotype control divided by 2-fold
the standard deviation of the isotype control’s MFI. (B) Exemplary anti-mouse IgG1 and anti-mouse
IgG2ab vs. forward scatter area (FSC-A) plots of FF90 3T3/Gag/trNGFR control cells (trNGFR-positive).
(C) Exemplary anti-mouse IgG vs. FSC-A plots of NGFR-negative FF90 PBMCs for four different SI
values. The control antibody anti-NGFR mAb C40-1457 is highlighted in grey. Adapted from [Schatz
et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).
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3.3.4. The majority of generated hybridoma antibodies is also specific for FFPE

3T3/Gag/trNGFR cells

The ultimate aim of the immunization was to generate mAbs that recognize the FFPE target

antigen. Samples and tissues preserved as FFPE blocks represent a huge source of material for

research studies [Gaffney et al. 2018; Tucker et al. 2019]. To further test the hybridoma antibodies

for applicability to FFPE samples, 3T3/Gag/trNGFR cells and PBMCs were alternatively fixed

using formaldehyde and subsequently embedded in paraffin wax following the protocol for FFPE

single cell preparation. After deparaffinization, heat-induced epitope retrieval was performed and

the FFPE cells were used to test the 15 FF90 3T3/Gag/trNGFR-binding mAbs for their reactivity

and specificity to FFPE NGFR.

Both hybridoma mAbs 11D6.44 and 14B4.7.2 from fusion MZ34 initially identified as FF90 3T3/-

Gag/trNGFR binders were also able to recognize the alternatively fixed FFPE 3T3/Gag/trNGFR

cells (Table 3.4). However, these two mAbs were not specific for FFPE NGFR as they bound to the

NGFR-negative FFPE PBMCs. Of the 13 mAbs from fusion MZ35, 12 mAbs were identified as

FFPE 3T3/Gag/trNGFR binders (92.3 % of the tested mAbs initially identified as reactive to FF90

3T3/Gag/trNGFR cells) and of the 12 identified FFPE binders, only three (25 %) mAbs bound to

FFPE NGFR-negative PBMCs and therefore were unspecific for FFPE NGFR. Consequently, the

remaining nine mAbs (75 %) were identified as FFPE NGFR-specific.

Table 3.4. Summary of the flow cytometric screening results of hybridoma cell cultures for FFPE NGFR
reactivity and specificity. Fifteen hybridoma cultures identified as binders to FF90 3T3/Gag/trNGFR cells
were screened for reactivity with FFPE 3T3/Gag/trNGFR cells and FFPE human PBMCs. Adapted from
[Schatz et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).

ID Immunization Cells used for
screening

Reactive mAbs/
tested mAbs

FFPE NGFR-
specific mAbs

MZ34 3 x FF90
trNGFR-VLPs

FFPE
3T3/Gag/trNGFR+

2/2 (100.0 %)a

FFPE PBMCs
(NGFR-)

2/2 (100.0 %)b 0/2 (0.0 %)

MZ35 4 x FF90
trNGFR-VLPs

FFPE
3T3/Gag/trNGFR+

12/13 (92.3 %)a

FFPE PBMCs
(NGFR-)

3/12 (25.0 %)b 9/12 (75.0 %)

a Number of positive individual hybridoma supernatants out of total number of tested hybridoma
supernatants identified as FF90 3T3/Gag/trNGFR binders.

b Number of NGFR-unspecific individual hybridoma supernatants out of total number of tested positive
hybridoma supernatants identified as FFPE 3T3/Gag/trNGFR binders.
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The SIs of hybridoma supernatants used to stain FFPE 3T3/Gag/trNGFR cells were generally

lower than the SIs of the FF90 3T3/Gag/trNGFR staining and ranged from 0.7 to 107.4 with

the majority of SIs below 15 (Figure 3.9A). The antibody 19C5 exhibited a SI of 0.7 and was

therefore classified as an FFPE non-binder. The other hybridoma antibodies had SIs > 1.0 and

were rated as FFPE 3T3/Gag/trNGFR binders. However, the SI of antibody 3H6 was only 1.2.

The anti-NGFR mAb C40-1457 labeled FFPE 3T3/Gag/trNGFR and revealed a SI of 48.4. Repre-

sentative examples of antibodies binding to FFPE 3T3/Gag/trNGFR cells are shown in Figure 3.9B.

The SIs of NGFR-negative FFPE PBMC stainings ranged from 0 to 223.6 with the majority of

SIs < 1. The SIs of hybridoma mAbs 8B6 and 20G3 were close to 1.0 exhibiting SIs of 1.1 and

0.9, respectively. The hybridoma mAbs 11D6.44 and 14B4.7.2 from fusion MZ34 as well as 8B6,

19B3 and 12D1 from fusion MZ35 showed SIs > 1.0 indicating non-specificity for FFPE NGFR. In

contrast to the results obtained from the FF90 PBMCs labeling, the anti-NGFR mAb C40-1457

did not bind unspecifically to FFPE PBMCs. Figure 3.9C shows representative examples of

anti-mouse IgG versus FSC-A dot plots of FFPE PBMCs at different SIs.

In summary, most hybridoma antibodies that recognized FF90 3T3/Gag/trNGFR cells specifically

bound to FFPE 3T3/Gag/trNGFR cells, too. The two antibodies derived from fusion MZ34 were

FFPE-reactive but not NGFR-specific. Nine antibodies – namely 3H6, 5G10, 6E7, 6G8, 16D8.1,

18F10, 19H2, 20A9 and 20G3 – derived from fusion MZ35 showed specificity for FFPE NGFR.
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Figure 3.9. Reactivity and specificity of hybridoma mAbs for FFPE NGFR. FFPE 3T3/Gag/trNGFR
cells were stained with hybridoma antibodies or the anti-NGFR mAb C40-1457 to identify hybridoma
mAbs that recognize FFPE NGFR. In parallel, human FFPE PBMCs were stained with either hybri-
doma mAbs or the murine control antibody anti-NGFR mAb C40-1457 as well as the human anti-CD20
mAb to exclude CD20+ PBMCs from analysis. (A) Stain indices (SI) of murine antibodies used to
stain FFPE 3T3/Gag/trNGFR cells (light grey) and FFPE PBMCs (dark gey). SI were calculated as the
difference between the mean fluorescent intensity (MFI) of the sample and the isotype control divided
by 2-fold the standard deviation of the isotype control MFI. (B) Exemplary anti-mouse IgG1+IgG2ab vs.
FSC-A plots of FFPE 3T3/Gag/trNGFR cells. (C) Exemplary anti-mouse IgG vs. FSC-A plots of FFPE
PBMCs for different SI values a showing the anti-NGFR control antibody and the 5G10 hybridoma
antibody as a non-reactive mAbs (SI < 1), and the 12D1 and 14B4.7.2 hybridoma antibodies as reactive
mAbs. The control antibody anti-NGFR mAb C40-1457 is highlighted in grey. Adapted from [Schatz
et al. 2023b] (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).
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In this thesis, a novel approach to antigen preparation was developed allowing for the generation

of FFPE-compatible mAbs using hybridoma technology. HIV-derived VLPs displaying trNGFR

were produced in recombinant 293-F cell pools. The isolated trNGFR-VLPs were subjected to

the novel simplified formaldehyde and 90 °C heat fixation (FF90) protocol developed in this thesis

to generate FFPE-like trNGFR target antigen for immunization. In a flow cytometric screening

setting, the capability of the FF90 trNGFR-VLPs to elicit antibodies specific for native, FF90 and

FFPE trNGFR was evaluated.

At first, stable VLP producer cell pools were successfully established and Gag productivity

was assessed in CFSNs. The stable 293-F/Mos1.Gag and 293-F/Mos1.Gag/trNGFR cell pools

produced between 53 ng/mL to 180 ng/mL p24-Gag in CFSNs. Published data on the productivity

of 293-F derivatives producing HIV-derived VLPs is usually obtained from transient expression of

Gag proteins. Nevertheless, the measured p24-Gag concentrations of the stable cell pools were

comparable to Gag concentrations reported for transient production [Cervera et al. 2013; Fuen-

mayor et al. 2018]. However, after isolation of VLPs from the CFSN employing ultracentrifugation,

significant differences in VLP formation were observed between the 293-F/Mos1.Gag and the

293-F/Mos1.Gag/trNGFR cell pool. Approximately 10-fold more VLPs (535 ± 59 ng Gag) were

isolated from 293-F/Mos1.Gag cultures, whereas only 55 ± 19 ng Gag-containing VLPs were pro-

duced by 293-F/Mos1.Gag/trNGFR cells. This difference in VLP productivity might be a result of

the two-step generation of the 293-F/Mos1.Gag/trNGFR cell pool. The parental 293-F/Mos1.Gag

cells were established first utilizing PB transposon vector components to stably introduce the

mos1.gag CDS and a puromycin selection marker into the genome [Rosengarten et al. 2022b].

Secondly, the expression cassette for trNGFR and a hygromycin selection marker was stably intro-

duced into the genomes of the polyclonal 293-F/Mos1.Gag cell pool utilizing the SB transposon

system to avoid remobilization of the PB-based transposable element. Usually, establishment of

more than one gene of interest using transpon vector systems is performed by co-transfection

and simultaneous selection of all genes of interest at once [Berg et al. 2019; van Heuvel et al.

2021]. During the first weeks of establishing the stable 293-F/Mos1.Gag/trNGFR cell pool, the

cells were selected using hygromycin alone. Puromycin was added to the cultures three weeks

after transfection and since then both antibiotics were constantly applied during cultivation of the

stable cell pool. The absence of puromycin selection in the early stages of cell pool establishment
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might have resulted in the enrichment of cell clones revealing a high trNGFR expression but

lower Mos1.Gag expression levels. The stability of protein production of cell pools generated by

PB-mediated gene transfer in the absence of selection was investigated recently. After an initial

reduction by about 50 % of the initial protein concentration, the productivity of the investigated cell

pools remained stable [Balasubramanian et al. 2015; Balasubramanian et al. 2016]. The authors

reported an average reduction of productivity ranging between 10 % to 15 % per week during the

first two months of cultivation. However, the investigated cell pools expressed only one protein

encoded in a single transposon and the authors did not examine whether the cell pool regained

its productivity after re-initialization of puromycin selection. Whether the lower VLP formation of

the stable 293-F/Mos1.Gag/trNGFR cells compared to the parental 293-F/Mos1.Gag cells, was a

result of a selection of poor Gag-expressing cells from the polyclonal parental cell pool or might

have resulted from trNGFR expression interfering with efficient VLP formation remains elusive.

During the development of the stable 293-F-derived trNGFR-VLP producer cell pool, it was

discovered that 293-F cells endogenously express the NGFR. Recently, Chen and colleagues

reported the endogenous expression of the ngfr gene in 293T cells [Chen et al. 2020a]. Further

investigation of additional HEK-293 derivatives by our group revealed that HEK-293, 293-F and

293T/17 cells expressed NGFR [Schatz et al. 2023a]. Using an NGFR-specific ELISA and a VLP

capture assay, it was demonstrated that the full-length wild-type NGFR is not incorporated into

VLPs produced by 293-F/Mos1.Gag cells. In contrast, trNGFR, with a truncated cytoplasmic tail

of only 8 amino acids, is incorporated into VLPs as demonstrated in this thesis and published

previously for HIV-derived viral vector particles [Jamali et al. 2019]. As NGFR is present in lipid

rafts [Sharma et al. 2019], the sites of HIV budding, the failure to incorporate NGFR into VLPs

most likely results from steric hindrance of the long cytoplasmic tail (155 amino acids) of wild-type

NGFR. The trNGFR-VLPs described here incorporated on average 284 ± 24 trNGFR molecules

per particle, which is within the range of 169 to 350 trNGFR molecules described for the lentiviral

vector particles [Jamali et al. 2019].

The antigen format used for immunization is crucial for eliciting adequate antibody responses and

should resemble the structure of the antigen in the application in which the generated mAb will

be utilized [Ebersbach and Geisse 2012]. Therefore, the FF90 fixation procedure developed in

this study aimed for the generation of FFPE-like antigens and consisted of formaldehyde fixation

of the antigen and subsequent incubation at 90 °C. For the development of the FF90 procedure,

the recombinant trNGFR expressed on the surface of human 293-F/Mos1.Gag/trNGFR cells was

used as a model antigen. Changes in the immunoreactivity of the trNGFR after exposure to

different reagents and conditions were monitored using two antibodies with different recognition

capacities. The first anti-NGFR mAb is specific for an epitope present in native and acetone-

37



4. Discussion

or formaldehyde-fixed NGFR but not in FFPE NGFR. The second FFPE-compatible anti-NGFR

mAb recognizes an epitope present in native, formaldehyde-fixed and FFPE NGFR. After FF90

treatment, only the FFPE-compatible mAb was able to bind to the 293-F/Mos1.Gag/trNGFR cells

indicating that the target antigen changed its structure in an FFPE-like manner. The FF90 fixation

was further evaluated by testing additional epitopes using FF90 human PBMCs and a panel of

mAbs recognizing the CD markers CD3, CD4, CD8 and CD20. For each CD, a mAb recognizing

only the native epitope but not the FFPE epitope and vice versa was used. Of the tested mAbs

for native epitopes, only the anti-CD20 mAb was able to react with a subpopulation of the FF90

PBMCs. In contrast, two FFPE-compatible mAbs (anti-CD4 and the anti-CD20) were able to bind

the respective FF90 CD4+ and CD20+ PBMC subpopulations. Although the FF90 fixation was not

able to induce the appearance of all epitopes recognizable by the four tested FFPE-compatible

mAbs, the results demonstrated that during the FF90 process the investigated membrane proteins

at least partially acquired an antigen format similar to that obtained during the FFPE treatment.

This assumption was further underlined by the binding profile of the majority of the generated

hybridoma mAbs that recognized epitopes present on FF90 and FFPE 3T3/Gag/trNGFR cells

but no native epitopes. Only a single mAb was identified in the first screening that was able to

recognize an epitope present on native and FF90 3T3/Gag/trNGFR cells. As the FF90 procedure

skips several steps present in the FFPE protocol including incubation in alcohol, paraffin embed-

ding, clearing in xylene and heat-induced epitope retrieval, the missing immunoreactivity of the

FFPE-compatible anti-CD3 and anti-CD8 mAbs might be attributed to the absence of modifications

caused by the omitted steps.

The FF90 procedure was successfully applied to trNGFR-displaying VLPs. TEM analysis revealed

that the FF90 trNGFR-VLPs maintained their spherical structure and the typical concentric ring

of ordered immature Gag molecules below the VLP envelope [Wright et al. 2007; Martin et al.

2016]. The average diameter of FF90 VLPs determined by DLS measurement slightly increased

to 179.5 ± 11.1 nm as compared to the diameter of 161.4 ± 13.5 nm of the native VLPs. The mean

diameter of native VLPs was within the range typical for HIV-1-like particles (141 ± 35 nm; [Martin

et al. 2016]). The low polydispersity index of 0.163 ± 0.021 of the FF90 VLP formulation indicated

that the sample was monodisperse and no aggregation or disintegration of VLPs occurred during

the FF90 fixation.

The FF90 trNGFR-VLPs were used to intravenously immunize mice to elicit an immune response

directed against the fixed target antigen trNGFR. After three immunizations with 9.5 µg FF90

trNGFR-VLPs, serum IgG was analyzed and IgG antibodies binding to the FF90 3T3/Gag/trNGFR

screening cells and to a smaller extend also to native cells were detected. Administration of

additional 3.2 µg trNGFR-VLPs resulted in an increase of the response to FF90 and native cells.
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Noteworthy, non-trNGFR-specific natural IgM antibodies present in the blood samples of non-

immunized animals recognized the FF90 screening cells, but not native screening cells. Natural

antibodies are present in the blood of non-immunized individuals at low titers, recognize bacterial

and viral antigens and are often cross-reactive with a variety of antigens [Matter and Ochsenbein

2008]. As the membrane envelope of the trNGFR-VLPs originates from the human host cell mem-

brane, it can be assumed that the natural IgM antibodies also recognize the FF90 trNGFR-VLPs.

Natural IgM molecules are known to promote the delivery of viral particles to lymphatic organs

and hence, improve adaptive immune responses [Boes et al. 1998; Boes 2000; Link et al. 2012;

Panda and Ding 2015].

Despite the efficient generation of hybridoma cells, the frequency of FF90 3T3/Gag/trNGFR-

reactive mAb-secreting hybridoma cultures identified in the initial screening was comparably

low: Only 0.4 % of hybridoma cultures generated from the splenocytes of the mouse receiving

three immunizations, and 3.6 % of the hybridoma cultures originating from the mouse receiving

four immunizations were positive. This finding is in accordance with the results from Wang and

colleagues who observed frequencies between 0.7 % and 89.6 % (median frequency of 2.3 %) of

positive hybridoma cultures after 5 to 10 immunizations using a combination of 100 µg of soluble

synthetic peptides and sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)-

purified proteins as immunogens [Wang et al. 2005]. However, since VLPs are generally more

immunogenic than peptides and soluble proteins [Sailaja et al. 2007; McBurney et al. 2007; Khan

et al. 2015], it is likely to assume that the FF90 treatment may have decreased the immunogenicity

of the FF90 VLPs, resulting in the low percentage of reactive hybridoma cultures. Di Tommaso

and colleagues investigated the influence of formaldehyde-treated bacterial proteins on antigen

recognition by T cells in vitro [Di Tommaso et al. 1994]. The authors observed impaired T cell

activation and antigen processing by B cells after formaldehyde treatment of the antigens. On the

contrary, studies investigating the in vivo processing of native model antigens suggest that proteins

that are more resistant to endo-lyosomal degradation by proteases – in other words antigen pro-

cessing – are more immunogenic than less stable proteins [Delamarre et al. 2005; Delamarre et al.

2006]. Furthermore, proteins stabilized by aldehyde fixation (10 mM (0.03 %) paraformaldehyde

and 2 mM glutaraldehyde) showed increased proteolytic resistance and immunogenicity [Dela-

marre et al. 2006]. Similar results were obtained by Hankaniemi and co-authors, who stabilized

Coxsackievirus B1 VLPs in 0.01 % formalin solution and observed even increased immunogenicity

of fixed VLPs compared to untreated VLPs [Hankaniemi et al. 2019a; Hankaniemi et al. 2019b].

Nevertheless, the concentrations of formaldehyde used in these studies were much lower than

those used to prepare the FF90 VLPs. As a result, the proteins in FF90 VLPs may be considerably

more cross-linked and therefore less susceptible to proteolytic degradation during antigen pro-

cessing resulting in less efficient T cell activation and reduced B cell-mediated antibody responses.
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23 of the 38 hybridoma cell clones (60.5 %) that initially produced FF90 3T3/Gag/trNGFR-reactive

mAbs converted to non-producers after one or more passages. Wang and colleagues observed

similar losses between two screens of up to 97 % for some antigens and screening methods [Wang

et al. 2005]. These high percentages are most likely attributed to the instability of hybridoma cells

and might be mitigated by repeated subcloning and enrichment of highly efficient producer cells in

the hybridoma cell cultures [Kromenaker and Srienc 1994; Bradbury et al. 2018].

Typically, soluble peptide or protein formulations are used for immunization. However, the use of

soluble antigens often requires multiple immunizations and additional adjuvants. For example, Tori-

goe and colleagues immunized mice eight times with 200 µg of the extracellular domain of human

leukocyte antigen mixed with Freund’s adjuvant [Torigoe et al. 2012], and Suzuki and coauthors

administered four times 100 µg synthetic peptides conjugated to keyhole limpet hemocyanin and

mixed with alum adjuvant to isolate 12 hybridoma clones recognizing a CD44 variant [Suzuki et al.

2023]. For the isolation of FFPE-compatible mAbs directed against membrane proteins, denatured

recombinant proteins were successfully utilized [O’Shannessy et al. 2011; Hatano et al. 2014;

Hatano et al. 2019]. Good results were obtained by O’Shannessy et al. who administered three

doses of 50 µg urea-denatured, reduced and alkylated recombinant protein to immunize mice

and to isolate mAbs recognizing the folate receptor alpha, a glycoprotein with a complex three-

dimensional structure [O’Shannessy et al. 2011]. In contrast to the studies described above, the

FF90 VLP immunization required only four injections of up to 9.5 µg total protein and no additional

adjuvants to generate 35 hybridoma clones initially producing FF90 3T3/Gag/trNGFR-reactive

mAbs and resulted in the isolation of nine mAbs specific for FFPE NGFR. This might be attributed

to the particulate structure of VLPs known to efficiently activate immune cells and stimulate

humoral immune responses [Nooraei et al. 2021] and underlines the potential of FF90 VLPs as

immunogens for the generation of FFPE-compatible mAbs despite the possible detrimental effect

of formaldehyde fixation on immunogenicity. However, to what extent the FF90 treatment of the

trNGFR-VLPs contributed to the elicitation of preferentially FFPE-compatible mAbs or might have

affected the immunogenicity of VLPs is not yet clear, since in this thesis potential differences in

mAb generation after immunization of mice with native trNGFR-VLPs were not examined.

The immunization of mice with four FF90 trNGFR-VLP injections led to the discovery of nine FFPE

NGFR-specific mAbs, whereas immunization with only three injections elicited no FFPE NGFR-

specific mAbs. As the number of hits in the initial FF90 3T3/Gag/trNGFR screening increased

about 12-fold from 3 to 35 after administering an additional FF90 trNGFR-VLP boost, further

optimization of the immunization scheme including additional boosts, higher amounts of VLPs

or the addition of adjuvants may improve the immune response and enhance the percentage of
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hybridomas that produce antigen-specific mAbs. The nine isolated mAbs recognized epitopes

that were present on FF90 and FFPE cells but not detectable on native cells. To evaluate the

applicability of the discovered mAbs for IHC, the mAbs should be further tested for reactivity and

specificity in FFPE human tissue sections. In addition, conducting cross-blocking tests to map

the epitopes recognized by the mAbs and sequencing of variable region cDNAs of the antibodies

should reveal from how many different B cell clones the isolated reactive mAbs originated.

It is noteworthy that flow cytometric screening of hybridoma supernatants with FF90 cells

recombinantly expressing the target antigen trNGFR represents a reliable method to identify

mAb-secreting hybridomas capable of staining FFPE cells expressing the target antigen. This

underlines that proteins subjected to the FF90 procedure acquired an FFPE-like antigen format.

However, since the first screening was performed with FF90 3T3/Gag/trNGFR screening cells,

hybridoma clones expressing antibodies that were exclusively reactive to FFPE 3T3/Gag/trNGFR

cells but not to FF90 cells may have been missed. Nevertheless, in comparison to the FFPE

procedure, the FF90 fixation protocol is easy-to-perform and requires less resources. FF90 cells

for screening can be prepared in a few hours following a two-step protocol, whereas the FFPE

procedure is considerable more complex and time-consuming as it includes formaldehyde fixation,

dehydration, overnight paraffin wax embedding, dewaxing, rehydration and antigen retrieval.

In summary and as demonstrated in this thesis, the FF90 fixation is applicable for the preparation

of enveloped HIV-derived VLPs decorated with the trNGFR cell surface antigen and facilitated the

generation of mAbs specific for FFPE NGFR. It is feasible to assume that this simplified fixation

method can also be utilized for VLPs derived from a range of different membrane-enveloped

donor viruses employed for the display of surface antigens. This warrants and requires further

studies. The FF90 VLP-based antigen delivery platform might be of particular interest for the

development of FFPE-compatible mAbs for various membrane-anchored cell surface antigens that

pose a challenge in other formulations and require conformationally authentic antigen structures.

In addition, the FF90 fixation might be further utilized to modify soluble proteins for immunization

and in vitro antibody screening, and thus should be a useful tool for future antibody discovery

studies aiming at the isolation of FFPE-compatible mAbs.
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5.1. Materials

5.1.1. List of chemicals and consumables

Table 5.1. Chemicals and consumables used in this thesis.

Component/Name Vendor

Acella 100 sample carrier anvajo, Germany

Ammonium persulphate (APS) Carl Roth, Germany

AutoMACS® Running Buffer Miltenyi Biotec, Germany

Azaserin Sigma Aldrich, Germany

Bovine serum albumin (BSA), Fraction V Carl Roth, Germany

Cell culture plates CELLSTAR®, 6-, 12-, 24-,

48- and 96 wells

Greiner Bio-One, Austria

Chemiluminescent substrate; SuperSignal™

West Pico PLUS

Thermo Fisher Scientific, USA

Citrate Carl Roth, Germany

DAPI staining solution Miltenyi Biotec, Germany

DMEM, high glucose, pyruvate medium Gibco/Thermo Fisher Scientific, USA

DMEM, high glucose Biowest, France

Dynabeads Protein A immunoprecipitation kit Thermo Fisher Scientific, USA

Ethylenediaminetetraacetic acid (EDTA) VWR International, USA

ELISA HIV p24; QuickTiter™ HIV Lentivirus

Quantitation Kit

Cell Biolabs, USA

ELISA NGFR; RayBio® Human NGF R ELISA

Kit

RayBiotech, USA

Erythrosine B Carl Roth, Germany
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Component/Name Vendor

Ethanol denatured, 99.8 % Carl Roth, Germany

FastDigest NotI Thermo Fisher Scientific, USA

FastDigest SalI Thermo Fisher Scientific, USA

FBS FetalClone I serum Hyclone, USA

FcR Blocking Reagent, mouse Miltenyi Biotec, Germany

FcR Blocking Reagent, human Miltenyi Biotec, Germany

Fetal bovine serum, qualified, heat

inactivated, Brazil (FBS)

Gibco/Thermo Fisher Scientific, USA

Formaldehyde solution; ROTI®Histofix 10 % Carl Roth, Germany

FreeStyle™ 293 Expression medium Thermo Fisher Scientific, USA

L-glutamine Gibco/Thermo Fisher Scientific, USA

Glyine Carl Roth, Germany

HEPES, 1 M in 0.8 % NaCl Lonza, Switzerland

Hydrochloric acid Carl Roth, Germany

Hygromycin B Gold InvivoGen, France

Isopropanol, 99.5 %, for synthesis Carl Roth, Germany

Laemmli buffer (4x ROTI®Load-1) Carl Roth, Germany

MACSwell™ Imaging Frames, MACSwell Four Miltenyi Biotec, Germany

Methanol, 99.9 % Carl Roth, Germany

Microtiter plate, 96-well, F-well,

BRANDplates®

Brand, Germany

Mouse IgG Bio kit Roche Diagnostics, Germany

Opti-MEM™ I Reduced Serum Medium Gibco/Thermo Fisher Scientific, USA

PageRuler™ Prestained Protein Ladder, 10

bis 180 kDa

Thermo Fisher Scientific, USA

Paraffin, for histology Carl Roth, Germany

PEI MAX®, Transfection Grade Linear

Polyethylenimine Hydrochloride (MW 40,000)

Polysciences, USA

Peripheral blood mononuclear cells (PBMCs) DRK Blutspendedienst West, Hagen,

Germany
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Component/Name Vendor

Phosphate buffered saline (PBS), 10x Gibco/Thermo Fisher Scientific, USA

Phusion DNA Polymerase High-Fidelity PCR

Kit

New England Biolabs, USA

Powdered milk, lowfat, blotting grade Carl Roth, Germany

Puromycin InvivoGen, France

PVDF membrane: ROTI®PVDF 0.45 Carl Roth, Germany

PVDF membrane syringe filters, 0.45 µm Carl Roth, Germany

ROTIPHORESE®Gel 30 (37.5:1) Carl Roth, Germany

ROTI®Histol Carl Roth, Germany

ROTI®Nanoquant Carl Roth, Germany

Shaker flasks with vent cap (125 mL, 250 mL,

500 mL)

Nalgene Nunc International, USA

Sodium chloride (NaCl) Carl Roth, Germany

Sodium dodecyl sulphate (SDS) Carl Roth, Germany

T4 DNA Ligase New England Biolabs, USA

T25, T75 and T125 cell culture flasks Carl Roth, Germany

TEMED, for electrophoresis Carl Roth, Germany

TransIT®-LT1 transfection reagent Mirus Bio, USA

D(+)-trehalose dihydrate, CELLPURE® Carl Roth, Germany

Tris, PUFFERAN® Carl Roth, Germany

Tris-HCl, PUFFERAN® Carl Roth, Germany

Tween® 20 Carl Roth, Germany

Ultra Clear centrifuge tubes Beckman Coulter, USA
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5. Materials and Methods

5.1.3. Equipment and software list

Table 5.5. List of equipment and software used in this thesis.

Description Product Vendor

Cell counter fluidlab R-30 anvajo, Germany

Dynamic light scattering Zetasizer nano ZS Malvern Panalytical, UK

Electron microscope JEM-2100Plus JEOL, Germany

Flow cytometer Cell Sorter S3e Bio-Rad, USA

MACSQuant® Analyzer 10 Miltenyi Biotec, Germany

Flow cytometric analysis ProSort™ software, v1.5 Bio-Rad, USA

FlowJo™ software, v10 BD Biosciences, USA

MACSQuantify™ software,

v2.13.3

Miltenyi Biotec, Germany

Freezer (−80 °C) HERAfreeze HFC-series

8740

Thermo Fisher Scientific,

USA

Graphing and illustrating Biorender Biorender.com, USA

Inkscape 1.2.2 inkscape Development Team,

General Public License

OriginPro software, version

2022b

OriginLab Corporation, USA

Scribus software, version

1.4.8

Scribus Development Team,

open source

IgG quantitation Cedex Bio Analyzer Roche Diagnostics, Germany

Incubator Heracell™ 150i Thermo Fisher Scientific,

USA

Minitron Infors HT, Switzerland

Microplate reader Multiskan FC Thermo Fisher Scientific,

USA

Infinite M1000Pro Tecan, Switzerland

Microscope VisiScope IT404 VWR, USA

Molecular cloning SnapGene software SnapGene, USA
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5. Materials and Methods

Description Product Vendor

Protein electrophoresis Mini-PROTEAN Tetra

Vertical Electrophoresis Cell,

Handcasting module,

PowerPac™ Basic Power

Supply

Bio-Rad, USA

PCR machine Thermo cycler T100 Bio-Rad, USA

Protein transfer Trans-Blot Turbo system Bio-Rad, USA

Thermal mixer TS basic Cellmedia, Germany

Ultracentrifuge Optima XE-90 Beckman Coulter, USA

VLP capture assay Overhead shaker REAX2 Heidolph Instruments,

Germany

12-Tube Magnetic

Separation Rack

New England Biolabs, USA

Western blot imaging ChemiDoc Bio-Rad, USA

Image Lab™ software,

version 5.2.1

Bio-Rad, USA

.

5.1.4. Compositions of buffers and solutions

Table 5.7. Compositions of buffers and solutions used in this thesis. If not otherwise stated, solutions
and buffer ingredients were solved in demineralized water (dH2O).

Buffer name Composition

AutoMACS Running Buffer ready-to-use, pH 7.2; contains PBS, BSA, EDTA and

0.09 % azide

Elution Buffer ready-to-use, part of the Dynabead Protein A immuno-

precipitation kit

FACS buffer PBS, pH 7.2 to 7.4 supplemented with 2 mM EDTA and

0.5 % (w/v) BSA

TEC buffer Tris-HCl, pH 9.0; EDTA; citrate (in-house recipe of Mil-

tenyi Biotec, Germany; composition confidential)
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Buffer name Composition

Laemmli buffer ready-to-use (4x ROTI®Load-1), contains SDS (approx.

8 % (w/v)), β-mercaptoethanol (approx. 20 % (v/v)), glyc-

erol (approx. 40 % (v/v)) and bromophenol blue (approx.

0.015 % (w/v)). Phosphate buffered.

PBS 1:10 dilution of Gibco 10x PBS stock solution; pH 7.4

TBS-T washing buffer 2 mM Tris-HCl, 15 mM NaCl, 0.05 % (v/v) Tween-20; pH

7.4

Towbin blotting buffer 25 mM Tris, 190 mM glycine, 20 % (v/v) methanol

VLP storage solution 10 % (w/v) trehalose dissolved in PBS

5.2. Plasmids

In all expression constructs used in this study, the human cytomegalovirus promoter/enhancer

(PCMV) drives the expression of the proteins of interest, namely the group-specific antigen (Gag)

proteins, a cytoplasmically truncated version of the nerve growth factor receptor (NGFR), the

Sleeping Beauty (SB) and the piggyBac (PB) hyperactive transposases.

5.2.1. Design of the transposase expression vectors

The pSB100x-trNGFR-SEAP construct is designed for the transient expression of the hyperactive

SB transposase variant SB100x [Mátés et al. 2009], whereas the pHyPBase-trNGFR-SEAP con-

struct encodes for the hyperactive piggyBac transposase (hyPBase) variant (GenBank Accession

No. OL519599.1, [Yusa et al. 2011; Eggenschwiler et al. 2021]). As depicted in Figure 5.1A, the

expression of the transposases is coupled to the expression of two reporter genes encoding the

truncated human low affinity nerve growth factor receptor (trNGFR) [Yang et al. 1998; Castellino

et al. 1999], and the secreted alkaline phosphatase (SEAP; GenBank Accession No. U89938,

Clontech, USA), respectively, each separated by a synthetic intron (IVS) and an internal ribosomal

entry site (IRES). The reporter genes enable the indirect detection of prolonged expression of

the transposases after random stable integration of the transposase-encoding plasmids into the

host cell genome. The transposase expression vectors pSB100x-trNGFR-SEAP and pHyPBase-

trNGFR-SEAP were already present in our research group and their construction has been

described previously [Berg et al. 2019; Berg et al. 2020; Rosengarten et al. 2022b].
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5. Materials and Methods

Figure 5.1. Schematic illustration of the transposon vector constructs. The cytomegalovirus pro-
moter/enhancer (PCMV) drives the expression in all three constructs. (A) The transposase expression
vectors pSB100x-trNGFR-SEAP and pHyPBase-trNGFR-SEAP are designed for the transient expres-
sion of the hyperactive Sleeping Beauty variant SB100x and the hyperactive piggyBac (hyPBase)
transposase, respectively. The expression of the transposases is coupled to the expression of the
two reporter genes truncated nerve growth factor receptor (trngfr ) and secreted alkaline phosphatase
(seap), each separated by a synthetic intron (IVS) and an internal ribosomal entry site (IRES). (B) Two
SB-specific terminal inverted repeats (TIRs) flank the transposable element of the Gag expression
vector pSB-gag-IpW, whereas the transposable element of pPB-mos1.gag-IpW is flanked by PB-
specific terminal inverted repeats (TIRs). The expression of the Gag proteins is coupled to a puromycin
resistance gene (puroR) as selection marker. The woodchuck hepatitis virus post transcriptional ele-
ment (WPRE) and the bovine growth hormone polyadenylation signal (p(A)) terminate the expression
cassettes. (C) In pSB-cHS4-trNGFR-IhW transposon donor vector the SB TIRs flank two copies of
the core chicken beta-globin insulator sequences (cHS4). Here, the expression of the antigen of
interest, trNGFR, is coupled to the hygromycin resistance gene (hygroR) via a IVS and an IRES. The
expression cassette ends with a WPRE and a p(A) signal. Adapted from [Schatz et al. 2023b] (CC BY
4.0; https://creativecommons.org/licenses/by/4.0/).
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5.2.2. Design of the transposon donor vectors

The transposon donor vector plasmids were designed to provide the transposable elements

flanked by transposase-specific TIRs. Each transposable element carries an expression cassette

for a gene of interest and an additional selection marker.

5.2.2.1. Sleeping Beauty transposon donor vectors

The SB transposon donor plasmids pSB-IpW and pSB-cHS4-IhW were used as recipient vectors

for the insertion of the genes of interest [Berg et al. 2019; Berg et al. 2020]. Plasmid maps of

the recipient vectors are shown in Supplementary Figure S1 and Figure S2, respectively. The

transposable elements of both plasmids are flanked by TIRs of the SB transposon originating from

the Tc-like element (GenBank Accession No. L48685; [Ivics et al. 1997; Berg et al. 2019]). The

multiple cloning site (MCS) is followed by an IVS, an attenuated IRES of encephalomyocarditis

virus and a puromycin or hygromycin resistance gene derived from pIRESpuro3 and pIREShyg3

(Clontech Laboratories, USA), respectively. The woodchuck hepatitis virus posttranscriptional

element (WPRE; nucleotides1093–1684; GenBank Accession No. J04514) and the bovine growth

hormone polyadenylation signal (p(A)) terminate the expression cassettes. In the pSB-cHS4-IhW

transposon donor vector, a chicken β-globin (cHS4) insulator element (GenBank accession no.

U78775) was added upstream of the PCMV and downstream of the p(A) signal respectively, to

protect transgene expression after transposition from gene silencing [Sharma et al. 2012].

Design of the Gag expression vector The Gag expression vector pSB-gag-IpW depicted in

Figure 5.1B was generated in our research group by insertion of the human codon-optimized

sequence of gag coding for the human immunodeficiency virus (HIV)-1 Gag precursor polyprotein

(p55-Gag) of isolate NY5 (Uniprot accession no. P12493) into the pSB-IpW recipient vector.

Molecular cloning of the trNGFR expression vector The trNGFR expression vector pSB-

cHS4-trNGFR-IhW depicted in Figure 5.1C encodes for the trNGFR antigen. The pSB-cHS4-IhW

recipient vector was linearized using the FastDigest NheI and SalI restriction enzymes (Thermo

Fisher Scientific, USA). The trNGFR coding sequence (CDS) flanked by NotI and SalI restriction

sites was generated from pSB100x-trNGFR-SEAP by polymerase chain reaction (PCR) using

the primer pair NheI-trNGFR forward (5’-atatgctagcacCATGGGGGCAGGTGCCAC-3’, Eurofins

Genomics, Germany) and SalI-trNGFR reverse (5’-atatgtcgaCCTAGAGGATCCCCCTGTTCCAC-

3’, Eurofins Genomics, Germany). Lowercase letters indicate primer overhangs harboring the

restriction sites, stuffer and Kozak sequences (the latter only in the forward primer). The PCR was

initiated using the Phusion HF DNA polymerase (New England Biolabs, USA), 100 ng template

DNA and 0.5 µM of forward and reverse primers, respectively. Initial denaturation was carried
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out at 98 °C for 30 s, followed by 30 cycles of denaturation for 20 s at 98 °C, annealing for 10 s

at primer-specific temperatures and elongation at 72 °C for 15 s/kb, as well as a final elongation

step for 5 min at 72 °C. The amplicon was digested with FastDigest NheI and SalI and ligated into

the opened recipient vector using T4 DNA Ligase (New England Biolabs, USA). The generated

pSB-cHS4-trNGFR-IhW transposon donor vector was analyzed utilizing restriction enzyme digest

and the DNA sequence of the trNGFR CDS was confirmed by Sanger sequencing (Microsynth

Seqlab, Germany).

5.2.2.2. PiggyBac transposon donor vector

The PB transposon donor plasmid pPB-mos1.gag-IpW consists of the transposable element

flanked by PB TIRs (Figure 5.1B) and was generated by [Rosengarten et al. 2022b]. The TIRs

originate from plasmid PB-CAG-DDdCas9VP192-T2A-GFP-IRES-Neo, which was a gift from Timo

Otonkoski (Addgene plasmid No. 102885; RRID: Addgene_102885; [Weltner et al. 2018]). The

transposable element of pPB-mos1.gag-IpW contains the PCMV that drives the expression of

the HIV mosaic gag (mos1.gag) CDS followed by an IVS, an IRES and a puromycin resistance

gene derived from pIRESpuro3 (Clontech Laboratories, USA). The DNA sequence of mos1.gag

consists of synthetically shuffled Gag sequences originating from different HIV variants [Fischer

et al. 2007] and was taken from US patent no.10,369,214 [Langedijk et al. 2019]. The sequence

was synthesized and codon optimized for the expression in human and Chinese hamster ovary

cells (Genscript, USA). The WPRE (nucleotides 1093–1684; GenBank accession no. J04514)

and the bovine growth hormone polyadenylation signal (p(A)) terminate the expression cassette.

5.3. Cell culture

5.3.1. Cell lines, media and culture conditions

Adherent murine NIH/3T3 fibroblasts (ATCC Cat.No. CRL-1658, RRID: CVCL_0594) and

recombinant cells derived from NIH-3T3 cells were cultivated in T75 cell culture flasks (Carl

Roth, Germany) and 12 mL Dulbecco’s modified Eagle high glucose, pyruvate medium (DMEM;

Gibco/Thermo Fisher Scientific, USA) supplemented with 4 mM L-glutamine and 10 % fetal bovine

serum (FBS). Cell cultures were maintained at 37 °C in a humidified atmosphere at 5 % CO2 in an

incubator (Heracell™ 150i, Thermo Fisher Scientific, USA). For passaging, adherent cells were

detached using 1 mM ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline (PBS;

Gibco/Thermo Fisher Scientific, USA).

The mouse myeloma cell line Sp2/0-Ag14 (ATCC Cat.No. CRL-8287, RRID: CVCL_2199)

was cultivated in T125 cell culture flasks and 25 mL Sp2/0 culture medium consisting of
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DMEM (BioWest, France) supplemented with 10 % FBS (Hyclone, USA), 2 mM L-glutamine

(Gibco/Thermo Fisher Scientific, USA) and 20 mM HEPES (Lonza, Switzerland). Cells were

maintained at 37 °C in a humidified atmosphere at 9 % CO2.

Human FreeStyle™ 293-F suspension cells (RRID: CVCL_D603, Thermo Fisher Scientific, USA)

and recombinant cells derived from 293-F cells were cultivated in serum-free FreeStyle™ 293

Expression medium (Thermo Fisher Scientific, USA) at 37 °C, 8 % CO2 and 137 rpm in a shaker

incubator (Minitron, Infors HT, Switzerland) with an orbit of 5 cm. The cultivation was routinely

carried out in 125 mL disposable shaker flasks with vent caps (Nalgene Nunc International, USA)

and 20 mL FreeStyle™ 293 Expression medium. Cell cultures were passaged every 3 to 4 days at

viable cell densities (VCDs) between 0.3 × 106 and 2.0 × 106 viable cells/mL.

VCDs and viabilities were assessed using either a cell counter and the acella 100 sample carriers

(anvajo, Germany) or by counting the staining cells stained with 0.1 % (w/v) erythrosine B solution

in an improved Neubauer counting chamber (Carl Roth, Germany).

5.3.2. Establishment of stable recombinant cells

Stable recombinant cells were generated using PB and SB transposon vector gene transfer.

5.3.2.1. Generation of the NGFR screening cell line

For the generation of the 3T3/Gag/trNGFR screening cell line, the human trngfr expression

cassette was introduced into the 3T3/Gag cell pool already present in our research group. The

3T3/Gag cell pool was established by co-transfection of NIH-3T3 cells with the SB transposase

expression construct and the pSB-gag-IpW Gag expression vector.

One day prior to transfection, 1.0 × 105 3T3/Gag cells per well were seeded in a 6-well cell

culture plate (Greiner Bio-One, Austria). On the following day, cells were transfected using

the and TransIT®-LT1 transfection reagent (Mirus Bio, USA) and 2.50 µg total plasmid DNA

diluted in Opti-MEM™ I reduced serum medium (Gibco/Thermo Fisher Scientific, USA). For the

generation of the NGFR screening cell pool, cells were co-transfected with 2.25 µg of transposon

donor vector pSB-trNGFR-IhW and 0.25 µg of the SB transposase expression construct

(pSB100x-trNGFR-SEAP). Three days post transfection, transfected cells were subjected to

increasing concentrations of hygromycin (InvivoGen, France) starting at a concentration of

50 µg/mL. At the end of the increasingly stringent selection, the 3T3/Gag/trNGFR cell pool was

cultivated at 400 µg/mL hygromycin.
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The NGFR screening cell line was generated by cloning of 3T3/Gag/trNGFR cells already pre-

selected at 400 µg/mL hygromycin. Cells were stained using anti-NGFR antibodies as described

in Chapter 5.5.1 and the top 15 % of trNGFR-expressing cells were collected using the Se3

cell sorter (Bio-Rad, USA). Sorted cells were plated in 96-well cell culture plates using limiting

dilution to generate single cell clones. Clones were expanded using DMEM containing 400 µL/mL

hygromycin. The clone H6 showing the highest trNGFR expression was selected as the NGFR

screening cell line (Figure S3).

5.3.2.2. Generation of 293-F VLP producer cell pools

The stable virus-like particle (VLP) producer cell pool 293-F/Mos1.Gag was generated by

Rosengarten et al. using PB transposon vectors encoding for the hyPBase and for Mos1.Gag

proteins, respectively [Rosengarten et al. 2022b]. In brief, 40 µg of pPB-mos1.gag-IpW and 10 µg

of pHyPBase-trNGFR-SEAP were incubated with 150 µg polyethylenimine (PEI) transfection

reagent (PEI:DNA mass ratio of 3:1; linear PEI, MW 40,000; Polysciences Inc., USA) for 15 min at

room temperature. Next, 30 × 106 viable 293-F cells were harvested and resuspended in 6 mL

FreeStyle expression medium, transfected with the PEI:DNA transfection mixture and incubated

at 37 °C, 8 % CO2 and 135 rpm. Additional 9 mL medium were added after three hours. On the

following day, cells were diluted to a VCD of 1.0 × 106 viable cells/mL. Four days after transfection,

cells were subjected to increasing concentrations of puromycin starting at a concentration of

2 µg/mL puromycin until the final concentration of 15 µg/mL. After initial selection, the stable

293-F/Mos1.Gag cell pool was routinely cultivated at 10 µg/mL puromycin.

The stable trNGFR-VLP producer cell pool 293-F/Mos1.Gag/trNGFR was generated utilizing

SB vector-mediated transpositon. For this purpose, 16.0 µg of pSB-trNGFR-IhW and 2.5 µg of

pSB100x-trNGFR-SEAP DNA was incubated with 110 µg PEI transfection reagent for 5 min at

room temperature. As described above, 30 × 106 viable cells/mL from the 293-F/Mos1.Gag cell

pool were co-transfected with the PEI:DNA transfection mixture containing the SB transposase

expression construct and the SB transposon donor vector encoding for the trNGFR. Three days

post transfection, stable 293-F/Mos1.Gag/trNGFR cells were selected using 50 µg/mL hygromycin.

The hygromycin concentrations were constantly elevated for three weeks to a final concentration

of 200 µg/mL hygromycin. For further cultivation, 10 µg/mL puromycin was constantly applied in

addition to hygromycin.

5.3.3. VLP production, concentration and storage

293-F VLP producer cells were seeded at 0.5 × 106 viable cells/mL in 125 mL, 250 mL or 500 mL

shaker flasks containing 20 mL, 40 mL or 100 mL serum-free FreeStyle™ 293 expression
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medium, respectively, and expanded for three days. To harvest VLPs from cell cultures

revealing a viability higher than 90 %, the supernatant was separated from the cells using

low-speed centrifugation at 300 rcf for 5 min. The clarified supernatant was filtered using 0.45 µm

polyvinylidene fluoride (PVDF) membrane syringe filters (Carl Roth, Germany) to remove residual

cells and cell debris. The cell-free supernatant (CFSN) was either stored at −20 °C or subjected to

ultracentrifugation for VLP isolation and concentration.

For VLP concentration, CFSN was centrifuged at 112 700 rcf at 4 °C for 1.5 h using the Optima

XE-90 ultracentrifuge (Beckman Coulter, USA), the SW28 swing-out rotor (Beckman Coulter, USA)

and Ultra Clear centrifuge tubes (Beckman Coulter, USA). The supernatant was discarded and the

VLP pellet was air-dried for approximately 20 min and resuspended using 60 µL of VLP storage

solution (Table 5.8, [Lynch et al. 2012]) per 10 mL CFSN and stored at −80 °C until further analysis.

5.4. Fixation of cells and VLPs

5.4.1. Formaldehyde, ethanol and heat treatment of single cells

Cells were harvested from cell cultures, washed with PBS and fixed using 4 % formaldehyde

solution (Carl Roth, Germany) for 1 h. Formaldehyde-fixed cells were pelleted by centrifugation at

300 rcf for 5 min and washed three times in PBS.

Formaldehyde-fixed 293-F/Mos1.Gag/trNGFR cells were incubated in increasing concentrations

of ethanol. Cells were initially incubated in 2 mL 48 % ethanol for 20 min. Additional 2 mL 99.8 %

ethanol (Carl Roth, Germany) was added so that the ethanol concentration was approximately

70 %. Cells were incubated in 70 % ethanol for another 20 min. For the final 20 min incubation in

90 % ethanol, additional 15 mL 99.8 % ethanol was added to the cell suspension. The resulting

formaldehyde- and ethanol-fixed cells were pelleted by centrifugation at 600 rcf for 5 min, washed

and stored in PBS at 4 °C.

Formaldehyde-fixed cells suspended in PBS were subjected to heat fixation at 70 °C, 80 °C, 90 °C

and 100 °C for 1 h, respectively. After cooldown, the cells were stored at 4 °C.

5.4.2. Formaldehyde-fixed paraffin-embedded single cell preparation

Formaldehyde-fixed paraffin-embedded (FFPE) single cells were prepared following an internal,

confidential standard operating procedure (SOP) of Miltenyi Biotec, Germany. The protocol mimics

the steps performed during FFPE tissue embedding. Cells were fixed using 4 % paraformaldehyde

solution followed by a stepwise dehydration in an ascending ethanol series, clearing in ROTI®Histol,
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a xylene substitute, and embedding in paraffin at 60 °C. After paraffin embedding, cells were

deparaffinized, rehydrated using descending ethanol concentrations and heat-induced antigen

retrieval was performed using TEC buffer (Table 5.8). FFPE single cells were stored at 4 °C in

AutoMACS Running Buffer (Miltenyi BioTec, Germany).

5.4.3. Preparation of formaldehyde-fixed and 90 °C-fixed VLPs

VLPs were produced and concentrated as described in Chapter 5.3.3. For the preparation of

trNGFR-VLPs for immunization, concentrated VLP samples were pooled and contained up to

2 µg Gag proteins. VLPs were fixed in 2 mL 4 % formaldehyde solution for 1 h. The reaction

was stopped by adding 150 mM glycine. After fixation, VLP samples were immediately diluted in

35 mL PBS resulting in a formaldehyde concentration of approximately 0.2 % and the VLPs were

separated from the solution using ultracentrifugation (112 700 rcf, 4 °C, 1.5 h). The VLP pellet

was resuspended in PBS, heated to 90 °C for 1 h, sterile-filtered using 0.45 µm PVDF syringe

filters (Carl Roth, Germany) and stored at −80 °C. VLPs undergoing this procedure were termed

formaldehyde- and 90 °C-fixed (FF90) VLPs.

5.5. Characterization of cells and VLPs

5.5.1. Flow cytometric analysis of cells

Up to 1 × 106 cells were washed in PBS and resuspended in 100 µL FACS buffer (Table 5.8)

containing fluorophore-conjugated monoclonal antibodies (mAbs) directed against the target

antigen (Table 5.4) and incubated in the dark at 4 °C for 10 min. Human peripheral blood

mononuclear cells (PBMCs) from anonymous healthy donors (DRK Blutspendedienst West,

Hagen, Germany) were incubated with additional human Fc receptor (FcR) blocking reagent

(Miltenyi Biotec, Gemany). As a control, cells were immunolabeled with matching isotype control

antibodies. Cells were washed by adding 1 mL PBS and pelleted at 300 rcf for 5 min. Cells were

resuspended in 1 mL FACS buffer and measured using either S3e Cell Sorter (Bio-Rad, USA) or

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec, Germany).

Flow cytometric analysis was performed using either the MACSQuantify or FlowJo software

(Table 5.6). Debris and doublets were excluded from analysis in a forward scatter area (FSC-A)

versus side scatter area (SSC-A) plot followed by single cell selection in a FSC-A versus forward

scatter height (FSC-H) or forward scatter width (FSC-W) plot. Fluorescent signals mediated by

the binding of the fluorophore-conjugated mAbs to the cells were investigated in the corresponding

fluorescence channels.
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Stain index

The stain index (SI) describes the ratio of the separation between the cell population labeled with

the antigen-specific antibodies and the cell population incubated with isotype control antibodies

divided by two times the standard deviation (SD) of the isotype control. The mean fluorescent

intensities (MFI) and the SDs were calculated using the FlowJo software (Table 5.6).

Stain indices were calculated as follows [Maecker et al. 2004]:

SI =
MFIsample −MFIiso

2× SDiso
(Equation 5.1)

with SI stain index

MFI mean fluorescent intensity

iso isotype control

SD standard deviation

5.5.2. Protein quantitation

5.5.2.1. Total protein quantitation

The amount of total protein in VLP samples for injection was quantified using a modified Bradford

assay (ROTI®Nanoquant; Carl Roth, Germany). 400 µg/mL bovine serum albumin (BSA; Carl

Roth, Germany) were solved in PBS to prepare the bovine serum albumin (BSA) stock solution.

For the calibration series ranging from 1.0 µg/mL to 100.0 µg/mL, the BSA stock solution was

subsequently diluted in H2O. The ROTI®Nanoquant reagent (Carl Roth, Germany) was used

according to the manufacturer’s instructions. The assay was performed in 96 well plates (Brand,

Germany). The optical density of the standard dilutions and the samples was measured at 590 nm

and 450 nm using the Inifinite M1000Pro microplate reader (Tecan, Switzerland).

5.5.2.2. Enyzme-linked immunosorbent assays

CFSN and VLP samples were analyzed for their Gag and NGFR concentrations using enzyme-

linked immunosorbent assays (ELISAs) and the microplate reader Multiskan FC (Thermo Fisher

Scientific, USA). Samples were analyzed as analytical duplicates.

The p55-Gag proteins were detected employing the HIV-1 p24 capsid ELISA (Cell Biolabs, USA).

With the exception of modifying the p24-Gag standard dilution series to a concentration range

of 0.39 ng/mL to 25.00 ng/mL, the p24 capsid ELISA was performed following the manufacturer’s

instructions. Particle numbers were calculated utilizing Equation 5.2, by assuming that there is

an average of 3500 p55-Gag molecules per immature VLP [Lavado-García et al. 2021] and the
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number of detected p24-Gag molecules is equal to the number of p55-Gag molecules, as p24-Gag

is a subunit of the p55-Gag precursor proteins. The molecular weight of p24-Gag was estimated

as 24 000 Da. This equates to 7.17 × 109 VLPs per 1 µg detected p24-Gag.

mp24 =
nGag ×M

NA

× F (Equation 5.2)

with mp24 total amount of p24-Gag of 1 VLP [ng]

nGag number of molecules of 1 VLP [−]

M molecular weight of p24-Gag [Da or g/mol]

NA Avogadro constant [1/mol]

F conversion factor of 109 [ng/g]

NGFR concentrations in CFSN and VLP samples were measured using the human NGFR ELISA

kit according to the manufacturer’s instructions (RayBiotech, USA). The number of trNGFR

molecules per VLP was calculated as described in Equation 5.3. The molecular weight of trNGFR

was calculated using the ProtParam Tool (RRID: SCR_018087) based on the amino acid sequence

and was determined to be approximately 29 500 Da.

ntrNGFR =
NA ×mtrNGFR × nV LP

M × F
(Equation 5.3)

with ntrNGFR number of trNGFR molecules per VLP [-]

mtrNGFR total amount of trNGFR per 1 µg p24-Gag [ng]

NA Avogadro constant [1/mol]

nVLP number of VLPs per 1 µg p24-Gag [-]

M molecular weight of trNGFR [Da or g/mol]

F conversion factor of 109 [ng/g]

5.5.3. VLP capture assay

The VLP capture assay consists of two major steps: (i) Immunoprecipitation of VLPs using surface

antigen-specific antibodies and (ii) detection of the Gag viral core protein using Western blotting.

The VLP capture assay was performed according to the protocol published by [Rosengarten

et al. 2022a]. Protein A-conjugated magnetic beads (50 µL per sample; Dynabeads Protein A

immunoprecipitation kit; Thermo Fisher Scientific, USA) were incubated rotating with either 10 µg

antigen-specific antibodies or matching isotype control antibodies (Table 5.4) for 1 h at room

temperature. The beads were thoroughly washed to remove unbound antibodies. Next, the
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antibody-coated beads were incubated with VLPs for 3 h under rotation. The VLP input into the

capture assay was up to 25 ng of Gag proteins. After incubation, the beads were again washed

extensively to remove unbound VLPs. For preparation of denatured protein samples, beads

were incubated with a mixture containing 22.5 µL Elution Buffer and 7.5 µL 4x Laemmli buffer

(Table 5.8) for 5 min at 95 °C. Beads were separated from denatured proteins in a magnetic

field and 15 µL of each sample were subjected to sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) and subsequent Western blot analysis.

5.5.4. Western blotting

Denatured protein samples were separated employing SDS-PAGE (Protocol B.1, Appendix).

Separated proteins were transferred to a PVDF membrane in Towbin blotting buffer using the

Trans-Blot Turbo system (Bio-Rad, USA) as described in detail in protocol B.2 in the appendix.

After blotting, the membrane was blocked for 1 h using 2 % (w/v) powdered milk dissolved in

TBS-T washing buffer (Table 5.8). For detection of p55-Gag, the membrane was incubated with

anti-HIV-Gag p17 p24 p55 polyclonal primary antibodies (1:2000 in TBS-T, Table 5.4) overnight at

4 °C. Unbound antibodies were washed away using TBS-T buffer. Subsequently, the membrane

was incubated with polyclonal anti-rabbit immunoglobulin (Ig)G-horseradish peroxidase (HRP)

conjugates (Table 5.4) diluted 1:5000 in TBS-T for 2 h at room temperature. Labelled proteins were

visualized using chemiluminescence detection (SuperSignal™ West Pico PLUS chemiluminescent

substrate, Thermo Fisher Scientific, USA; ChemiDoc imaging system, Bio-Rad, USA).

5.5.5. Dynamic light scattering measurement

VLP samples were diluted using filtered PBS (PVDF membrane filters, 0.45 µm; Carl Roth, Ger-

many). Particle size distribution was measured using the Zetasizer nano ZS (Malvern Panalytical,

UK) and quartz glass cuvettes with an optical path length of 10 mm and 4 mm width. For each

measurement 100 µL sample was used and backscatter was detected at 173°. The number of

runs for each sample was 15 with a duration of 10 s and „protein analysis“ was selected as a model

(solvent: water, refractive index of 1.330, viscosity of 0.8872 mPa s; material: protein, refractive

index of 1.450).

5.5.6. Transmission electron microscopic imaging

VLPs were visualized using transmission electron microscopy (TEM) and the uranyl acetate

negative staining method. The preparation and imaging of the TEM VLP samples was performed

by the Imaging Facility Service staff at CECAD, Germany. In brief, VLP samples in PBS or VLP

storage solution were mixed with paraformaldehyde (final concentration: 1 %) and a volume of 5 µL

was transferred to copper grids. After incubation at RT for 20 min, the grid was washed extensively
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with PBS and incubated with 1 % (v/v) glutaraldehyde in PBS. Afterwards, samples were washed

extensively with H2O. Samples were stained with 1 % (w/v) uranyl acetate solution for 4 min at RT

in the dark. After air-drying, the samples were visualized using the 200 kV JEM-2100Plus Electron

Microscope (JEOL, Germany).

5.5.7. Statistics

The independent two-sample t-test was used to calculate p-values and to determine if there is a

mean difference between two samples. P-values of less than 0.05 were considered as statistically

significant. In addition, it was determined whether the two samples have equal variance using

the two-sample test for variance. In case the variance between the two samples differed at the

0.05 level, the Welch’s correction for t-tests was used. Statistics were calculated using OriginPro

software (OriginLab Corporation, USA; Table 5.6)

5.6. Generation and screening of antibodies

5.6.1. Immunization of mice

Two female 8 weeks old BALB/cAnNCrl mice (RRID: IMSR_CRL:547; Charles River, Germany)

were immunized intravenously (i.v.) with sterile-filtered FF90 trNGFR-VLPs in PBS (9.5 µg of total

protein) on day 0, 14 and 28, respectively. Blood samples were taken two days after the last

injection and analyzed for reactive antibodies as described in Chapter 5.6.3. The first mouse

was sacrificed and the spleen was removed for hybridoma cell generation. The second mouse

was immunized with a fourth dose of FF90 trNGFR-VLPs (3.2 µg of total protein) on day 56. Two

days later blood samples were analyzed. The second mouse was sacrificed on day 59 and the

spleen was removed for hybridoma cell generation. The immunization schedule is summarized in

Figure 3.6. Experiments involving animal handling were approved by the Governmental Review

Committee on Animal Care in North Rhine-Westphalia, Germany and performed according to

guidelines and regulations (Landesamt für Natur, Umwelt and Verbraucherschutz NRW, Approval

number 84-02.05.40.17.081, dated 6th of September, 2017).

5.6.2. Generation of hybridoma cells

The generation of hybridoma cells was performed following an internal, confidential SOP of Miltenyi

Biotec, Germany. In brief, murine Sp2/0 myeloma cells were prepared and cultured as described in

Chapter 5.3.1. Myeloma cells were fused with splenocytes isolated from the murine spleen using

polyethylene glycol. Generated hybridoma cells were diluted in hypoxanthine- and azaserine-

containing selection medium and plated in flat bottom 96-well cell culture plates (Greiner Bio-One,
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Austria). Cultures were fed with growth medium containing 20 % FBS and 0.1 mM hypoxanthine

5 d after fusion. Cultures showing one or more clusters of cells were investigated for antigen-

specific antibody expression. Positive cultures harboring a single cell cluster were expanded in

increasing concentrations of hypoxanthin-free subcloning medium. From reactive cultures showing

more than one cell cluster, single cells were isolated using limiting dilution techniques to establish

monoclonal cell cultures.

5.6.3. Flow cytometric screening

Blood plasma samples and hybridoma supernatants were screened for antibodies binding to the

3T3/Gag/trNGFR screening cell line. Fixed cells for screening were prepared as described in

Chapter 5.4.2, whereas native cells were harvested from cell cultures on the day of testing. For

screening, native and fixed 3T3/Gag/trNGFR cells were mixed and blocked using mouse FcR

blocking reagent (Miltenyi BioTec, Germany) for 10 min at room temperature prior to incubation

with antibodies.

Blood samples were centrifuged at 1000 rcf for 10 min and 25 µL to 35 µL of serum supernatant

were incubated with a mixture of 2 × 105 native cells and 3 × 105 FF90 3T3/Gag/trNGFR cells for

20 min at room temperature. The serum was tested for murine IgM and IgG antibodies binding

to 3T3/Gag/trNGFR cells using phycoerythrin (PE)-conjugated anti-mouse IgG1 and IgG2ab

secondary antibodies as well as allophycocyanin (APCy)-conjugated anti-mouse IgM antibodies

(Table 5.4). Secondary antibodies and 3T3/Gag/trNGFR cells were incubated for 15 min at room

temperature.

Cell culture supernatants were harvested from hybridoma cultures and 85 µL supernatant was

incubated with a mixture of 2 × 104 native and 2 × 104 fixed cells for 20 min at room temperature.

Unbound antibodies were removed by two washing steps with FACS buffer. For secondary

staining, cells were incubated with PE-conjugated anti-mouse IgG1 and APCy-conjugated

anti-mouse IgG2ab antibodies (Table 5.4) for 15 min at room temperature. After washing, cells

were resuspended in 50 µL FACS buffer and measured using the MACSQuant Analyzer 10 flow

cytometer (Miltenyi Biotec, Germany). Cells incubated with either DMEM or 15 ng of anti-NGFR

mAb C40-1457 and secondary antibody conjugates were used as controls.

Flow cytometric analysis was performed using the MACSQuantify software. A representative

gating strategy and analysis is shown in Figure 5.2. Debris and doublets were excluded from

analysis and native and fixed cells were discriminated in a VioBlue versus FSC-A plot. Fixed

cells, that is FF90 and FFPE cells, showed autofluorescence at 450/50 nm (VioBlue channel),

and thus could be discriminated from native cells. Fluorescence mediated by binding of the PE-
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or APCy-conjugated anti-mouse IgG1 and IgG2ab secondary antibodies was investigated in the

respective fluorophore versus FSC-A plots.
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Figure 5.2. Representative example of the gating strategy for flow cytometric screening of hybridoma
supernatants. The example shows the control staining using only secondary antibodies. A mixture of
native and FF90 3T3/Gag/trNGFR cells was gated in a forward scatter area (FSC-A) versus SSC-A
plot to exclude debris followed by doublet exclusion in a FSC-A versus forward scatter height (FSC-H)
plot. Autoflourescence of fixed cells at 450/50 nm enabled the discrimination from native cells in the
VioBlue versus FSC-A plot. Mouse IgG1 and IgG2ab antibodies binding to native and fixed cells were
detected using APCy- and PE-conjugated anti-mouse IgG1 and IgG2ab secondary antibodies.
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A. Supplementary data

A.1. Plasmid maps

Figure S1. Schematic of the pSB-IpW transposon donor plasmid [Berg et al. 2019; Berg et al. 2020].
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A. Supplementary data

Figure S2. Schematic of the pSB-cHS4-IhW transposon donor plasmid.
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A. Supplementary data

A.2. NGFR staining of recombinant cells

Table S1. Mean fluorescent intensities (MFIs), standard deviations (SD) and stain indices (SIs) of
293-F-derived cells stained with anti-NGFR REA844 monoclonal antibodies and matching isotype
control antibodies conjugated to phycoerythrin (PE). MFI and SD were calculated using the FlowJo
software. SIs were calculated as the difference between the MFIs of the anti-NGFR-labeld cells and
the MFI of the isotype controls divided by 2-fold the SD of MFIs of the isotype controls.

isotype control anti-NGFR

Cells MFI SD MFI SD stain index

293-F 6.7 3.4 70.0 71.0 9.4

293-F/Mos1.Gag 3.1 1.6 34.3 36.0 9.9

293-F/Mos1.Gag/trNGFR 3.0 2.3 289.0 123.0 63.0

Figure S3. Flow cytometric analysis of trNGFR expression of 3T3/Gag/trNGFR cells. The 3T3/Gag/-
trNGFR cell pool selected at 400 µg/mL hygromycin was labeled with PE-conjugated anti-NGFR mAb
REA844. The top 15 % of trNGFR-expressing cells were isolated employing cell sorting. Sorted cells
were either cultivated as bulk population or diluted to obtain single cells and to establish the clonal cell
lines H6 and E9. The clone H6 was chosen as NGFR screening cell line for screening of hybridoma
antibodies.
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A. Supplementary data

A.3. IgM antibodies in blood samples

Figure S4. Flow cytometric analysis of murine blood IgM antibodies reactive with 3T3/Gag/trNGFR
cells. Murine IgM antibodies were labelled with APC-conjugated anti-mouse IgM antibodies. A Blood
plasma samples drawn from mice two days after three immunizations with FF90 trNGFR-VLPs
(mouse 1 and mouse 2) and from the negative control mouse not immunized with the VLP immunogen.
The screening cells were incubated with 35 µL of plasma. B Plasma samples drawn from mouse 2
two days after receiving a fourth dose of FF90 trNGFR-VLPs and from a negative control mouse not
immunized with the VLP immunogen. The screening cells were incubated with 25 µL of plasma.
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A. Supplementary data

A.4. Results of positive hybridoma supernatants identified in the

first screening

5H11 MZ34 11D6 MZ34

Figure S5. Flow cytometric results of the positive hybridoma supernatants 5H11 and 11D6 from
fusion MZ34 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

14B4 MZ34 1E2 MZ35 

Figure S6. Flow cytometric results of the positive hybridoma supernatants 14B4 from fusion MZ34 and
1E2 from fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR
cells. The anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs.
FSC-A plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot
plots for native 3T3/Gag/trNGFR cells are in the lower panels (blue).

3H6 MZ35 4B6 MZ35 

Figure S7. Flow cytometric results of the positive hybridoma supernatants 3H6 and 4B6 from fusion
MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The anti-
mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A plot of
FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for native
3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

4F8 MZ35 4F9 MZ35 

Figure S8. Flow cytometric results of the positive hybridoma supernatants 4F8 and 4F9 from fusion
MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The anti-
mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A plot of
FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for native
3T3/Gag/trNGFR cells are in the lower panels (blue).

5G10 MZ35 5H10 MZ35 

Figure S9. Flow cytometric results of the positive hybridoma supernatants 5G10 and 5H10 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

6D12 MZ35 6E7 MZ35 

Figure S10. Flow cytometric results of the positive hybridoma supernatants 6D12 and 6E7 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

6G8 MZ35 8B6 MZ35 

Figure S11. Flow cytometric results of the positive hybridoma supernatants 6G8 and 8B6 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

9F5 MZ35 10F11 MZ35 

Figure S12. Flow cytometric results of the positive hybridoma supernatants 9F5 and 10F11 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

11F6 MZ35 12D1 MZ35 

Figure S13. Flow cytometric results of the positive hybridoma supernatants 11F6 and 12D1 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

13F7 MZ35 14F2 MZ35 

Figure S14. Flow cytometric results of the positive hybridoma supernatants 13F7 and 14F2 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

16D8 MZ35 17A1 MZ35 

Figure S15. Flow cytometric results of the positive hybridoma supernatants 16D8 and 17A1 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

17G10 MZ35 18A1 MZ35 

Figure S16. Flow cytometric results of the positive hybridoma supernatants 17G10 and 18A1 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

18D9 MZ35 18D10 MZ35 

Figure S17. Flow cytometric results of the positive hybridoma supernatants 18D9 and 18D10 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

18E12 MZ35 18F10 MZ35 

Figure S18. Flow cytometric results of the positive hybridoma supernatants 18E12 and 18F10 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

18H9 MZ35 19B3 MZ35 

Figure S19. Flow cytometric results of the positive hybridoma supernatants 18H9 and 19B3 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

19C5 MZ35 19H2 MZ35 

Figure S20. Flow cytometric results of the positive hybridoma supernatants 19C5 and 19H2 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).

20A9 MZ35 20A10 MZ35 

Figure S21. Flow cytometric results of the positive hybridoma supernatants 20A9 and 20A10 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
anti-mouse IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A
plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for
native 3T3/Gag/trNGFR cells are in the lower panels (blue).
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A. Supplementary data

20F6 MZ35 20G3 MZ35

Figure S22. Flow cytometric results of the positive hybridoma supernatants 20F6 and 20G3 from
fusion MZ35 identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The
mAb 20F6 bound to native and FF90 cells. The anti-mouse IgG1 vs. FSC-A plot as well as the
anti-mouse IgG2ab vs. FSC-A plot of FF90 3T3/Gag/trNGFR cells are shown in the upper panels
(purple), whereas the dot plots for native 3T3/Gag/trNGFR cells are in the lower panels (blue).

20G10 MZ35 

Figure S23. Flow cytometric results of the positive hybridoma supernatant 20G10 from fusion MZ34
identified in the first screening using native and FF90-fixed 3T3/Gag/trNGFR cells. The anti-mouse
IgG1 vs. forward scatter area (FSC-A) plot as well as the anti-mouse IgG2ab vs. FSC-A plot of
FF90 3T3/Gag/trNGFR cells are shown in the upper panels (purple), whereas the dot plots for native
3T3/Gag/trNGFR cells are in the lower panels (blue).
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B. Standard lab protocols

B.1. SDS-PAGE

Lab Protocol SDS-PAGE 09.09.2020

Potential hazards and safety precautions

Obtain special instructions by qualified lab personnel before starting work!

Wear personal protective equipment (lab coat, nitrile gloves, safety glasses).

Read the safety data sheets before starting work!

Dangerous (toxic, mutagenic, ..) substances you are going to work with:

• Acrylamide

• TEMED (N,N,N’,N’-tetramethylethylenediamine)

• APS (ammoniumperoxodisulfate)

• Roti-Load 1, 4x conc. (Laemmli buffer)

LIMIT acrylamide work to designated areas (fume hood, laboratory Room 1303). Coat work

bench with absorbent bench paper prior to working with acrylamide to prevent contamination of

non-disposable surfaces. Change this paper layer frequently (eg. weekly or monthly, depending

on work intensity) and especially after spilling liquids.

Know the location of spill kits, eyewashes, safety showers before starting work.

Disposal: Solutions containing acrylamide and the resultant polyacrylamide gels must be disposed

of as hazardous chemical wastes (blue barrels labeled “Chemikalenabfall”).

Handcasting of polyacrylamide gels

Materials

• ROTIPHORESE® gel 30 (37.5:1) (Carl Roth, Germany)

• TEMED (N,N,N’,N’-tetramethylethylenediamine; Carl Roth, Germany)
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B. Standard lab protocols

• APS (ammoniumperoxodisulfate; Carl Roth, Germany)

• SDS (sodiumdodecylsulfate; Carl Roth, Germany)

• Tris (Carl Roth, Germany)

• HCl (Carl Roth, Germany)

• isopropanol (Carl Roth, Germany)

• casting module (Mini-PROTEAN Tetra cell equipment, Bio-Rad, USA)

Recipes for buffers and working solutions

1.5 M Tris-HCl pH 8.8 Dissolve 181.71 g Tris in 800 mL dH2O. Adjust the pH to 8.8 using 1 M

HCl. Adjust the volume to 1000 mL with H2O.

0.5 M Tris-HCl pH 6.8 Dissolve 60.6 g Tris (Carl Roth, Germany) in 800 mL H2O. Adjust the pH

using 1 M HCl. Adjust the volume to 1000 mL with H2O.

10 % (w/v) SDS Dissolve 10 g SDS in 100 mL H2O. (Fume hood!)

10 % (w/v) APS Dissolve 10 g APS in 100 mL H2O. (Fume hood!)

Handcasting procedure

The following recipe is for casting two 12 % polyacrylamide gels.

Ingredients 2x separating gel 2x stacking gel

H2O 6.8 mL 3 mL

1.5 M Tris-HCl pH 8.8 5 mL -

0.5 M Tris-HCl pH 6.8 - 1.25 mL

10 % SDS 200 µL 50 µL

ROTIPHORESE® gel 30 8 mL 670 µL

TEMED 10 µL 5 µL

10 % (w/v) APS 100 µL 25 µL

1. Put on your PPE as described above. Avoid ALL contact with acrylamide solutions or

polyacrylamide gels - do not handle gels without gloves on!

2. Assemble the casting module.
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B. Standard lab protocols

3. Prepare separating and stacking gel by mixing water, Tris-HCl buffer, SDS and acrylamide

solution in a tube. Water, Tris-HCl and SDS can be mixed outside the designated areas for

working with acrylamide. Before adding acrylamide transfer the tube into designated area

for acrylamide handling (fume hood).

4. Continue preparing the separating gel by adding TEMED and APS to start the polymerization

reaction. Mix and cast the separating gel immediately. Fill to the green bar. Add isopropanol

on top and wait until the gel is solid (usually 20-30 min).

5. Decant isopropanol and remove residual alcohol using the filter papers.

6. Add TEMED and APS to the stacking gel. Mix and immediately cast the stacking gel on top

of the separating gel. Carefully insert the combs. Caution: Risk of splashing! Wait until the

gel is solid.

7. Remove the comb and rinse the gel with water. Wrap the gel in moist paper tissues and put

it into a plastic bag. The gel can be stored at 4 °C for about 1-2 weeks. Don’t forget to label

the bag with your name, date of preparation and the percentage of the gel.

8. Clean the working area.

Electrophoresis

Materials

• Roti-Load 1, 4x conc. (Laemmli buffer; Carl Roth, Germany)

• pre-stained protein size marker (e.g. PAGE Ruler, Thermo Fisher Scientific, USA)

• heat block (placed under the fume hood!)

• polyacrylamide gel

• buffer dam (if only one gel is run)

• gel electrophoresis chamber (Mini-PROTEAN Tetra cell equipment, Bio-Rad, USA)

• 10x ROTIPHORESE® 10x SDS-PAGE stock solution (Carl Roth, Germany)

• samples and controls

Procedure

1. If the 1x SDS running buffer is empty, dilute 10x SDS-PAGE stock solution to 1x. Mix 4.5 L

water with 500 mL stock solution (stored at room temperature).
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2. Assemble the running module. If only one gel is run, use the buffer dam. The short plate of

the casted gels faces the inside of the module.

3. Fill the running module with 1x running buffer. The wells are covered in buffer completely.

4. Prepare your samples: Work under the fume hood! Mix your protein samples with Laemmli

buffer (ratio of 3:1). Incubate your samples for 5 min at 95 °C. Let them cool down before

loading them onto the gel.

5. Check if the running module is tight. If, not reassemble it.

6. When the running module is tight, fill the chamber with 1x running buffer up to the marker.

7. Load 7.5 µL protein marker into well #1. Load 10 µL to 30 µL denatured protein sample into

the remaining wells.

8. Place the lid onto the chambers. Ensure the lid is firmly on.

9. Turn the power supply on. Set voltage to a constant 130 V, and timer to 60 minutes.

(Alternative: Set voltage to 80 V until the protein sample has passed the stacking gel. Then

increase voltage to 130 V.)

10. Press run on power supply. You will know everything is connected properly if bubbles can

be seen moving up from the electrode strip.

11. After 60 min the run is automatically stopped. Restart the run if the dye front hasn’t reached

the bottom of the gel yet.

12. Remove the gel cassette from the tank. Rinse it with water.

13. To open the cassette, insert the green opener into the slit and lever the glass plates apart.

14. Remove and discard the stacking gel. Gently remove the gel from the plate and put into

tank filled with water for rinsing.

15. Continue with Coomassie staining or Western blotting.

16. Don’t forget to clean the work space. (This includes wiping the surfaces with water.)
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B.2. Blotting

Lab Protocol Western blot transfer 09.09.2020

This protocol describes the blotting procedure for transferring proteins separated by SDS-PAGE

onto a PVDF membrane.

Potential hazards and safety precautions

Before starting work:

Obtain special instructions by qualified lab personnel.

Put on personal protective equipment (lab coat, nitrile gloves, safety glasses).

Read the safety data sheets.

Know the location of spill kits, eyewashes, safety showers.

Dangerous (toxic, flammable, ..) substances you are going to work with:

• Methanol

Disposure: Solutions containing methanol must be disposed into the liquid chemical waste

container ("Flüssiger Chemikalienabfall"; fume hood, R1304). The polyacrylamide gels must be

disposed of as hazardous chemical waste (blue barrels labeled “Fester Chemikalenabfall”).

Materials

• SDS-PA gel containing separated protein samples

• dH2O (VE-Wasser)

• Tris (Carl Roth, Germany)

• methanol, blotting grade (Carl Roth, Germany)

• glycine (Carl Roth, Germany)

• ROTI®PVDF membrane 0.45 (Carl Roth, Germany)

• gel blotting papers (Whatman GB005 Thickness 1.5 mm)

• blotting roller

• Trans-Blot Turbo system (Bio-Rad, USA)
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Buffer recipes

Towbin blotting buffer

10x stock solution contains 250 mM Tris, 1.9 M glycine. Dissolve 30.3 g Tris and 142.6 g

glycine in 1 L dH2O. Stock solution is stored at room temperature.

1x Towbin blotting buffer contains 25mM Tris, 190mM glycine and 20 % (v/v) methanol. The

buffer’s pH will range between pH 8.1 to 8.5 depending on the quality of Tris, glycine, methanol

and dH2O used. For preparation of 250 mL 1x Towbin blotting buffer mix 25 mL 10x stock solution,

50 mL methanol and 175 mL dH2O. Blotting buffer is stored at 4 °C.

Procedure

1. Prepare one tray containing methanol and two trays filled with 1x Towbin blotting buffer.

Place the trays under the fume hood!

2. Equilibrate the gel in blotting buffer for 5 min.

3. Soak two blotting papers in blotting buffer and place them in the blotting cassette.

4. Pre-wet the PVDF membrane in methanol, then soak in 1x blotting buffer.

5. Assemble the blotting sandwich: two layers of soaked blotting paper, soaked PVDF mem-

brane, equilibrated gel, one or two layers of soaked blotting paper.

6. Ensure removal of bubbles between gel and blotting paper using the blotting roller.

7. Close the blotting cassette and slot the cassette into to blotting device.

8. Run the transfer at 1 A, 25 V for 60 min.

9. Label the membrane orientation by placing an X at the upper right corner of the membrane.

10. Continue with Ponceau S or Western blot staining.
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