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3. Summary 
The B cell-mediated humoral immune response is a major part of the human immune system 

and shapes disease progression and severity. Hallmark of an effective B cell response is the 

development of pathogen-specific antibodies after an infection or vaccination. Understanding 

the B cell response is critical for improving vaccine design and implementation of vaccine-

strategies. In the past, pathogen-specific, neutralizing antibodies have been successfully 

identified and demonstrated to be a promising new therapeutic option to treat infectious 

diseases. A comprehensive and in-depth B cell receptor repertoire analysis therefore expands 

our knowledge and provides new insights about how these antibodies evolve and how they 

can be elicited.  

 

In this thesis, I implemented and advanced techniques to study the B cell immune response 

and applied these to highly relevant infectious diseases. I investigated pathogen-driven 

alterations in the B cell receptor repertoire and isolated potent and broadly neutralizing 

antibodies as potential therapeutic agents. To this end, I co-established protocols for B cell 

subset identification and characterization on a cellular and sequence level by improving FACS 

sorting strategies and extracting B cell receptor sequence information on a single cell level 

and from bulk sorted cells. We revealed a convergent antibody evolution against an Ebola 

virus vaccine and SARS-CoV-2 and demonstrated that elicited antibodies show partly low 

levels of somatic hypermutation. Moreover, this thesis contributed critical techniques to 

identify and to analyze novel potential therapeutic antibodies against Ebola virus, HIV-1 and 

SARS-CoV-2. With the emerge of the COVID-19 pandemic, particular focus was set on the 

investigation of a pre-existing immunity against SARS-CoV-2 since these findings can be 

critical for vaccine strategies.  

 

Taken together, this thesis provides detailed insights into B cell immune responses against 

viral infections with important implications for the development of vaccines as well as new 

drugs for therapy and prevention.  
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4. Zusammenfassung 
Die B-Zell abhängige Immunantwort stellt einen wesentlichen Bestandteil des menschlichen 

Immunsystems dar und bestimmt Verlauf und Schwere einer Erkrankung. Ein Merkmal für 

eine effektive B-Zell Antwort ist die Entwicklung von erregerspezifischen Antikörpern nach 

einer Infektion oder Impfung. Das Verständnis der B-Zell-Antwort ist entscheidend für die 

Herstellung von Impfstoffen und der Implementierung von Impfstoffstrategien. In der 

Vergangenheit wurden erregerspezifische, neutralisierende Antikörper erfolgreich identifiziert 

und als vielversprechende neue Therapieoption zur Behandlung von Infektionskrankheiten 

nachgewiesen. Eine umfassende und tiefgreifende Analyse des B-Zell-Rezeptor-Repertoires 

erweitert daher unser Wissen und liefert neue Erkenntnisse darüber, wie sich diese Antikörper 

entwickeln und wie sie freigesetzt werden können. 

 

Zielsetzung dieser Dissertation war es, Techniken zur Untersuchung der B-Zell-Immunantwort 

zu implementieren und weiterzuentwickeln, um sie auf relevante Infektionen anzuwenden. Ich 

untersuchte pathogen-bedingte Veränderungen im Repertoire von B-Zell-Rezeptoren und 

unterstützte die Analyse potenter und breit neutralisierender Antikörper. Dafür habe ich 

Protokolle zur Identifizierung und Charakterisierung von B-Zell-Subsets auf Zell- und 

Sequenzebene mit etabliert, indem ich FACS-Sortierstrategien verbessert und B-Zell-

Rezeptorsequenzinformationen, auf Einzelzellebene und aus im Zellverband sortierten Zellen 

extrahiert habe. Wir konnten so eine konvergente Antikörperentwicklung gegen den Ebola-

Virus Impfstoff rVSV-ZEBOV und SARS-CoV-2 zeigen und beobachteten dabei, dass die 

gebildeten Antikörper zum Teil wenige somatische Hypermutationen aufweisen. Diese Arbeit 

lieferte damit auch wesentliche Techniken zur Identifizierung potenzieller therapeutischer 

Antikörper gegen Ebola-Virus, HIV-1 und SARS-CoV-2. Mit Beginn der COVID-19-Pandemie 

wurde ein besonderer Fokus auf die Untersuchung einer vorbestehenden B Zell Immunität 

gegen SARS-CoV-2 gelegt, da diese Untersuchungen neue wertvolle Erkenntnisse für die 

Planung von Impfstoffen liefern können. 

 

Zusammengefasst liefert diese Dissertation detaillierte Einblicke in die B-Zell-Immunantwort 

gegen virale Infektionen mit wichtigen Implikationen für die Entwicklung von Impfstoffen sowie 

neuen Medikamenten für Therapie und Prävention. 
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6. Introduction 
6.1. Basics of our immune system 

Protection and clearance from viral infections is accomplished by a healthy immune system. 

Based on the levels of specificity the immune system can be divided into functions and 

components of the innate and adaptive immune system. The innate immune system includes 

various different cell types carrying receptors recognizing patterns on antigens that are 

germline-encoded, restricting them to a genetically-determined specificity [1-4]. The adaptive 

immune system mainly includes T cells and B cells which have highly variable antigen 

receptors accomplished by a complex gene segment rearrangement allowing for the 

generation of large receptor repertoires [5]. This diversity plays a major role for the ability of 

the immune system to detect any possible antigen [6]. Although not all infections are life-

threatening, studying the pathogenesis and understanding the immune response against a 

particular virus provides an understanding of the human immune response. As represented 

by the ongoing global pandemics, including HIV-1 and SARS-CoV-2, this substantially shapes 

the way towards treatment options, limiting the spread of a virus and influencing vaccine 

design [7, 8]. Regarding the complexity of the human immune system, I focused in this thesis 

on adaptive immunity and specifically on the identification and characterization of the B cell 

mediated antibody immune response. The lymphocytes of the adaptive immune system 

provide an effective and highly specific immune response, able to recognize antigens from 

invading pathogens [6]. In 1890 Shibasaburo Kitasato and Emil von Behring proved the 

existence of protective substances circulating in the blood by transferring serum from animals, 

immunized against diphtheria, to infected animals. The infected animals were healed [9] and 

it was Paul Ehrlich in 1900 to propose the first model of an antibody molecule [10]. It was Max 

Cooper and his colleagues back in 1965 who discovered the function of B cells by conducting 

chicken experiments proving that B cells derive from the chickens’ bursa and are therefore 

called B (bursa-derived) cells. Removal of the bursa results in lack of antibody production in 

those animals and overall impaired immune response [11, 12]. It was 1974 when scientists 

found out that the bone marrow serves as the bursa equivalent organ in humans [13, 14].  

 
6.2. Antibody structure  

Antibodies are the secreted form of the B cell receptor and therefore carry a hydrophilic 

sequence patch at the C-terminus instead of a hydrophobic membrane-anchoring one [6]. An 

antibody or an immunoglobulin (IG) with the molecular weight of ~150 kDa is composed of 

two identical heavy chains (HC), each ~50 kDa, linked to two identical light chains (LC), each 

25 kDa, giving the molecule its characteristic Y-shape (Figure 1, A and B) [15]. Antibodies can 

be separated into three parts based on proteolytic cleavage with the enzyme papain: (i) the 
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two arms of the Y-shape which are identical and the so called “Fragments with specific antigen 

binding” (Fab). The N-terminal part of the heavy chain and the light chain make up the Fab. 

(ii) And into the C-terminal half of the heavy chains which is called “Fragment crystallizable” 

(Fc) (Figure 1, A). Fab arms and the Fc part are joined together by disulfide bonds in the so-

called hinge region [6]. This region gives the antibody molecule its flexibility allowing 

independent movements of the two arms and the identical Fabs to facilitate potential 

simultaneous binding. Each chain itself can be divided into different domains: the light chains 

contain one variable domain (VL) and one constant domain (CL). For the heavy chain it is one 

variable domain (VH) but up to four constant domains (for IgG: CH1, CH2, CH3). The V gene 

sequence itself can be divided into structurally relevant regions called complementarity 

determining regions (CDR1, CDR2 and CDR3) that are flanked by so called framework 

regions (FWR) that mainly function as scaffold [16] (Figure 1, A). Taken together the CDRs 

provide the most critical structures for antigen-binding and are the most diverse component of 

the IG molecule. While the sequences for the CDR1 and CDR2 are germline encoded the 

CDRH3 results from multiple gene rearrangements and unencoded nucleotide insertions or 

deletions [17]. There are five heavy-chain isotypes (IgG, IgM, IgD, IgA and IgE) defining the 

functional antibody molecule activity which can change along the B cell receptor development 

process or after antigen-encounter [18-22]. And there are two types of light chains: kappa and 

lambda [23]. There is no functional difference between those chain types.  
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Figure 1: Antibody molecule structure 

Schematic illustration (A) and crystal structure (B) of a typical IgG antibody molecule. An 

antibody molecule is made up of two heavy (green) and two light (orange) chains that are 

joined together through disulfide bonds (-S-S-). The chains comprise a constant domain (CH 

for the heavy chains and CL for the light chain) and a variable domain (VH for the heavy chain 

and VL for the light chain). It is the antibodies variable region, composed of VH and VL, where 

antigen binding occurs and which is therefore the most variable part of an antibody. (B) The 

crystal structure shows an intact, anti-canine lymphoma monoclonal IgG2a antibody 

(Mab231). PDB file format was obtained from the RCSB Protein data bank and modified using 

the PyMOL software [24]. 

 

 

6.3. B cell development and diversity 

B cell development starts in the fetal liver before birth and after birth in the bone marrow where 

hematopoietic stem cells (HSC) differentiate into immature B cells before leaving the bone 

marrow (BM) (Figure 2) [25-27]. The different stages of B cell development are typically 

characterized by the B cell receptor formation and other cell surface molecules (Figure 2) [27]. 

Some of these surface molecules are assigned a “CD”-designation (cluster of differentiation). 

The markers CD19 and CD20 can be used for positive identification of cells of the B cell 

lineage except for antibody-secreting cells like plasma cells that lack CD20 [28]. Human CD19 

is a 95 kDa transmembrane glycoprotein of the immunoglobulin superfamily with only one 

transmembrane domain, a cytoplasmic C-terminus and extracellular N-terminus [29]. CD20 is 

an approximately 33 kDa membrane protein only expressed on the surface of B cells which 
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made CD20 a promising target for immunotherapy against B cell lymphomas and autoimmune 

diseases [30]. Most prominent, the B cell-depleting monoclonal antibody rituximab, an anti-

CD20 antibody to treat B cell tumors like Burkitt lymphoma, non-Hodgkin lymphoma and 

chronic lymphocytic leukemia [31, 32]. The B cell receptor facilitates binding to a specific 

antigen and therefore, varies considerably between individual B cells. The specificity is a result 

of variability in the antibody part that binds the antigen. The B cell receptor is composed of 

different germline-encoded gene segments [27, 33]. For the heavy chain the gene segments 

are variable (V), diversity (D) and joining (J). For the light chain variable region, it is V and J 

gene recombination. The different gene segments are combined to form heavy and light chain. 

For the heavy chain it is one random gene out of 56 functional heavy chain V genes which is 

coupled with one out of 23 random D genes and then coupled to one out of 6 J genes [23]. 

During kappa/lambda chain recombination it is pairing of one out of 41 Vkappa / 33 Vlamdba genes 

with one out of 5 Jkappa/lambda genes [23].  

 

 

 

Figure 2: B cell development and subsets 

B cell development starts in the bone marrow with a hematopoietic stem cell becoming an 

immature B cell before leaving the bone marrow site. B cell receptor formation is shaped by 

rearrangement of V, D and J gene segments during development. Further maturation takes 

place in the periphery and after entering the spleen or other secondary lymphoid organs such 

as lymph nodes. Upon antigen-encounter they differentiate into class-switch memory B cells 

and/or antibody-secreting B cells (Figure adapted from [27]).  

 

 

By leaving the BM and entering the lymphoid and blood stream to the peripheral lymphoid 

organs (e.g., lymph nodes, spleen) the cells will undergo further maturation as in acquiring 
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IgD on its surface. These B cells are also known as naïve B cells that circulate between the 

blood and the lymphatic system until they encounter antigen or antigen-presenting cells [34]. 

Upon antigen encounter, the naïve B cell undergoes cell division (clonal expansion) and 

receptor sequence alterations in special lymphatic structures called germinal centers (GCs) 

[27]. In the GCs the enzyme activation-induced cytidine deaminase (AID) introduces random 

mutations, insertions and deletions into the variable regions (Figure 2) and diversifies the 

clonal population [35]. Simultaneously, cells switch from IgM and IgD heavy chain receptor 

types to IgG, IgA or IgE, leaving a molecular mark for affinity maturation [27, 36]. In contrast 

to naïve B cells, having a lifespan of a few weeks [37], memory B cells are long-lived and 

antigen-specific lymphocytes that provide an enhanced and rapid immune response upon 

reencounter of cognate antigen. Therefore, they represent a part of immunological memory 

and can protect the body from reinfection and related complications mediated by the same or 

a similar pathogen [34]. It is the combination of the following processes that is necessary to 

generate the B cell receptor repertoire diversity that is required: (i) random shuffling of gene 

segments during V(D)J recombination. (ii) heavy and light chain pairing [23]. (iii) somatic 

hypermutation (SHM) during affinity maturation upon antigen contact [35]. (iv) AID-mediated 

class-switch [36]. Up to 20 % of peripheral blood B cells in adults are memory IgG
+
 B cells 

with four different IgG subclasses: Ig1, IgG2, IgG3 and IgG4 which is very rare [38, 39]. IgA 

memory B cells can also be found in the periphery but are predominantly in mucosa-

associated lymphatic tissues [40]. IgE memory B cells are known to be involved in asthma 

and allergic diseases and hardly detectable in the periphery [41]. Taking these processes into 

account, the body can produce an almost infinite number of different B cell receptors [42]. To 

ultimately clear an infection, pathogen-specific antibodies are released by plasmablasts and 

plasma cells into the blood stream that target pathogens throughout the body [43].  

 
6.4. Antibody effector functions 

Antibodies have a variety of effector functions that can differ among the different antibody 

types and subclasses and physiological compartment where the infection occurs [44]. 

Antibodies can inhibit pathogens or their toxins by directly binding to them. While binding 

occurs with the Fab part, the Fc part of the antibody can bind to Fc receptors on other immune 

cells, such as macrophages and neutrophils, and activate phagocytosis or release of 

chemokines and cytokines. For example antibody-dependent cell-mediated cytotoxicity 

(ADCC) is the process when innate immune cells like NK cells, are activated by the Fc part of 

an antibody attached to an antigen and induce secretion of cytotoxic granules that result in 

killing of infected cells [45]. The destruction of infected cells through phagocytosis triggered 

by antibodies coating the infected cell or pathogen is known as antibody-dependent cellular 
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phagocytosis (ADCP) and another effector function [46, 47]. Another possible defense 

mechanism is the so-called complement activation. ‘Complement’ is a complex interaction of 

plasma proteins resulting in inflammatory and cytolytic immune responses [48, 49]. This broad 

spectrum of effector functions and their target specificity makes antibodies valuable for 

research, diagnostics, and therapeutic applications.  

 

6.5. Advanced methods for B cell receptor analysis and monoclonal antibody 

identification 

There are different approaches and methods to address scientific questions regarding B cell 

immune responses. For example, secreted antibodies in serum samples can be tested for 

binding (for example by ELISA and affinity chromatography) and for neutralizing activity using 

pseudovirus particle-based or authentic virus assays. Such experiments can inform on the 

presence of antibodies targeting a specific antigen and are useful in large-cohorts as 

screening approach or to understand infection dynamics [50]. This proved particularly useful 

during the ongoing COVID-19 pandemic, as the analysis of 2,146 SARS-CoV-2 convalescent 

serum samples revealed that advanced age, a symptomatic progression and severity of 

disease are predictive for SARS-CoV-2 neutralization. Neutralizing activity of serum and 

purified IgGs had half-lives of 14.7- and 31.4-weeks. The analysis further described an 

exceptional SARS-CoV-2 neutralization in approximately 3% of individuals. These individuals 

are called elite neutralizer and are interesting for the identification and isolation of potent 

antibodies for therapeutic approaches [51]. For the isolation of potent antigen-specific 

antibodies from elite neutralizer, fluorescence-activated cell sorting (FACS) can be used to 

sort single reactive B cells. An antigen-derived bait is used that can be a fluorescently-labeled 

protein such as a part of a receptor, antigens presented on virus-like particles or pathogens 

themselves ((reviewed in [50]). Alternative methods for the identification and analysis of 

reactive B cells, however in throughput relatively low, are B cell cultures of single and Epstein-

Barr Virus (EBV) immortalized B cells [52-54]. A more advanced, alternative methods is 

LIBRA-seq using multiple fluorescently-labeled antigens simultaneously, since they are 

distinguishable by individual oligonucleotide-barcodes, to generate large high-throughput B 

cell-antigen libraries on single-cell level [55]. To extract antibody sequence information from 

the sorted B cells, designing the correct PCR-primers for amplification is critical, since the 

sequences can be highly mutated and all different V genes need to be covered. Current 

approaches for sequence identification and PCR-based amplification are Primer-design tools 

such as openPrimeR to generate optimized multiplex primer sets [56]. Isolated and in vitro 

produced antibodies from a single B cell clone that target a specific antigen are called 

monoclonal antibodies (mAbs) [57]. Standard research techniques as immunocytochemistry, 
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western blotting, enzyme-linked immunosorbent assays (ELISA) and flow cytometry use this 

feature to study protein and molecule interaction. In 1986 the first therapeutic monoclonal 

antibody was approved for kidney transplant patients threatened by graft lost and since then 

the interest and search for new potent mAbs has grown [58]. In 2019 over 90 mAbs have been 

approved by the US Food and Drug Administration and numbers are growing [59]. They 

interact with specific targets in targeted cancer therapy (e.g. Rituximab) [60, 61] and find 

clinical application in infectious diseases to target and neutralize infectious pathogens like 

Ebola viruses and the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) [62-69], stimulate an autologous immune response [70, 71] and even prevent infections in 

animal models [72-75]. In this thesis we demonstrate single B cell analysis to infectious 

pathogens including Ebola virus, HIV-1 and SARS-CoV-2. 

 

6.6. Ebola virus  

Infections with Ebolavirus species such as Zaire ebolavirus (EBOV) can cause the severe and 

life-threatening Ebola virus disease (EVD) [76]. More thn 11,000 infected individuals died 

during the largest outbreak in West Africa in 2014-2016 (https://www.who.int/health-

topics/ebola#tab=tab_1). The virus is initially transmitted to humans from wild animals and 

spreads by direct human to human contact or by contact with infected tissues or body fluids 

[77]. Mild and severe symptoms include fever, fatigue, muscle pain, headache, vomiting, 

diarrhea, impaired kidney and liver function and internal and external bleeding [76]. Current 

treatment options include the monoclonal antibodies Inmazeb [78] and Ebanga [79] approved 

by the FDA in late 2020. The most recent achievement from December 2020 is the FDA 

approval of the Ebola virus vaccine Ervebo [80] which has been administrated in the 2018-

2020 Ebola virus outbreak in the Democratic Republic of the Congo and has been shown 

effective (https://www.who.int/emergencies/disease-outbreak-news/item/2021-DON351).  

 

6.7. Human immunodeficiency virus 1 (HIV-1)  

The human immunodeficiency virus 1 (HIV-1) infects immune cells and causes the life-

threatening acquired immunodeficiency syndrome (AIDS) with 36.3 million deaths to date 

(World Health Organization, July 2021). It is transmitted by exchanging body fluids such as 

blood, breast milk, semen, and vaginal secretions. AIDS is defined by an impaired immune 

system leading to the development of cancers and opportunistic diseases caused by other 

infections. Infection with HIV-1 can be treated with the administration of antiretroviral therapy 

(ART) that suppresses the virus effectively. However, ART requires a life-long medication and 

can be associated with long-term side effects and drug resistance [81, 82]. There is currently 

no vaccine available. However, bNAbs directed against HIV-1 have been isolated and tested 
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in humans and are promising candidates in terms of feasibility, safety and efficiency in 

suppressing viral replication [64, 65, 83, 84]. Passive administration of bNAbs was shown to 

prevent against simian-human immunodeficiency virus (SHIV) infection in a macaque model 

[74, 85, 86]. Despite the promising findings, studies showed acquisition of viral escape 

mutations that lead to resistance, resulting in the ongoing search for new broadly neutralizing 

antibodies [64, 83]. 

 

6.8. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

6.8.1. Epidemiology and pathogenesis 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a member of the family 

of coronaviridae, was identified in December 2019 in Wuhan, China in patients suffering from 

pneumonia with a seafood market being identified as a potential first spreading spot [87]. On 

March 11, 2020 the World Health Organization (WHO) declared the novel coronavirus 

outbreak a global pandemic [88]. Since the start of the pandemic 275.54 million infections 

have been reported with 5.36 million reported deaths (at the timepoint of 21
th
 of December 

2021; https://coronavirus.jhu.edu/map.html). Coronaviruses are enveloped positive stranded 

RNA viruses that can infect humans, other mammals and birds and cause respiratory, enteric, 

hepatic, and neurologic diseases [89]. They are divided into four genera: alpha, beta, gamma, 

and delta coronaviruses (https://talk.ictvonline.org/files/master-species-lists/m/msl/12314). 

Most abundant coronavirus species that can cause common cold symptoms in humans are 

HCoV229E (alpha), HCoVNL63 (alpha), HCoVOC43 (beta) and HCoVHKU1 (beta) [90-93]. 

While most infections are not life threatening, a coronavirus outbreak in 2002/2003 with a 

member of the betacoronaviruses named severe acute respiratory syndrome coronavirus 

(SARS-CoV) caused 8096 cases with 774 related deaths [94, 95]. Another ongoing outbreak 

since 2012, with a species of coronaviruses named Middle East respiratory syndrome 

coronavirus (MERS-CoV), lead to (as of December 2021) more than 2,595 cases and 941 

deaths (https://www.ecdc.europa.eu/en/publications-data/distribution-confirmed-cases-mers-

cov-place-infection-and-month-onset-6) [96, 97]. SARS-CoV-2 is transmitted through 

respiratory intake of infected fluids. Thus, the most common route of transmission is any form 

of contact with exposure to aerosols (e.g. emitted when breathing, coughing, talking or 

sneezing) [98-100]. Most infections show no or mild symptoms such as fever, fatigue, cough, 

sore throat and headache [101]. Some individuals develop these symptoms but progress into 

acute respiratory distress, pneumonia, renal failure and death [102-104]. 
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6.8.2. Structure 

SARS-CoV-2 is a spherical enveloped virus with a diameter of 60-140 nm [87]. It contains a 

single-stranded positive-sense ribonucleic acid (RNA) genome [105] that encodes for 16 

nonstructural proteins (NSP1-NSP16) essential for replication and transcription of viral 

proteins (for example NSP3 and NSP5 encoding for proteases or NSP12 for the RNA 

polymerase) and the structural proteins: spike (S), envelope (E), membrane (M) and 

nucleocapsid (N) (Figure 3). Corona-virions are covered with the spike (S) surface 

glycoprotein giving the virus family its crown (lat. corona) -like shape [106]. The S protein is 

essential for viral entry to the host cell and consists of two subunits: S1- subunit containing 

the receptor-binding-domain (RBD) and S2-subunit for viral- and host-membrane fusion [107]. 

The M interacts with all other structural proteins and promotes completion of viral assembly, 

host cell attachment and entry of the virions [108, 109]. The E protein is involved in assembly 

and releasing processes of the virus [110]. Essential for genome packaging and interaction 

with RNA is the nucleocapsid (N) protein [111]. 

 

 

 

Figure 3: SARS-CoV-2 genome organization 

The SARS-CoV-2 single-stranded positive-sense RNA genome encodes the two large open-

reading-frames ORF1a and ORF1b which encode 16 non-structural proteins (NSP1-NSP16) 

(yellow). The structural genes are color coded in red and encode for the spike (S), envelope 

(E), membrane (M) and nucleocapsid (N). The accessory factor genes are displayed in green 

and encode for proteins that are not essential for viral replication (Figure adapted from [112]). 

 

 

6.8.3. Life cycle of SARS-CoV-2  

SARS-CoV-2 enters the host cell by attaching to angiotensin-converting enzyme 2 (ACE2) as 

entry receptor together with a cell host factor such as transmembrane protease serine 2 

(TMPRSS2) expressed on cells like ciliated bronchial epithelial cells and type II pneumocytes, 

[113-115]. This binding leads to viral entry via membrane fusion or endocytosis. Once the 

virus has entered, the RNA genome is released in the cytosol and translation of ORF1a and 



 

 18 

ORF1b into viral replicase proteins is initiated [116]. Host and viral proteases (e.g. NSP2 and 

NSP5) cleave the proteins into individual NSPs [117]. The viral protein NSP1 suppresses the 

host immune mechanisms by blocking the ribosomes to interfere with host mRNA-translation 

and promoting its degradation [118]. Some of those NSPs build a replicas-transcriptase 

complex (RTC) which is responsible for RNA replication and transcription of sub-genomic 

RNAs which serve as messenger RNAs (mRNAs) for structural and accessory genes [119]. 

Budding of new virions is processed at the endoplasmic reticulum–Golgi intermediate 

compartment (ERGIC). Assembled virions, mainly controlled by M and E protein functions, 

are transported to the cell surface in vesicles and released by exocytosis [120]. 

 

6.8.4. Treatment and prevention 

At the time of conducting the SARS-CoV-2-related projects for this thesis, there was no 

vaccine or therapy available for patients suffering from COVID-19 (January 2020 – August 

2020). We and other research groups worked on the identification and isolation of potent 

neutralizing antibodies targeting SARS-CoV-2 to implement a potential treatment option [62, 

121-125]. In October 2020 the FDA approved the antiviral drug Remdesivir (also called 

Veklury) [126]. By the end of 2020 the FDA issued Emergency Use Authorizations (EUA) for 

the monoclonal antibodies REGEN-COV (Casirivimab and Imdevimab) that were tested in 

clinical trials and showed to reduce COVID-19-related hospitalization [127]. Followed by 

authorization of the monoclonal antibodies Bamlanivimab and Etesevimab in February 2021 

[128] and the antibody Sotrovimab in May 2021 [129]. There are 3 vaccines approved by the 

FDA for full use. The Pfizer-BioNTech-vaccine Comirnaty was the first vaccine with an EUA 

by the FDA [130], followed by the Moderna-vaccine mRNA-1273 (Spikevax) in December 

2020 [131] and the Janssen COVD-19 vaccine from Johnson & Johnson [132].  
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7. Aim of this thesis 
Previous pathogen-encounters are memorized by B cells to provide protection after 

reencounter with the same or a similar pathogen [34]. Pathogen-specific B cells secret 

antibodies to neutralize the antigen and activate other immune mechanisms [133]. Analyzing 

the antibody-sequence information of different B cell subsets informs on B cell-antigen 

dynamics that impact our understanding of disease severity and progression and influence 

the development of vaccines and therapeutic options. In this thesis I aimed to study B cell 

responses against different pathogens (Ebolavirus, HIV-1 and SARS-CoV-2) and therefore 

implement and advance functional immunoassays. The specific aims are as follows:  

1. Establishing protocols to study B cell immune responses in healthy and infected 
individuals on a single cell level and in bulk. We established and advanced protocols for 

the isolation of PBMCs from whole blood and buffy coat samples, followed by the purification 

of B cells to detect and isolate B cell subsets using fluorescence-activated cell sorting. 

Subsequently, I aimed to amplify the B cell receptor sequences for repertoire comparison of 

pathogen-specific B cell subsets to the overall repertoire. We utilized the advanced single cell 

cloning method to extract the pathogen-specific antibodies and next generation sequencing 

for the bulk sorted B cell subsets. Using these methods, we aimed to provide new insights into 

the B cell immune response against Ebolavirus and HIV-1. 

2. Describing the B cell immune response of SARS-CoV-2 infected individuals. With the 

emergence of the novel SARS-CoV-2 pandemic we applied the methodologies and insights 

from aim one to identify potent neutralizing antibodies against SARS-CoV-2 and described 

repertoire characteristics to eventually find unique and pathogen-driven alterations in the B 

cell immune response of SARS-CoV-2 infected individuals over the course of several 

timepoints post infection.  

3. Determining pre-existing B cell immunity against SARS-CoV-2. Based on the findings 

in aim two, we aimed to perform detailed B cell response analyses against SARS-CoV-2 in 

unexposed individuals, who provided blood samples before the COVID-19 pandemic. We 

aimed to explore SARS-CoV-2 directed reactivity on plasma and cellular level by establishing 

and using different advanced immunoassays and by identifying and eventually isolating 

putatively SARS-CoV-2-reactive B cells on a single cell level using FACS. This information 

was used to provide more data and insights towards the presence and clinical relevance of a 

pre-existing B cell immunity.  
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8. Material and Methods 
Parts of the methods and used materials described here and showed in 9.1. Results-Part I 

and discussed in 10.Discussion-Part I are included in [63, 134, 135]. This includes text as well 

as figures. See also 14. Detailed description of work performed for this thesis. 

 

8.1 Part I: In-depth B cell analysis 

8.1.1. Blood samples  

Study participants were recruited at the University Hospital Cologne. 24 Buffy coats from study 

participants were collected according to a study protocol approved by the Institutional Review 

Board (IRB) of the University of Cologne (study protocol 16-054). Buffy coats were provided 

as residual products in the context of regular blood donations from the Institute for Transfusion 

Medicine at the University Hospital of Cologne.  

 

Individuals participating in the study of Ehrhardt et al. 2019 initially enrolled in a Phase I trial 

study of an Ebola Virus Vaccine (rVSV∆G-ZEBOV-GP;NCT02283099). Whole blood and/or 

leukapheresis samples were collected under the IRB-approved study-protocol 16-054. All 

individuals provided written informed consent before participation [134]. 

 

Individual IDC561 in the study of Schommers et al. 2020 participated with a leukapheresis 

sample collected at the University Hospital Cologne under the study protocols 13-364 and 16-

054 approved by the IRB. At the timepoint of participation, IDC561 was a male, 48-year-old, 

HIV-1-positive individual, who provided written informed consent [63]. 

 

8.1.2. Isolation of PBMCs  

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats/whole blood 

samples/leukapheresis samples by density gradient separation using Histopaque separation 

medium (Sigma-Aldrich) and Leucosep cell tubes (Greiner Bio-one). Briefly, Lecosep cell 

tubes were prefilled with 15 ml Histopaque separation medium and centrifuged for 1 minute 

at 800 g to transfer the medium underneath the separation barrier of the tube. Subsequently, 

blood products were poured above the separator and centrifuged for 15 minutes, 400 g, no 

brakes, no acceleration at room temperature. Erythrocytes are collected at the bottom of the 

tube and the PBMCs layer should be clearly visible in the middle of the tube above a layer of 

Histopaque solution and underneath the plasma layer. Plasma can be collected and long-term 

stored at -80 °C. PBMCs were carefully collected and washed twice in 1 x PBS before 

cryopreservation at -150 °C in 90 % fetal bovine serum (FBS) supplemented with 10 % 
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dimethyl sulfoxide (DMSO) (Sigma-Aldrich) until further use. If conducted, cell counts were 

performed using a Neubauer cell count chamber [135].  

 

8.1.3. B cell enrichment  

B cell enrichment from PBMCs was performed using magnetic CD19-Microbeads (Miltenyi 

Biotec) according to the manufacturer’s instructions. Briefly, freshly isolated or thawed PBMCs 

were resuspended in MACS buffer and precalculated amount of CD19-Microbeads (20 µl 

beads per 10
7
 cells). After incubation for 15 minutes at 4 °C and protected from light, cell 

suspension was washed with MACS buffer. LS MACS columns were equilibrated with MACS 

buffer and placed into the magnetic separator. Cell suspension was applied to the columns, 

so that CD19
+
 B cells were positively selected using magnetic forces. To access the B cells, 

the LS column is removed from the separator and flushed with MACS buffer into a collection 

tube. Cell number was determined and cells were pelleted for 10 minutes at 400 g at 4 °C in 

preparation for FACS staining [134, 135].  

 

For the study of Schommers et al. 2020 B cell enrichments were conducted using the negative 

selection B cell enrichment kits from Miltenyi Biotec (Pan B Cell Isolation Kit, B cell Isolation 

Kit II or IgG
+
 Memory B Cell Isolation Kit) [63]. 

 

8.1.4. Single cell sorts 

For bait-specific single B cell sorts as conducted in Ehrhardt et al. 2019 B cells were mixed 

with a fluorescence staining mix containing 4′,6-diamidino-2-phenylindole (DAPI) (Thermo 

Fisher), anti-human CD20-Alexa Fluor 700 (AF700) (BD), anti-human IgG-APC (BD) and the 

Zaire ebolavirus bait protein EBOV GP∆TM coupled to DyLight 488 (Microscale Antibody Kit, 

Thermo Fisher). Cell were incubated for 20 minutes on ice and washed with FACS buffer (1 x 

PBS, containing 2 % FBS and 2 mM EDTA). Gating strategy for single cell sorts was: forward-

scatter-area (FSC-A) against side-scatter-area (SSCA-A) for lymphocyte identification, SSC-

A against DAPI to gate into DAPI-negative events as a live/dead-marker. Doublet-events were 

excluded using FSC-A plotted against FSC-height (FSC-H). Human CD20-AF700 positive 

events were plotted against human IgG-APC for antigen-experienced B cells, before gating to 

the final sorting gate of EBOV GP∆TM-DyLight 488 against human IgG-APC. DAPI
-
 CD20

+
 

IgG
+
 EBOV GP∆TM

+
 cells were sorted in a single cell manner into a 96-well PCR plate filled 

with 4 µl lysis buffer (0.5 x PBS, 0.5 U/µl RNAsin (Promega), 0.5 U/µl RNaseOut (Thermo 

Fisher Scientific), and 10 mM DTT (Thermo Fisher Scientific) per well. Plates were stored at -

80 °C until further use [134, 135]. 
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For bait-specific single B cell sorts as conducted in Schommers et al. 2020 B cells were mixed 

with a fluorescence staining mix containing 4′,6-diamidino-2-phenylindole (DAPI) (Thermo 

Fisher), anti-human CD19-AF700 (BD), anti-human IgG-APC (BD) and the respective HIV-1 

Env bait-protein (BG505SOSIP.664-GFP or biotinylated YU2gp140). For the staining mix containing 

YU2gp140 Streptavidin-PE (BD) was added as consecutive binding for detection. DAPI
-
 CD19

+
 

IgG
+
 HIV-1 Env bait-protein

+
 cells were sorted in a single cell manner into a 96-well PCR plate 

filled with 4 µl lysis buffer per well. Plates were stored at -80 °C until further use [63]. All sorts 

were performed on a BD FACSAria Fusion Flow cytometer using the 100 micron nozzle in 

single-cell precision mode. FACS images were evaluated and exported using BD FlowJo 

v9/v10. 

 

8.1.5. Antibody cloning and production from single cell sorted B cells 

For antibody production heavy and light chain sequence information was amplified by first 

generating cDNA of the sorted single cells. Therefore, cells were mixed with Random 

Hexamer Primers (Thermo Fisher), NP-40 (Thermo Fischer) and RNase-free water for 1 

minute at 65 °C. Followed by the addition of 5 x RT Buffer (Thermo Fischer), dNTPs (Thermo 

Fischer), DTT (Sigma Aldrich), RNase-free H2O, RNasin (40 U/ml, Promega), RNaseOUT (40 

U/ml, Promega) and Superscript IV (200 U/ml, Thermo Fisher) and incubation at 42°C for 10 

min, 25°C for 10 min, 50°C for 10 min, and 94°C for 5 minutes. By using a semi-nested PCR 

approach with a Platinum Taq DNA Polymerase or Platinum Taq Green Hot Start DNA 

Polymerase (Thermo Fisher) we amplified antibody sequences for further sequence analysis 

and cloning. We used previously described primers, including novel optimized V gene-specific 

primer mixes [56]. The optimized primer and CG_RT 50-AGGTGTGCACGCCGCTGGTC 

[136] were used for the 1st PCR, and the optimized primer and IgG_Internal RT 50-

GTTCGGGGAAGTAGTCCTTGAC [137] for the 2nd PCR. PCR products were sequenced by 

Sanger sequencing. The 1st PCR product served as template for sequence and ligation 

independent cloning (SLIC). Briefly, cloning amplicons were produced by PCR using Q5 Hot 

Start High Fidelity DNA Polymerase (New England Biolabs) and specific forward- and reverse 

primers designed for the nucleotide sequence of the V- and J-regions [137] and including 

expression vector overhangs for the SLIC reaction. PCR was run at 98 °C for 30 s; 35 cycles 

of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for 30 s; and 72 °C for 2 min. With the SLIC 

approach PCR products were cloned into IgG1, kappa or lambda chain human antibody 

expression vectors [138]. 293-6E cells (National Research Council Canada) were used for 

antibody production by co-transfection of heavy and light chain-encoding plasmids with 

polyethylenimine (PEI) reagent (Sigma-Aldrich). Cell were cultured at 37 °C and 6 % CO2 in 

FreeStyle 293 Expression Medium (Thermo Fisher) and 0.2% penicillin/streptomycin (Thermo 

Fisher) for 7 days. Supernatants were filtered and antibody was purified with protein G 
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Sepharose and incubation overnight at 4 °C. Protein G beads were transferred to 

chromatography columns for two washing steps with sterile PBS. 0.1 M glycine with pH = 3.0 

was used to elute IgG from the column. 0.1 M Tris with pH = 8.0 served as buffer and was 

placed into the elution tube ahead. To exchange the buffer to PBS and to concentrate the 

antibodies, 30 kDa Amicon spin membranes (Millipore) were used that required multiple 

centrifugation steps, depending on the antibody-amount of a sample. Concentration was 

measured by UV/Vis spectroscopy using a Nanodrop (A280) [63, 134].  

 

8.1.6. Bulk sorts for the unbiased B cell repertoire analyses 

B cells were stained with a fluorescence mix containing DAPI (Thermo Fisher), anti-human 

CD20-AF700 (BD), anti-human IgG-APC (BD), anti-human IgM-FITC (BD), anti-human IgD-

PE-Cy7 (BD) and anti-human CD27-PE (BD). Gating strategy for antigen-experienced B cells 

was Dapi
-
, CD20

+
, IgG

+
 and for naïve B cells Dapi

-
, CD20

+
, IgM

+
, IgD

+
, CD27

-
, IgG

-
. The sorts 

were performed using the 4-way sort under 4-way purity precision mode into 2 mL collected 

tubes pre-coated with pure FBS using the 70 micron nozzle. Sorted cells were centrifuged for 

5 minutes at 400 g at 4 °C. The supernatant was carefully discarded and cell pellets were 

immediately frozen on dry-ice and stored at -80 °C until further use. For the test experiments 

described in this thesis 100,000 antigen-experienced B cells and 100,000 naïve B cells were 

sorted. For the bulk sorts conducted in Ehrhardt et al. 2019 we collected 250,000 antigen-

experienced B cells for each individual [134]. For the bulk sorts in Schommers et al. B cell 

enrichment was performed using CD19 microbeads as described in 8.1.3. as opposed to the 

negative B cell enrichment for the single cell sorts. B cells were stained with anti-human CD20-

AF700 (BD), anti-human IgG-APC (BD), anti-human IgM-FITC (BD), anti-human IgD-PE-Cy7 

(BD) and anti-human CD27-PE (BD) to isolate 200,000 antigen-experienced B cells (Dapi
-
, 

CD20
+
, IgG

+
 IgM

-
, IgD

-
, CD27

-
) [63].  

 

8.1.7. Unbiased B cell repertoire analysis  

RNA was isolated from bulk sorted antigen-experienced and/or naïve B cells with the RNeasy 

Micro Kit (QIAGEN) using the QiaCube (QIAGEN) instrument. To generate cDNA we used the 

template-switch reverse transcription according to the SMARTer RACE 50/30 manual using 

the SMARTScribe Reverse Tran- scriptase (Takara) with a template-switch oligo that included 

an 18-nucleotide unique molecular identifier (UMI). HC and LC (Kappa and lambda)-variable 

regions were amplified with a nested PCR using constant-region-specific primers. Amplicons 

were purified by gel-electrophoresis using [139] the Nucleo-Spin Gel and PCR clean up Kit 

(Macherey-Nagel). Purified heavy chain and light chains of the respective individual were 



 

 24 

pooled and used for library preparation. Sequencing was done on an Illumina sequencer 

(MiSeq 2x300 bp) [63, 134].  

 

 8.1.8. Sequence evaluation 

Initial processing and assembly of the raw sequencing reads was done with an in-house 

pipeline based on custom Python scripts, IgBLAST [140], Clustal Omega [139] and the 

pRESTO toolkit [141]. In brief, first step was to filter the raw reads by Phred quality score 

(mean of 25 or higher) and read length (250 bp or longer). Unique molecular identifiers (UMIs) 

were extracted and paired reads were pre-annotated with IgBLAST. Based on IgBLAST pre-

annotation, an additional molecular identifier (MID) was extracted by taking consecutive 18 

nucleotides (nt) starting 12 nt downstream of the end of framework region (FWR) 3. For error 

correction, reads with the same UMIs were grouped. Reads that did not match the most 

abundant V gene call or had more than 1 nt difference to any other read were removed from 

their assigned UMI group. Assuming that ungrouped and removed reads may result from RT, 

PCR, or sequencing errors within the UMI, the remaining single as well as the removed reads 

were re-grouped by their MID. MID groups with a unique V gene call and no more than 1 nt 

difference between included UMIs were re-defined as a novel UMI group. Clustal omega was 

used to align all reads within each corrected UMI group and aligned sequences were collapsed 

to build consensus reads. For consensus building, base calls were weighted by their quality 

(1 - error probability) and bases with the highest quality-weighted frequencies were taken as 

the consensus. Paired consensus reads were assembled with the pRESTO AssemblePairs 

module and a minimal overlap set to 6 nt. Assembled sequences were annotated with 

IgBLAST and productive sequences were kept for analyses. To minimize the influence of 

sequencing and PCR errors, NGS-derived sequences were only evaluated for UMI groups 

with at least three reads. This exact pipeline was previously described in [62, 63, 134].  

 

8.2 Part II: B cell analysis of SARS-COV-2 infected individuals 

All described methods and used materials described here and showed in 9.2. Results-Part II 

and discussed in 10.Discussion-Part II are included in [62] . This includes text as well as all 

figures. See also 14. Detailed description of work performed for this thesis. 

 

8.2.1. Blood samples  

Blood samples from all 12 SARS-CoV-2 infected study participants were collected according 

to a study protocol approved by the Institutional Review Board (IRB) of the University of 

Cologne (study protocol 16-054) with written informed consent. Samples were collected in 

Munich Clinic Schwabing, University Hospital of Frankfurt and University Hospital Cologne. 
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Buffy Coats from 48 healthy individuals were collected before the SARS-CoV-2 outbreak from 

the Institute for Transfusion Medicine at the University Hospital of Cologne under the study 

protocol 16-054 [62].  

 

8.2.2. Isolation of PBMCs and plasma  

Peripheral blood mononuclear cells (PBMCs) and plasma were isolated from buffy coats and 

whole blood samples by density gradient separation using Histopaque separation medium 

(Sigma-Aldrich) and Leucosep cell tubes (Greiner Bio-one). For detailed description see also 

section “8.1.2. Isolation of PBMCs” and [62]. 

 

8.2.3. Isolation of total IgG from plasma  

All plasma samples were heat-inactivated at 56 °C for 40 min before further use. Protein G 

Sepharose (GE Life Sciences) was mixed with 1 ml of heat-inactivated plasma overnight at 4 

°C (GE Life Sciences) under constant rotation. Protein G beads were transferred to 

chromatography columns for two washing steps with sterile PBS. 0.1 M glycine with pH = 3.0 

was used to elute IgG from the column. 0.1 M Tris with pH = 8.0 served as buffer and was 

placed into the elution tube ahead. To exchange the buffer to PBS and to concentrate the IgG 

extraction, 30 kDa Amicon spin membranes (Millipore) were used that required multiple 

centrifugation steps, depending on the IgG-amount of a sample. Concentration of purified IgGs 

was measured by UV/Vis spectroscopy using a Nanodrop (A280). Purified IgGs were stored 

at 4 °C [62]. 

 

8.2.4. Expression of SARS-CoV-2 S-protein and protein-purification 

The construct used for the expression of the prefusion stabilized SARS-CoV-2 S ectodomain 

(amino acids 1-1208 of SARS-CoV-2 S; GenBank: MN908947) was kindly provided by Jason 

McLellan (Texas, USA) and described previously [107]. The construct contained two proline 

substitutions at residues 986 and 987 which were introduced for prefusion state stabilization. 

A ‘‘GSAS’’ substitution at residues 682–685 was introduced to eliminate the furin cleavage 

site and a C-terminal T4 fibritin trimerization motif. To ensure purification, the protein is fused 

to a TwinStrepTag and 8XHisTag at its C-terminus. HEK293-6E cells were transiently 

transfected with poly- ethylenimine (PEI, Sigma-Aldrich) and 1 µg DNA per 1 mL cell culture 

medium at a cell density of 0.8 x 10
6
 cells/mL in FreeStyle 293 medium (Thermo Fisher 

Scientific) for protein production. Transfected cells were cultured for 7 days at 37 °C and 5 % 

CO2. Culture supernatant was harvested and filtered using a 0.45 mm polyethersulfone (PES) 

filter (Thermo Fisher Scientific) before the protein was purified by Strep-Tactin affinity 

chromatography (IBA lifescience, Göttingen Germany) according to the Strep-Tactin XT 
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intructions. Briefly, adding 100 mL 10x Buffer W (1 M Tris/HCl, pH 8.0, 1.5 M NaCl, 10 mM 

EDTA, IBA lifescience) the filtered medium was adjusted to pH 8 and loaded with a low 

pressure pump at 1 mL/min on 5 mL bedvolume Strep-Tactin resin. Washing of the column 

was done with 15 column volumes (CV) 1x Buffer W (IBA lifescience). Elution was conducted 

with 6x 2.5 mL 1x Buffer BXT (IBA lifescience). Elution fractions were collected and 

subsequently pooled. The buffer was exchanged to PBS with pH 7.4 (Thermo Fisher 

Scientific) by filtrating four times over 100 kDa cut-off cellulose centrifugal filter (Merck) [62]. 

 

8.2.5. SARS-CoV-2 S-protein ELISA 

ELISA plates (Corning 3369) were coated with 2 µg/mL spike ectodomain protein of SARS-

CoV-2 in PBS at 4 °C overnight. Plates were blocked with 5 % BSA in PBS for 60 min at RT 

before incubation with the fist antibody in 1 % BSA in PBS for 90 min, followed by anti-human 

IgG-HRP (Southern Biotech 2040-05) diluted 1:2500 in 1 % BSA in PBS for 60 min at RT. 

Development was done with with ABTS solution (Thermo Fisher 002024) and measured at an 

absorbance of 415 nm and 695 nm. Positive binding was defined by an OD ≥ 0.25 and an 

EC50 < 30 µg/mL [62] 

 

8.2.6. SARS-CoV-2 neutralization assay with authentic virus 

SARS-CoV-2 neutralization activity was determined by cytopathic effect (CPE) on VeroE6 

cells (ATCC CRL-1586) in the presence of authentic SARS-CoV-2 (BavPat1/2020 isolate, 

European Virus Archive Global # 026V-03883). The protocol is based on a previously 

described protocol for MERS-CoV [142]. Starting concentration for plasma-isolated IgG 

samples was 1,500 µg/ml and for monoclonal antibodies 100 µg/ml. The samples were serially 

diluted in a 96-well plate and incubated for 1 h at 37 °C together with 100 50 % tissue culture 

infectious doses (TCID50) SARS-CoV-2. CPE was determined after 4 days. Absence of CPE 

was defined as neutralization. Neutralizing COVID-19 patient plasma was used as control in 

duplicates as an inter-assay neutralization standard [51, 62].  

 

8.2.7. SARS-CoV-2-specific single cell sorts 

For bait-specific single B cell sorts as conducted in Kreer et al. 2020, B cells were enriched 

as described in “8.1.3. B cell enrichment”. B cells were mixed with a fluorescence staining mix 

containing DAPI, anti-human CD20-AF700 (BD), anti-human IgG-APC (BD), anti-human 

CD27-PE (BD) and 10 µg/ml SARS-CoV-2 spike protein labeled with DyLight488. DAPI
-
, 

CD20
+
, IgG

+
, spike protein

+
 cells were sorted in a single cell manner into a 96-well PCR plate 

filled with 4 µl lysis buffer per well. Plates were stored at -80 °C until further use [62]. 
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8.2.8. Antibody cloning and production of SARS-CoV-2-specific B cells 

Antibody cloning and production of SARS-CoV-2-specific antibodies from the sorted B cells 

as conducted in Kreer et al. 2020 followed the protocol described in “8.1.5. Antibody cloning 

and production from single cell sorted B cells” and [63, 135] with some changes: PCR 

amplification for SLIC assembly was performed with extended forward primers based on 2nd 

PCR primers [56] covering the complete endogenous leader sequence of all heavy and light 

chain V genes [135] and reverse primers specific for the 5’ end of heavy and light chain 

constant regions [62, 135].  

 

8.3 Part III: Determining pre-existing B cell immunity against SARS-CoV-2 

All described methods and used materials described here and showed in 9.3. Results-Part III 

and discussed in 10.Discussion-Part III are included in [143] that is (as of December 2021) 

under review at the iScience journal and available at biorxiv.org 

(https://doi.org/10.1101/2021.09.08.459398). This includes text as well as all figures and 

tables. See also 14. Detailed description of work performed for this thesis. 

 

8.3.1. Blood samples  

Study participants were recruited at the University Hospital Cologne. 150 Buffy coats from 

study participants were collected according to a study protocol approved by the Institutional 

Review Board (IRB) of the University of Cologne (study protocol 16-054). Buffy coats were 

provided as residual products in the context of regular blood donations from the Institute for 

Transfusion Medicine at the University Hospital of Cologne. All study participants provided 

informed consent. 

 

8.3.2. Isolation of PBMCs and plasma  

Peripheral blood mononuclear cells (PBMCs) and plasma were isolated from all 150 buffy 

samples by density gradient separation using Histopaque separation medium (Sigma-Aldrich) 

and Leucosep cell tubes (Greiner Bio-one). For detailed description see also section “8.1.2. 

Isolation of PBMCs” and [62]. 

 

8.3.3. Isolation of total IgG from plasma  

All 150 plasma samples were heat-inactivated at 56 °C for 40 min before total IgG isolation 

according to the protocol described in “8.2.3. Isolation of total IgG from plasma”.  
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8.3.4. Expression of viral proteins and protein-purification 

The following viral surface proteins were used in this study: (1) the stabilized spike protein 

ectodomain of the endemic HCoV-HKU1 (amino acids 1 – 1295, GenBank ID.: ABD75497). 

(2) the stabilized spike protein ectodomain of the endemic HCoV-OC43 (amino acids 1 – 1300, 

GenBank ID.: AAX84792). Both were kindly provided by Raiees Andrabi (California, USA) and 

Victor Corman (Berlin, Germany) and described previously [144-148]. (3) the prefusion 

stabilized SARS-CoV-2 S ectodomain (amino acids 1 – 1207; GenBank ID.: MN908947). The 

construct was kindly provided by Jason McLellan (Texas, USA) and Florian Krammer (New 

York, USA) and previously described [107, 149]. All of the human coronavirus constructs 

contain the following modifications: two proline substitutions for prefusion state stabilization 

(SARS-CoV-2: residues 986 and 987; OC43: residues 1078 and 1079; HKU1: residues 1071 

and 1072) and the furin cleavage sites were mutated (SARS-CoV-2: ‘‘GGGG’’ substitution at 

residues 682–685; OC43: ‘‘GSAS’’ substitution at residues 762-766; HKU1‘‘GSAS’’ 

substitution at residues 756-760). The different coronavirus ectodomains were amplified from 

the synthetic gene plasmids by PCR and subsequently cloned into a modified sleeping beauty 

transposon expression vector containing a C-terminal T4 fibritin trimerization motif (foldon) 

followed by a Twin-Strep-Tag purification tag. This modification served for the recombinant 

protein productions by using stable HEK293 EBNA cells employing the sleeping beauty 

transposon system previously described [150]. HEK293 EBNA cells were transfected using 

FuGENE HD transfection reagent (Promega). After transfection cells were selected with 

puromycin and induced with doxycycline. The supernatants were harvested, filtered and 

recombinant proteins were purified via Strep-Tactin XT (IBA Lifescience) resin. For elution 

biotin-containing TBS-buffer was used (IBA Lifescience), and dialyzed against TBS-buffer. (4) 

the Ebola surface glycoprotein (EBOV Makona, GenBank ID.: KJ660347; amino acids 1 – 

651) which was stabilized with GCN4 trimerization domain and expressed without the 

transmembrane domain as previously described [134] was used as negative control for HCoV 

S protein ELISAs.  

 

8.3.5. SARS-CoV-2 and HCoV S-protein binding assays 

ELISA plates (Greiner Bio-One 655092) were coated with 2 µg/ml (for IgG measurement) or 

5 µg/ml (for IgM and IgA measurement) spike ectodomain protein of SARS-CoV-2, HKU1 and 

OC43 in PBS at 4°C overnight. Plates were blocked with 5% nonfat dried milk powder (Carl 

Roth T145.2) in PBS for 60 min at RT before incubation with plasma, polyclonal IgG or 

monoclonal antibody for 90 min at RT, followed by anti-human IgG-HRP (Southern Biotech 

2040-05) diluted 1:2500 in blocking buffer (BB), anti-human IgM-HRP (Thermo Fisher 

Scientific A18835) diluted 1:2000 in BB or anti-human IgA-HRP (Thermo Fisher Scientific 

A18781) diluted 1:2000 in BB for 60 min at RT. Starting concentration for monoclonal 
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antibodies was 10 µg/ml in PBS with 1:5 serial dilutions. For polyclonal IgGs starting 

concentration was 500 µg/ml in BB and for plasma samples a starting dilution of 1:20 for IgG 

detection and 1:10 for IgM and IgA detection in BB. Polyclonal IgGs and plasma samples were 

diluted in 1:4 serial dilutions. Final reaction for development was done with adding ABTS 

solution (Thermo Fisher 002024) and read-out at an absorbance of 415 nm and 695 nm. 

Furthermore, we assessed IgG and IgM binding of all plasma samples against SARS-CoV-2 

(S1/S2) by using the automated DiaSorin’s LIAISON® at the Institute for Virology at the 

University Clinic of Cologne following the manufacturer’s instructions. Cut-off values for IgG 

and IgM results were: negative < 12.0 AU/ml, equivocal > 12.0 - < 15.0 AU/ml, and positive > 

15.0 AU/ml. To measure IgA antibody titers against SARS-CoV-2 (S1) in all plasma samples 

we used the automated Euroimmun Analyzer I system. Note here, that IgA was only measured 

against the S1 subunit of the SARS-CoV-2 S-protein. S/CO values were interpreted with the 

following cut-off values: negative S/CO < 0.8, equivocal S/CO > 0.8 - < 1.1, positive S/CO > 

1.1.  

 

8.3.6. Cell-surface expressed SARS-CoV-2 binding assays 

TurboFect
TM

 transfection of HEK293T cells with plasmids encoding for the full-length SARS-

CoV-2 S-protein containing mCherry as reporter gene (GenBank ID.: MN908947) resulted in 

cell-surface expressed S-protein to assess binding of plasma antibodies by flow cytometry, as 

described previously [148, 151]. After 48 h post transfection at 37 °C and 5 % CO2, adherent 

cells were detached with PBS supplemented with 1 mM EDTA (pH = 7.4) and resuspended in 

FACS buffer (1x PBS, 2 % FCS, 2 mM EDTA). Plasma samples were tested in serial dilutions, 

starting with an initial dilution of 1:50 continuing in a 2-fold serial dilution for a total of 6 

concentrations per sample. 3 x 10
4 

cells per well were used in 50 µl of FACS buffer in a V-

bottom-shaped 96 well plate. Cells and plasma dilutions were incubated on ice for 30 minutes, 

followed by a washing step with 100 µl FACS buffer per well. FACS staining mix was prepared 

for 50 µl per well with 1:160 dilution of anti-human Fc IgG-BV421 (Biolegend) and 1:100 

dilution of anti-human IgM (Biolegend) [148]. After 30 minutes of staining with the FACS-

antibodies, cells were washed and analyzed on a BD FACSAria Fusion instrument. FCS 3.1 

files were analyzed using the FlowJo10 software (BD). For the analysis geometric mean 

values of all cells/single cells/mCherry positive (transfected cells) in APC-A channel (for IgM) 

and BV421-A channel (for IgG) were determined and graphically displayed using GraphPad 

Prism.  
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8.3.7. SARS-CoV-2 neutralization assay with authentic virus 

All 150 plasma samples were tested against authentic SARS-CoV-2 following the protocol 

described in “8.2.5. SARS-CoV-2 neutralization assay with authentic virus” and [51, 62, 142]. 

With the following differences: Plasma samples were tested at a single dilution of 1:10 against 

200 TCID50.  

 

8.3.8. SARS-CoV-2 neutralization assay with pseudovirus 

SARS-CoV-2 pseudovirus particles expressed the SARS-CoV-2 Wu01 spike protein 

(EPI_ISL_40671). It is produced by co-transfecting plasmids, using FuGENE 6 Transfection 

Reagent (Promega), for HIV Tat, HIV Gag/Pol, HIV Rev, luciferase followed by an IRES and 

ZsGreen, and the SARS-CoV-2 spike protein into HEK 293T cells. The pseudovirus particles 

were secreted into the supernatant and titrated after harvest by infecting HEK293T cells 

expressing human ACE2 [152]. Virus incubation was allowed for 48-hour at 37 °C and 5% 

CO2, luciferase activity was determined by addition of luciferin/lysis buffer (10 mM MgCl2, 0.3 

mM ATP, 0.5 mM Coenzyme A, 17 mM IGEPAL (all Sigma-Aldrich), and 1 mM D-Luciferin 

(GoldBio in Tris-HCL) using a microplate reader (Berthold). For the final neutralization assays, 

a virus dilution was selected that had a 1000-fold increased relative luminescence unit (RLU) 

in infected cells compared to non-infected cells. Neutralization assays of plasma, polyclonal 

IgGs and monoclonal antibodies were conducted in single dilutions and/or serial dilutions. For 

single dilution assays polyclonal IgG samples (1000 µg/ml), plasma samples (1:10) and mAbs 

(50 µg/ml), were co-incubated with pseudovirus supernatants for 1 h at 37°C, followed by the 

addition of 293T-ACE-2 cells. After a 48 h incubation at 37 °C and 5 % CO2, luciferase activity 

was determined using the luciferin/lysis buffer. The background RLUs of non-infected cells 

were subtracted and % of neutralization was calculated. Each sample was tested in duplicates 

and the mean values were used for analysis. Serial dilution assays to determine Half maximal 

inhibitory concentration (IC50) values of mAbs comprised a dilution series of the antibody 

starting with a concentration of 50 µg/ml. IC50 values were calculated as the antibody 

concentration causing a 50 % reduction in signal compared the virus-only controls using a 

dose-response curve calculated in GraphPad Prism. 

 

8.3.9. SARS-CoV-2-specific single cell sorts 

For bait-specific single B cell sorts from 40 donors, B cells were enriched as described in 

“8.1.3. B cell enrichment”. B cells were mixed with a fluorescence staining mix containing 

DAPI, anti-human CD20-AF700 (BD), anti-human IgG-APC (BD), anti-human CD27-PE (BD) 

and 10 µg/ml SARS-CoV-2 spike protein labeled with DyLight488. DAPI
-
, CD20

+
, spike 

protein
+
, IgG

+
 and DAPI

-
, CD20

+
, spike protein

+
, IgG

-
 cells were sorted in a single cell manner 
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into a 96-well PCR plate filled with 4 µl lysis buffer per well. Plates were stored at -80 °C until 

further use [62]. 

 

8.3.10. SARS-CoV-2 specific sequence amplification and analysis 

For antibody production heavy and light chain sequence information was amplified as 

described in [62, 135]. Briefly, cDNA was generated as described in thesis section “8.1.5. 

Antibody cloning and production from single cell sorted B cells”. Heavy and light chain 

sequences were amplified from cDNA using optimized V gene-specific primer mixes [56] and 

Platinum Taq DNA Polymerase or Platinum Taq Green Hot Start Polymerase (Thermo Fisher 

Scientific) as previously described [56, 62, 63, 135]. For downstream sequence analysis only 

sequences with a mean Phred score of 28 and sequences with a minimal length of 240 

nucleotides were selected. Sequences were annotated with IgBlast and IMGT [140, 153] and 

the variable region ranging from FWR1 to the end of the J gene was extracted. Base calls 

within the variable region with a Phred score below 16 were masked and sequences with more 

than 15 masked nucleotides, stop codons, or frameshifts were not considered for further 

analyses. Sequence clonality for each participant was analyzed by grouping identical VH/JH 

gene pairs and by determining the pairwise Levenshtein distance for their CDRH3s. 

Sequences with a minimal CDRH3 amino acid identity of at least 75 % (considering the 

shortest CDRH3) were assigned to one clone group. 100 rounds of input sequence 

randomization and clonal assignment were performed and the result with the lowest number 

of remaining unassigned (non-clonal) sequences was selected for downstream analyses. All 

clones were cross-validated by the investigators taking shared mutations and light chain 

information into account. 

 

8.3.11. Antibody sequence selection for cloning and production 

Antibodies were selected for cloning based on two approaches. The similarity approach was 

based on matching the sequences against 868 and 52 sequences from SARS-CoV-2-binding 

antibodies retrieved from the CoVAbDab (21.08.20, [154]) and [62]), respectively. Similarity 

restrictions were sequences with identical VH/JH combination, a CDRH3 length difference ≤ 

2 AA, and a CDRH3 Levenshtein distance ≤ 3 AA in comparison to at least one SARS-CoV-

2-binding antibody (18 in total). The second approach was the random approach, based on a 

selection performed to yield at least 6 random antibody sequences per individual including at 

least 3 different clones and at least 3 non-clonal sequences. In case of less than 3 clones, 

random non-clonal sequences were used to fill up the selection. 
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8.3.12. Antibody cloning and production of SARS-CoV-2-specific B cells 

Antibody cloning and production of SARS-CoV-2-specific antibodies from the sorted B cells 

followed the protocol described in “8.1.5. Antibody cloning and production from single cell 

sorted B cells” and [135] with some changes: PCR amplification for SLIC assembly was 

performed with extended forward primers based on 2nd PCR primers [56] covering the 

complete endogenous leader sequence of all heavy and light chain V genes [135] and reverse 

primers specific for the 5’ end of heavy and light chain constant regions. The heavy chain 

variable regions of the IgG
-
 sorted B cell subsets were cloned into IgG1 expression vectors.  
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9. Results 

Part I 
9.1 Parts of the methods and used materials described here and discussed in 10. Discussion-

Part I are included in [63, 133, 134]. This includes text as well as all figures. See also 14. 

Detailed description of work performed for this thesis. 

 

9.1. In-depth B cell analysis 

An in-depth analysis of B cell development, antigenic responses and dynamics can shape our 

understanding of (1) elicited antibodies post vaccination and their protectivity (2) frequency 

and features of antigen-specific antibodies and (3) antibody-application for prevention and 

treatment of diseases [50]. Since pathogen encounters substantially shape the composition 

of B cells in our overall B cell repertoires among the different subsets, we need advanced 

techniques that allow us to analyze the antigen-specific B cell response and characterize the 

overall B cell repertoire [155]. For this, we isolated peripheral B cells from healthy and infected 

individuals and sorted single antigen-specific B cells and B cells in bulk from the antigen-

experienced B cell (IgG
+
) and naïve B cell compartment (Figure 4). We extracted sequence 

information of both datasets to identify differences or similarities regarding levels of SHM, 

CDR3 lengths, B cell clonalities and V gene distribution (Figure 4). Here, I describe both 

protocols in detail and demonstrate their application in two studies that aimed to characterize 

the B cell response against Ebola virus and HIV-1, respectively.  
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Figure 4: In-depth B cell repertoire analyses 

We were interested in analyzing and characterizing the B cell repertoires of healthy and 

infected individuals by extracting antigen-reactive, antigen-experienced (IgG
+
) and naïve B 

cells from the overall pool of peripheral B cells. Using fluorescently-labeled pathogen-derived 

baits we sorted single cells in 96-well plates. By sorting IgG
+
 and naïve B cells and performing 

NGS, we generated large sequencing data-sets on whole subset-repertoires. We looked for 

differences and similarities in germline identity to exploit SHM-levels, CDR3-lengths, 

sequence-clonalities and V-gene distribution.  

 

 

9.1.1. Pathogen-specific single B cell analysis  

For the detection of human pathogen-specific B cells, we enriched B cells using magnetic 

beads (MACS) followed by quantitative and qualitative multi-parametric fluorescence 

activated cell sorting. PBMCs were isolated from peripheral blood by density centrifugation 

and mixed with magnetic microbeads that were conjugated to monoclonal anti-CD19 

antibodies. Using a strong magnet CD19
+
 B cells were selected and incubated with a FACS-

antibody mixture including fluorescently labeled bait-protein. This allowed for bait-specific cell 

sorting in a single cell manner into 96-well plates (Figure 5, A).  
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Figure 5: Isolation of pathogen specific single B cells 

(A) Overview of the main steps to isolate pathogen-specific B cells. After blood draw, PBMCs 

were isolated and enriched for CD19
+
 cells. Using a fluorochrome-conjugated bait protein in 

combination with IgG, FACS allowed for identification and isolation of pathogen-reactive single 

B cells. (B) Flow cytometry analysis displaying the gating strategy for antigen-specific single 

cell sort. Lymphocytes were identified in forward- and side-scatter followed by single, live cells 

using FSC-H, FSC-A and DAPI. Purified B cells were stained with anti-CD20 and anti-IgG 

antibodies. YU2gp140 and BG505SOSIP.664 were used as bait-protein to isolate HIV-1 reactive 

cells and EBOV GP∆TM for Ebola virus. Figure was adapted from [135] with data from [63] 

and [134]. 

 

 

Displaying the cells in forward-scatter-area (FSC-A) and side-scatter-area, lymphocytes are 

identified. Doublets were excluded using the forward-scatter-height (FSC-H) and FSC-A 

parameter. DAPI
-
 events accounted for viable cells, which ranged between 75 % and 80 %. 

Purification efficiency of the magnetic CD19
+
 cell enrichment was extrapolated from the CD20

+
 

cell proportion of >95 %. Of those B cells 10 % to 20 % were IgG
+
 B cells and the population 

of interest here for pathogen-specific binding. We successfully established this workflow for 

single cell sorts of IgG
+
 B cells that bound to the HIV-1 bait proteins YU2gp140 and 

BG505SOSIP.664, respectively. Binding frequency of IgG
+
 B cells to the bait proteins was higher 

for YU2gp140 (0.1 %) compared to BG505SOSIP.664 (0.08 %) (Figure 5, B) [63]. This protocol was 
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also used to sort Zaire ebolavirus glycoprotein (lacking the transmembrane domain; EBOV 

GP ∆ TM) reactive IgG
+
 cells (0.3 %) (Figure 5, B) [134]. The isolation of pathogen-specific 

single B cells was the first step and foundation for the protocol for effective high-throughput 

isolation of fully human antibodies targeting infectious pathogens by Gieselmann & Kreer et 

al. 2021. 

 

9.1.2. B cell receptor analysis of bulk sorted B cell subsets 

From the isolated pathogen-specific B cells we amplified heavy and light chain information to 

perform sequence analysis [56, 135]. We looked for clonal relationships by grouping 

sequences with identical VH/JH gene pairs and similar CDRH3 amino acids. We assessed 

CDRH3 length and hydrophobicity as well as V gene germline identities. To identify unusual 

antibody features in terms of CDR3 regions, somatic hypermutation or restriction to certain V 

genes we needed a B cell receptor sequence data set representative for the overall receptor 

repertoire in this individual to use as reference for comparison [50, 62, 63, 134]. Here, we 

established a protocol for the generation of a reference sequence data set of the naïve and 

antigen-experienced B cell repertoire. For the generation of red blood cell- and thrombocyte-

concentrates after blood donation in the blood bank, buffy coats were produced as by-products 

and contain a concentrated composition of immune cells. Here, 24 Buffy coats were collected 

for PBMC and B cell isolation. Buffy coat volumes ranged from 51 to 63 ml and contained 

683.5 million PBMCs in total on average, determined by cell counting after PBMC isolation by 

density gradient solution. After B cell enrichment using CD19 microbeads, cells were counted 

and stained for FACS analysis. Antigen-experienced B cells were defined here as DAPI
-
, 

CD20+, IgG
+
 cells and naïve B cells as DAPI

-
, CD20

+
, IgM

+
, IgD

+
, CD27

-
, IgG

-
 cells (Figure 6, 

A). Measured from 24 samples, buffy coats contained on average 7.9 % B cells, 0.6 % IgG
+
 

B cells and 1.4 % naïve B cells (Figure 6, A). Using these parameter we determined the initial 

buffy coat volume needed to sort 1x 10
5
 antigen-experienced B cells (3.7 ml) and 1x 10

5
 naïve 

B cells (1.5 ml) (Figure 6, A). Staining and sorting strategy was applied to whole blood samples 

taking a PBMC concentration of ~1 x 10
6
 PBMCs/1 ml whole blood [135] into account 

compared to a Buffy coat concentration of 12 x 10
6
 PBMCs/1 ml.  

 



 

 37 

 

Figure 6: Establishing a protocol for the generation of a reference sequence data set of the 

naïve and antigen-experienced B cell repertoire. 

(A) Gating strategy for antigen-experienced B cells (Dapi
-
, CD20

+
, IgG

+
) and naïve B cells 

(Dapi
-
, CD20

+
, IgM

+
, IgD

+
, CD27

-
, IgG

-
). Table showing buffy coat (n=24) parameter assessed 

by cell count and flow cytometry analysis to determine the amount of buffy coat for 10
5
 cells 

per subset. SD indicates the standard deviation. (B) Overview of the main steps for an 

unbiased NGS-protocol including subset sort, RNA isolation, heavy and light chain 

amplification (amplicons between 500-700 bp; see gel picture) and unbiased 2x300 bp 

Illumina sequencing.  
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To extract the BCR sequence information we established an unbiased NGS-protocol starting 

with the isolation of RNA of the sorted cells followed by cDNA generation by template-switch 

reverse transcription (RT). Heavy and light chain variable region PCRs were performed and 

amplicons (500-700 bp) were purified and used for library preparation before Ilumina MiSeq 

2x 300 bp sequencing (Figure 6, B). We conclude that buffy coats are an easily accessible 

source for PBMCs and B cells from healthy individuals to generate a large reference sequence 

data set. 

 
9.1.3 B cell analyses to decipher the EBOV GP-specific B cell response  

The recombinant vesicular stomatitis virus (VSV)-based vector carrying the Zaire ebolavirus 

(EBOV) glycoprotein (rVSV-ZEBOV) was one of the most promising vaccine candidates 

against lethal EBOV infections. However, a comprehensive analysis, including single-cell 

analysis, of the rVSV-ZEBOV B cell immune response was lacking. Therefore, we investigated 

the humoral immune response in six rVSV-ZEBOV-immunized individuals and performed in-

depth B cell and sequence analysis in four individuals (EV01, EV03, EV04, EV05). We sorted 

EBOV GP∆TM-reactive IgG
+ 

single B cells (Figure 7, a) and analyzed 1,507 heavy- and 261 

light- variable regions and detected a polyclonal B cell response with 49, 42, 51 and 45 

individual B cell clones in study participants EV01, EV03, EV04 and EV05, respectively (Figure 

7, b. and c). We observed similarities among all study participants in V gene family-distribution 

(Figure 7, d), CDR3 length and germline identity. The mean germline identity for the heavy 

chains ranged from 90.6 % to 94.2 % and for the light chains slightly higher from 93.9 % to 

95.9 % (Figure 7, e).  
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Figure 7: EBOV GP∆TM-specific single B cell sorts and subsequent sequence analysis 

(a) Flow cytometry analysis displaying final sorting gate of EBOV GP∆TM reactive CD20
+
, 

IgG
+
 B cells from individuals EV01 and EV03-05. (b) Percentage distribution of clonal and non-

clonal sequences. (c) B cell clones with total clone number displayed in the center of the pie 

chart. (d) V gene family distribution of heavy (H) and light (L) chains of all unique clones (e) 

Dot plots depicting germline identities (%) and CDR3 lengths (aa) for heavy and light chains, 

respectively of all clonal sequences. (Figure from [134], Figure 2). 

 

 

Additionally, we generated a reference sequence data set by isolating 250,000 antigen-

experienced B cells (CD20
+
, IgG

+
) for all four donors (Figure 8) and performing NGS analysis 

on the heavy chains (Figure 9) [134]. 
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Figure 8: Gating strategy to sort antigen-experienced B cells to generate an unbiased NGS-

data set as reference repertoire in rVSV-ZEBOV-vaccinated donors.  

(c) FACS plots of the gating strategy for the cell population for NGS analysis: In total 250,000 

CD20
+
, IgG

+
 B cells for each rVSV-ZEBOV-vaccinated donor were bulk sorted into collection 

tubes (Figure from [134], Extended data figure 2). 

 

 

We compared EBOV GP∆TM-reactive cells (blue) and donor-matched antigen-experienced B 

cell reference (gray) for differences in CDRH3 length and V-gene germline identity. 

Differences were small ranging from 0.8 to 1.3 amino acids (aa) for the mean CDRH3 lengths 

and −0.9 to 1.0 % for mean V gene germline identity (Figure 9, f). However, comparing the 

variable gene segment distribution, a prominent increase in frequency for the variable gene 

segment IGHV3-15 (green) was revealed (Figure 9, g). Among the antigen-experienced B cell 

reference, IGHV3-15 was only detectable with an average frequency of 1.3 %, whereas we 

observed a significant 5.4-, 6.4-, 4.8- and 9.9-fold increase for EV01, EV03, EV04 and EV05, 

respectively [134]. 
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Figure 9: Comparison of the EBOV GPΔTM-specific B cell response to bulk-sorted IgG-

positive cells of the corresponding donor 

(f) Comparing sequence characteristics between EBOV GPΔTM-specific B cells (blue) and 

the IgG-postive B cell repertoire (gray) of the different individuals. Heavy chain CDR3 amino 

acid length (top) and V gene segment identity (bottom) are displayed. (Ø) indicates mean 

values determined for aa lengths and V gene germline identities. (g) Divergence of heavy 

chain V gene segment frequencies between the overall B cell IgG repertoire and EBOV 

GPΔTM-specific B cells from four independent samples of rVSV-ZEBOV-immunized 

individuals. Boxes contain 50% of available data points, with the line displaying the median 

values and whiskers representing 75% of the difference between the highest or lowest value. 

To determine if the increase of frequency is significant, a resampling approach based on a 

one-sided Mann–Whitney U-test with α = 0.05 and Bonferroni correction for multiple testing 

was utilized (Figure from [134], Figure 2.). 

 

 

We conclude that rVSV-ZEBOV-administration results in a polyclonal B cell response, eliciting 

antibodies with similar characteristics among the study participants.  

 

9.1.4 B cell analyses to decipher the HIV-1 Env-reactive B cell response  

Patient IDC561 was identified as elite HIV-1 neutralizer ranking among the top 1 % of a cohort 

of 2,274 individuals. We sorted HIV-1 IgG
+
 Env-bait-reactive single B cells from this patient 

and obtained and analyzed 812 IgG
+
 heavy chain sequences (Figure 10). One of the isolated 

B cells expressed an antibody that we named 1-18. It was a novel IGHV1-46 derived CD4 
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binding site antibody with exceptional potency and breadth with a coverage of 97% on a 119-

virus panel and an IC50 of 0.048 µg/ml. The monotherapy with 1-18 was able to fully suppress 

viremia in HIV-1 YU2gp140-infected mice and neutralize typical escape mutants in vitro and in 

vivo with infected mice harboring viral variants due to a pretreatment with other CD4bs bNAbs 

[63].  

 

To describe the antigen-experienced B cell repertoire of the patient, we generated reference 

sequence data out of CD20
+
, IgG

+
 B cells. Comparison of the reference antigen-experienced 

B cell repertoire (gray) with the Env-reactive B cells (blue) revealed longer CDRH3s (Figure 

10, F) and higher levels of SHM with a median germline identity of 88.4 % of the Env-reactive 

B cells compared to 95.3 % in the reference data set (Figure 10, G). Furthermore, we observed 

an enrichment for the VH gene segments IGHV1-46, 1-69 and 4-4 (Figure 10, H) [63]. We 

conclude that the antibody repertoire of the elite neutralizer IDC561 harbors exceptionally 

potent and broad antibody clones with notably higher levels of SHM.  

 

 

 

Figure 10: Comparison of the Env-specific response of IDC561 to the overall B cell 

repertoire of the same donor. 

(F–H) Comparison of bulk-sorted IgG
+
 B cells of IDC561 and Env-reactive B cells (F) displays 

CDRH3 lengths (G) displays VH gene germline identity (H) shows VH allele distribution. 

Dashed lines indicate medians (Figure from [63], Figure S1). 
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Part II 
All described methods and used materials described here and discussed in 10.Discussion-

Part II are included in [62]. This includes text as well as all figures. See also 14. Detailed 

description of work performed for this thesis. 

 

9.2 B cell analysis of SARS-CoV-2 infected individuals 

9.2.1 Isolation of SARS-CoV-2 reactive B cells from SARS-CoV-2 infected individuals. 

When the SARS-CoV-2 pandemic emerged, we set out to investigate the antibody response 

against SARS-CoV-2 and isolate SARS-CoV-2 reactive and SARS-CoV-2 neutralizing 

antibodies to identify potential therapeutic agents. Thus, we collected blood samples from 

SARS-CoV-2 infected individuals. First, we collected blood from seven patients at a single 

timepoint between 8 and 36 days after diagnosis (IDCnC2, IDFnC2, IDHbnC1, IDHbnC2, 

IDHbnC3, IDHbnC4, IDHbnC5) (Figure 11, A). We purified IgG from plasma and tested for 

SARS-CoV-2 binding by ELISA against the full trimeric S ectodomain and neutralizing IgG 

activity against authentic SARS-CoV-2. Half-maximal effective concentrations (EC50) ranged 

from 3.1–96.1 µg/mL and inhibitory concentrations (IC100) between 78.8 and 1,500 µg/mL 

(Figure 11, B). 

 

 

 

Figure 11: Blood sample collection from SARS-CoV-2 infected individual. 

(A) Illustration displaying the period of sample collection of 7 SARS-CoV-2 infected study 

participants including time of diagnosis. (B) displayed as bar plots: binding to the trimeric 

SARS-CoV-2 S ectodomain by ELISA (EC50) and neutralization activity against authentic 

SARS-CoV-2 measured by the complete inhibition of VeroE6 cell infection (IC100) of plasma-

purified IgG samples. Statistics include arithmetic or geometric means including the SD of 

duplicates or quadruplicates for EC50 and IC100, respectively. n.n., stands for: no 

neutralization as defined by IC100 > 1,500 µg/mL IgG (adapted from [156]; Figure 1). 
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We established a SARS-CoV-2 specific sorting strategy by using fluorescently labeled SARS-

CoV-2 spike protein (Figure 12, A) and isolated 1,751 IgG
+
 SARS-CoV-2 S-protein-reactive 

single cells. Frequency for S protein-reactive cells among the five patients ranged between 

0.04% (±0.06) and 1.02% (±0.11) (Figure 12, B). Analyzing heavy and light chain sequences, 

we observed a polyclonal antibody response with 22%–45% clonally related sequences per 

individual and 2–29 members per identified B cell clone (Figure 12 C). We conclude that 

SARS-CoV-2 infection initiates a polyclonal B cell response in all studied individuals.  

 

  



 

 45 

Figure 12: SARS-CoV-2 S-reactive B cell isolation and clonal analysis. 

(A) To identify SARS-CoV-2 specific B cells we stained CD19
+
 B cells, isolated by MACS, with 

DAPI, CD20, IgG and fluorescently-labeled S-ectodomain protein. We excluded doublets by 

FSC-A vs. FSC-H. DAPI
-
 CD20

+
 IgG

+
 cells were gated and cells positive for SARS-CoV-2 S 

ectodomain were sorted in a single cell manner into 96-well plates. (B) Dot plots of S-

ectodomain protein frequencies of the single cell sorts for all seven patients. Depicted 

numbers with standard deviation indicate average frequencies of S-reactive B cells. (C) Pie 

charts displaying clonal relationships of S-reactive B cells for all seven patients. Numbers in 

the center of the charts annotade productive heavy-chain sequences (adapted from [156] 

Figure 1, Figure S1). 
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9.2.2. Longitudinal blood samples from additional SARS-CoV-2-infected individuals 

From additional five infected individuals we obtained blood at three time points ranging from 

8-69 days after diagnosis (Figure 13, A). Values for S-ectodomain binding (EC50) and SARS-

CoV-2 neutralization (IC100) for the time points ranged from 1.54–129 µg/mL and 78.8–1,500 

µg/mL (Figure 13, B). Applying the same FACS strategy to the five patients at the three 

timepoints we isolated additional 2,562 IgG
+
 SARS-CoV-2 S-protein-reactive single B cells 

and amplified IgG
+
 heavy and light chains for in depth analysis of the SARS-CoV-2 B cell 

response. We observed S-reactive B cell frequencies up to 0.65 %, with higher frequencies at 

later time points (Figure 13, C). In terms of clonality, we observed that fifty-one percent of all 

clones were detected repeatedly spanning the three time points. We suggested that SARS-

CoV-2 S-reactive B cells persist spanning the time of investigation of 2.5 months. Looking at 

the individual time points, the portion of clonally related sequences ranged from 18 – 67 % 

across patients and remained constant, showing minor decreases over time (Figure 13, D). 

We conclude that a S-reactive B cell immune response develops shortly after SARS-CoV-2 

infection and that B cell clones stay detectable over time.  
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Figure 13: Longitudinal sample collection 

(A) Illustration displaying the period of sample collection of additional five patients at three 

different timepoints including the time of diagnosis and copies [cp] per milliliter for the viral 

RNA load values from nasopharyngeal swabs (right x-axis). Of note here: (*) The viral load for 

IDFnC1 was given as positive or negative result. (B) Binding to the trimeric SARS-CoV-2 S 

ectodomain was assessed by ELISA (EC50) and neutralization activity (IC100) against 

wildtype SARS-CoV-2 by complete inhibition of VeroE6 cell infection for all timepoints of 

purified plasma IgGs. n.n. stands for: no neutralization by IC100 > 1,500 µg/mL IgG. Statistics 

included arithmetic or geometric means with SD of duplicates or quadruplicates for EC50 and 

IC100, respectively. (C) Frequency of SARS-CoV-2 S ectodomain-reactive IgG
+
 B cells at the 

three different time points. (D) Pie charts show clonal relationship over time. Numbers in the 

center of the charts indicate productive heavy-chain sequences per time point (adapted from 

[156] Figure 1, Figure S1). 
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In total our study comprised 12 SARS-CoV-2 infected individuals and S-protein specific cell 

sorting allowed for the generation of 6,587 productive heavy and light chains. We observed a 

broad spectrum of VH gene segments, normally distributed CDRH3-lengths, symmetrical 

CDRH3 hydrophobicity distributions, and an enrichment of the IgG1 isotype (Figure 14). 

Furthermore, to compare the SARS-CoV-2 specific B cell response to healthy repertoire data, 

we generated a large NGS reference data set from 48 healthy individuals (samples collected 

before the COVID-19 pandemic). The reference NGS data set resulted from 10
5
 bulk sorted 

antigen-experienced B cells for each individual as described in Part I 9.1.2.. The comparison 

revealed an overrepresentation of IGHV 3-30 and that VH genes of S-reactive B cells were, 

on average, less mutated than VH genes from healthy IgG
+
 repertoires (median identity of 

98.3 versus 94.3, p < 0.0001) (Figure 14).  

 

 

 

Figure 14: Analysis of all productive heavy chains extracted from the S-protein specific 

isolated B cells from all 12 study participants. 

Displayed on the top are frequencies of VH gene segments with bars for clonal and non-clonal 

sequences. On the bottom, displayed are CDRH3 length, hydrophobicity and VH gene 

germline identity and IgG isotype of clonal and non-clonal sequences from all 12 individuals 

and time points. NGS reference data from 48 healthy individuals (collected before the COVID-

19 pandemic) are depicted as a red line. Calculated for the bar and line plots are mean and 

SD values (Figure adapted from [62]; Figure 2 €). 

 

 

We produced 255 antibodies from all 12 patients and identified 79 reactive antibodies with 27 

neutralizing antibodies among 9 of 12 individuals by determining the neutralization activity 

against authentic SARS-CoV-2. We analyzed the repertoire characteristics of neutralizing and 

non-neutralizing antibodies and showed a broad distribution of VH gene segments (Figure 
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15). Notably, 31 of 79 binding and 10 of 27 neutralizing antibodies demonstrated high germline 

identities of 99–100% (Figure 15). We conclude that SARS-CoV-2 infection elicits antibodies 

with a broad spectrum of different V genes with a preference for IGHV 3-30 and low degree 

of somatic mutations.  

 

 

 

Figure 15: Analysis of productive heavy chains grouped by the categories of neutralizing and 

non-neutralizing antibodies. 

Top: V gene distribution for non-neutralizing and neutralizing antibodies. Frequency values 

resulted from clonal sequence groups that were collapsed and treated as one sample to 

determine frequencies. Bar plot on the left shows CDRH3 length and on the right V gene 

germline identity of the heavy chains of non-neutralizing and neutralizing antibodies (adapted 

from [62]; Figure 3 (G)). 
 

 

9.2.3. Identification of potential SARS-CoV-2 precursor sequences 

It was the low rate of somatic mutations among the binding and neutralizing antibodies that 

shaped the idea to search for potential precursor B cells in the naïve human B cell repertoire 

of the 48 healthy and pre-pandemic donors (Figure 16). To this end, we bulk-sorted 10
5
 naïve 

B cells per donor and applied the established NGS-protocol described previously (see Figure 

6). We generated a total of 455,423 unique heavy chains, 170,781 kappa and 91,505 lambda 

chains. We matched our identified 79 S-protein reactive antibodies against the naïve 

repertoire and looked for similarities (Figure 16, A).  
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Figure 16: Identifying sequences from SARS-CoV-2 S-reactive antibodies in a NGS 

sequencing data set from pre-pandemic naïve B cells 

(A) Strategy for sequence precursor identification from healthy naive B cell receptor 

repertoires. Within the large data set generated from the naïve B cells of 48 healthy individuals, 

sampled before the pandemic, we searched for sequence matches of heavy and light chains 

from 79 S-reactive antibodies isolated from 12 SARS-CoV-2 infected study participants. (B) 

Number of clonotypes in healthy naive B cell receptor repertoires (n = 48) with matched V/J 

genes from SARS-CoV-2-binding antibodies (n = 79), plotted against the CDR3 difference. 

Bars of included potential sequence precursors are highlighted in shades of blue. For heavy 

chains, CDR3s were allowed to differ 1 aa in length and contain up to 3 aa mutations. For light 

chains, only identical CDR3s were counted. (C) Number of different antibody heavy and light 

chains for which precursors were matched and number of different individuals from which 

precursor sequences were isolated. Numbers in overlapping circles indicate that both heavy 

and light chains were detected. (Figure from [62]; Figure 5) 

 

 

The alignment revealed highly similar sequences (CDRH3s with 1 aa divergence in length and 

up to 3 aa differences) and even one identical CDRH3 sequence. We found potential precursor 

sequences of 9 antibodies in 14 healthy individuals (Figure 16, C). Furthermore, among these 

potential precursor sequences we found similarities to three potent neutralizing antibodies 

(CnC2t1p1_B4, HbnC3t1p1_G4, and HbnC3t1p2_B10). We conclude that potential SARS-

CoV-2 precursor sequences are present in the naïve B cell compartment. This experiment 

was the foundation for the following study where we searched for more indicators for a pre-

existing immune response against SARS-CoV-2 ([143], Submitted and currently under review 

at iScience (Dec. 2021)). 
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Part III 
All described methods and used materials described here and discussed in 10.Discussion-

Part III are included in [142] that is (as of December 2021) under review at the iScience journal 

and available at biorxiv.org (https://doi.org/10.1101/2021.09.08.459398). This includes text as 

well as all figures and tables. See also 14. Detailed description of work performed for this 

thesis. 

 

9.3 Determining pre-existing B cell immunity against SARS-CoV-2 

9.3.1. Antibody pairs composed of SARS-CoV-2-reactive antibody sequences and chains 

derived from naïve B cell antibodies 

As shown in Figure 15, we identified potential unpaired heavy- and/or light-chain precursor 

sequences of potent SARS-CoV-2-reactive antibodies in a NGS data set of naïve and pre-

pandemic B cells. This study was conducted on sequence level only and solely based on 

sequence-similarity, however, still raising the question whether naïve B cells can encode for 

antibodies that do not require further affinity maturation for a potent SARS-CoV-2 reactivity 

(Figure 16 and Figure 17) [62]. To address this question experimentally, we produced 31 

antibodies composed of a pre-pandemic heavy or light chain obtained from naïve B cells and 

a heavy or light chain from SARS-CoV-2-reactive mAbs derived from convalescent individuals 

[62]. We tested these combined antibodies for S protein binding by ELISA and SARS-CoV-2 

neutralization by testing against pseudovirus SARS-CoV-2 (Figure 18).  

 

 

 

Figure 17: Pre-pandemic naïve and SARS-CoV-2 reactive chain chimeras 

Scheme for identifying heavy and light chain sequences in a pre-pandemic naïve B cell 

repertoire that are similar to heavy and light chains of SARS-CoV-2 reactive antibodies.  
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Differences between the V gene and CDR3 region between NGS-derived and original chains 

range ranged from 0 to 5 and 0 to 3 amino acids, respectively. With the exception of mAbs 

CnC2t1p1_B4 and MnC2t1p1_C12, pairing of pre-pandemic light chains with the original 

heavy chains retained binding and neutralization activity (Figure 18). In 20 out of 23 chimeric 

mAbs, pairing of pre-pandemic heavy chains with the original light chain resulted in loss of 

binding and neutralization activity. However, for one antibody (MnC2t1p1_C12) pairing of the 

original light chain with 3 out of 13 pre-pandemic heavy chains resulted in retained binding 

activity suggesting that these heavy chains can assemble SARS-CoV-2 spike protein reactive 

antibodies (Figure 18). We conclude that some naïve B cells can express heavy or light chains 

that can be parts of SARS-CoV-2-reactive antibodies without the need for further affinity 

maturation.  
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Figure 18: Pre-pandemic naïve B cells express SARS-CoV-2-reactive heavy or light chains 

Plots display binding and neutralzation activtiy against SARS-CoV-2 of 6 previously described 

SARS-CoV-2-reactive antibodies (red) and 31 combined antibodies that are build out of heavy 

or light chain of the original SARS-CoV-2-reactive antibodies paired with a NGS-derived heavy 

(darker grey) or light (grey) chain. Binding activity against SARS-CoV-2 was determined by 

ELISA and neutraliation assay were conducted with pseudovirus (PsV-NA). Each antibody 

was produced in at least duplicates. ELISAs and neutralization assays were performed with 

biological replicates. Symbols depict means and error bars indicate standard deviation. 
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9.3.2. Testing pre-pandemic plasma and polyclonal IgG samples for reactivity against SARS-

CoV-2 

To investigate whether SARS-CoV-2-reactive antibodies are present in the plasma of 

unexposed individuals, we investigated pre-pandemic blood samples from 150 donors. 

Between August and November of 2019, we generated a biobank out of 150 buffy coats by 

isolating and storing plasma and PBMCs from each donor. The donors were considered 

unexposed and pre-pandemic as the COVID-19 outbreak was not before December 2019 

(Figure 19). Donors ranged in age between 18 and 66 years with a mean age of 30.6 and 

median age of 27 years (Figure 19 and Table 1). 49.3 % of donors were male and 50.7 % 

female (Figure 19 and Table 1).  

 

 

 

Figure 19: Pre-pandemic sample collection 

150 donors were sampled before the SARS-CoV-2 pandemic between August and November 

of 2019. Pre-pandemic blood samples were collected in form of buffy coats and plasma and 

PBMCs were isolated and stored. Gender and age distribution of donors are shown as pie 

chart and bar plots. 
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Table 1: Demographical characteristics of blood donors 
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We aimed to conduct a variety of different immunoassays that are illustrated in Figure 20. Next 

to commercially available immunoassays and in house ELISA for the detection of IgG, IgM 

and IgA-binding against SARS-CoV-2 S ectodomain (S1/S2), HKU1 and OC43, we 

established an additional binding assay using cell surface expressed full-length SARS-CoV-2 

S protein (Figure 20). Neutralization activity was tested against SARS-CoV-2 pseudoviruses 

and wildtype live viruses (Figure 20). Furthermore, we purified IgGs from all 150 plasma 

samples and performed in house ELISA and neutralization assays as indicated in the 

illustrational overview (Figure 20). Due to the different performed immunoassays and large 

data sets, we summarized the data in Figure 24 in form of a heatmap. 

 

 

Figure 20: Overview on applied immunoassays. 

We purified IgGs from 150 plasma samples and conducted different immunoassays with both 

the plasma and IgG sample. We performed commercially available immonoassay (com. IA), 

in house ELISA against S1/S2 and cell surface expressed SARS-CoV-2 S for binding 

reactivity. Neutralisation was tested in single and serial-dilutions against pseudo-and wildtype-

virus.  

 

 

First, we performed ELISA binding assays and commercially available immunoassays with all 

150 plasma samples against soluble SARS-CoV-2 S protein (S1/S2). We tested for IgG, IgM 

and IgA-binding. The corresponding purified IgG samples were additionally tested against 

HKU1 (S1/S2) and OC43 (S1/S2) (Figure 21).  
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Figure 21: Binding immunoassays of 150 plasma and purified IgG samples 

(A) 150 plasma samples were tested for binding against SARS-CoV-2 (S1/S2). We 

distinguished binding in 1:4 serial dilutions of secreted IgG, IgM and IgA. Starting dilution for 

the plasma samples were 1:20 for IgG detection and 1:10 for IgM and IgA detection. Ebola 

surface protein was used as negative control (orange) and plasma from convalescent patient 

HbnC003 as positive control (blue). (B) 150 plasma samples were tested for IgG, IgM and IgA 

binding against SARS-CoV-2. We used the automated DiaSorin’s LIAISON® for IgG and IgM 

measurement and the automated Euroimmun Analyzer I system for IgA measurement (only 

S1 subunit) (C) 150 purified IgG samples were tested for binding against SARS-CoV-2 

(S1/S2), HKU1 (S1/S2) and OC43 (S1/S2). We distinguished binding in 1:4 serial dilutions 

with a starting dilution of 500 µg/ml. Ebola surface protein was used as negative control 

(orange) and purified IgG from convalescent patient HbnC003 as positive control (blue) for 

SARS-CoV (S1/S2). 
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To establish the cell-surface assay, we transfected HEK293T cells with plasmids encoding 

SARS-CoV-2 S-protein. We identified the successfully transfected cells by gating into 

mCherry
+
 cells (Figure 22). All 150 plasma samples were prepared in 4-serial dilutions ranging 

from 1:50, 1:200, 1:800, 1:3200, 1:12800 and 1:51200 comprising a total of 912 samples 

analyzed on a BD ARIAFusion instrument. Binding of IgG and IgM was detected using an anti-

IgG-Fc and anti-IgM antibody. Plasma from a convalescent donor was used as positive control 

to determine the optimal gating settings to distinguish negative from positive events (Figure 

22). The signal in IgG and IgM was the strongest in the 1:50 dilution with gradual loss of signal 

intensity in the higher dilutions (Figure 22). Representative displayed here is the plasma 

sample Pre001 showing only very few events at a dilution of 1:50 to 1:800 in the lower right 

gating-square that was considered positive according to the positive control (Figure 22). 
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Figure 22: Gating strategy for cell-surface-expressed S-protein immunoassay 

HEK293T cells were displayed in FSC-A and SSC-A and doublets were excluded using FSC-

A vs. FSC-H. Transfection efficacy was determined by the expression of the reporter gene 

mCherry. Transfected cells with plasma dilutions are analyzed for IgG-Fc and IgM binding. 

Plasma sample from a SARS-CoV-2 infected and recovered donor was used as positive 

control. Pre001 from our cohort was used as representative sample.  
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We tested all 150 plasma samples against pseudovirus and authentic SARS-CoV-2 (Figure 

23, A). For the assay with authentic virus we diluted the plasma samples 1:10 and exposed 

VeroE6 cells to authentic SARS-CoV-2 virus in the presence of our plasma samples and 

detected the presence of CPE as indicator for neutralization. Uninfected VeroE6 cells and 

infected VeroE6 cells in the presence of a potent mAb (C6) served as negative control (Figure 

23, A (1, 3)). There was no sign of CPE, whereas the absence of a potent antibody (Figure 

23, A (2)) resembled the same level of CPE as observed for all 150 pre-pandemic plasma 

samples (Figure 23, A (4)), indicating no neutralization activity. Pseudovirus single assays 

were performed with all 150 plasma samples and resulted in no neutralization for all samples 

(Figure 23, B), except for samples Pre027 and Pre035, which showed more than >50 % 

neutralization activity in the 1:10 single dilution assay and were therefore re-tested in serial 

dilutions with pseudovirus, to exclude any plasma related background activity from the single 

dilution assay (Figure 23, B). Neutralization activity was not confirmed. Purified IgG samples 

were tested in a single concentration and serial dilution for those samples exceeding 

neutralizing activity above 50 %. 6 Samples were re-tested and neutralization was not 

confirmed (Figure 23, C). 



 

 61 

 

Figure 23: Neutralization activity of plasma and polyclonal IgGs against SARS-CoV-2 

Neutralization assay conducted on plasma samples (A) and displayed in (B) polyclonal IgGs 

against authentic SARS-CoV-2 (wildtype) and/or pseudovirus (PSV). Samples were tested in 

duplicate experiments (wildtype) or in duplicates in a single experiment (pseudovirus). As 

positive control we used the SARS-CoV-2 neutralizing antibody C6. Bars and circles of graph 

plots show means and error bars indicate standard deviation. 
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Data sets from all conducted experiments on the 150 plasma and corresponding pIgG 

samples are summarized in the heatmap (Figure 24). The results of binding-analysis to soluble 

or cell surface expressed SARS-CoV-2 S proteins showed mostly no or only minor binding of 

IgG, IgM and IgA in plasma samples. The samples Pre033-IgA, Pre051-IgG, Pre074-IgA, 

Pre084-IgM and Pre097-IgA showed binding in one single assay (Figure 24). However, 

binding detected by immunoassays could not be confirmed in the flow-cytometry approach 

utilizing cell surface expressed full-length S protein (Figure 24). In CAs, donor Pre004 

exhibited weak plasma IgG activity to full lengths S protein. While the corresponding pIgG 

sample showed strong reactivity to HKU1 and OC43 S proteins, we saw no binding to SARS-

CoV-2 trimeric S protein. Furthermore, neutralization assays of pIgG against SARS-CoV-2 

pseudovirus was performed at a concentration of 1 mg/ml. PIgG of six donors (Pre009, 

Pre012, Pre032, Pre060, Pre076, Pre085) exhibited neutralization activity of SARS-CoV-2 

pseudovirus by ≥ 50 %. However, when tested in serial dilutions neutralization activity of these 

samples could not be confirmed (Figure 23 and Figure 24). Summarized, in our study cohort 

of 150 samples from adult individuals obtained before the COVID-19 outbreak we detected no 

or only minimal binding reactivity against SARS-CoV-2 and no neutralization activity. We 

conclude that there is no evidence of a pre-existing SARS-CoV-2 related B cell immune 

response on plasma level in healthy adults.  
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Figure 24: Heatmap summarizing performed binding and neutralization assays from all 150 

plasma and pIgG samples of the 150 donors 

Heat map illustrating binding (AUC or AU) and neutralization activity (% or CPE) of pre-

pandemic plasma samples and pIgG against SARS-CoV-2 and endemic HCoVs (HKU1 and 

OC43) S proteins or authentic SARS-CoV-2 (wildtype; WT) and pseudovirus (PSV Wu_01), 

respectively (see also Figure 20 to 22).  
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9.3.3 Evaluating the presence of SARS-CoV-2-reactive B cells in pre-pandemic samples 

With the in-depth serological testing of SARS-CoV-2 directed reactivity in the plasma from the 

150 donors, potential reactivity on a cellular level was not covered. We hypothesized, that if 

SARS-CoV-2-reactive B cells were present in non-exposed individuals, this may only be the 

case to such a low extent that a SARS-CoV-2 specific-bait sort would be required to identify 

these cells. To investigate the presence of SARS-CoV-2 -reactive B cells, we performed single 

B cell sorts of 40 donors sampled before the pandemic (Figure 25).  

 

 

 

Figure 25: Lack of SARS-CoV-2-reactive B cells 

Representative dot plots of SARS-CoV-2-reactive, CD19+CD20+, IgG+ and IgG- B cells of 

COVID-19 samples compared to pre-pandemic samples. Depicted numbers indicate 

frequencies of S protein reactive B cells (see also Figure 23). Red colored gate indicates 

gating strategy for analysis and doted gate indicates actual sorting gate. Dot plot bar graph 

displays the mean ± SD frequency of SARS-CoV-2-reactive, IgG+ and IgG- B cells in 40 pre-

pandemic and 23 COVID-19 samples (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; 

unpaired two-tailed t test). 

 

 

38 pre-pandemic samples from our cohort of 150 samples and two pre-pandemic samples 

annotated as EV05 and EV06 (Figure 26 and Table 1) were prepared for SARS-CoV-2 specific 

single B cell sorts and therefore stained as previously described in Kreer & Zehner et al. 2020 

(also see Figure 12). All samples were gated for lymphocytes, singlets, DAPI
-
 cells for viability 

and CD20
+
 cells for B cells. Compared to the SARS-CoV-2 specific B cell sorts as shown in 

Figure 12 we also included here SARS-CoV-2-reactive B cells that are IgG
-
 and IgG

+
 (Figure 

26). We compared the frequencies of 23 COVID-19 convalescent donors to our cohort of 40 

pre-pandemic donors. The frequencies of SARS-CoV-2-reactive IgG
+
 and IgG

-
 B cells isolated 

from pre-pandemic blood samples were significantly lower (p value < 0.0001) (Figure 25). 
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Frequencies of COVID-19 convalescent donors ranged from 0.002 to 0.065 % for IgG
+
 

(median 0.02 %) and 0.007 to 0.39 % for IgG
-
 (median 0.031 %) B cells (Figure 25). Applying 

the same analysis gate of the COVID-19 convalescent samples to our pre-pandemic samples, 

frequencies ranged from 0 to 0.0013 % for IgG
+
 (median 0.0001 %) and from 0 to 0.016 for 

IgG
-
 (median 0.003 %) B cells (Figure 25 and Figure 26). Therefore, we conclude that, if 

present at all, SARS-CoV-2-reactive B cells have a significantly lower frequency in pre-

pandemic samples. We reasoned that gate settings applied for COVID-19 convalescent 

samples may exclude reactive B cells with low spike affinity which may be present in 

individuals unexposed to SARS-CoV-2. To assure that such cells do not remain undetected, 

we adjusted the actual sorting gate (Figure 25 and Figure 26) to isolate a total of 8,174 

putatively SARS-CoV-2-reactive single B cells, of which 3,852 were IgG
+
 and 4,322 IgG

-
 cells 

(Figure 26 and Figure 27).  
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Figure 26: Gating strategy and single cell sorts of SARS-CoV-2-reactive B cell subsets 

(A) FACS plots with the gating strategy for single cell sorts of SARS-CoV-2-reactive, IgG
+
 and 

IgG
-
 B cells. (B) Individual FACS plots displaying sorting gates and frequencies of SARS-CoV-

2-reactive, IgG
+
 and IgG

-
 B cells from 40 donors. 
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Of those we amplified a total of 5,432 productive heavy chain sequences, of which 2,789 

sequences accounted for IgG and 2,643 for IgM heavy chains, respectively (Figure 27). 

Sequence analyses showed that in each individual 0 to 58 % of the sequences were clonally 

related with a mean clone number of 8.1 clones per individual and a mean clone size of 2.9 

members per clone (Figure 27).  

 

 

 

Figure 27: Clonal analysis 

Clonal relationship of heavy chain sequences amplified from single SARS-CoV-2-reactive 

IgG
+
 and IgG

-
 B cells isolated from 40 donors sampled before the pandemic. Individual clones 

are displayed in different colors of blue, grey and white. In the center of each pie chart, 

numbers of productive heavy chain sequences are illustrated. Presentation of clone sizes are 

proportional to the total number of productive heavy chain sequences per clone. 
 

 

VH gene segment distribution, CDRH3 length and VH gene germline identities showed no 

notable divergence from a reference antigen-experienced IgG and naïve IgM repertoire data 

set [62] (Figure 28). The lack of this divergence in combination with the FACS data suggested 

the absence of SARS-CoV-2-reactive B cells in pre-pandemic samples.  
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Figure 28: Sequence analysis and comparison to a reference data set 

VH gene distribution, VH gene germline identity and CDRH3 length distribution in amino acids 

(AA) were separately determined for IgG and IgM. Distributions were calculated per individual. 

Bar and line plots show mean SD.  

 

 
9.3.4. Monoclonal antibodies isolated from pre-pandemic samples are not reactive against 

SARS-CoV-2 

To investigate the presence of SARS-CoV-2-reactive B cells in pre-pandemic samples on a 

functional level, we selected 200 antibody candidates among 36 donors from single cell sorted 

B cells for antibody production and functional analysis (Figure 29). The selection was 

performed based on sequence similarity (see Methods section) to 920 SARS-CoV-2-reactive 

antibodies deposited in the CoVAbDab (n = 18) and on random sequence selection (n = 182) 

(Figure 29). The similarity selection included sequences with identical VH/JH combinations, 

low level of CDRH3 length differences, and Levenshtein distances between isolated and 

deposited BCR sequences. The random selection included clonal and non-clonal sequences 

and aimed to ensure an equal selection of BCR sequences among different donors and 

clonotypes. In total, we successfully produced 158 monoclonal antibodies (81 IgM-, 77 IgG-

derived) as IgG1 isotypes for functional testing.  
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Figure 29: Selection of antibody sequences from pre-pandemic samples  for monoclonal 

antibody production 

Illustration demonstrating the sequence selection for downstream antibody production. 

Sequences were selected for antibody production based on similarity to antibody sequences 

published in the CoVAbDab and on random selection. From 8,174 SARS-CoV-2-reactive IgG
+
 

and IgG
-
 B cells, 5,432 productive heavy chain sequences were amplified. For antibody 

production, 18 HC sequences were selected based on similarity selection and 182 HC 

sequences were selected based on random selection. In total 158 antibodies were produced. 
 

 

First, binding activity of these antibodies to SARS-CoV-2 S protein was tested, followed by 

ELISA with HKU1 and OC43 S proteins for the analysis of cross-reactivity. ELISA curves of 

all samples are displayed in Figure 30 (Figure 30 and Figure 31, A). As summarized in the 

heatmap (Figure 31, A), monoclonal antibodies showed no binding or cross-reactivity against 

SARS-CoV-2, HKU-1 or OC43 S proteins (Figure 30 and Figure 31, A).  

 

 

 

Figure 30: Monoclonal antibodies tested for binding against SARS-CoV-2 and endemic 

HCoVs by ELISA 

158 monoclonal antibodies were tested for binding against SARS-CoV-2 (S1/S2), HKU1 

(S1/S2) and OC43 (S1/S2). We distinguished binding in 1:4 serial dilutions with a starting 

dilution of 50 µg/ml. An HIV1 monoclonal antibody was used as negative control (orange) and 

the monoclonal antibody C6 for SARS-CoV-2 as positive control. For HKU1 and OC43, 

polyIgG from Pre091 severed as positive control (blue). ELISAs were performed in duplicate 

experiments. Error bars indicate standard deviation. 
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Figure 31: Monoclonal antibodies isolated from pre-pandemic samples show no reactivtiy 

against SARS-CoV-2 and endemic HCoVs 

(A) Heat map visualizing binding (AUC) and neutralization activity (%) of monoclonal 

antibodies isolated from pre-pandemic blood samples against SARS-CoV-2 and endemic 

HCoVs (HKU1 and OC43) S proteins or SARS-CoV-2 pseudovirus (PSV Wu_01), 

respectively. Numbers on the left refer to donors and each row represent one antibody. 

ELISAs were performed in duplicate experiments and the AUC is presented as geometric 

mean of duplicates. Samples were tested in duplicates and the average of neutralization is 

presented. (B) Neutralization activity against SARS-CoV-2 pseudovirus (PSV Wu_01) was 

performed for all mAbs by serial dilution assays. 

 

 
Next, all 158 monoclonal antibodies were tested for neutralization activity against SARS-CoV-

2 pseudovirus in single concentrations of 50 µg/ml (data not shown) and in serial dilutions 

(Figure 30, B). None of the produced antibodies showed neutralizing activity up to 

concentrations of 50 µg/ml (Figure 30, B). In line with the lack of binding activity, we conclude 

that putatively SARS-CoV-2-S
+
 B cells from pre-pandemic samples do not encode for SARS-

CoV-2-reactive B cell receptors. Taken together, our detailed analysis of the B cell response, 

spanning plasma and cellular level, provides no evidence for a pre-existing B cell immune 

response against SARS-CoV-2 in healthy adults.  
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10. Discussion 
The generation of highly pathogen-specific neutralizing antibodies by B cells is critical for a 

potent, rapid and long-term immune response and protection. The B cell receptor repertoire 

is shaped by pathogen encounters and can differ across individuals. A detailed understanding 

of the B cell receptor repertoire and the pathogen-specific antibody response is relevant for 

therapeutic approaches and vaccine designs [157, 158]. Pathogens like influenza virus, 

hepatitis C virus (HPV) and HIV-1 are highly variable viruses requiring a vaccine that elicits 

an antibody response that can overcome the genetic diversity, the fast mutation rates, glycan 

shield of the envelope protein and the limited accessibility of conserved epitopes [159, 160]. 

Although these mechanisms are some of the underlying causes for vaccine failure, potent and 

broadly neutralizing antibodies have been isolated from infected and vaccinated individuals 

[59, 161, 162]. Demonstrating that the human immune system, in principle, is able to 

effectively respond to the viral escape mechanisms. Therefore, identification and isolation of 

B cells targeting specific pathogens does not only inform on the general immune response but 

also offers a potential therapy option or may improve currently available therapies and 

influence vaccine design approaches [163, 164]. Therefore, advancing current available 

techniques promotes the analysis and characterization of the humoral immune response.  

 

Part I: 

The first part of this thesis therefore described the high-throughput protocol for the isolation, 

amplification and production of pathogen-specific human antibodies using fluorescently 

labeled bait-proteins, optimized PCR primer sets [56] and recombinant antibody production 

[135]. Through a combination of magnetic microbeads and fluorescent proteins conjugated to 

antibodies, analyzed using a FACS instrument we identified and isolated HIV-1 and EBOV 

specific antibodies including antibody 1-18 a promising candidate for HIV-1 therapy [63]. The 

correct choice of bait-protein, in accordance with the scientific questions addressed, is one 

critical step. For example, BG505SOSIP.664 YU2gp140 -trimer and monomeric YU2gp120 are two 

very common HIV-1 bait proteins used for single cell sort approaches and differ strongly in 

isolation efficiencies for bnAbs targeting certain epitopes of the HIV-1 envelope [165]. This 

way, B cells reactive against certain structures on the choice of bait-protein are automatically 

preselected in the sort. To overcome this form of bias it is ideal to sort with both bait proteins, 

however insufficient amount of blood products and cells can be a limitation. To improve sort 

efficiency and reduce background signal in the target population it is possible to label the bait-

protein of choice with two different fluorochromes as we did for our most recent SARS-CoV-2 

specific cell sorts by labeling the S-protein with DyLight488 and Dylight650 and sort double 

positive B cells only [166]. Subsequently we performed a reverse transcription followed by 
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amplification of the heavy and light chain V gene regions using seminested multiplex PCR. 

Multiplex primer design is an additional critical step here as they need to cover all known V 

genes, sequences with high levels of SHM and insertions and deletions as described for many 

bNAbs. Thus, we developed openPrimeR, an R-based primer-design tool and generated an 

optimized multiplex PRC primer set that excels other previously published primer sets in V 

gene coverage and amplification of highly mutated sequences. When tested side by side with 

the same template cDNA of HIV-1-reactive B cells the overall coverage was substantially 

higher for the openPrimeR-designed primer identifying sequences that could not be identified 

with either one of the two alternative common primer sets [56, 137, 167].  

 

Furthermore, we generated B cell receptor reference data sets to describe pathogen-specific 

and pathogen-driven B cell receptor alterations. For this method advanced bio-informatic 

knowledge is essential to analyze millions of different antibody sequences. For example, NGS 

techniques such as illumina dye sequencing are ideal for high-throughput analysis but often 

suffer from shorter read lengths and high error rates [50, 168]. To overcome this, we 

introduced unique molecular identifiers (UMIs) during cDNA generation. Using this approach, 

we generated large sequencing data sets that, although still small compared to the overall B 

cell repertoire, offered a broad and in-depth repertoire analysis compared to the throughput 

limit to tens of thousands of the single cell approach. However, it should be considered that 

heavy and light chain pairing information could not be retained which is essential for native 

antibody cloning and production. We bulk-sorted B cell subsets and analyzed repertoire 

characteristics like clonal distributions, V gene usage and somatic hypermutation (V gene 

identity). In our cohort of rVSV-ZEBOV-immunized individuals we observed an increase of V 

gene segment IGHV3-15 and IGLV1-40 among the neutralizing pathogen-specific B cells 

compared to the overall antigen-experienced B cell repertoire. We made a similar observation 

for HIV-1 Env-reactive B cells of patient IDC561 compared to the donor-matched antigen-

experienced B cell reference with an enrichment for IGHV1-46, 1-69 and 4-4 [63]. Studies 

have shown that antibodies targeting specific epitopes prefer a specific set of VH genes and 

have overall structural similarities [169]: as in antibodies directed against the hemagglutinin 

stem region of influenza virus prefer VH1-69, VH1-18 and VH6-1 [170-173]. Same is reported 

for HCV with antibodies targeting the E2 antigenic region 3 harboring VH1-69 [174-176]. VH1-

46 is described for rotavirus antibodies directed against virus protein 6 (VP6) [177]. HIV-1 

bNabs against the gp120 CD4 binding site (CD4bs) tend to the V genes VH1-2 and VH1-46 

consistent with our report of 1-18 the VH1-46-derived CD4bs antibody [178, 179]. As well 

previously described is VH1-69 in HIV-1 antibodies targeting the coreceptor-binding site on 

gp120 or the conserved heptad repeat 1 (HR1) region and membrane proximal external region 

(MPER) of gp41 [180, 181]. It is well described that specific antibody features, such as specific 
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CDR3 lengths, certain amino acid residues at certain positions defined by V gene usage, are 

required to achieve a broad and potent neutralization [182]. Some of these antibody features 

are predetermined in the BCR-repertoire of the naïve B cell compartment with germline-

encoded sequence characteristics [183]. These insights can influence vaccine design 

substantially as the administered immunogen is designed to elicit potent antibodies. Germline-

targeting vaccine design is a theoretical approach to generate potential precursor B cells [184] 

by priming with an immunogen templated from known neutralizing and potent Abs to stimulate 

cell precursors followed by boosts to generate mature potent Abs [185]. Taken together, 

describing antibody repertoires across individuals and identifying pathogen-dependent 

alterations promotes the search for the ideal immunogen to elicit the best immune response.  

 

 

Part II: 

Efficient high-throughput protocols for the isolation of potent antigen-specific antibodies and 

advanced techniques for the study of the humoral immune response were used to meet the 

high demand for understanding the immune response against SARS-COV-2. We and others 

identified SARS-CoV-2 neutralizing antibodies mostly targeting the RBD of the S-protein to 

block viral ACE2 binding for entry [121-125, 186-188]. Successful impairment and prevention 

of SARS-CoV-2 infection in animal models once more underlines the relevance of antibodies 

as therapeutic agents [122, 189, 190].  

 

We isolated and analyzed more than 4,000 SARS-CoV-2 reactive B cells by using DyLight488-

labeled SARS-CoV-2 spike protein as bait for FACS-analysis. Among these reactive B cells, 

we found highly potent neutralizing antibodies and determined low concentrations of 0.04 

µg/ml needed to fully block viral infections. Sequence analysis showed a rather polyclonal B 

cell response in all studied patients which was consistent with other studies [191]. Since our 

study included longitudinal samples, we observed that SARS-CoV-2 S-reactive IgG
+
 B cell 

developed rapidly after infection and that the detected B cell clones at the first timepoint stayed 

detectable over the study period. However, one major observation due to the longitudinal 

analysis was an interesting contrast to what we overserved so far in most of our HIV-1 bNAb-

studies, namely the limited degree of somatic mutation of SARS-CoV-2-neutralizing 

antibodies. In the five patients analyzed in detail, we showed little mutational enrichment or B 

cell expansion over time which is also confirmed by other studies such as Nielsen et al. 2020. 

They described naïve B cell derived sequences from healthy human control data with mostly 

unmutated IGHV genes, whereas the IgG compartment showed elevated SHM. SARS-COV-

2 seroconverted patients however, revealed a polyclonal IgG B cell response with little to no 

SHM [191]. 10 of our 27 neutralizing SARS-CoV-2 antibodies have V-gene identities ranging 



 

 75 

from 99 - 100%. Based on our observation we hypothesized that the virus is cleared so rapidly 

that B cell stimulation was not stimulated to its full extent since these low mutated antibodies 

can already prevent antigenic germinal center activation, a step essential for affinity 

maturation [192, 193]. Recent publications however, investigated the humoral immune 

response after SARS-CoV-2 infection over a longer period and reported changes in the 

memory B cell compartment after 6.2 months. Antibodies expressed by those B cells had 

higher levels of SHM, favorable adaptions to mutations in the RBD and an increasement in 

potency [194, 195]. The timeframe in our study between 8 and 36 days after diagnosis was 

too short to observe this prolonged affinity maturation.  

 

High V gene identity was not restricted to neutralizing SARS-CoV-2 antibodies as we observed 

less mutated VH genes of all SARS-CoV-2 reactive antibodies compared to the healthy IgG 

repertoire. This comparison also revealed a VH3-30 V gene enrichment among the SARS-

CoV-2-reactive cells. Barnes et al. 2020 [196] defined a new recurrent anti-SARS-CoV-2 

antibody class with the V genes VH3-53/VH3-66 and reported similarity to a SARS-CoV 

antibody carrying the V gene VH3-30 [187, 196]. This is interesting because they describe the 

usage of distinct RBD-binding modes common among antibodies derived from VH3-53/VH3-

66 and VH3-30 suggesting that binding occurs based on V gene-derived features [196]. 

Observations like this can help predict antibody information on a functional level extrapolated 

by sequence information alone [196]. Since there were studies reporting the isolation of weak 

binding SARS-CoV-2 antibodies from infection-naïve individuals [197] together with our results 

on low mutated SARS-CoV-2 reactive antibodies in reconvalescent patients, we searched for 

sequence similarities between S-protein reactive antibody derived sequences and the healthy 

naïve B cell repertoire. We were able to identify similar heavy and/or light-chain sequences of 

potent SARS-CoV-2-neutralizing antibodies in every individual. Thus, we hypothesized that 

these matches resemble potent precursor B cells that were present prior to an infection with 

SARS-CoV-2 and that could rapidly expand upon infection. However, we could not exclude 

that these sequence similarities result from pre-exposure to other endemic human 

coronaviruses and actual functionality of those antibodies needs to be evaluated and whether 

they provide a potential background immunity. This finding was the foundation for the 

comprehensive investigation on pre-existing immunity against SARS-CoV-2 in a large pre-

pandemic cohort of healthy adults.  

 

Part III:  

A pre-existing immunity against SARS-CoV-2 could substantially influence our understanding 

of protective immunity, susceptibility to infection and COVID-19 disease severity [198-200]. 

Various studies quickly provided information on pre-existing T cell immunity against SARS-
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CoV-2, but the presence of a pre-existing B cell immunity remains to be resolved [192, 201-

203].  

 

Reviewing recently published studies on pre-existing B cell immunity in SARS-CoV-2 

unexposed individuals provides partially conflicting results. For example, some investigations 

using serum samples detected SARS-CoV-2 cross-reactive antibodies and pre-existing 

humoral immunity in uninfected individuals [204-207]. Cross-reactive humoral immune 

responses were mostly observed against S protein structures within the S2 subunit, the N 

protein or against ORF polypeptides like non-structural proteins protein 2 (NSP2) and 15 

(NSP15), which are largely conserved among endemic HCoVs and SARS-CoV-2. The 

frequency of cross-reactive serum responses varies substantially between the individual 

studies. For example, several of these investigations reported an overall seroprevalence of 

cross-reactive serum responses in 10% to 20% in unexposed individuals [205, 207, 208] and 

another study observed antibody responses in more than 90% of all samples analyzed [204]. 

Differences in the frequency of cross-reactive serum responses between these studies were 

due to differences in the cohort composition and varying sensitivities of the diagnostic assays 

used. These studies also controversially discussed the extent to which previous immunity 

against HCoVs influences COVID-19 severity and susceptibility. Thereby, considering 

seasonal and geographical transmission patterns [205-207].  

 

In contrast, in other studies, cross-reactive serum and B cell responses against SARS-CoV-2 

were rarely shown in pre-pandemic samples and opposed a clinically relevant pre-existing B 

cell immunity [148, 208-211]. Most of the studies to date only analyzed plasma or serum and 

enriched or PBMC secreted IgG fractions of pre-pandemic samples [148, 204-211]. The 

studies lacked the overall analysis of B cells from the naïve B cell compartment as well as the 

isolation of putatively SARS-CoV-2-reactive B cells including the characterization of 

recombinant monoclonal antibodies derived from these cells. Studies that were solely based 

on plasma or serum level may have missed pre-existing potent naïve B cell precursors and 

low frequency memory B cells which did not contribute sufficient amounts of functionally 

detectable antibodies to plasma Ig fractions. In our dataset, we therefore covered a 

comprehensive analysis of plasma and IgG fractions and investigated the presence of SARS-

CoV-2-reactive B cell precursors, and memory B cells, including the characterization of 

respective monoclonal antibodies. As described in Part II of my thesis we isolated SARS-CoV-

2-reactive antibodies from convalescent individuals and identified highly similar sequences in 

a large sequence dataset of naive B cell receptor repertoires derived from pre-pandemic 

samples [62]. However, the publication did not include any functional data. Our data supported 

the hypothesis that some of these chains can be components of SARS-CoV-2-reactive 
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antibodies without requiring further affinity maturation. This was in line with previous 

observations reporting that the readily detected antibody response in some individuals might 

used existing antibody heavy or light chains with certain CDR3 recombination patterns or 

germline encoded sequence features [62, 125, 196, 212, 213]. 

 

In line with this, some studies reported the successful isolation of SARS-CoV-2 neutralizing 

antibodies from the human naïve B cell compartment using antigen-specific single B cell sorts 

or phage display [214, 215]. Feldman et al. 2021 used diverse SARS-CoV-2 spike protein 

subdomains as bait for the isolation by FACS of single SARS-CoV-2 and sarbecovirus-

reactive naïve B cells. They determined a median frequency of 0.0025 % for RBM-reactive 

naïve B cells and the subsequent BCR sequence analyses revealed a polyclonal response 

with diverse gene usage for heavy and light chains. They furthermore observed an increase 

in the mean repertoire frequency of 20 % for IGHV3-9 in most donors [215]. Finally, some of 

their produced and tested monoclonal antibodies from naïve B cell precursors showed also 

binding and neutralization activity against circulating SARS-CoV-2 variants of concern 

(B.1.1.7, B.1.351 and B.1.617.2) as well as bat-derived coronaviruses. Bertoglio et al. 2021 

performed phage display as approach to isolate the antibody candidate STE73-2E9 from 

naïve B cell libraries that targets the ACE2-RBD interface without cross-reactivity to other 

coronaviruses and neutralizes authentic SARS-CoV-2 wildtype virus with an IC50 of 0.43 nM. 

However, since phage display is based on random sequence recombination, this work 

provides no proof that SARS-CoV-2-reactive antibodies develop naturally in the naive B cell 

compartment [214]. While we performed various immunological and functional assays 

determining SARS-CoV-2 binding and neutralization activity as well as cross-reactivity to 

HCoV-HKU1 and HCoV-OC43, we found no evidence of any plasma or IgG reactivity against 

SARS-CoV-2 in pre-pandemic samples. We comprehensively tested plasma binding activity 

of IgG, IgM and IgA immunoglobulin isotypes against diverse beta coronavirus S proteins 

(SARS-CoV-2 S1 and S1/S2, HCoV-HKU1 and HCoV-OC43 S) by in house and commercially 

available ELISAs. We confirmed our ELISA results by implementing a flow cytometry-based 

assay using cell-surface-expressed S protein and by performing SARS-CoV-2 pseudo- as well 

as wildtype neutralization assays. While we observed slight binding activity against the SARS-

CoV- S Protein in 3 % of analyzed plasma samples (5/150), no neutralization activity was 

observed in our pre-pandemic samples. This is consistent with recently published data that 

disagreed on a broad pre-existing B cell immunity, since they reported an overall prevalence 

of cross-reactive serum responses against the SARS-CoV-2 S protein or the S1 subdomain 

below 5 % [148, 208-211, 216]. Additionally, the published data from Anderson et al. 2021 

and Poston et al. 2021 indicated a lack of SARS-CoV-2 neutralization activity in pre-pandemic 

serum sample and no evidence for a protection from disease severity by hCoV-reactive 
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antibodies [209, 210]. It should be noted that some of the compared studies differed in cohort 

composition and experimental assays. For instance, Ng et al. 2020 detected serum 

neutralization activity in unexposed children, adolescents, and pregnant women, who were 

included in our study cohort [205]. Of note, the individuals involved in our cohort were not 

tested for a recent HCoV infections prior to blood sampling. Therefore, we could not rule out 

that previous HCoV infections may have been determinants for the detection of cross-

reactivity to SARS-CoV-2 in the plasma samples. In line with this, recent HCoV infections may 

have elicited a transient serum cross-reactivity against SARS-CoV-2 that was not detected in 

our data and experimental design. Moreover, HCoV infections appeared with higher 

prevalence in children and young adolescents who were not included in our study cohort [207, 

217, 218]. 

 

To investigate the presence of a potential pre-existing immunity on a cellular level, we 

conducted antigen-specific single cell sorts with 40 donors and isolated a total of 8,174 

putatively SARS-CoV-2-reactive B cells. We compared the frequencies of putatively SARS-

CoV-2-reactive B cells in pre-pandemic samples with the frequencies in COVID-19 

convalescent samples and observe very low frequencies, which was consistent with our 

findings from binding and neutralization screening of plasma samples and polyclonal IgG. We 

chose the native, full trimeric SARS-CoV-2 S protein as bait and adjusted the sorting gate 

according to the low frequencies. It can be argued that application of an alternative bait 

proteins e.g., the S2 subunit would have been a better choice [148, 205, 208, 211]. Although 

we aimed to apply the most stringent gating strategy for cell sorting, we cannot fully exclude 

the possibility that isolated cells also included SARS-CoV-2-non-reactive B cells. Sequence 

analyses revealed a diverse heavy chain V gene usage, normally distributed CDRH3 lengths 

and VH gene germline identities similar to the naïve BCR receptor repertoire of healthy 

individuals sampled before the pandemic. We found no enrichment of specific V genes as the 

case for some antibodies of SARS-CoV-2 convalescent individuals that can harbor 

enrichments in IGHV3-30, IGHV3-53 or IGHV3-63 [125, 196, 212]. Furthermore, we 

recombinantly produced and tested 158 monoclonal antibodies and detected no relevant 

reactivity against SARS-CoV-2 and endemic HCoV S proteins. Of note, we only produced a 

small proportion (n=158) of amplified and functional BCR sequences (n=5,223) and while we 

applied defined selection-criteria for antibody production, we cannot rule out that SARS-CoV-

2-reactive BCR sequences indeed were present among isolated sequences amplified but 

simply not selected by our bio-informatical approach. Taken together, a pre-existing B cell 

immunity against pathogens can be a critical determinant of clinical outcome of infections and 

vaccination strategies. We and others investigated towards the presence and relevance of a 

pre-existing B cell immunity against SARS-CoV-2 in unexposed individuals and the results are 
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partly conflicting. While a pre-existing B cell immunity against SARS-CoV-2 was reported in 

certain study cohorts including children, adolescents or pregnant women, our comprehensive 

and detailed analysis of the B cell response, on plasma and cellular level, yielded no 

comparable evidence in a large cohort of healthy adults.  
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11. Conclusion 
A key component of an effective and long-term immune response is the generation of potent, 

neutralizing antibodies that target pathogens and that are elicited upon infection or vaccination 

[219]. A detailed analysis of the human B cell response is critical for our understanding and 

the development of immune-mediated approaches to overcome global medical challenges as 

we are currently facing with the emerge of the novel COVID-19 pandemic [88]. The first part 

of this thesis described the technical foundation for the detailed analysis of the B cell 

repertoires in healthy or infected individuals. A reliable and reproduceable identification and 

isolation of B cell subsets is crucial for the analysis of evolutionary and developmental aspects 

of B cell repertoire composition and characteristics [135]. This way we revealed a convergence 

of antibody sequences across immune-challenged (infected or vaccinated) individuals offering 

molecular insights into shared features and differences in human B cell responses to 

pathogens [62, 63, 134, 135]. The urgent need for novel therapeutic agents and monoclonal 

antibodies as promising candidates was the rational for the isolation of new potent antibodies 

directed against Ebola virus, HIV-1 and SARS-CoV-2 [62, 63, 134]. Finally, we were able to 

provide valuable data regarding pre-existing immunity against SARS-CoV-2. Our 

comprehensive analysis on plasma and B cell level in a cohort of healthy adults provided no 

evidence to support the presence of a pre-existing immunity (Ercanoglu et al., Submitted and 

currently under review in iScience (Dec. 2021). 
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