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Zusammenfassung der Dissertationsschrift  
Advancing single cell and multiplex cloning strategies to identify broadly neutralizing 

antibodies targeting infectious pathogens 

von Nathalie Lehnen 

Aus dem Institut für Virologie der Universität zu Köln 

Direktor: Universitätsprofessor Dr. med. Florian Klein 

 Die anhaltende Epidemie des humanen Immundefizienz-Virus-1 (HIV-1) sowie die 
aktuelle severe acute respiratory syndrome coronavirus 21 (SARS-CoV-2) Pandemie haben 
deutlich gemacht, dass schnelle und effiziente Methoden zum Nachweis und zur Analyse 
potenter neutralisierender Antikörper für die globale Prävention und Behandlung bestehender 
und künftiger Infektionskrankheiten von enormer Bedeutung sind. Obwohl neue Methoden für 
die Analyse des B-Zell-Repertoires und die Identifizierung und Produktion neutralisierender 
Antikörper in den letzten Jahren Gegenstand zahlreicher Untersuchungen waren, sind diese 
Prozesse nach wie vor sehr kosten- und arbeitsintensiv und stellen Wissenschaftler vor große 
methodische Herausforderungen. Einer der kritischsten Schritte bei der Antikörperisolierung 
ist die zweistufige multiplex Polymerasekettenreaktion (mPCR), insbesondere bei Vorliegen 
hoher somatischer Mutationsraten, welche während der Affinitätsreifung der Antikörper 
auftreten und die Amplifikation stören. Entscheidend für eine erfolgreiche mPCR ist hierbei 
das Primerdesign, da die Amplifikation von immunologischen Templates häufig durch Primer-
Template-Mismatches oder ungünstige Primereigenschaften und -interaktionen beeinträchtigt 
wird.  
 Das Hauptziel dieser Arbeit war daher die Optimierung und Weiterentwicklung von 
mPCR-basierten Einzelzell- und Multiplex-Klonierungsstrategien zur Identifizierung von 
neutralisierenden Antikörpern gegen diverse Infektionserreger. Hierbei lag ein besonderer 
Fokus auf der Entwicklung eines optimalen Primersets. 
 

Um ein standardisiertes und Effizienz-optimiertes Amplifikationsprotokoll zu etablieren, 
validierten und adaptierten wir bereits bestehende Konzepte. In diesem Rahmen stellten wir 
das R-basierte Primerdesign- und Auswertungstool „openPrimeR“ vor, welches in einem 
Kooperationsprojekt mit dem Max-Planck-Institut Saarbrücken entwickelte wurde. Wir 
verwendeten openPrimeR zum Design von optimierten Primersets für die Amplifikation 
hochmutierter Antikörper. Um die Effizienz der openPrimeR-Designfunktion zuverlässig 
bewerten und rückkoppelnd im Programm anpassen zu können, entwickelten wir eine 
standardisierte Immunoglobulin heavy chain variable region (IGHV)-Genbibliothek, welche alle 
53 humanen IGHV-Gensegmente repräsentiert. Die entsprechenden IGHV-Gensegmente 
wurden durch 5′-rapid amplification of cDNA-ends polymerase chain reaction (5′ RACE-PCR) 
aus gepoolten, naiven B-Zellen von 16 gesunden Spendern isoliert.  
Anschließend erfolgten multiple PCR-Amplifikationsexperimente, sowohl auf der neu-
etablierten IGHV-Genbibliothek als auch auf humanen naiven und antigen-spezifischen 

 
1 Nicht-übersetzbare englische Fachbegriffe werden im Folgenden kursiv gedruckt.  

Nathalie Lehnen
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Einzel-B-Zellen. Hierbei erfolgte der direkte Vergleich von mehreren in openPrimeR 
entworfenen mit bereits etablierten Primersets. Das oPR(5)-IGHV Primerset zeigte im 
Vergleich zu etablierten Primersets eine überlegene Amplifikationsrate der IGHV-
Genbibliothek und ist, insbesondere durch seine exklusive Bindung an die wenig mutierte 
Leader-Region des V-Gens, ein vielversprechender Kandidat für die Amplifikation hoch 
mutierter Antikörper. Darüber hinaus konnten wir einen großen Taq-PCR-basierten Datensatz 
generieren, der den Amplifikationsstatus von 2.820 PCRs (940 Triplikaten) enthält. Dieser 
wurde mit insgesamt 20 verschiedenen Primern auf allen Genen der IGHV-Genbibliothek 
erstellt und anschließend hinsichtlich physikalisch-chemischer Eigenschaften der jeweiligen 
Primer-Template-Paare und deren Einfluss auf den Amplifikationsstatus ausgewertet. Hierbei 
konnten die freie Energie des Annealings (∆G), die absolute Anzahl der Mismatches innerhalb 
des 3'-Hexamers sowie die Mismatch-Position im Verhältnis zum 3'-Terminus als 
entscheidende Faktoren für den Amplifikationsstatus identifizierten werden.  
  
 Die Ergebnisse dieser Arbeit trugen wesentlich zur Entwicklung eines hocheffektiven 
Protokolls zur Identifizierung breit neutralisierender Antikörper bei, welches sich bereits bei der 
Isolation klinisch relevanter Antikörper-Kandidaten bewährt hat.  
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1 ABSTRACT  
  
 Multiplex polymerase chain reaction (mPCR) techniques have a versatile use in 
medicine, as they are implemented for the identification of pathogens and disease biomarkers 
and are often applied in genotyping. They additionally present a valuable tool for the 
amplification of lymphocyte receptors (such as antibodies). Fast and efficient methods for the 
detection and analysis of potent neutralizing antibodies are of tremendous value and are 
urgently needed for the global prevention and treatment of existing and upcoming infectious 
diseases, which has been demonstrated vividly in recent years by the epidemic of the human 
immunodeficiency virus-1 (HIV-1) and the current severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) pandemic. Although new methods for the analysis of the B cell 
repertoire and identification of neutralizing antibodies have been subject to many studies in 
recent years, these processes remain challenging and are highly cost- and labor-intensive. 
One of the most critical steps in antibody isolation is the two-step mPCR, especially in the 
presence of high somatic mutation rates, which occur during the antibodies’ affinity maturation 
and disrupt amplification. Primer design is crucial for a successful mPCR, as amplification of 
immunological templates is often compromised by primer-template mismatches or unfavorable 
primer properties and interactions. 
 
 Thus, the main goal of this thesis was to optimize and further develop mPCR-based 
single-cell and multiplex cloning strategies for the identification of (broadly) neutralizing 
antibodies targeting infectious pathogens.  
 
 We intensively validated and adapted existing BCR amplification concepts to establish 
a standardized laboratory protocol with cost- and labor intensity optimized conditions. In this 
context, we introduced the R-based primer design and evaluation tool openPrimeR, which was 
developed in a collaborative project with the Max Planck Institute Saarbrücken. We used the  
openPrimeR’s design function to generate promising primer sets capable of amplifying highly 
mutated antibodies. To enable the testing of the openPrimeR design function in an unbiased 
experiment setting and refeed gained information back to the program, we developed a 
standardized immunoglobulin heavy chain variable (IGHV) gene library which represents all 
53 human functional IGHV gene segments. The corresponding IGHV gene segments were 
isolated by 5′-rapid amplification of cDNA-ends polymerase chain reaction (5′ RACE-PCR) 
from pooled naive B cells of 16 healthy donors.  
We extensively tested several sets of de novo primers generated by the openPrimeR tool in 
direct comparison to well-established primer sets on both, antigen-experienced single human 
B cells and the IGHV gene library. The finally presented optimized oPR(5)-IGHV primer set 
showed favorable primer set properties, such as exclusive primer binding to the leader region 
of the V gene to ensure broad template coverage. The oPR(5)-IGHV demonstrated superior 
performance in amplifying the (germline) IGHV gene library in comparison to established 
primer sets and is a promising candidate for amplifying highly mutated antibodies. In addition, 
we were able to generate a large Taq-PCR-based dataset containing the amplification status 
of 2,820 PCRs (940 triplicates) using a total of 20 different primers on all genes of the IGHV 
gene library. The data set was analyzed with respect to physicochemical properties of the 
respective primer-template pairs (PTPs) and their influence on the amplification status. The 
analysis of our data set identified the free energy of the annealing (∆G), the absolute number 
of mismatches present in the 3’ hexamer and the mismatch position in relation to the 3’ 
terminus as determining factors for the amplification status. 
 
 In summary, the results of this thesis have contributed significantly to the development 
of a highly effective protocol for the isolation of broadly neutralizing antibodies, which has 
already been proven successful in the detection of clinically relevant therapeutic antibody 
candidates. 
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2 INTRODUCTION 
2.1 The human immune system and the advent of broad neutralizing 

antibodies 

2.1.1 Human immunity and the value of immunological science 

The human body is continuously surrounded by and exposed to an infinite number of foreign 

organisms by inhaling, digesting or experiencing direct skin and mucosal contact. Apparently, 

not every encounter leads to an infection or allergic reaction, which is highly determined by 

two factors: the organism’s specific pathogenicity and the humans ability to activate its 

protection mechanisms.1 The tremendous importance of a reliable defense system shows itself 

most impressively when mechanisms fail: a misguided or deficient immune response to 

pathogen encounter can cause severe, even deadly, infections and tumors, whereas an 

overactivity can lead to autoimmune diseases and allergic reactions.1 

 

Until the beginning of the 20th century infectious diseases were the major causatives to death 

worldwide.2 Even today, infectious diseases are one of the key contributors to human maladies 

and death, especially in areas with restricted access to a reliable healthcare system.3 Among 

these, human immunodeficiency virus-1 (HIV-1) infections and acquired immunodeficiency 

syndrome (AIDS)-related deaths continue to be a global problem despite tremendous efforts 

to prevent transmission.4 Just lately, the ongoing severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) pandemic has revealed the human fragility when it comes to 

highly contagious, rapidly spreading and potentially fatal pathogens.5 

 

The origin of today’s science of immunology is commonly attributed with Edward Jenner, who 

discovered in 1796 that cowpox induce protection against human smallpox, a disease which 

up until then often ended fatally. Jenner called this new procedure vaccination and described 

the inoculation of a person with an attenuated or weakened pathogen particle to induce 

protection and to ideally develop an immunological memory.6 It is estimated that around 300 

million people died of smallpox in the first three quarters of the 20th century, whereas due to a 

mass vaccination-based eradication program, not a single one has died from it since 1978. 

Not without reason, the success of vaccination is often considered the most important medical 

break-through in the past centuries.7,8 

 

Over the last centuries, with the beginning of genetic engineering and here within an increasing 

insight into the human immunity, vaccination strategies continuously evolved until today, where 

we have a broad access to vaccinations against many infectious diseases. Nevertheless, some 
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organisms, especially viruses like HIV-1, pose a tricky challenge when it comes to preventing 

vaccinations or successful treatment, due to viral-specific escape mechanisms.9 

Today, once more, the immense importance of valuable scientific research in the field of 

immunology for a better understanding of the human immune system, characterization of 

pathogens and the development of therapeutical strategies in the field of prevention (e.g., 

vaccines) and treatments has been demonstrated vividly by the SARS-CoV-2 pandemic and 

other worldwide heath crises.  

 

2.1.2 The components of the immune system  

To withstand the continuous exposure to pathogens, the human body possesses a 

communicating network of lymphoid organs, immune cells, humoral factors and cytokines, 

called the immune system. It comprises two interconnected main parts, the innate and the 

adaptive (also referred to as acquired) immunity to protect the body from pathogens and 

infections.1 

 

The innate immunity serves as a first line of defense. It reacts immediately with several distinct 

mechanisms such as barrier function of the body’s epithelia, recruitment and activation of 

neutrophils at the side of infection and tissue macrophages mediating cellular defense by 

phagocytosis and the release of chemokines.10 Another part of the innate immunity is the 

complement system, which is a protein-based network that enhances (complements) the ability 

of antibodies and phagocytotic cells to clear the body from damaged cells or pathogens by 

promoting inflammation and cell lysis. Innate immunity highly relies on the recognition of 

conserved pathogen-associated molecular patterns (PAMPs), which are present on microbes 

but not on host cells.11 Phagocytes bearing pattern-recognition receptors recognize broad 

patterns on microbes and present the processed pathogens to antigen-specific T cells.1 

 

The innate immunity is crucial for every day’s immediate defense against foreign organism, 

but it is evaded by certain pathogens and lacks the ability to provide a specific protection from 

reinfection. Therefore, once a pathogen is recognized and phagocytosed, a signaling-pathway 

activation of the adaptive immune system is induced.1,12 The adaptive immune system on the 

other hand is characterized by a remarkable antigen specificity and memory due to the 

properties of its comprising cellular components, the B and T cells. A key feature of these 

lymphocytes is their expression of a unique antigen receptor with defined specificity. Thereby 

it provides the ability of a vast molecular recognition of antigens.7 

  

Most of the mechanisms of the adaptive immune system take place once a B cell recognizes 

a foreign antigen. B cells can proliferate and differentiate into plasma cells without T cell 
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support when strong B cell receptor (BCR) stimulation is present. These T cell-independent 

immune responses mostly generate low affinity antibodies that typically do not give rise to B 

cell memory. The more common mechanism is the T cell-dependent humoral immune 

response, which takes place in a complex interaction between B and T cells. B cells internalize 

a recognized antigen and subsequently present peptide pieces on their surface via major 

histocompatibility complex (MHC) class II molecules. CD4+ T helper cells recognizing the 

same antigen as a B cell, usually through a different epitope, activate the cognate B cell by the 

release of various cytokines such as IL-4 and thereby promote B cell division. The B cell 

derives the ability to differentiate into a (long- or short-living) antibody producing plasma cell 

or a memory B cell.13–16 In the germinal center, B cells that provide high-affinity antibodies and 

thereby capture a greater amount of antigen, are favored by a positive selection signal of the 

cognate T follicular helper cell.17 

 

 

Figure 1: Components of the human immune system 
This schematic figure gives an overview over the components of the human immune system 
and their contributing functions in the defense against pathogens as described above. 
PAMPs= pathogen-associated molecular patterns, APCs= antigen-presenting cells  
 
2.1.3 Antibodies and their structure  

Playing a key role in the adaptive immune system, antibodies (also referred to as 

immunoglobulins) are large Y-shaped proteins which are either expressed on a B cell to form 

the respective B cell receptor or are secreted into the plasma by plasma cells.  
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Figure 2: Schematic VDJ-rearrangement and antibody structure 
(A) Key steps in antibody diversification via V-D-J-recombination: The primary antibody 
heavy chain repertoire is generated by variable (V), diversity (D) and joining (J) gene segment 
rearrangement on DNA level. Additionally, a random nontemplated addition of N-nucleotides 
(N) takes place. Numbers in brackets refer to the estimated number of human germline VH, DH 
and JH segments. Eμ indicates the IgM intronic enhancer, Sμ indicates tandem repeats 
necessary for class-switch. Constant region (CH) is only shown partially (by CH1) in this figure. 
(B) Schematic antibody structure on the example of an IgG1: Each antibody molecule 
consists of two identically heavy and two identically light chains (kappa or lambda). The chains 
are connected by interchain disulfide bridges (pictured by thin blue bars). This modified graphic 
is based on LeFranc et al. (2020)18 and Georgiou et al. (2013)19 and used with friendly 
permission of Nature Springer.  
 

In the early B cell development in the bone marrow, antibodies are formed by somatic 

recombination of a large number of different immunoglobulin gene segments (Figure 2A).20 

Each antibody consists of two identical heavy chains and two identical, either kappa or lambda, 

lights chains, which are linked by disulfide bonds.  
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The light chain is formed by two domains, (a variable VL and a constant domain CL) whereas 

the heavy chain includes four or five domains (one VH and three or four CH1-3 domains). Each 

variable domain (VH and VL) comprises four framework regions which form the structure 

providing beta sheet and support the three complementary determining regions. The 

complementary determining regions (CDR1, CDR2 and CDR3) present the hypervariable 

domains of the antibody.18 

 

Most of the diversity of the naive human antibody repertoire is concentrated in the VDJ gene 

segment ligation of the heavy chain, also referred to as CDR3. The heavy chain CDR3 is the 

most diverse component of an antibody in terms of length and sequence divergence. It has 

therefore particular influence on the antibodies specificity.21–23 Finally, when the variable 

domains (VH and VL) are paired together, their CDR loops form a conjoint hypervariable site at 

the tip of each antibody arm: the antigen-binding site (Figure 2B).18  

 

Antibodies neutralize and clear pathogens by several processes: Neutralization takes place by 

coating the surface of a potentially pathogen (toxin, virus, or bacteria) to block its functionality. 

A further process is the so-called opsonization, where the variable (Fab) region of an antibody 

binds to the cell membrane of the pathogen. Monocytes and neutrophils recognize the constant 

(Fc) region of the antibody and subsequently aim to destruct the pathogen. Additionally, the 

activated Fc receptors on the phagocytes promote antigen presentation on MHC molecules 

and thereby support the T-cell response.24 Neutralizing antibodies not only play a key role in 

antiviral immunity, they are also the correlate of many vaccines and therapeutic approaches.25–

28 

 

2.1.4 Repertoire division: IGHV, IGKV and IGLV families, genes, and alleles  

According to the standardized classification and nomenclature of the immunoglobulins and T 

cell receptors by IMGT®, the human V gene segments of the heavy- and κ-light chains can be 

grouped into seven families respectively, whereas the V gene segments of the λ-light chain 

divide into eight families. The family members share a very high DNA sequence homology (at 

least 80%). This high amount of conserved sequence in each family implies an evolutionary 

pressure to conserve a certain V gene structure.29,30 Each gene comprises several polymorphic 

variants which are characterized by mutations at nucleotide level and are called alleles. Alleles 

are identified by their core sequence of the V-, D- and J-regions and are titled in comparison 

to their reference sequence (*01).31 
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2.1.5 The diversity of the B cell repertoire  

Each individual’s potential antigen receptor repertoire is estimated to include approximately 

5x1013 different antibodies (immunoglobulins).32 The main contributors to this diversity are the 

variable domains of the heavy and light chains. In humans, their encoding genes are located 

in the IGH locus on chromosome 14 (14q32.33), the IGK locus an chromosome 2 (2p11.2), 

and the IGL locus on chromosome 22 (22q11.2) (see Figure 2B).33 The IGH locus shows a 

dimension of a one megabyte locus and is among the most complex and variable regions of 

the human genome.34 

 

The above described VDJ recombination plays a major role in the repertoire’s diversification. 

As the rearrangement is imprecise, exonuclease induced trimming at the ends of the V, D, and 

J genes occurs as well as random addition of nucleotides at  their junctions before the gene 

ligation (Figure 2A). The DNA recombination is irreversible and is unique to each cell.35   

An additional diversity is created by the pairing of the variable domains of heavy and light chain 

to finally form the antigen recognition and binding site.33 Later during the B cell development 

when encountering antigen, the rearranged V region undergoes a high rate of point mutations. 

This process is called somatic hypermutation (SHM).35 SHM is catalyzed by the enzyme 

activation induced deaminase (AID) which enzymatically converts cytosine to uracil.36 SHM 

mainly involves nucleotide base changes in the CDR regions. It optimizes the process of 

affinity maturation and therefore the antigen-epitope-binding by antibodies.37 

 

Figure 3: AID Hotspots 
Driven by the activation-induced cytosine deaminase (AID), somatic hypermutation is 
characterized by base changes that occur throughout the variable (V) regions at a rate of ~1 
×10−3 mutations per base pair per generation. AID activity hotspots concentrate in the V region 
(V) and downstream of the promoter (lµ). Its activity is very limited in the constant region, where 
it promotes class switch. This modified graphic is based on Martin et al. (2002)38, used with 
kind permission of Springer Nature.  
 

The immunoglobulin’s V gene is preceded by an exon encoding a leader peptide (L). The 

leader directs the antibody into the cell’s secretory pathway. Its sequence is removed after 
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translation. The leader region exhibits a tenfold lower rate of AID induced mutations in 

comparison with the 5’ region of the V gene (Figure 3).39  

 

The potency of the natural antibody repertoire is further increased by class switching of the 

heavy chain. The heavy chain constant region (CH) determines the antibodies isotype (antibody 

class) and is crucial for the antibody’s diverse effector functions. The five main isotypes are 

IgM (μ), IgD (δ), IgG1-4 (γ), IgE (Ɛ) and IgA1-2 (α). The different constant regions in the heavy-

chain locus are encoded in separate genes, which are located in juxtaposition to one another 

more downstream of the V region.40 Initially, in naive B cells, only Cµ and Cδ are used. They 

are expressed along with the associated rearranged V region segments and produce a 

transmembrane IgM and IgD on the cell’s surface.41 In response to antigen stimulation the 

activated mature B cell can switch to the expression of a different downstream constant region 

gene. This occurs by a type of somatic rearrangement and is called class switch recombination 

(CSR) or isotype switch. Light chain C regions, other than the described heavy chain C regions, 

do not undergo class switch as they do not exhibit specific effector functions.41 

 

Since the random recombination process in early B cell development, it is inevitable that 

autoreactive B cell receptors (antibodies that recognize self-antigens) emerge.42 In the bone 

marrow and peripheral circulation, autoreactive B cells undergo a stringent selection by 

deletion or receptor editing to ensure that in (healthy) humans the occurrence of autoreactive 

antibodies is prevented.43,44 

 

2.1.6 Broadly neutralizing antibodies 

Neutralizing antibodies play a major role in the human antiviral immunity and most of today’s 

vaccines rely on the principle of inducing neutralizing antibodies that mediate protection.25–27 

Among them, broadly neutralizing antibodies (bNAbs) are antibodies which are characterized 

by a broader, cross-clade and more efficient neutralizing activity in comparison to common 

neutralizing antibodies. In HIV-1, they usually show high levels of somatic mutations. bNAbs 

exert their neutralizing properties by binding to conserved epitopes of the respective pathogen, 

e.g., an envelope protein on a virus. Thereby they are able to bind multiple viral strains, even 

if these exhibited viral escape mechanisms.45 Some HIV-1-specific bNAbs for example can 

bind to more than 95% of HIV-1-strains worldwide even at low concentration.26 Other than the 

typical antibody responses, it can take years for HIV-1 bNAbs to develop within an individual. 

Clinical trials revealed, that 10-30% of HIV-1-infected persons develop serological activity to 

neutralize different viral isolates after two to four years of infection.46 Only around 1% of these 

individuals, the so-called elite neutralizer, develop antibodies with exceptional cross-clade 

activity.47  
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The isolation of bNAbs from these people’s blood was a huge obstacle until the advent of 

single-cell-based antibody cloning techniques. But still today, fast and efficient isolation 

methods for the identification and analysis of potent neutralizing antibodies are urgently 

needed to improve the global prevention and treatment of existing and upcoming infectious 

diseases.45,48,49 The market of monoclonal antibodies (mAbs) represents of the fastest 

developing fields in modern biotechnology.50 Over the last years, more than 90 new mAbs 

have been approved by the U.S. Food and Drug Administration (FDA) and European 

Medicines Agency (EMA) to provide treatment against a variety of diseases such as cancer, 

autoimmune or hematological disorders. Since the beginning of the COVID-19 pandemic, five 

anti-SARS-CoV-2 antibody products (Casirivimab and Imdevimab, Sotrovimab, Bamlanivimab 

and Etesevimab) were authorized for emergency use by the FDA or approved by the EMA.51,52 

(Stand 06/2022) Also, recently identified HIV-1-directed bNAbs demonstrated promising 

features and give hope for future HIV-1 vaccination and therapy 19pproaches.53,45 Recent 

clinical trials already demonstrated suppression of viremia and delay of viral rebound after 

pausing antiretroviral therapy (ART) due to bNAb infusions.54–56 In animal models, bNAbs 

showed high effectiveness in preventing HIV-1 infections.57,58 Lately ongoing trials using the 

CD4bs-targeting bNAb VRC01 for passive immunization of humans are promising outlooks for 

a potent vaccination against HIV-1 in the future (ClinicalTrials.gov: NCT02716675, 

NCT02568215). 

 

2.2 The value and challenges of polymerase chain reaction in the field of 

immunology  

2.2.1 The basic principles of polymerase chain reaction 

In 1985, the introduction of the polymerase chain reaction (PCR) by Kary B. Mullis 

revolutionized the way deoxyribonucleic acid (DNA) could be studied in detail due to a rapid 

production of billions of copies of a specific DNA fragment.59 Today, multiprimer or multiplex 

PCR (mPCR) techniques allow the amplification of multiple target regions simultaneously. In 

the field of medicine they have a versatile use, as they are implemented for the identification 

of pathogens and disease biomarkers or are applied in genotyping. mPCR additionally 

presents a valuable tool for the amplification of lymphocyte receptors and antibodies. 

Furthermore in virology, PCR serves as a valid method for diagnosing viral infections, testing 

viral drug resistances and identify viral escape variants as well as their underlying 

processes.60–62 
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The basic components of a PCR include the cDNA template, specific primers, a reaction buffer, 

free nucleotides (dNTPs), the catalyzing enzyme named polymerase, salt and water (which is 

free from nuclease and DNA).  

It is possible to copy a DNA fragment to nearly any extent within a three-stepped amplification 

cycle which consists of i) denaturation, ii) annealing and iii) elongation.63 

 
Figure 4: Schematic polymerase chain reaction steps 
(modified illustration used with courtesy of Creative Commons Attribution- Share Alike 4.0. 
International License, https://creativecommons.org/licenses/by-sa/4.0/) 
 
The i) denaturation takes place at a melting temperature around 90 to 94°C (depending on the 

templates guanin-cytosine (GC)-content) at which hydrogen bonds between the base pairs 

adenine (A) and thymine (T) and between cytosine (C) and guanine (G) break, resulting in two 

single stranded DNA molecules out of the double stranded DNA helix. The single stranded 

DNA serves as template for the following ii.) annealing. To proceed, the temperature is lowered 

between 55 and 70°C, depending on primer specific annealing temperature, to allow primers 

to bind (anneal) and form the primer-template heteroduplex.63 

 

Primers are short single stranded DNA fragments with a defined sequence complementary to 

the target DNA and serve as starting points for the DNA extension. Once primer annealing 

took place, the temperature is elevated up to 70-75°C for the DNA polymerase to start 

synthesis. From 5’ to 3’ end (and vice versa) dNTPs are added complementary to the template 

strand. This process is called iii.) elongation. The three-stepped PCR cycle is repeated usually 

around 25 times on bulk complementary cDNA and up to 50 times on single cell cDNA, 

resulting in an exponential template amplification. A last temperature change to 72°C ends the 

reaction with the final incubation step (see Figure 4).63   
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2.2.2 Primer design and its challenges  

Primer design is crucial for a successful PCR. While it seems simple in theory, the reality of 

laboratory work teaches otherwise. 

 

The primer-template-complementarity determines efficient primer annealing and is captured 

by change in Gibbs free energy of annealing (∆G).64 Mismatches, non-complementary base 

pairs, are unfavorable and affect ∆G. Especially mismatches in the six terminal (3’) base pairs 

disrupt the polymerase binding and therefor lower the amplification status.65,66 The closer to 

the 3’ terminus a mismatch occurs, the higher its negative impact on amplification becomes.67 

Additionally, the type of mismatch effects the elongation efficacy: for example, a G (primer)- T 

(template) mismatch is less harmful for the amplification than a G (primer)- A (template) 

mismatch.68 Repeats (di-nucleotides occurring  repeatedly e.g. ATATAT) and runs (long runs 

of a single base, e.g. GGGG) should be strongly avoided. It is advisable to use guanines and 

cytosines in the last six nucleotides of a primer. The so-called GC clamp stabilizes the 3′ 

region.69 The GC content (the percentage of guanin und cytosine bases) should be between 

40 and 60%. It is generally advisable to choose a primer length between 18 to 22 base pairs 

to ensure specificity but still allow easy binding.70 

 

In multiplex or multiprimer PCRs even more aspects must be considered when designing a 

primer set. Primers do not bind exclusively to complementary cDNA but potentially bind to 

each other. These formations are called primer-dimer and might appear as by-products of a 

PCR when primer show a high degree of complementarity to each other. Primer-dimers can 

lower the amplification efficacy due to shortness in PCR reagents. Additionally, primers used 

in the same reaction should be carefully selected to have similar annealing temperatures. If 

the temperature range is too vast, some primers have difficulties to stay annealed while others 

have a higher likelihood of mismatch annealing. In both cases, amplification is affected, and 

an amplification bias might occur.71 With an increasing template variation to be covered, the 

number of primers needed rises. Meanwhile the design of a multiprimer set becomes more 

and more complex.  
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2.2.3 The value and challenge of PCR on highly diverse templates, in particular the B 

cell repertoire 

In the field of immunology, PCR based methods are of particular importance for many 

diagnostic and therapeutic pipelines but faces tremendous challenges due to the wide variety 

of templates and mutational burden that interfere with both, amplification and further sequence 

analysis. For instance, HIV-1and the hepatitis C virus (HCV) show a high extent of sequence 

diversity due to distinct error-prone replication processes which allow them to develop escape 

variants from immune response or treatment.72 Sequence analysis of emerging viral escape 

variants is critical for detecting developed resistances to antiviral drugs and tailoring potentially 

successful therapy.73,74  

 

Furthermore, B cell receptors (BCRs) and antibodies represent an intensively diverse template 

repertoire. They will be the main target of PCR analysis in this thesis. An in depth 

characterization of these receptors and their repertoire in the human body leads to a better 

understanding of immunological responses to pathogens and vaccination.75–77 Moreover, it can 

provide a better understanding in autoimmune diseases and B cell malignancies. Furthermore, 

the deeper analysis of the B cell repertoire can lead to the detection of new mAbs.78 Clinical 

application of bNAbs in infectious diseases are of high interest due to their features of cross-

clade neutralizing, Fc-mediated effector functions, preferable pharmacokinetic profiles (e.g. in 

comparison with anti-viral drugs administered in HIV-1 treatment) and being potential 

candidates for new vaccines (see above).79,80  

 

However, the amplification of the BCR presents a particular challenge for the design of 

multiplex PCR primers because the primers need to bind to the various segments of the 

immunoglobulin loci encoding for the heavy and either kappa or lambda light chain of each 

antibody.81 A further challenge for PCR amplification is presented by a high degree of template 

variation due to somatic hypermutation, deletions and insertions which take place during B cell 

development.75,45 Especially HIV-1 specific broadly neutralizing antibodies often show up to 

30% sequence divergence compared with their germline precursor which leads to an unknown 

amount of template diversity und primer-template-missmatching.42,82 The mutations leading to 

this divergence mostly occur in the CDRs and are critical for the neutralizing activity of such 

antibodies.75,45 These areas should be strictly excluded from selection as primer binding side.  

 

Further complicating matters, the number of primers in a multiplex PCR reaction should be 

restricted to a certain limit to avoid physicochemical problems such as primer self-dimerization, 

large ranges in primer melting-temperatures or unspecific and random amplification. 

Therefore, the theoretical idea of using one individual primer for each expected target would 



2 Introduction 

 23 

lead to an unacceptable high amount of primers in the multiplex PCR on immunological 

templates.60 The so-called “set cover problem” describes the trouble of identifying a minimal 

primer set with full template coverage. Naturally, the complexity of this problem increases 

rapidly with a rising template variation.83 

 

For the immunological template of the heavy and light chains the descripted problems mainly 

account for the 5’ primers (also called forward primers) as these need to bind to multiple 

possible sequences of the upstream leader region or the possibly highly mutated beginning of 

the variable region. It has been demonstrated that forward primers binding to the V gene’s  

signal peptide encoding leader (L) region, favor the amplification of highly mutated variable V 

genes.75,84  

 

The design of the 3’ primer or so-called reverse primer on the other hand is comparatively less 

complex because its binding side can be set in the constant region of the respective chain. 

The constant region does not undergo somatic hypermutation and thus represents a constant 

binding region with a known stable sequence. Nonetheless, a different reverse primer needs 

to be designed not only for the different chains (heavy, kappa light and lambda light) but also 

for the different Ig isotypes which exhibit different constant region sequences (e.g., IgM, IgG).  

 

 
Figure 5: Schematic overview of primer binding sides for the amplification of the 
immunoglobulin variable region 
Multicolored arrows indicating multiple different forward primers (each specific for another V-
gene). Grey arrows indicating the one universal reverse primer binding in the constant (non-
variable) region. 
 

But amplification rate alone is not the only request for PCRs on immunological templates. An 

unbiased PCR amplification is of high importance in the analysis of the B cell repertoire when 

it comes to evaluating relative gene frequencies among the human population, in subgroups 

or in maladies and infections. Recent studies implicated that the DNA polymerase is one of 

the key driving factors of PCR bias.85 Additionally, in multiplex PCRs, strongly differing 

efficacies of included primers can lead to a bias by disproportionate amplification of certain 

genes, which can disrupt studies on the B cell repertoire, e.g. the frequency of gene 

expression.82  
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2.2.4 Published primer sets to amplify VH gene segments 

In the past, the development of primer sets used for the amplification of human VH gene 

segments has been studied intensively. Indeed, several primer sets have been shown to be 

successful candidates for single B cell cloning approaches to gain insights into the B cell 

repertoire and to isolate monoclonal antibodies targeting infectious diseases.75,81,86-87  

 

Besides, Scheid et al. presented a primer set which shows promising features to especially 

identify highly mutated antibodies by setting the 5’ primer binding side further upstream to the 

beginning of the respective leader region. Hereby, an increased discovery of immunoglobulins 

could be demonstrated.75 However, there is the distinct disadvantage that the primer set 

consists of four individual primer sets, each targeting only genes from one or two different 

IGHV families, which requires multiple PCRs to be performed and results in high labor and 

cost requirements. Tiller et al. developed an efficient strategy that combines immunoglobulin 

gene repertoire analysis and immunoglobulin reactivity profiling at single cell level, using a 

primer set for semi-nested PCR with 2nd PCR primers containing direct restriction sides.81 

However, 2nd PCR primers were designed to bind in the FWR1, possibly causing the reversion 

of mutations in this area, which can be critical for the antibody’s activity. Additionally, Ippolito 

et al. presented a primer set (priorly published by Lim et al.88) to analyze differences in the 

repertoire’s V gene usage of humanized mice (using NOD-scid-IL2Rγnull mice) and peripheral 

human blood B cells.86 The primers were applied in a special touch-up PCR protocol86 and 

demonstrated coverage near to 100% of all functional and putatively functional germline V 

genes in VBASE2, but no studies on primer performance with highly mutated V genes have 

yet been presented.88 Finally, Tan et al. further investigated clonal characteristics of the paired 

infiltrating and circulating B lymphocyte repertoire in patients with primary biliary cholangitis 

using a minimal primer set without self-hybridizing but with a broad coverage of a 

heterogeneous set of V gene and C gene family sequences.89 The region of interest in this 

study was the IGH-CDR3 region and primer binding was set to framework region 3 (FWR3). 

Therefore, a complete V gene amplification and analysis cannot be provided. 
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Figure 6: Evaluation of published primer sets using the primer design and evaluation 
tool openPrimeR  
Representative primer sets that have been previously used to amplify VH gene segments (Set 
1–6) were analyzed with openPrimeR. 152 VH gene segments (belonging to the 7 IGHV 
families) are indicated in dark grey bars. The template coverage of the respective primer set 
was determined by exact text identity (light grey). MM indicates the maximum number of 7 
allowed mismatches, that is necessary to reach the depicted estimated coverage (blue). 5’ and 
3’ outer most binding regions are shown for all primers as a composite arrow. Each primer was 
tested for eight multiplex constraints (1) Cross-dimers, (2) GC clamp, (3) GC ratio, (4) melting 
temperature deviation, (5) maximum number of nucleotide repeats, (6) maximum number of 
nucleotide runs, (7) coverage of at least 1 template, (8) and self-dimers). Constraints that were 
passed are colored in blue, those that were not passed are colored in orange. This figure and 
figure legend were published in 2020 in the Journal of Immunological Methods by Kreer et al.90 
(co-author N. Lehnen) and is used in approval with all co-authors and with courtesy of Creative 
Commons Attribution- Share Alike 4.0. International License,  
https://creativecommons.org/licenses/by-sa/4.0/ 
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The overview presented in Figure 6 by Kreer et al.90 shows a detailed evaluation of the 

established primer sets described above. It reveals the limitations of the respective sets such 

as incomplete variable gene coverage, partial or total V gene binding or the labor-intensive 

requirement for multiple reactions.  

 

In conclusion, a handful of specified primer sets for the amplification of human VH genes are 

available, but none of them fulfilled all criteria for a reliable primer set, thus further detailed 

testing and primer development is required.  

 

2.2.5 Published primer design tools for multiplex PCRs, their limitations, and the 

generation of openPrimeR 

The simplest way to design a primer is to manually check the sequence of interest for possible 

primer binding sides and generate complementary single-stranded DNA fragments to serve as 

primers. Multi-sequence alignment can help to detect recurring or at least similar sequence 

segments for primer binding in multiple templates. However, as template amplification and 

multiplex PCRs become increasingly complex nowadays, multiplex primer design can hardly 

be done manually. Therefore, primer design tools are of great scientific interest. In the past, 

several primer design tools have been published to overcome the difficulties of multiplex primer 

design described in section 2.2.2 and 2.2.3. However, until now, none of these tools fulfilled 

our criteria for a reliable primer design tool. For the amplification of diverse immunological 

templates such as immunoglobulins or virial strains, primer tools should necessarily include a 

program to filter primers for preferrable properties, such as the GC content, GC clamp or the 

melting temperature. Furthermore, they should provide a feature to select a minimal set of 

primers that ensures full template coverage (set cover optimization (SCO)) and should be 

openly available. Additionally, a smart graphical user interface is helpful for a broad user 

application. 

 

For example, the primer design tools GeneUp by Pesole et al.91, G-Primer by Wang et al.92, 

GreenSCPrimer by Jabado et al.93, PAMP by Bashir et al.94 and PriMux by Gardner et al. and 

Hysom et al.95,96 provide a SCO, but out of those, only PriMux is currently available. However, 

PrimMux on the other hand, as many others, does not provide selection of the desired primer 

binding region, which is a necessary feature for escape variants analysis or mutation pattern 

profiling in diverse immunoglobulins. Another example is the Primer approximation multiplex 

PCR design algorithm by Bashir et al., which intends to generate multiplex primers for the 

detection of variable genomic lesions in cancer. It provides a versatile algorithm for primer 

design on genomic level, but it is not transferrable to the IGHV gene locus. Table 1 gives an 

overview of published multiplex primer design approaches. It demonstrates that all investigated 
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primer design tools lack at least one of the three major features. A reliable primer design tool 

for complex and highly mutated immunological templates is therefore urgently needed. 

 

Table 1: Multiplex primer design approaches 
This modified table was published in 2020 in the Journal of Immunological Methods by Kreer 
et al.90 and is used in approval with all co-authors and with courtesy of Creative Commons 
Attribution- Share Alike 4.0. International License, https://creativecommons.org/licenses/by-
sa/4.0/ 

a The software offers a graphical user interface (GIU) for interaction 
b The software provides a set cover optimization (SCO)= automatic selection of minimal primer set that provides full template coverage 
** openPrimeR is a newly computed primer design tool whose optimization process is based on the results of this thesis 

  

Tool  Reference  Availability  GUIa SCOb 

OLIGO 7 (Rychlik, 2007)97  YES YES X 

GeneFisher (Giegerich et al., 1996)98  YES YES X 

GeneUp (Pesole et al., 1998)91 X X YES 

CODEHOP (Rose et al., 1998; Rose et al., 2003)99,100 YES YES X 

DoPrimer (Kämpke et al., 2001)101 X X X 

HYDEN  (Linhart and Shamir, 2002)102 YES X X 

PROBEMER (Emrich et al., 2003)103 X YES X 

MIPS (Souvenir et al., 2003)104 X X X 

Amplicon (Jarman, 2004)105 YES YES X 

G-PRIMER (Wang et al., 2004)92 X YES YES 

PDA-MS/UniQ (Huang et al., 2005)106 X X YES 

MuPlex (Rachlin et al., 2005)107 X YES X 

GreenSCPrimer (Jabado et al., 2006)93 X YES YES 

PrimerStation (Yamada et al., 2006)108 YES YES X 

MultiPrimer  (Lee et al., 2006)109 X X X 

PRIMEGENS (Srivastava and Xu, 2007)110 YES YES X 

PAMP (Bashir et al., 2007)94 X X YES 

MPD (Gardner et al., 2009)96 X X YES 

FastPCR (Kalendar et al., 2014)111 YES YES X 

MPPrimer (Shen et al., 2010)112 YES YES X 

URPD (Chuang et al., 2012)113 X YES X 

PriMux (Hysom et al., 2012; Gardner et al., 2014)95,96 YES X YES 

PrimerMapper (O'Halloran et al., 2016)114 YES YES X 

Oli2Go (Hendling et al., 2018)115 YES YES X 

Ultioplex (Yuan et al., 2021) YES YES X 

openPrimeR** (Döring et al., 2019) YES** YES** YES** 



2 Introduction 

 28 

To overcome the mentioned problems, the research group for Computational Biology (Prof. 

Dr. Nico Pfeifer) at the Max Planck Institute for Informatics, Saarland and the laboratory for 

Experimental Immunology (Prof. Dr. Florian Klein) at the Institute of Virology, University of 

Cologne, developed the primer design tool openPrimeR (http:// openprimer.mpi-inf.mpg.de/). 

openPrimeR is based on the programming language R, it is openly available and provides 

both, an evaluation and a primer design mode for multiplex PCR primers which target highly 

diverse templates. Both, primers and templates can be chosen from integrated data 

(immunoglobulins form the IMGT data base18 or HIV reference sequence libraries of the Los 

Alamos National Laboratory HIV sequence database116) or can be uploaded individually in 

fasta format. The user can individually define a target region of interest (ROI).  

 

The evaluation mode allows the user to determine characteristics of established or personal 

primer sets. The user can individually select of 12 different physicochemical properties (such 

as melting temperature, GC content, GC clamp) and five coverage conditions (such as number 

of mismatches or introduced stop codons) to be integrated. Additionally, the tool estimates the 

primers’ performance in multiplex PCR experiments on the priorly selected templates. Results 

are presented in clearly arranged tables and graphs and allow a structured overview of 

multiplex properties and template coverage. 

 

In the design mode, the program computes de novo multiplex primer sets for the amplification 

of priorly defined templates and region of interest (ROI). Primers that bind to each other (form 

dimers) or exhibit other undesired characteristics are excluded. Importantly, by the means of 

using either an integer linear program (ILP) or a greedy algorithm (for details see Döring et al., 

2019, Scientific Reports)60, the program addresses and ideally solves the SCO. 

The optimization process of the tool’s raw version, which was performed by extensive 

validation of pre-defined default and precast settings, presents one of the main parts of this 

thesis.  
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2.3 Aims of this thesis  

Multiplex polymerase chain reaction (mPCR) techniques have a versatile use in medicine, as 

they are implemented for the identification of pathogens and disease biomarkers and are often 

applied in genotyping. They additionally present a valuable tool for the amplification of 

lymphocyte receptors (such as antibodies). Fast and efficient methods for the detection and 

analysis of potent neutralizing antibodies are of tremendous value and are urgently needed for 

the global prevention and treatment of existing and upcoming infectious diseases, which has 

been demonstrated vividly in the recent years by the epidemic of the human immunodeficiency 

virus-1 (HIV-1) and the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) pandemic. One of the major cruxes in the process of antibody identification is the generation 

of a reliable laboratory protocol, most importantly containing a powerful primer set for the PCR 

amplification of antibodies even with high mutation status. 

 

Thus, the main goal of this thesis was to further develop single cell and multiplex cloning 

strategies that are able to identify potent neutralizing antibodies against infectious diseases. 

To this end, we aimed to establish a standardized and efficiency-optimized amplification 

protocol. In particular, the focus was set on the generation of a reliable primer testing 

instrument and the identification of a reliable primer set for the amplification of these antibodies 

even in highly mutated status.  

 

In a collaboration with colleagues at the Max Planck Institute in Saarbrücken, we intended to 

optimize a newly developed primer design tool for the generation of primer sets which provide 

high coverage of diversly mutated immunoglobulin gene segments. 

 

This work is based on the following hypotheses: 

 

n The identification of broad neutralizing antibodies via polymerase chain reaction can be 

significantly improved by an optimized primer design (including a restricted primer binding 

region to the V gene’s leader region and well-tuned physicochemical primer properties). 

n Primer sets, designed using the openPrimeR tool, provide superior performance in 

amplifying highly mutated human IGHV genes and provide a broader coverage of the entire 

BCR repertoire compared to established primer sets. 

n A synthetic immunoglobulin gene library can provide an unbiased template tool. 

n Thermodynamic properties like the free energy of annealing, primer dimerization and the 

amount and position of mismatches are assumed to be the leading influencing factors of 

PCR amplification and should therefor be avoided in successful primer design 
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3 MATERIAL AND METHODS 
3.1 Material  

3.1.1 Electronic devices 

3.1.2 Consumables  

Consumable Name  Manufacturer Cat No. 

10 ml serological pipette Sarstedt 861254001 

10 μl filter tips,  Sarstedt 70.1130.210 

15 ml centrifugation tube Sarstedt 62.554.502 

200 μl filter tips Sarstedt 70.760.213 

25 ml serological pipette Sarstedt 86.1685.00 

5 ml falcon round-bottom polystyrene test 
tube with cell strainer snap cap 

Corning 352235 

5 ml serological pipette Sarstedt 86.1253.00 

5 ml tube with snap cap VWR 525-0796 

50 ml centrifugation tube Sarstedt 62.547.254 

                    (To be continued next page.) 

Device Name  Manufacturer Cat No. 

Blue light transilluminator, ECX-F20 VWR 732-1359DE 

Gel Doc XR+ Gel documentation system  Bio-Rad 5838 

Electrophoresis power supply Life Technologies PS0091 

Electrophoresis system owl A3-1 Thermo Fisher Scientific A3-1 

Eppendorf 5810R centrifuge, rotor S-4-104 Thermo Fisher Scientific 12836213 

Bench top centrifuge 5424 R  Eppendorf 5404000010 

BD FACS Aria Fusion BD biosciences na 

Incubation shaker Infors HT na 

NanoDrop One spectral photometer  Thermo Fisher Scientific ND-ONE-W 

QiaCube Connect Qiagen 9002864 

Thermomixer Eppendorf 5384000012 

Ultra-low-temperature freezer (−150°C) Panasonic MDF-C2156VAN 

Ultra-low-temperature freezer (−80°C) Panasonic MDF-DU700VH 

Veriti 96-well thermal cycler Thermo Fisher Scientific 4375786 

Vortex mixer neoLab D-8900 
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3.1.3 Reagents 

Reagent /chemical /enzymes Vendor  Cat no. 

0.5 M EDTA  Thermo Fisher Scientific AM9260G 

6× DNA loading dye Thermo Fisher Scientific R0611 

ACK Lysing Buffer Thermo Fisher Scientific A1049201 

Agarose basic  PanReacAppliChem A8963 
(To be continued next page.) 

 

Consumable Name  Manufacturer Cat No. 

50 ml serological pipette Sarstedt 86.1256.001 

96well PCR plate, semi skirted PEQlab/VWR 81-35899 

Accuspin Tubes Sterile, 50 ml Capacity  Sigma Aldrich A2055-10EA 

Adhesive PCR foil seal VWR PEQL82-0626-A 

Amicon Ultra centrifugal filter units (30 kDa) Millipore Z717185 

C-chip Neubauer improved  Carl Roth T729.1 

Cell culture flasks, 250 ml Corning CLS431407 

MACS LS columns Miltenyi Biotec 130-042-401 

Multichannel pipette 0.5–10 μl VWR 613-0884 

NucleoSpin 96 PCR Clean-up Kit Macherey Nagel 740658.4 

NucleoSpin 96 Plasmid Macherey Nagel 740625.4 

NucleoSpin Gel and PCR Clean-up Macherey Nagel 740609.250 

Nunc 96 DeepWell plate, nontreated Sigma Aldrich, Z688738-32EA 

Parafilm M  Carl Roth H666.1 

Petridish 92 × 16 mm  Sarstedt 82.1472.001 

Preseparation filter (70 μM)  Miltenyi BioTec 130-095-823 

Quadro MACS Separator Miltenyi BioTec 130-090-976 

Safe-Lock microcentrifuge tubes 1,5 ml Sarstedt 0030120.086 

Single-use reagent reservoir, 100 ml Carl Roth EKX3.1 

Single-use reagent reservoir (25 ml)  Carl Roth EKT7.1 

Ultrafree-CL filter columns, 0.22 μm  Merck Millipore UFC40GV0S 
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Reagent /chemical /enzymes Vendor  Cat no. 

Cell Dissociation Buffer, enzyme-free, PBS Thermo Fisher Scientific 13151014 

CD19 microbeads, human  Miltenyi Biotec 130-050-301 

dATP Solution (100mM) ThermoFisher Scientific R0141 

DMSO Sigma Aldrich  D2650 

DNA Gel Loading Dye (6X) ThermoFisher Scientific R0611 

dNTPs, 25 mM each  Thermo Fisher Scientific R1122 

Fetal Bovine Serum (FBS) Sigma Aldrich F4135 

GeneRuler 1 kb Plus DNA ladder Invitrogen B00351 

Hanks’ Balanced Salt Solution (HBSS) Sigma Aldrich H6648 

Histopaque-1077 Hybri-Max Sigma H8889 

HotStarTaq DNA Polymerase (incl. Qiagen 

PCR Buffer) 

Qiagen 203205 

Nuclease-free water 

(not DEPC treated) 

Thermo Fisher Scientific AM9937 

Platinum Taq Green Hot Start DNA 

Polymerase (incl. 10x Buffer, Mg, KB-

Extender) 

Thermo Fisher Scientific 11966018 

Protein G Sepharose 4 Fast Flow GE Life Sciences 17061805 

Q5® Hot Start High-Fidelity 2X Master Mix  New, England Biolabs M0494S 

Random Hexamer Primer, 0.2 µg/µl Thermo Fisher Scientific S0142 

Recombinant RNasin® Ribonuclease 

Inhibitor  

Promega N2515 

RNaseOUT, 40 U/µl  Invitrogen 10777-019 

Rnasin, 40 U/µl Promega N2515 

RPMI (Roswell Park Memorial Institute) 

1640 Medium 

Life Technologies 11875-093 

S.O.C Medium  Invitrogen 15544034 

SuperScript™ III Reverse Transcriptase Kit Thermo Fisher Scientific 18080044 

SuperScript™ IV Reverse Transcriptase Kit Thermo Fisher Scientific 18090050 

SYBR Safe DNA gel strain  Invitrogen S33102 

Taq DNA polymerase  Quiagen 201203 

Universal primer Mix (10x) Clontech 634922 
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3.1.4 Antibodies/ FACS staining 

Antibody /staining Vendor Cat. No.  

DAPI  Invitrogen D1306 

APC-H7 Mouse Anti-Human CD19 BD biosciences 560727 

APC mouse anti-human IgG  BD Biosciences  550931 

Alexa Fluor 700 mouse anti-human CD20 BD biosciences 560631 

FITC mouse anti-human IgM BD Biosciences 555782 

hu IgD- PE-Cy7 BD Biosciences 561314 

hu CD27-PerCPCy5.5 BD Biosciences  655429 

 

3.1.5 Kits  

Kit Name Vendor Cat. No. 

IgG+ Memory B Cell Isolation Kit, human Miltenyi Biotec 130-094-350 

Rneasy Micro Kit Qiagen 74004 

SMARTer ®RACE 5’/3’-Kit Clontech 634858, 634859 

GeneJET Gel Extraction and DNA Cleanup 

Micro Kit  

ThermoFisher 

Scientific 

K0832 

TOPO TA Cloning Kit, pCR4-TOPO vector, 
without competent cells 

Invitrogen 450071 

 

3.1.6 Cell lines  

Competent DH5α Escherichia Coli, ThermoFisher scientific, Cat#18263012 

 

3.1.7 Reagent setup 

Tris-acetate-EDTA buffer (1x TAE buffer) 

For 1x TAE buffer 242 g of Tris-(hydroxymethyl)-aminomethane were dissolved in 600 ml of 

distilled H2O. 200 ml of 0.5 Molar (M) ethylenediaminetetraacetic acid (EDTA) (pH 8.0) and 

57.1 ml of acetic acid were added. The buffer was filled to a final volume of 1 L with distilled 

H2O. Finally, the TAE buffer was autoclaved. Storage at room temperature. 

 

Fluorescence Activated Cell Sorting (FACS) buffer 

FACS buffer was produced by adding 10 ml of 2% fetal bovine serum (FBS) and 2 ml of 0.5 M 

EDTA to 488 ml of 1x phosphate buffered saline (PBS). FACS buffer was stored at 4-8°C. 

 



3 Material and Methods 

 34 

Freezing medium (vol/vol) 

Freezing medium consists of 90% FBS + 10% dimethyl sulfoxide (DMSO) and was produced 

daily fresh. Freezing medium was cooled to 4°C prior to usage. 

 

Magnetic Activated Cell Separation (MACS) buffer  

MACS buffer was produced by adding 200 μl of 0.5 M EDTA and 5 ml of 5% (wt/vol) sterile 

filtered bovine serum albumin (BSA) to 45 ml of PBS. MACS buffer was stored at 4-8 °C. 

 

Ampicillin stock solution (50 mg/ml)  

Ampicillin stock solution was produced by dissolving 0.5 g of ampicillin sodium salt in 10 ml of 

distilled H2O. The solution was sterilized by filtering with a 0.22 μm Ultrafree-CL PVDF filter 

column. The store stock solution was stored at −20°C. 

 
Agarose gel (wt/vol) 

Agarose gels were prepared by adding 1 g (1%) or 2 g (2%) of agarose to 100 ml of TAE 

buffer. The solution was boiled until the agarose was completely dissolved. After cooling down 

to around 50°C, 5 μl of SYBR Safe DNA Gel Stain per 100 ml gel (1:20,000 dilution) were 

added and the gel was poured in a casting chamber. 

 
Luria broth medium (LB medium)  

LB medium was prepared by dissolving 10 g of tryptone, 5 g of yeast extract and 5 g of sodium 

chloride in 1 L of distilled water. Afterwards the medium was autoclaved and stored at 4–8°C. 

 
LB-ampicillin agar plates  

15 g of agar bacteriology grade were dissolved in 1 l of LB medium and sterilize by autoclaving. 

After cooling down to room temperature 1 ml of ampicillin stock solution (50µg/ml) was added. 

The solution was poured in Petri dishes and cooled down before storage at 4°C. 

 
Pre-Terrific broth (TB) medium 

12 g of tryptone, 24 g of yeast extract and 5 ml of glycerol were dissolved in 1 l of distilled 

water. Then the solution was autoclaved and store at 4°C. 

 

TB salt buffer (10×) 

125.4 g of K2HPO4 and 23.1 g of KH2PO4 were dissolved in 1 l of distilled water. The solution 

was autoclaved and stored at 4°C. 

 

TB medium  
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Terrific broth medium was prepared by adding 100 ml of TB salt buffer (10×) to 900 ml of preTB 

medium. TB medium was stored at 4°C. 

 

3.1.8 Primers  

The following table lists all primers used for single cell and bulk amplification as well as primers 

tested on the IGHV gene library. Previously published sets, here indicated by the first authors 

name, and newly computationally optimized multiplex primer sets from openPrimeR (oPR(1)-

IGHV, oPR(3)-IGHV, oPR(4)-IGHV, oPR(5)-IGHV and oPR(6)-IGHV) were used. All primers 

were ordered from Thermo Fisher Scientific (formerly Life Technologies) under the brand of 

InvitorgenTM custom DNA oligos. All primers were diluted with nuclease-free water to a stock 

concentration of 50 μM. A primer volume ratio of 1:1 was used for primer mixes. Primers and 

primer mixes were stored at −20°C. 

 

Melting temperatures ™ were calculated using the online Tm calculator from New England 

BioLabs (Version 1.13.0). Annealing temperature used for PCR with respective primer mixes 

were indicated in bold.  
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Table 2: List of primers 

 

 

(To be continued next page.) 

  

Set1 (Tiller_20’8 5' L-VH Mix)81   

Name Sequence  Tm  

5´ L-VH 1 ACAGGTGCCCACTCCCAGGTGCAG 70°C 

5´ L-VH 3 AAGGTGTCCAGTGTGARGTGCAG* 60-62°C 

5´ L-VH 4/6  CCCAGATGGGTCCTGTCCCAGGTGCAG 67°C 

5´ L-VH 5 CAAGGAGTCTGTTCCGAGGTGCAG 58°C 

*calculated annealing temperature for multiplex primer set (57°C)* 

Set1 (Tiller_20’8 5' AgeI VH Mix)81 

Name Sequence  Tm  

5‘ AgeI VH1  CTGCAACCGGTGTACATTCCCAGGTGCAGCTGGTGCAG  76°C 
5‘ AgeI VH1/5 CTGCAACCGGTGTACATTCCGAGGTGCAGCTGGTGCAG  75°C 

5‘ AgeI VH3 CTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGAG  73°C 

5‘ AgeI VH3-23 CTGCAACCGGTGTACATTCTGAGGTGCAGCTGTTGGAG  72°C 

5‘ AgeI VH4 CTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGGAG  75°C 

5‘ AgeI VH4-34 
CTGCAACCGGTGTACATTCCCAGGTGCAGCTACAGCAG

TG  
74°C 

5‘ AgeI VH1-18 CTGCAACCGGTGTACATTCCCAGGTTCAGCTGGTGCAG  74°C 

5‘ AgeI VH1-24 CTGCAACCGGTGTACATTCCCAGGTCCAGCTGGTACAG  73°C 

5‘ AgeI VH3-33 CTGCAACCGGTGTACATTCTCAGGTGCAGCTGGTGGAG  73°C 

5‘ AgeI VH3-9 CTGCAACCGGTGTACATTCTGAAGTGCAGCTGGTGGAG  72°C 

5‘ AgeI VH4-39 CTGCAACCGGTGTACATTCCCAGCTGCAGCTGCAGGAG  75°C 

5‘ AgeI VH6-1 CTGCAACCGGTGTACATTCCCAGGTACAGCTGCAGCAG  74°C 

*calculated annealing temperature for multiplex primer set (57°C)* 

Set 1(Tiller_2008)81  reverse primers  

Name Sequence  Tm  

3´Cµ CH1 (γ) GGAAGGTGTGCACGCCGCTGGTC 69°C 

3´ IgG _internal GTTCGGGGAAGTAGTCCTTGAC 58°C 
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(To be continued next page.) 

 

Set2 (Ippolito_2012)86,88 

Ippolito_VH1-fw  CAGGTCCAGCTKGTRCAGTCTGG** 60-66°C 

Ippolito_VH157-

fw 

CAGGTGCAGCTGGTGSARTCTGG** 64-67°C 

Ippolito_VH2-fw CAGRTCACCTTGAAGGAGTCTG** 55-58°C 

Ippolito_VH3-fw GAGGTGCAGCTGKTGGAGWCY** 60-64°C 

Ippolito_VH4-fw CAGGTGCAGCTGCAGGAGTCSG** 67°C 

Ippolito_VH4-

DP63-fwd  

CAGGTGCAGCTACAGCAGTGGG 64°C 

Ippolito_VH6-fw CAGGTACAGCTGCAGCAGTCA 60°C 

Ippolito_VH3N-fw TCAACACAACGGTTCCCAGTTA 57°C 

*calculated annealing temperature for multiplex primer set (63°C)* 

** degenerated primer: K represents G or T; R represents A or G, S represents C or G, W 
represents A or T, Y represents C or T 

Set2 (Ippolito_2012)86,88 reverse primers 

Ippolito_IgM_all_r

ev  

GGTTGGGGCGGATGCACTCC 65°C 

Ippolito_IgG_all_r

ev  

SGATGGGCCCTTGGTGGARGC* 65-67°C 

* degenerated primer: K represents G or T; R represents A or G, S represents C or G, W 
represents A or T, Y represents C or T 

oPR(1)-IGHV  

Name Sequence  Tm 

IGHV_Opt1_1_fw AGGTGTCCAGTGTGAGGTGCA 62°C 

IGHV_Opt1_2_fw AGCTCCCAGATGGGTCCTGT 61°C 

IGHV_Opt1_3_fw ACTTTGTTCCACGCTCCTGCT 60°C 

IGHV_Opt1_4_fw TCCCAGGTTCAGCTGGTGCA 62°C 

IGHV_Opt1_5_fw TCCTCTTCTTGGTGGCAGCAG 60°C 

IGHV_Opt1_6_fw TCACAGGTACAGCTGCAGCAGT 62°C 

IGHV_Opt1_7_fw ATGGGGTCAACCGCCATCCT 62°C 

IGHV_Opt1_8_fw AGGTGTCCAGTGTCAGGTGCAG 63°C 

IGHV_Opt1_9_fw ACACACTCCTGCTGCTGACCAC 63°C 

*calculated annealing temperature for multiplex primer set (54°C)* 
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(To be continued next page.) 

 

 

 

oPR(3)-IGHV  

Name Sequence  Tm  

IGHV_Opt3_1_fw AGTGTGAGGTGCAGCTGGTGGAGTC 66°C 

IGHV_Opt3_2_fw CACCTGTGGTTCTTCCTCCTCCTGGTG 66°C 

IGHV_Opt3_3_fw ATGGGTCCTGTCCCAGGTACAGCT 65°C 

IGHV_Opt3_4_fw TTTGGGCTGAGCTGGGTTTTCCTCGTT 66°C 

IGHV_Opt3_5_fw CTTTGTTCCACGCTCCTGCTGCTGAC 66°C 

IGHV_Opt3_6_fw GGGTCTTATCCCAGGTCACCTTGAAGGAGT 66°C 

IGHV_Opt3_7_fw ACTCCCAGGTTCAGCTGGTGCAGT 66°C 

IGHV_Opt3_8_fw CCTGGAGGATCCTCTTCTTGGTGGCA 65°C 

IGHV_Opt3_9_fw TGGACCTGGAGGTTCCTCTTTGTGGTG 65°C 

IGHV_Opt3_10_fw TTCTCCAAGGAGTCTGTGCCGAGGTG 65°C 

IGHV_Opt3_11_fw GGGGTGTCCTGTCACAGGTACAGCT 66°C 

IGHV_Opt3_12_fw ACAGGTGCCCACTCCCAAATGCAG 65°C 

IGHV_Opt3_13_fw TCCCCTCCACAGTGAGAGTCTGTGC 66°C 

IGHV_Opt3_14_fw AAAGCTGTCCAGTGTCAGGTGCAGTCTG 65°C 

*calculated annealing temperature for multiplex primer set (59°C)* 

oPR(4)-IGHV  

Name Sequence  Tm  

IGHV_Opt4_1_fw CTGCTGGTGGCAGCTCCC 64°C 

IGHV_Opt4_2_fw TGGAGTTGGGGCTGAGCT 61°C 

IGHV_Opt4_3_fw CGCTGGGTTTTCCTTGTTGCTATTT 60°C 

IGHV_Opt4_4_fw GAGCTGGGTTCTCCTTGTTGC 61°C 

IGHV_Opt4_5_fw CACGCTCCTGCTGCTGAC 61°C 

IGHV_Opt4_6_fw TCCTCTTCTTGGTGGCAGCA 61°C 

IGHV_Opt4_7_fw TGGACTGGACCTGGAGGG 61°C 

IGHV_Opt4_8_fw GGTCAACCGCCATCCTCGC 64°C 

IGHV_Opt4_9_fw TCCTTCCTCATCTTCCTGCCG 61°C 

IGHV_Opt4_10_fw ACTTAAACCCAGGCTCCCCTCCA 65°C 

IGHV_Opt4_11_fw TGATTGCTGAGCTGTTCTGTGCT 60°C 

*calculated annealing temperature for multiplex primer set (62°C)* 
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(To be continued next page.) 

oPR(5)-IGHV  

Name Sequence  Tm 

IGHV _Opt5_1_fw CACCTGTGGTTCTTCCTCCTCC 61°C 

IGHV_Opt5_2_fw CACCTGTGGTTCTTCCTCCTGC 61°C 

IGHV_Opt5_3_fw ATGGAGTTTGGGCTGAGCTGG 61°C 

IGHV_Opt5_4_fw ATGGAGTTGGGGCTGAGCTG 61°C 

IGHV_Opt5_5_fw TGGAGTTTTGGCTGAGCTGGG 61°C 

IGHV_Opt5_6_fw ACTTTGCTCCACGCTCCTGC 62°C 

IGHV_Opt5_7_fw ATGGACTGGACCTGGAGCATC 60°C 

IGHV_Opt5_8_fw ATGGACTGGACCTGGAGGTTCC 62°C 

IGHV_Opt5_9_fw ATGGACTGCACCTGGAGGATC 60°C 

IGHV_Opt5_10_fw ATGGACTGGACCTGGAGGGTCTTC 63°C 

IGHV_Opt5_11_fw TCTGTCTCCTTCCTCATCTTCCTGC 61°C 

IGHV_Opt5_12_fw GGACTGGATTTGGAGGGTCCTCTTC 62°C 

IGHV_Opt5_13_fw GCTCCGCTGGGTTTTCCTTG 60°C 

IGHV_Opt5_14_fw TGGGGTCAACCGCCATCC 62°C 

IGHV_Opt5_15_fw GGCCTCTCCACTTAAACCCAGG 61°C 

IGHV_Opt5_16_fw TGGACACACTTTGCTACACACTCC 60°C 

*calculated annealing temperature for multiplex primer set (55°C)* 

oPR(6)-IGHV 

Name Sequence  Tm 

IGHV _Opt6_1_fw GTGGTTCTTCCTCCTCCTGGTG 61°C 

IGHV_Opt6_2_fw GGCTGAGCTGGGTTTTCCTTGTTG 62°C 

IGHV_Opt6_3_fw ATGGAGTTGGGGCTGAGCTG 61°C 

IGHV_Opt6_4_fw TGGACTGGACCTGGAGGATC 59°C 

IGHV_Opt6_5_fw GACATACTTTGTTCCACGCTCCTGC 61°C 

*calculated annealing temperature for multiplex primer set (57°C)* 

Ozawa_2006117 reverse primers 

Name Sequence  Tm  

Ozawa_Cg-RT_rev AGGTGTGCACGCCGCTGGTC 67°C 

Ozawa_Cg-1st_rev CGCCTGAGTTCCACGACACC 62°C 

Ozawa_Cm-RT_rev ATGGAGTCGGGAAGGAAGTC 57°C 

Outer_kappa_rev GGTGACTTCGCAGGCGTAG 68°C 

Outer_lambda_1_rev GCCGCGTACTTGTTGTTGC 68°C 
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M13 (pCR4-TOPO) 

Name Sequence  Tm  

M13_fw GTAAAACGACGGCCAG 51°C 

M13_rev CAGGAAACAGCTATGAC 47°C 
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3.2 Methods 

3.2.1 Preparation of single cell cDNA from human donors  

3.2.1.1 Peripheral Blood Mononuclear Cell (PBMC) isolation 

Blood samples from healthy individuals were collected at the blood bank of the University 

hospital Cologne in accordance with the requirements of the local Institutional Review Board 

(IRB; protocol number 16–054, University of Cologne, Cologne, Germany). Written informed 

consent was obtained from all individuals. 

 

The presented method of peripheral blood mononuclear cell (PBMC) isolation separates the 

human blood cells by their density and facilitates the collecting of PBMCs without erythrocyte 

contamination. The whole blood was aliquoted in 50 ml falcon tubes, 2 mM EDTA were added 

and the blood was diluted in a ratio of 1:2 with Hanks’ Balanced Salt Solution (HBSS). PBMC 

isolation was performed using Accuspin Tubes (50 ml). Accuspin Tubes were prepared by 

adding 15 ml Histopaque and centrifugated at 20°C and 800 relative centrifugal force (rcf) for 

one minute. Afterwards, a minimum of 10 ml and a maximum of 25 ml sample was added on 

top of the membrane followed by a centrifugation step that was performed at 20°C for 15 

minutes at 900 rcf without brakes or acceleration. All further steps were performed on ice. 

PBMCs of each Accuspin Tube, visible as a dense band at the plasma/ Histopaque interface, 

were carefully collected by means of a pipette and transferred into separate 50 ml falcon tubes 

containing 25 ml cold Roswell Park Memorial Institute (RPMI)-Medium with 10% fetal bovine 

serum (FBS). Afterwards, the cells were centrifuged at 400 rcf for 25 minutes. The supernatant 

was discarded. Either direct proceeding with CD19 isolation was performed or PBMCs were 

cryopreserved with FBS and 10% DMSO and stored at the -80°C freezer for 24 hours before 

transferring to a -50°C freezer for long-term storage. 

 

3.2.1.2 CD19 isolation from PBMCs with Miltenyi Microbeads 

CD19+ cells were isolated from PBMCs with a positive selection kit via magnetic activated cell 

separation (MACS). According to the manufacturer’s instructions, we used micro beads to 

magnetically label CD19+ cells and separate them with a specific column. However, the 

volume of the CD19 micro beads was reduced to 20% of the volume suggested by the 

manufacturer. 
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3.2.1.3 Fluorescence-activated cell sorting (FACS) for naive and antigen-experienced 

single cells 

 

3.2.1.4 Cell preparation 

CD19+ cells isolated from PBMCs were spun down and resuspended in 100 µl FACS buffer.  

 

A first sort was performed with 3 x106 CD19+ PBMCs. Compensation controls were prepared 

with one unstained probe and respectively one probe for each single stain. 4’,6-diamidino-2-

phenylindole (DAPI) was used to stain fixed cells. Staining was performed with CD19 (APC-

H7 Mouse Anti-Human CD19), CD20 (Alexa Fluor 700 mouse anti-human CD20), IgG-APC 

(APC mouse anti-human IgG), and IgM-FITC (FITC mouse anti-human IgM).  

 

Table 3: Dilutions of antibodies and staining reagents used for single-cell sort 

Antibody/ stain Dilution  

DAPI  1:100 

APC-H7 Mouse Anti-Human CD19 na 

APC mouse anti-human IgG  1:20 

Alexa Fluor 700 mouse anti-human CD20 1:80 

FITC mouse anti-human IgM 1:5 

 

After 20 minutes incubation on ice under light-protected conditions the samples were washed 

again in 15 ml FACS buffer. Afterwards, the cells were spun down for 10 minutes at 400 g, the 

supernatant was discarded and the pellet was resuspended again in 2 ml FACS buffer. The 

strainer caps were wet with PBS before filtering the samples through. Then probes were gently 

vortexed and loaded onto the sorter, using the BD FACS Aria Fusion cell sorter. 
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3.2.1.5 Single Cell sorting 

The BD FACS Aria Fusion was used for all cell sorts and analyses. Lymphocyte populations 

were identified in the FCS-A/SSC-A and single cells in the FCS-H/FCS-A. Gating was set to 

DAPI negative cells in FCS-A/DAPI. To identify B cells FCS-A/CD20 and FCS-A/CD19 cells 

were plotted, and gaiting was set to CD19+ and CD20+ cells. The final sorting gate was set up 

by displaying the bait protein against IgM or IgG and gaiting into the respectively IgM+ or IgG+ 

fraction was performed. Naive single B-cells, here defined as CD20+IgM+IgG-, and antigen 

experienced single B cells, defined as CD20+IgM-IgG+ cells, were sorted into 96-well PCR 

plates. Each well contained 4 µl of lysis buffer. 

 

Table 4: Composition of lysis buffer  

Component  Amount per well (µl) Final concentration  

Nuclease-free H2O  3.1  

RNAsin (40 U/µl) 0.2 2 U/µl 

RNase Out (40 U/µl)  0.1 1 U/µl 

PBS (10x)  0.2 0.05x 

DTT (100 mM)  0.4  1 mM  

Sum  4  

 

Plates, which now contained ribonucleic acid (RNA) of the lysed single cells, were sealed with 

adhesive PCR foil and were directly frozen at -80°C.  

 

A second single cell sort, for CD20+IgM-IgG+ single cells only, was performed with 1.75 x106 

PBMCs. The same protocol, including the same staining and gaiting panel was used, except 

for reduction by CD19 APC-H7.  

 

Figure 7: Gating strategy for single cell sorting of antigen-experienced B cells 
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3.2.1.6 Reverse Transcription (RT) 

Total RNA from single cells was reverse transcribed into cDNA in the original 96-well sorting 

plate. The following steps were performed in a specifically prepared room for cDNA 

preparation, where no plasmid experiments take place. To exclude any kind of RNase or DNA 

contamination, all surfaces were wiped with RNase/DNA AWAY prior to the experiments. The 

plates were thawed on ice directly before the RT experiment.  

 

Firstly, a Random Hexamer Primer Mix (RHP-mix) was prepared. 

 

Table 5: Random Hexamer Primer (RHP) Mix 

reagent per plate*  per well  final conc.  

Random Hexamer Primer (200 ng/µl)   75 µl 0.75 µl 21.43 ng /µl 

NP-40 (10% (vol/vol))  50 µl 0.5 µl 0.71%(vol/vol) 

RNaseOUT (40 U/µl) 15 µl 0.15 µl 0.86 U /µl 

RNase free water  560 µl 5.60 µl  

Sum 700 µl 7 µl   
* calculated for 100 wells (4 extra wells) when using a multichannel pipette to avoid shortage in the 
last wells 
 

7 µl of the RHP-mix were added to each well and carefully pipetted up and down. A 12-channel 

pipette was used to facilitate these steps. The plate was heated up to 65°C for one minute and 

afterwards placed on ice again for at least two minutes. Meanwhile the Reverse Transcription 

mix (RT mix) was prepared.  
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Table 6: Reverse Transcription (RT) Mix 

reagent per plate*  per well  final conc.  

RNase free water 205 µl 2.05 µL  

5x RT Buffer 300 µl 3 µl 2.1x  

DNTPs (25mM) 50 µl 0.5 µl 1.8 mM 

DTT (100mM) 100 µl  1 µl 14 mM 

RNasin (40 U/µl) 10 µl 0.1 µl 0.57 U /µl 

RNaseOUT (40 U/µl) 10 µl 0.1 µl 0.57 U /µl 

RT SuperScript IV** (200 U/µl) 250 µl 0.25 µl 7.14 U /µl  

Sum 700 µl 7 µl   
* calculated for 100 wells (4 extra wells) when using a multichannel pipette to avoid shortage in the 
last wells 
** Note: first experiments were performed using SuperScript III with the exact same protocol  
 

7 µl of the RT mix was added to each well. Plates were covered with adhesive foil before briefly 

rinsing at 2000 rpm and incubating at room temperature for 10 to 15 minutes. RT was 

performed in a thermocycler first at 42°C for 10 minutes and then successively at 25°C for 10 

minutes, at 50°C for 60 minutes and finally at 94°C for 5 minutes. Subsequently, the plates, 

which now contained the cDNA of a single B cell in each well, were frozen at -80°C or 

forwarded directly to PCR amplification (3.2.3). 

 

3.2.2 Preparation of BG505SOSIP.664+ single B cells 

3.2.2.1 Sample collection and PBMC isolation 

Blood samples from HIV-1-infected individuals were collected in accordance with the 

requirements of the local Institutional Review Board (IRB; protocol number 16-054, University 

of Cologne, Cologne, Germany). Written informed consent was obtained from all individuals. 

 

PBMCs were isolated density-gradient centrifugation and stored at -150°C in 90% FBS and 

10% DMSO until further use.  

 

3.2.2.2 Single Cell Sort for HIV specific B Cells 

The IgG+ Memory B Cell Isolation Kit (Miltenyi Biotec) was used to isolate B cells from PBMCs. 

Isolated cells were labeled with anti-human CD19-AF700 (BD), anti-human IgG-APC (BD), 

DAPI, and the respective HIV-1 Env bait. Therefor they were placed for 30 minutes on ice. 
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BG505SOSIP.664-Green fluorescent protein (-GFP) was used as HIV-1 Env bait. Env-reactive 

CD19+IgG+DAPI- single cells were sorted into 96-well plates containing 4 ml of lysis buffer as 

described above. Plates were stored at -80°C until further use. Afterwards, single cell cDNA 

synthesis was performed by reverse transcription as described above (3.2.1.6). 

 

Table 7: Dilution of fluorescently labeled antigen used for (HIV-1-specific) single-cell 
sort 

Labeled antigen Final concentration Dye Conjugation 
method 

Estimated dye/ 
protein ratio  

BG505-SOSIP 15 µg/ml GFP Fusion protein 1:1 

 

 

 

Figure 8: Gating strategy for HIV-1-specific B cells 

 

3.2.3 Immunoglobulin gene amplification on single B cell level  

3.2.3.1 PCR protocol for immunoglobulin gene amplification on single B cells 

The target region of the single cell PCR experiments encompassed the heavy and light chain 

loci of the respective B cell. IgH, Igλ and Igκ V gene transcripts were amplified in independent 

experiments by nested or semi-nested PCR. If not indicated otherwise, 4 μl of single cell cDNA 

were used as template, allowing up to four different PCRs on one single B cell. Either PCR 

amplification for heavy, kappa and lambda chain or different primer sets on one chain were 

performed on each lysed single cell for comparison and analysis. First PCR reactions were 
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performed in 96-well plates in a total volume of 4 µl cDNA plus 38 μl 1st PCR-Mix per well. 

Different forward primer sets (Table 2) and corresponding reverse primers were tested under 

standardized conditions as followed. 

 

Table 8: 1st PCR mix 

reagent per plate  per well  final conc.  

Nuclease free water  3253 µl 32.53 µl  

10x Taq Buffer 448 µl 4.48 µl 1.18x 

dNTP (25mM) 48 µl  0.48 µl 0.31 mM 

5’ primer (50mM) 15 µl 0.15 µl 0.2 µM 

3’ primer (50mM) 15 µl 0.15 µl 0.2 µM 

HotstarTaq 5 U/µl) 21 µl 0.21µl 1.05 U/reac. 

Sum  3800 µl 38 µl   

Table 9: 1st PCR cycler program 

temperature time repetition 

94°C 10 min 1x 

94°C 30 sec  

X °C* 30 sec 50x 

72°C 55 sec  

72°C 10 min 1x 

4°C hold 

*annealing temperature depending on used primer set (see Table 2). 

 

Nested or semi-nested 2nd PCR reactions with gene-specific primer mixes were performed with 

3.5 μl of unpurified first PCR product plus 38 μl 2nd PCR mix per reaction. 
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Table 10: 2nd PCR Mix 

reagent per plate*  per well  final conc.  

Nuclease free water  2428 µl 24.28 µl  

10x Taq Buffer 444 µl 4.44 µl 1,17x 

loading buffer** 829 µl  8.29 µl  

dNTP (25mM) 47 µl 0.47 µl 0.31 mM 

5’ primer (50µM) 15 µl 0.15 µl 0.2 µM 

3’ primer (50µM) 15 µl 0.15 µl 0.2 µM 

HotstarTaq 21 µl 0.21 µl 1.05 U/reac. 

Sum 3800 µl 38 µl   

*calculated for 100 wells (4 extra wells) if using a multi-channel pipette to avoid shortage in the last wells  
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Table 11: 2nd PCR cycler program 

temperature time repetition 

94°C 10 min 1x 

94°C 30 sec  

X°C* 30 sec 50x 

72°C 45 sec  

72°C 10 min 1x 

4°C hold 

*annealing temperature depending on used primer set (see Table 2). 

 

First experiments were performed with the Qiagen HotstarTaq as described above. During our 

workflow we changed our standard polymerase to the PlatinumTaq DNA Polymerase by 

ThermoFisher and proceeded with the following changes in protocol: 1st PCR reactions were 

performed in 96-well plates in a total volume of 4 µl cDNA plus 38 μl 1st PCR mix (Platinum) 

per well. 

 

Table 12: 1st PCR Mix (PlatinumTaq) 

reagent per plate* per well final conc. 

Nuclease free water 2940 µl 29.4 µl  

10X Green PCR Buffer  410 µl 4.1 µl 1.1x 

KB Extender (6%)  246 µl 2.46 µl 0.4% 

50 mM MgCl2  123 µl 1.23 µl 1.6 mM 

dNTPs (25 mM each)  33 µl 0.33 µl 0.22 µM 

5’ primer (50 µM) 16,5 µl 0.16 µl 0.22 µM 

3’ primer (50 µM) 16,5 µl 0.16 µl 0.22 µM 

Platinum Taq (10 U/µl) 16,5 µl 0.16 µl 0.04 U/µL 

Sum 3800 µl 38 µl  
*calculated for 100 wells (4 extra wells) when using a multichannel pipette to avoid shortage in the last 
wells 
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Table 13: 1st PCR cycler program (PlatinumTaq) 

temperature time repetition 

94°C 2 min 1x 

94°C 30 sec  

X °C* 30 sec 50x 

72°C 55 sec  

4°C hold  

*annealing temperature depending on used primer set (see Table 2). 
 

For nested or semi-nested 2nd PCR 4 µl unpurified 1st PCR product and 19 µl 2nd PCR mix 

(Platinum) were used. 

 

Table 14: 2nd PCR Mix (PlatinumTaq)  

reagent per plate* per well  final conc.  

Nuclease free water 1477 µl 14.7 µl  

10X Green PCR Buffer  206 µl 2.05 µl 1.1x 

KB Extender (6%)  123.5 µl  1.23 µl 0.4% 

50 mM MgCl2  61.8 µl 0.62 µl 1.6 mM 

dNTPs (25 mM each)  16.5 µl 0.16 µl 0.22 µM 

5’ primer (50 µM) 8.25 µl 0.08 µl 0.22 µM 

3’ primer (50 µM) 8.25 µl 0.08 µl 0.22 µM 

Platinum Taq (10 U/µl) 8.25 µl 0.08 µl 0.04 U/µl 

Sum 1900 µl 19 µl   
*calculated for 100 wells (4 extra wells) when using a multichannel pipette to avoid shortage in the last 
wells 
 

Table 15: 2nd PCR cycler program (PlatinumTaq) 

temperature time repetition 

94°C 2 min 1x 

94°C 30 sec  

X °C* 30 sec 50x 

72°C 45 sec  

4°C hold  

*annealing temperature depending on used primer set (see Table 2) 
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All 2nd PCR products were checked by agarose gel electrophoresis as follows. Bands were 

expected according to the used forward and reverse primer at 370-519 bp. 

 

3.2.3.2 Agarose gel electrophoresis 

The agarose gel electrophoresis was methodically used to separate DNA fragments by an 

electrical field according to their individual length. To obtain a 2% agarose gel with 6 rows à 

50 lanes, 8 g agarose were boiled in 400 ml 1x TAE buffer for 2 minutes and carefully shook 

manually. The suspension was boiled until the agarose was fully dissolved and became totally 

clear. The suspension was cooled down to around 40°C before SYBR safe was added in a 

dilution of 1:20.0000. The suspension was shaken manually until the mixture was 

homogeneously colored. The gel was poured directly afterwards, avoiding air bubbles and 

cooled down until it solidified and turned milky dull. Then the gel was covered with 1x TAE 

Buffer and loaded with 8 µl of PCR products per lane. 6 µl GeneRuler 1 kb Plus DNA ladder 

were loaded in the first and last lane of each row as size indicator. The gels were usually run 

at 150 to 200 volt until the dye line was approximately 80% of the way down the gel. For 

visualization of the DNA fragments the BioRAD Gel DocTM XR+ Imaging system was used 

and gels were photographed for documentation and analysis. 

 

3.2.3.3 Scoring of visualized PCR products 

A visible band at the correct height was encoded with “1” or with the color green, meaning a 

positive coverage. No band or bands with incorrect length were encoded with “0” or colored 

grey/black. If triplicates or quadruplicates were performed, the cut off for “1” was set to at least 

2 out of 3 correct bands or at least 3 out auf 4 correct bands.  

 

3.2.3.4 Special PCR conditions for touch-up cycle PCR using primer Set2  

Primer Set2 was designed for the bulk amplification of IGHV sequences in human and 

mice.86,88 Amplification on single cell cDNA had not been described with this primer set in the 

literature before. We therefore adapted the cycler program recommended from the authors` 

protocol to single cell PCR amplification and extended the replication step from 20 to 42 cycles. 

In addition, we performed a semi-nested second PCR with a reverse primer (Ozawa_cg_rt) 

binding closer to the 5’ end. 
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Table 16: 1st and 2nd single cell PCR cycler program for Set2 

temperature  time repetition 

94°C 10 min 1x 
92°C 1 min   
50°C 1 min  4x 
72°C 1 min   
92°C 1 min   
55°C 1 min  4x 
72°C 1 min   
92°C 1 min   
63°C 1 min  42x 
92°C 1 min   
74°C 7 min  1x 
4°C hold   

 

3.2.4 OpenPrimeR 

3.2.4.1 Computation of the OpenPrimeR design tool 

OpenPrimeR is a newly constructed primer design tool, which intends to help researchers 

generate primer sets that are suitable for the amplification of diverse immunological templates 

and overcome difficulties presented by high mutational burden.90 

It provides a clear and easy-to-use interface. It can be used to evaluate existing primer sets or 

design new primers for highly diverse templates. To generate an optimized primer set with a 

minimum of different primers and to provide full template coverage, the program uses a greedy 

algorithm or an integer linear program (for details see Döring et al., 2019, Scientific Reports).60 

The program supports the operating systems Linux, macOS, and Windows and is openly 

available at http:// openprimer.mpi-inf.mpg.de/.60 For full program usage, the installation of the 

additional programs MELTING118, ViennaRNA119, and OligoArrayAux120 is required.  

 

openPrimeR provides both, (1) an evaluation mode to test available primer sets for their 

coverages on uploaded templates and analyze primer set properties, as well as (2) a design 

mode, in which de novo multiplex primer sets can be designed with full template coverage of 

a priorly set region of interest (ROI). 
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Figure 9: openPrimeR evaluation and design mode for primers targeting highly divers 
templates  
openPrimeR provides both, a reliable evaluation mode for the evaluation of existing primers 
and a design mode to generate de novo primer sets that effectively amplify a ROI from a set 
of diverse templates, such as immunoglobulin receptors or pathogen variants. ROI= region of 
interest This figure and figure legend were published in the Journal of Immunological Methods 
(2020) by Kreer et al. and is used in approval with all co-authors. (Used with courtesy of 
Creative Commons Attribution- Share Alike 4.0. International License, 
https://creativecommons.org/licenses/by-sa/4.0/) 
 

In both modes, a three stepped workflow is followed: (I.) Template definition: user can choose 

an immune template from the integrated database or upload individual templates in FASTA or 

CSV format. An individual region of interest can be defined manually. In evaluation mode, 

individual primers can be uploaded or be chosen from an integrated selection of published 

primer sets. (II.) Setting configuration: user can select and define permissible ranges for 

physicochemical property constraints, coverage conditions, and PCR settings (see Table 17) 

as individually needed. Depending on the selected mode, the final computation step is 

completed by either presenting an optimized primer set or a comprehensive analysis of the 

primer set of interest. openPrimeR provides results within comprehensive but clear graphs or 

tables. Results can be obtained directly in the program or be downloaded as CSV files. 
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The openPrimeR program was developed by Matthias Döring, M.Sc. in Bioinformatics, at the 

Max-Planck-Institute for Informatics, Saarbrücken. The experimental part of the program’s 

adjustment, as well as the systematically process of in silico to in vitro and vice versa learning 

was performed in the laboratory of experimental immunology of Prof. Dr. Florian Klein. All in 

vitro experiments presented in this thesis were performed by Nathalie Lehnen (doctoral 

candidate), whereas computational optimization of the program was carried out by Matthias 

Döring and Christoph Kreer. Evaluation of PCR amplification status was performed by all five 

contributors: Matthias Döring, Seda Meryem Ercanoglu, Lutz Gieselmann, Christoph Kreer 

and Nathalie Lehnen.  
 
Table 17: openPrimeR design mode options and range settings 
* Annealing energy is determined with MELTING118 and binding events are only counted if their 
binding energy is below the adjusted threshold.† Amplification efficiency is determined with 
DECIPHER121 and binding events are only counted if their efficiency is within the adjusted 
range. (‡ The logistic regression model60 was developed during the process of this thesis and 
was added after the generation of the oPR(5)-IGHV Set. It estimates a false positive rate for 
each binding event prediction and only events below the adjusted threshhold are counted)  
# Free energy (ΔG) is calculated for secondary structures and dimerization events with 
OligoArrayAux120and ViennaRNA119, respectively. Primers with free energies below the 
adjusted threshold are considered to violate the constraint. This table was published in the 
Journal of Immunological Methods (2020) by Kreer et al. and is used in approval with all co-
authors. (Used with courtesy of Creative Commons Attribution- Share Alike 4.0. International 
License, https://creativecommons.org/licenses/by-sa/4.0/) 
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3.2.4.2 Optimization of primers in openPrimeR 

The following target functions were formulated by C. Kreer and were published by Kreer et al. 

(Co-author N. Lehnen) in 2020 in the Journal of Immunological Methods.90 They are used with 

courtesy of Creative Commons Attribution- Share Alike 4.0. International License, 

https://creativecommons.org/licenses/by-sa/4.0/ 

In openPrimeR the optimization of primers aims to select a minimal set of primers with the 

highest coverage ratio while taking into account given design constraints.  

Two major selected optimization constraints were defined to design our primer sets. The first 

constraint is formulated for the maximal allowed difference in melting temperatures (ΔTm ≥ 0). 

Primers are subdivided in subsets with minimal ranging melting temperatures [T1,T2] with T2 

− T1 ≤ ΔTm. The SCO is addressed in each primer subset and the smallest primer set with the 

best coverage is selected. The second constraint is on the minimal allowed free energy of 

cross-dimerization (ΔGcd
min ≤ 0 C). C. Kreer formulated a binary dimerization matrix to describe 

the prevention from cross dimerization as followed:  

“Given a primer set P = {p1, p2, …, p∣P∣} and let ΔG(pi, pj) indicate the free energy of 

dimerization for primers pi and pj., the dimerization matrix D ∈ {0,1}∣P∣×∣P∣ is defined by 

 

such that Dpi,pj = 1 indicates that primers pi and pj dimerize according to ΔGcd
min.” 90  

Again, the program tries to solve the SCD by integrating a greedy algorithm or an integer linear 

program (ILP). In the case of applied greedy algorithm, the program selects a compatible 

primer with maximal coverage in each repetition round. Compatibility is given when for primer 

pi in combination to all selected primers pj Dpi, pj = 0. When a primer pi is added to the 

processing set, the primer’s coverage events are registered and no longer need to be 

addressed by the following selection rounds of primers. If full coverage is achieved or no further 

compatible primer can be detected, the algorithm stops automatically.  

The ILP used in the program relies on the branch-and-bound algorithm of lpsolve.122 If the ILP 

is applied for primer design the following definition, formulated by C Kreer, is needed: “Let T = 

{t1, t2, ..., t|T|} indicate the set of templates. The indicator vector x ∈ {0,1}|P| shows whether pj 

is included in the optimal set or not by defining it as  
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The coverage information is sum up in the coverage matrix C ∈ {0,1}|T| x |P|, which is defined by 

 
The ILP is given by 

 
subject to  

” 90 

The formulated target function includes both, a side constraint to provide the coverage of each 

template by at least on primer and a constraint to restrict cross-dimerizing, while selecting a 

minimal set of primers.  
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3.2.5 Preparation of the IGHV gene library 

3.2.5.1 Schematic Workflow of the IGHV gene library preparation 

 
Figure 10: Schematic Workflow of the IGHV gene library preparation 
(1) Whole blood donation from healthy individuals from the blood bank of the University 
hospital Cologne (2) Isolation of human peripheral blood mononuclear cells (PBMCs) by 
density gradient centrifugation (3) Isolation of CD19+ B cells via magnetic cell separation 
(MACS) (4.+5.) Bulk Fluorescence cell sorting of CD20+IgM+IgD+IgG- B cells (6) Using the 
Clontech SMARTer 5’RACE kit as an unbiased and fast cDNA transcription and PCR 
amplification method (7) Preparing the template for TOPO Cloning by adding adenine 
overhangs to the blunt PCR products (8) Inserting the PCR products into the pCR4-plasmid 
vector via TOPO Cloning (9) Transformation with competent DH4α E. coli. To check for 
successful transformation, colony-PCRs were performed on each selected clone (not shown) 
and it was only proceeded with step 10, if PCR results were positive (10) DNA preparation, 
using the NucleoSpin 96Plasmid kit from Macherey-Nagel to simultaneously perform 96 Mini 
preps (11) Sanger Sequencing outsourced to eurofins and GATC, Sequence annotation via 
IgBlast, Filtering sequences by fixed constraints (12) Completing the IGHV gene library with 
MIDI Preps of one of the 47 IGHV genes in each well. Repeating step (7) to (11) multiple times 
to cover at least one of each of the 47 IGHV genes. 

 

3.2.5.2 Fluorescence-activated cell sorting (FACS)– Bulk sort for naive B cells (I) 

For the preparation of the IGHV gene library PBMCs were isolated and cell preparation was 

performed according to the protocols described in section 3.2.1.1. PBMCs were first positively 

selected for CD19+ cells by CD19 MicroBeads from MACS Miltenyi Biotec. Equal volumes of 

patient samples (#32-38 and #39-47) were pooled together. Staining was performed using 

DAPI, Alexa Fluor 700 mouse anti-human CD20, APC mouse anti-human IgG, human IgD- 

PE-Cy7, FITC mouse anti-human IgM. 
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Table 18: Dilutions of antibodies and staining reagents used for bulk sort (I) 

Antibody/ stain Dilution  

DAPI  1:100 
APC mouse anti-human IgG  1:20 
Alexa Fluor 700 mouse anti-human CD20 1:20 
FITC mouse anti-human IgM 1:5 
hu IgD- PE-Cy7 1:20 

 

2,5 ×105 CD20+IgM+IgD+IgG- B cells were sorted. Cells were harvest by centrifugation and 

pellets were frozen at -80°C. 

 

3.2.5.3 Fluorescence-activated cell sorting (FACS)– Bulk sort for naive B cells (II) 

Again, PBMCs were first positively selected for CD19+ cells by CD19 MicroBeads from MACS 

Miltenyi Biotec. Equal volumes of patient samples (#165-172) were pooled together. Staining 

was performed using DAPI, Alexa Fluor 700 mouse anti-human CD20, APC mouse anti-human 

IgG, hu IgD- PE-Cy7, hu CD27-PerCPCy5.5 and FITC mouse anti-human IgM. hu CD27-

PerCPCy5.5. CD27, known to be an additional marker on memory B cells, was added to the 

protocol for negative gaiting, due to a relatively high amount of mutated B cells in the first sort. 

 

Table 19: Dilutions of antibodies and staining reagents used for bulk sort (II) 

Antibody/ stain Dilution  

DAPI  1:100 

APC mouse anti-human IgG  1:20 

Alexa Fluor 700 mouse anti-human CD20 1:80 

FITC mouse anti-human IgM 1:5 

hu IgD- PE-Cy7 1:20 

hu CD27-PerCPCy5.5 1:10 

 

 

Figure 11: Gating strategies for bulk sorting: naive CD20+IgM+IgD+IgG-CD27- B cells 
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Again, about 2.5 ×105 CD20+IgM+IgD+IgG-CD27- B cells were sorted. Cells were harvest by 

centrifugation and pellets were frozen at -80°C. 

 

3.2.5.4 Automated RNA Isolation on QiaCube with the RNeasy Micro Kit 

Bulk sorted pellets were thawed, resuspended in 350 µl RLT lysis buffer and vortexed for 1 

minute to homogenize. Then the RNA was purified via QiaCube according to the vendor`s 

standard protocol but without DNase I. The elution was carried out with 25 µl. Concentration 

and purity were determined by nano drop One spectral photometer from Thermo Fisher 

Scientific. 

 

3.2.5.5 Bulk 5’ Rapid amplification of cDNA ends (RACE) via SMARTer RACE 

The Clonetech SMARTer ®RACE 5’/3’-Kit was used as an unbiased and fast cDNA-

transcription combined with a PCR amplification method. cDNA was produced according to 

the manufacturer’s instructions via Clontech. The protocol was performed as provided in the 

manual for mRNA isolation by QiaCube. Firstly, the buffer mix and the 5’- Race-Ready cDNA 

synthesis were prepared as follows:  

 

Table 20: 5’-RACE Buffer Mix 

Reagent Volume (µl) 

5X First-Strand Buffer 4.0 
100 mM DTT 0.5 
20 mM dNTPs 1.0 
Total 5.5  

 

3.2.5.1.1 5’-RACE-Ready cDNA preparation 

As in the standard protocol, the oligo-dT reverse primer (5’-CDS Primer A) was used. 10 µl of 

RNA and 1 µl of 5’-CDS Primer A were combined in a separate microcentrifuge tube. Tubes 

were incubated at 72°C for 3 minutes, then cooled down to 42°C for 2 minutes. After cooling, 

the the tubes were spun briefly for 10 seconds at 14.000 x g to collect the contents at the 

bottom. For 5’-RACE cDNA synthesis reaction(s) 1 μl of the SMARTer II A Oligonucleotide 

was added per reaction. Master mix for all 5’- RACE-Ready cDNA synthesis reactions was 

prepared in the following order:  
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Table 21: 5’-RACE-Ready cDNA synthesis master mix 

Reagent Volume µl 

Buffer Mix from Step 1  5.5 
RNase Inhibitor (40 U/l)  0.5 
SMARTScribe Reverse Transcriptase (100 U)  2 
Total Volume  8 
  

8 µl master mix were added to the denatured RNA, resulting in a total volume of 20 μl per 

cDNA synthesis reaction. Reverse transcription was performed at 42°C for 90 minutes and 

70°C for 10 minutes. The first-strand cDNA synthesis product was diluted with the provided 

Tricine-EDTA Buffer. 

 

3.2.5.1.2 5’ RACE 

5’ RACE of cDNA was performed with the outermost reverse primers to ensure that PCR 

products contained all (reverse-) primer binding sides for planed primer experiments. For each 

chain (heavy, kappa and lambda) a different reverse primer was used, whereas the 10 X 

Universal Primer Mix (UPM) was used as forward primer for all PCR reactions. As reverse 

primers, we used Ozawa_Cm-RT_rev for IGHV amplification, Outer_Kappa_rev for IGKV 

amplification and Outer_lambda_1_rev for IGLV amplification, respectively. 

Table 22: 5’-RACE cDNA amplification primers  

Primer  sequence Tm  

10XU

PM 

Mix 

long primer CTAATACGACTCACTATAGGGCAAGCAGTGGTAT

CAACGCAGAGT 

 

short primer CTAATACGACTCACTATAGGGC  

Ozawa_Cm-RT_rev ATGGAGTCGGGAAGGAAGTC   62°C 

Outer_Kappa_rev GGTGACTTCGCAGGCGTAG 68°C 

Outer_lambda_1_rev GCCGCGTACTTGTTGTTGC 68°C 

 

3.2.5.6 Touch down PCR 

From this step on, the whole protocol was repeated several times to obtain a solid amount of 

colony clones to be analyzed and to cover up (almost) any human germline IGHV gene. 
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The original protocol provided by the manufacturer was modified by using the Q5 polymerase 

(instead of the provided SeqAmp DNA polymerase) and the reaction amount was downscaled 

to 30 µl (instead of 50µl).  

 

Table 23: Q5 PCR Mix 

Reagent Volume (µl) 

10x UPM 3 
Reverse Primer (10 µM) 1.5 
Q5 Mix 15 
Template cDNA 1.5 
ddH2O 9 
sum 30 

 

Table 24: Q5 PCR Touch Down PCR cycler Program  

temperature  time repetition 

98°C 30 sec 1x 

98°C 10 sec 5x 

72°C 30 sec    

98°C 30 sec 5x 

70°C 30 sec  

98°C 30 sec   

62°C /68°C* 30 sec 25x 

72°C 30 sec  

72°C 5 min 1x 

4°C hold   
* melting temperature 62°C for IgH amplification, 68°C for kappa and lambda  

 

30 µl of each PCR reaction were supplemented with 6 µl DNA gel loading dye (6x) and loaded 

on a 1% agarose gel together with GeneRuler 1 kb Plus DNA ladder as size indicator. PCR 

bands were visualized under ultraviolet (UV)-light and carefully cut out. 

 

3.2.5.7 PCR Gel purification and DNA Clean-up  

Before cloning, the purification of cut-out PCR DNA gel bands was performed with the 

GeneJET Gel Extraction and DNA Cleanup Micro Kit from ThermoFisher Scientific according 

to the manufactures protocol. 11 µl elution buffer was used for the elution step of which 1 µl 



3 Material and Methods 

 62 

served for measurement of concentration via nano drop. Due to experienced low end-

concentrations, all remaining 10 µl were used as template for the following A-tailing. 

 

3.2.5.8 A-tailing 

3´ Adenine-overhangs were added to the blunt PCR product to prepare the template for TOPO-

Cloning.  

 

Table 25: A-tailing Mix 

reagent volume final conc.  

Template 10 µl varies  
10x Buffer 2µl  1x 

dATP (10 mM) 0.4 µl 0.2 mM 

Qiagen Hotstartaq 0.2 µl 1 Unit (0,05U/µl) 

Nuclease free water 7.4 µl  

Sum 20 µl   

Reagents were mixed and incubated for 15 minutes at 95°C and for 20 minutes at 70°C. 

Afterwards, the reaction was cooled down to 4°C.  

 

3.2.5.9 TOPO-Cloning 

The TOPO TA Cloning Kit for sequencing (without competent cells) from ThermoFisher 

provided an efficient strategy to insert the Taq-polymerase-amplified PCR product into a 

plasmid vector for further sequencing. The pCRTM4-TOPO plasmid vector was used for all 

TOPO-cloning steps (plasmid map provided in the supplements (Supplement Figure S7). For 

the transformation competent DH5α E. coli cells were used. 4 µl of each A-tailing product was 

used per chain. 

Table 26: TOPO Cloning Mix 

Reagent  Volume 

A-tailing product  4 µl 
pCR4-TOPO Vector 1 µl 
Salt  1 µl 

Reagents were mixed and incubated at room temperature for 5 minutes. The resulting pCR4 

TOPO constructs were transformed into the competent DH5α E. coli by adding 2-4 µl of the 

TOPO Cloning Mix to 50 µl bacteria. After 30 minutes on ice, the transformation was heat-

inactivated at 42°C for 30 seconds. 250 µl SOC-Medium were added and the mixture was 

incubated one hour at 37°C while shaking at 500 rpm. Afterwards, the bacteria were pelleted 
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by centrifugation for 2 minutes at 1000 x g and were resuspended in 50 µl SOC-medium. All 

50 µl were applied thinly and equally on previously prepared Luria broth (LB) agar plates (with 

ampicillin) and incubated over night at 37°C. 

3.2.5.10 Colony PCR on E. coli colonies transformed with pCR4 vector 

Colony PCRs were performed to check whether the transformation succeeded. To this end, 

M13_forward and M13_reverse primers, binding to the vector backbone, were used. 

 

Table 27: Colony PCR master mix 

reagent  per well  final conc.  

Nuclease free water 19.75 µl  

10x Green Buffer w/o Mg 2.5 µl 1x 

50 mM MgCl2 0.75 µl 1.5 mM 

25 mM dNTP mix 0.2 µl 0.2 mM 

M13_fwd (50 µM) 0.1 µl 0.2 µM 

M13_rev (50 µM) 0.1 µl 0.2 µM 

KB Extender 1.5 µl 6% 

Platinum Taq 0.1 µl 2 Units 
Sum 25 µl   

 

96-well plates were prepared with 25 µl PCR mix in each well. LB Agar plates with ampicillin 

were prepared with a grid pattern containing at least 96 boxes. Clones were picked from the 

overnight culture plate with a sterile fine tip. The grid agar plate was inoculated and then the 

tip was dipped in the corresponding PCR mix to dispense the remaining bacteria for the PCR 

reaction. 

 

Table 28: Colony PCR cycler program (Platinum Taq Polymerase) 

temperature  time repetition 

94°C 5 min 1x 

94°C 30 sec  

45°C 30 sec  25x 

72°C 60 sec  

72°C 10 min 1x 

4°C hold 
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The M13 primers bind in the backbone, close to each side of the insert, therefore a correct 

band was expected on the gel at around 830 bp.  

Platinum Taq Green Hot Start DNA Polymerase allows a direct gel loading due to the 10x 

Green Buffer. Samples were loaded on a 2% agarose gel and ran at 150 to 200 volt until the 

dye line passed approximately 80% down the gel. 

 

3.2.5.11 Culturing and DNA-preparation  

Positive clones (detected by a correct band via gel electrophoresis) were collected from the 

previous grid pattern LB Agar plate. Each clone was cultured in 1.5 ml TB-medium at 37°C 

over night. Culture plates from the NucleoSpin 96Plasmid kit from Macherey-Nagel were used 

to culture 96 clones on each plate simultaneously (note that they are not automatically provided 

with the kid).  

 

For the DNA preparation, the NucleoSpin 96Plasmid kit from Macherey-Nagel was used and 

the support protocol ‘Using NucleoSpin 96 Plasmid with Benchtop centrifuge’ was followed as 

instructed by the manufactures protocol, resulting in highly pure plasmid DNA ready for 

sequencing.  

 

3.2.5.12 Sanger Sequencing and annotation 

Sanger sequencing was outsourced to eurofins Genomics and GATC Biotech. All plasmids 

were (according to the manufacturers instruction) diluted to 15 µl at a concentration of 50 to100 

ng/µl. All resulting sequences were investigated for their overall quality (manually and by phred 

score) and only high-quality sequencing results (allowing no phred score under 10) were used 

for further analysis and production. 

 

The annotation software IgBLAST123 was used to annotate heavy and light chain sequences. 

Leader regions were aligned and checked for mutations by hand, separately. Leader 

sequences were detected by counting mostly 57 base pairs (bp) upstream of the annotated V 

gene, obligatory starting with the base triplet AUG, coding for the amino acid start codon 

methionine (Met). Subsequently the assigned leader sequences were aligned with the 

published IMGT database germline leader sequence of the respective V gene allele, using the 

alignment tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
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3.2.5.13 Source of the germline immunoglobulin sequences template: IMGT the 

International ImMunoGeneTics information System 

The IMGT/LIGM-Database is a large-scale database of immunoglobulin (IG) and T cell 

receptor (TR) nucleotide sequences from different vertebrate species including humans. The 

IMGT/LIGM-database provides fully annotated germline and rearranged IG and TR gDNA and 

cDNA sequences.33 It served as a global reference for the immunogenetic template in the 

openPrimer tool. For this project, the database was retrieved in April 2017. 147 IGHV, 64 IGKV, 

and 36 IGLV templates with complete L + V-region sequences were available at the time of 

access. The exact template was uploaded at that time in the openPrimeR tool and was used 

as template for the design of all oPR primer sets 5’ RACE NGS data of naive B cells from our 

laboratory were used to supply the database to include at least one allele for each functional 

gene. Thereby, 5 IGHV, 2 IGKV, and 11 IGLV leader sequences were retrieved an added (for 

details see Kreer et al.90). 

 

For the IGHV gene library the IMGT/ LIGM-DB was used as reference template. We filtered 

the database with the following criteria: species: human, chain type: IGHV, IGKV or IGLV, 

configuration type: rearranged germline, length: complete leader and V-gene sequence, 

functionality: functional or productive/ ORF 

 

3.2.5.14 Missing genes: Cloning of ordered mini genes into pCR4 vector 

For the preparation of the IGHV gene library 10 missing IGHV genes, so-called mini genes, 

short double stranded fragments, were ordered from eurofins genomics. The sequences were 

gathered as described above from IMGT/LIGM-database. All mutations were replaced by 

germline nucleotide sequence. We added 20 nucleotides at the 5' end (=5'UTR) and 112 

nucleotides of the constant region at the 3' end to ensure that the chosen reverse primers can 

bind. Mini genes were ordered for the missing genes of IGHV1-45*02, IGHV3-13*01, IGHV1-

58*02, IGHV3-20*01, IGHV3-72*01, IGHV3-73*01, IGHV4-28*07, IGHV5-10-1*03, IGHV4-38-

2*02. The dried gene fragments were dissolved in 30 µl nuclease-free water for one hour. They 

were delivered in a concentration between 574,5 ng and 1262,7 ng per gene fragment. We 

proceeded with around 150 ng of each gene fragment for the A-tailing reaction and followed 

the cloning protocol as described (steps 3.2.5.8 - 3.2.5.12 ). 
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3.2.5.15 Master plate template 

100 ready-to-use master plates were prepared with 47 wells containing one germline IGHV 

gene respectively, five wells containing the empty pCR4 backbone vector and five wells only 

containing nuclease free water for control. In each well 5 µl template in a concentration of 0.2 

ng/µl (=1 ng per well) were aliquoted and stored in the -20°C freezer until using for PCR. 

 

3.2.6 Preparation of the IGKV and IGLV gene library 

To prepare a synthetic gene library for the light chain variable genes, steps 3.2.6.2. to 3.2.6.12. 

were performed analogously to the protocol for the IGHV gene library. Only in sub-step 

3.2.6.5.2., the 5’ RACE of cDNA was performed with either the Outer_Kappa_rev primer 

(GGTGACTTCGCAGGCGTAG, Tm 68°C) for IGKH or the Outer_lambda_1_rev primer 

(GCCGCGTACTTGTTGTTGC, Tm 68°C) for IGLV instead of the Ozawa_Cm-RT_rev for 

IGHV. IGKV and IGLV gene libraries were finalized and used for light chain primer evaluation 

after closure of this MD project (see Kreer et al.90).  

 

3.2.7 PCR on IGHV gene library 

Three different primer sets were tested independently on the IGHV gene library. One of the 

primer sets was specifically designed by openPrimeR for the amplification of highly mutated 

immunoglobulins and will be referred to as oPR(5)-IGHV. It consists of 16 forward primers. 

Primer Set1, published by Tiller et al. in 200881, contains four forward primers. Primer Set2, 

published by Ippolito et al. in 201286 contains eight forward primers. Set1 was originally 

designed for nested PCR. In our analysis, we only considered 1st PCR primers, assuming that 

the influence of 2nd PCR primers is negligible as templates that are not covered in the 1st PCR 

are unlikely to be amplified in 2nd PCR. PCRs were performed with each of the sets on all 47 

templates in triplicates. In a separate experiment all single primers from the oPR(5)-IGHV 

primer set (16 primers) and all single primers from Set1 (four primers) were tested in triplicate 

measurements on the 47 IGHV gene templates, giving rise to 940 single primer triplicate 

measurements, later referred to as primer-template-pairs (PTP’s). All PCRs were performed 

with the reverse primer Ippolito_IgM_all_rev.  

 

PCR mastermix (Table 29) for each primer set or single primer was prepared and added on 

top of each well of the precast IGHV gene library plate. PCR cycles were run according to the 

Platinum Taq vendors instruction and adapted for individual primer annealing temperatures. 

The amplification status was analyzed by gel electrophoresis on a 2% agarose gel with SYBR 

safe (1:20.000) loaded with 8 µl PCR product. Results were documented with the BioRAD Gel 
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DocTM XR+ Imaging system. Bands were expected according to the used forward and reverse 

primer at around 370-519 bp and encoded with 1= amplified and 0= not amplified. 

 

Table 29: PCR Master Mix on IGHV gene library 

reagent per plate* per well final conc. 

RNase free water 929.25 µl 14.75 µl  

10x Green Buffer 157.5 µl 2.5 µl 1x 

MgCl2 (50 mM) 47.25 µl 0.75 µl 1.5 mM 

dNTPs (25 mM) 12.6 µl 0.2 µl 0.2 mM 

5’ primer (50 µM) 6.3 µl 0.1 µl 0.2 µM 

3’ primer (50µM) 6.3 µl 0.1 µl 0.2 µM 

KB Extender (6%) 94.5 µl 1.5 µl 0.45 % 

Platinum Taq 6.3 µl 0.1 µl 2U/ rxn 

Sum 1260 µl 20 µl  
* calculated for 63 wells (6 extra wells) if using a multi-channel pipette to avoid shortage in the last wells. 

 

Table 30: Cycler program for PCR on IGHV gene library 

temperature time repetition 

94°C 2 min 1x 

94°C 30 sec  

X°C* 30 sec 25x 

72°C 55 sec  

72°C 10 min 1x 

4°C hold 
*annealing temperature depending on used primer set (55°C for oPR(5)-IGHV primer set, 57°C for Set1 
and 63°C for Set2). 

3.2.8 Evaluation of primer-template-pairs (PTPs) from novel Tac PCR data set  

The amplification results on the IGHV gene library of all single primer PCRs from Set1 and the 

oPR(5)-IGHV set were collected to generate a novel Tac PCR data set. The evaluation of the 

primer-template-pairs was performed by M. Döring. The following evaluation method and terms 

were published in Scientific Reports 2019 by Döring et al60 and are used with courtesy of 

Creative Commons Attribution- Share Alike 4.0. International License, 

https://creativecommons.org/licenses/by-sa/4.0/. 
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All considered primer-template-pairs (PTPs) i ∈ N were labeled yi ∈ {Amplified, Unamplified} 

based on their result analyzed via gel electrophoresis by five independent investigators. The 

investigators classified the amplification status of each PTP as either Amplified or Unamplified 

by inspecting the respective gels for visible bands at correct heights. The label of PTP i 

according to reviewer j ∈ {1, ..., 5} was labeled Amplified if at least two out of three 

measurements were evaluated by the respective reviewer as Amplified (yi,j = Amplified). The 

number of times a respective PTP I was labeled as Amplified or Unamplified is indicated by 

the terms ni,A = |{yi,j|yi,j = Amplified}| and ni,U = |{yi,j|yi,j = Unamplified}|. The term  

 

ensures that PTPs were only labeled as Amplified if at least three out of five reviewers had 

labeled the PTP as Amplified.  

 

The binding region of a primer was assumed with the minimum of mismatches. PTPs showing 

more than 12 mismatches were excluded, as an exact binding side could hardly be identified. 

Thereby, the data set was reduced to 908 (from 940) PTPs. 

 

3.2.8.1 Evaluation of primer properties  

The following properties were computed by openPrimeR to provide underlying characteristics 

of primers and PTPs within the data set. Selected properties of interest were the  primer length, 

extent of GC clamp, GC ratio, melting temperature, free energy of secondary structure, self-

dimerization and the position of primer-template-mismatch. The external tools MELTING118, 

ViennaRNA119 and OligoArrayAux120 were used to calculate the ranging melting temperature 

or detect the appearance of secondary structures and self-dimerization.  
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3.2.8.2 Encoding features of the Tac data set 

To investigate the impact of primer-template mismatches within the terminal 3’ hexamer M. 

Döring implemented several encodings for this region as shown in Figure 12. M. Döring 

additionally formulated the mismatch vector and terms defining the 3’ hexamer as followed. 

This method (including the coding system, mismatch vector and defining terms) was published 

in Scientific Reports 2019 by Döring et al60 and is used with courtesy of Creative Commons 

Attribution- Share Alike 4.0. International License, https://creativecommons.org/licenses/by-

sa/4.0/. 

 

Figure 12: Examples for encoding mismatches within the 3′hexamer region.  
Primers are indicated as arrows and templates are indicated as horizontal bars in blue. 
Arrowheads indicate the 3′ hexamer region. Mismatches within the 3′ hexamer are encoded 
via z ∈ {0,1}6, XN ∈ N0, and iX ∈ {0,1,...,6}. While z uses a binary encoding to indicate the 
presence of mismatches within the 3′ hexamer, XN gives the total number of 3′ hexamer 
mismatches, and iX indicates the position of the 3′ hexamer mismatch closest to the 3′ terminus. 
(a) Absence of 3′ terminal mismatches between primer and template. (b) Mismatches in the 3′ 
hexamer at positions 4 and 6. (This figure and figure legend were published in Scientific 
Reports 2019 by Döring et al60 and is used in approval with all co-authors and with courtesy of 
Creative Commons Attribution- Share Alike 4.0. International License, 
https://creativecommons.org/licenses/by-sa/4.0/) 
 

To code the event of mismatches at any given position (j) in the 3′ hexamer a binary encoding 

was used to formulate the mismatch feature vector z ∈ {0, 1}6: 

. 

The 3’ hexamer position is identified by j ∈ {1, 2, ... 6}. For example, j=1 indicates the first 

position in the 3’ hexamer, j=2 indicates the 2nd position and so on. To reflect the increasing 

effect of co-occurring mismatches in the 3’ hexamer, the total number of mismatches is 

encoded as XN = ∑jzj. As mismatch positions closest to the 3’ terminus interfere with the primer 

efficacy to a greater extent,66,124,125 an additional term to describe the 3‘ hexamer mismatch 

closest to the 3‘ terminus was encoded by setting 

. 
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Here, for example, iX =0 encodes for a primer without mismatch binding. A primer exhibiting 

mismatches at position 3 and 5 is encoded with iX= 5. 

 

3.2.9 Quantification and statistical analysis 

Graphpad Prism (version 7.0b) was used for all statistical analysis. Unpaired t tests or two-

sided Wilcoxon rank-sum test were used to calculate respective p-values. The significance 

level was set at 0.05.
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4 RESULTS 
4.1 Optimizing single B cell cloning strategies (Immunoglobulin gene 

amplification)  

To study the B cell repertoire on single cell level and to identify neutralizing antibodies against 

pathogens, the quality and yield of the amplified variable heavy and light chains is crucial. To 

establish an optimized and standardized PCR protocol for the amplification of human B cells 

on single cell level, a multitude of PCR tests, focusing on different influencing factors, was run. 

Protocol settings were tested with different primer sets (former published sets and de novo 

designed primer sets by openPrimeR). For the following PCR amplification tests, freshly 

reverse transcribed cDNA from antigen-experienced single B cells was used. 

 

4.1.1 Optimizing the amplification protocol  

4.1.1.1 Analyzing the role of 1st and 2nd PCR on cDNA enrichment on single cell level   

In immunoglobulin gene amplification on single cell level, nested or semi-nested PCR protocols 

are usually used to enrich the amplicon and to improve specificity and sensitivity of the 

respective reaction.  

 
*1st ext.= twice repeated 1st PCR protocol 

Figure 13: The role of 1st and 2nd PCR in cDNA enrichment on single cell level 
Visualization via gel electrophoresis of 1st, 1st extended* and 2nd PCR products of PCR 
amplification of four different antigen-experienced single B cells (A-D). Primers used for semi-
nested PCR: oPR(1)-IGHV set as forward primer set and Tiller_2008_3´CµCH1 in 1st and 
Tiller_2008_3´IgG _internal in 2nd PCR as reverse primers. 

Figure 13 demonstrates the high impact of the 2nd PCR for the enrichment and thus the 

visualization and detection of amplified cDNA on single cell level. Two out of four V genes 

could only be visualized after 2nd PCR. An additional (extended) 1st PCR does not provide an 

amplification advantage, even if in (A) and (D) the signal in the 1st extended product seems to 

be slightly enriched compared to 1st alone. 
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4.1.1.2 Down scaling the reaction volume of the single cell amplification protocol  

PCR amplification can be extremely cost-intensive with reagents accounting for the majority of 

costs. We therefore investigated on the possibility of downscaling the PCR reagent volume. 

 

Figure 14: Evaluation of downscaling the reaction volume of PCR on single cell level 
(I.) Single cell IGHV amplification of 48 antigen-experienced single B cells in a nested PCR 
using primer Set1 with two different protocol settings: upper row shows the amplification status 
visualized via gel electrophoresis of the standard amplification protocol using 38 µl PCR-mix 
for 1st and 2nd PCR, lower row shows the amplification status using 38 µl PCR-mix for 1st PCR 
and 19 µl for 2nd PCR. First and last column contain DNA ladder. 
 
Figure 14 demonstrates that the 2nd PCR volume could be reduced by 50% (from 38 µl to 19 

µl) without losing amplification rate or visualization quality. The reduction of the 1st and 2nd PCR 

reagent volume by 50% on the other hand shows a significant decrease of the amplification 

status with only 8.33% (4 out of 48) positive amplifications in comparison to 47.92% (23 out of 

48) as shown in Figure 15.  

 

 

Figure 15: Evaluation of downscaling the reaction volume of PCR on single cell level 
(II.) Single cell IGHV amplification of 48 antigen-experienced single B cells in a nested PCR 
using primer Set1 with two different protocol settings: upper row shows the amplification status 
visualized via gel electrophoresis of the standard protocol using 38 µl PCR-mix for 1st and 2nd 
PCR, lower row shows the amplification status using 19 µl PCR-mix for 1st PCR and 2nd PCR. 
First and last column contain DNA ladder. 
 
In conclusion, we adapted our standard single cell amplification protocol successfully by 

downscaling the 2nd PCR reagent volume to 19 µl.  

 

4.1.1.3 Testing storage conditions 

The single cell amplification protocol is based on a two-step PCR amplification. As not all 2nd 

PCRs can be run immediately after 1st PCRs, we investigated on how to store PCR plates after 

amplification. 
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Figure 16: The storage temperature-depending quality and amplification status of 2nd 
PCR product 
96-well plate single cell amplification of antigen-experienced B cells (using primer Set1 in semi-
nested PCR) with A. 1st PCR product stored at 4°C and B. 1st PCR product stored at -80°C for 
4 days. Scoring indicates “amplified” in green and “unamplified” in black. First and last lane 
contain DNA ladder.  
 
Figure 16 shows a clear difference in quality and amplification status of 2nd PCR visualization 

via gel electrophoresis between storage of 1st PCR product at 4°C (A) and -80°C (B) for a 

period of 4 days. Whereas the amplification rate of the 96 antigen-experienced single B cells, 

amplified with primer Set1 in a semi-nested PCR, shows a 57.29% coverage (55 out of 96) 

when 1st PCR product was stored at 4°C, the identical 96 antigen-experienced single B cells 

(well A1-H12) amplified with the same primer set and protocol show a 79.17% coverage (76 

out of 96) when stored at -80°C. Additionally, storing at 4°C leads to a higher amount of smear 

bands and unspecific amplification, visualized by bands at incorrect heights. This finding might 

implicate that storage at higher temperatures leads to unspecific reactions after finishing the 

cycler program. The lower amplification rate might thus be explained due to shortage in 

reagents, which were consumed during unspecific amplification processes. Therefore, we 

stored all 1st PCR products at -80°C or preferably proceeded directly with 2nd PCR 

amplification. 

 

It is of note, that even if the overall amplification rate is higher in the -80°C storage plate, there 

are also 14 B cells which were only amplified in the 4°C storage plate, indicating that the PCR 

amplification on single cell level (even if performed with the same PCR protocol and primers) 

depends on multiple factors and is very susceptible to errors. 
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4.1.1.4 Comparison of amplification efficacies on single antigen-experienced B cells in 

dependence of different commercially available polymerases  

The catalyzing enzyme polymerase is one of the key reagents in a PCR, especially on 

immunological templates, because the amplification status on the one hand and the potentially 

introduced bias on the other hand are highly dependent on the type and quality of polymerase.  

The enzyme is also one of the most cost intensive factors in a PCR. Thus, we tested the 

performance of three commercially available DNA polymerases on single human antigen-

experienced B cells. 

 

CD20+IgM-IgG+ mature B cells were sorted from PBMCs of healthy human doners. PCRs 

were performed according to the respective manufacture’s manuals. Primer Set1 with its 

referring reverse primers was used in all amplifications. 192 PCRs on cDNA single cell level 

were performed using PolymeraseA (HotStarTaq, Qiagen), 144 reactions using PolymeraseB 

(Taq Polymerase, Qiagen) and 168 reactions using PolymeraseC (PlatinumTaq, Thermo 

Fisher Scientific). PCR results were classified as either “amplified” or “not amplified” according 

to a positive band at the correct height. 

 

Figure 17: Comparison of amplification efficacies on single antigen-experienced B cells 
in dependence of three different commercially available polymerases 
Each dot/ square/ triangle represents the amplification coverage of a complete 96-well plate, 
containing one single B cell in each well. Data are given as mean ± SD. SD = standard 
deviation 
 
Comparing the mean coverage results of the three different polymerases in amplifying single 

human B cells, we found no significant difference between the three. We therefore decided to 

implement the less cost intense polymerase in our standard single cell amplification protocol, 

which in our case turned out to be Polymerase C. 



4 Results 

 75 

Since this experiment only investigated on the amplification status via gel electrophoresis, no 

statement can be made on amplification biases or induced mutations by the different 

polymerases.  

 

4.1.1.5 Testing efficacy and reproducibility of immunoglobulin gene amplification on 

single cell level in dependence of the used reverse transcriptase for cDNA 

production  

To investigate how reliably a positive or negative PCR result on single cell level can be 

reproduced with our amplification protocol, the following PCR amplifications were performed 

in duplicates (with identical conditions on the same single B cell). The duplicate status was 

either set to amplified/amplified (green), unamplified/unamplified (yellow) or 

amplified/unamplified (grey), according to their visualization via gel electrophoresis (see Figure 

19). cDNA of the 48-well single B cell plates A to F2 was produced by using the reverse 

transcriptase (RT) SuperScript III and plates G1 to I2 using RT SuperScript IV. 
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Figure 18: Testing efficacy and reproducibility of immunoglobulin gene amplification on 
single cell level in dependence of the used reverse transcriptase for cDNA production 
A) PCR conditions of each of the 15 (A-I2) 48-well plate PCR approaches. (RT= reverse 
transcriptase), B) Amplification status of the 15 (A-I2) 48-well single B cell plates in duplicates. 
Amplified/Amplified (green) for example indicates that both corresponding duplicate PCRs were 
set to amplified according to their visualization via gel electrophoresis. C) Percentage of 
Amplified/Amplified, Unamplified/Unamplified and Amplified/Unamplified status of each 48-well 
single B cell plates in dependance of the used reverse transcriptase (SuperScript III vs. IV). Each 
triangle/ dot represents the status percentage of one 48-well single B cell plate. A/A indicates the 
duplicate amplification status as Amplified/Amplified, U/U indicates Unamplified/Unamplified, and 
U/A indicates Unamplified/Amplified or vice versa. P values were calculated using unpaired t test 
 

This experiment showed impressively that PCR amplification at the single cell level is subject  

to significant variations even under standardized conditions. In PCR approach A to F2, more 

than 20% (more than 10 out of 48) of the duplicates of each 48-well plate presented a lack of 

reproducibility of a positive or negative result. In contrast, in PCR approach G1 to I2 on average 

only 5.21 % of positive or negative results could not be reproduced in the respective duplicate. 

These two groups (experiments A to F2 vs. G1 to I2) mainly differed by the usage of RT for 

cDNA production from the respective single B cells. Figure 18C demonstrates a significant 

difference between percentage of failed reproducibility (grey triangles and dots) of PCR 

approaches on cDNA produced with SuperScript III and IV. Additionally, the percentage of a 
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reproduced amplification status is significantly higher in the SuperScript IV approaches 

(p=<0.0001), indicating a better overall amplification status on single cell level by using cDNA 

reverse transcribed by SuperScript IV. Therefore, we adapted our standard protocol of single 

cell reverse transcription by exchanging the RT SuperScript III by SuperScript IV.   
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Figure 19: Corresponding gel electrophoresis pictures of PCR duplicates on single B 
cells (48-well plates) 
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4.1.2 Primer design and primer testing for an optimized B cell cloning strategy  

4.1.2.1 Amplification efficacy of primer Set1, primer Set2 and oPR(1)-IGHV set on 

antigen-experienced single B cells from healthy donors  

To investigate and compare the amplification efficacies of established primer sets used for the 

amplification of B cell receptors and the first de novo primer set designed by openPrimeR 

(oPR(1)-IGHV), the sets were tested on 96 different antigen-experienced single B cells (A1-

H12) in direct comparison.  

 

Figure 20: Visualization of PCR products from cDNA of 96 different antigen-experienced 
single B cells from healthy donors using Set1, Set2 and oPR(1)-IGHV 
96 different antigen-experienced single B cells (A1-H12) were amplified using each of the 
following primer sets. Set1 was applied in both, a nested and a semi-nested PCR, Set2 and 
oPR(1)-IGHV were applied in semi-nested PCRs. PCR results were scored as either 
“amplified” (green) or “unamplified” (black) according to a positive (visual band at the correct 
height ~ 370-519 bp) or negative result. First and last lane contain DNA ladder (white) 
 
Table 31: Primer overview 

 forward primer 
mix 1st PCR 

revers primer 
1st PCR 

forward primer mix 
2nd PCR 

revers primer 
2nd PCR 

A Set1 (5’ L-VH Mix) 3´ Cµ CH1 Set1 (5’ AgeI VH Mix) 3´ IgG _internal 
B Set1 (5’ L-VH Mix) 3´ Cµ CH1 Set1 (5’ L-VH Mix) 3´ IgG _internal 
C Set2 Ozawa_Cg-RT_rev Set2 Ippolito_IgG-all-rev 
D oPR(1)-IGHV Ozawa_Cg-1st_rev oPR(1)-IGHV 3´ IgG _internal 

 



4 Results 

 80 

 

Figure 21: Coverage (%) of primer Set1 (nested and semi-nested PCR), Set2 and oPR(1)-
IGHV set on 96 antigen experienced single B cells 
96 different antigen-experienced single B cells (A1-H12) were amplified using each of the 
following primer sets. Set1 was applied in both, a nested and a semi-nested PCR, Set2 and 
oPR(1)-IGHV were applied in semi-nested PCRs. For respective gel pictures see Figure 20, 
for used primer mixes see Table 31. 
 

Comparing the amplification status of 96 different antigen-experienced single B cells, Set2 

showed the highest amplification rate at 92.78%. Set1 showed an 85.42% amplification rate 

applied in nested PCR and a 79.17% amplification rate applied in semi-nested PCR. In this 

case, changing PCR protocol from nested to semi-nested PCR led to more unspecific primer 

binding and unwanted PCR products (visualized on full gel electrophoresis pictures, not shown 

in the here presented shortened pictures). The amplification rate achieved with the oPR(1)-

IGHV set is comparatively low at 15.63%.  

 

Almost all 96 presented IGHV-genes were covered by either one of the three primer sets. Only 

one of the 96 genes could not be amplified at all (E6). Probably E6 exhibits a higher number 

of mutations in the primer binding regions and therefor amplification was compromised. Both 

Set1 and Set2 show a relatively high coverage but fail to cover all of the presented antigen-

experienced IGHV-genes. Thus, none of the primer sets presented was a promising candidate 

for application to highly mutant templates. The oPR(1)-IGHV set showed very poor 

performance. In conclusion, primer design settings in the openPrimeR tool needed to be re-

evaluated.  
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4.1.2.2 Overall coverage of the de novo primer sets oPR(4)-IGHV, oPR(5)-IGHV and 

oPR(6)-IGHV on antigen-experienced single B cells from healthy donors 

Here we present three newly designed primer sets designed by the openPrimeR tool. For all 

sets, the primer binding region was limited to the leader region and primers binding further 

upstream in the V gene were strictly excluded. In addition, a maximum coverage of all 

annotated human germline IGHV genes, including their varying gene alleles, was intended to 

be achieved under the maximum formation of one allowed mismatch. 

 

The oPR(4)-IGHV was designed with a low stringency constraints mode. The oPR(5)-IGHV 

was designed with a minimum secondary structure constraint while the oPR(6)-IGHV 

represents a “best-of-5” set, consisting of the 5 best primers (those covering most IGHV genes 

simultaneously) of a precursor set (not introduced here). Table 32 shows the individual primer 

set properties in comparison.  

 

Table 32: Properties of the primer sets oPR(4)-IGHV, oPR(5)-IGHV and oPR(6)-IGHV 
Numbers of primer binding region and binding position start and end refer to nucleotide position 
of leader plus V gene region, starting with 1 as first nucleotide of the leader region. Values 
shown in brackets indicate the range of the observed values, front numbers show the mean 
values of all primers of the set (MM= mismatch).  
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The three de novo primer sets and the well-established primer Set1 were each tested on 48 

antigen-experienced B cells to compare their individual single cell amplification efficacy.  

 
Figure 22: Coverage (%) of primer sets oPR(4)-IGHV, oPR(5)-IGHV, oPR(6)-IGHV and 
Set1 on 48 antigen-experienced single B cells A) Coverage (%) of oPR(4)-IGHV, oPR(5)-
IGHV, oPR(6)-IGHV and Set1. B) Visualization via gel electrophoresis and scoring of 
amplification status of each of the 48 antigen-experienced single B cells (well E1-H12) by the 
respective primer set. Green indicates status as Amplified, black indicates status as Not 
amplified. First and last lane contain DNA ladder 
 

Figure 22A shows the overall coverage of the respective primer set, visualized via graph bars. 

The oPR(5)-IGHV showed superior performance over the other sets with an overall coverage 

of 83.33%, followed by the oPR(4)-IGHV with an overall coverage of 62.5%. Lower coverages 

were detected with the oPR(6)-IGHV (41.66%) and Set1 (45.83%). The amplification status 

(Amplified or Not Amplified) of each of the 48 IGHV genes by the respective primer set are 

shown in Figure 22B. The oPR(5)-IGHV showed positive amplification of six IGHV genes which 

could not be detected by any of the other sets (E1, E7, E10, G10, H5, H11), while oPR(4)-

IGHV covered 3 genes not amplified by the others (F6, H3 and G11) and oPR(6)-IGHV and 

Set1 covered each only one gene, not covered by the other sets (G2 and H7). Two single cell 

IGHV genes could not be amplified by any of the tested primer sets (G1 and G6). 

 

In conclusion, we selected the oPR(5)-IGHV primer set as promising candidate for the 

following amplification experiments and optimizing processes. 
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4.1.2.3 Comparing amplification efficacy of primer Set1 and oPR(5)-IGHV on antigen-

experienced single B cells from healthy donors and on highly mutated HIV1-

specific neutralizing antibodies 

Single-cell sorting of CD20+IgM-IgG+ single B cells from healthy donors was performed using 

the previous standard protocol (see 0). To potentially identify antibodies that account for potent 

neutralizing antibodies against HIV-1, single-cell sorting of Env-reactive B cells that bound to 

native-like BG505SOSIP.664 was performed. BG505SOSIP.664 binds to most of the known HIV-1-

specific neutralizing antibodies but generally does not bind to antibodies that lack neutralizing 

activity.126,127 These antibodies are known to exhibit a high rate of mutations.  

 

To investigate the amplification efficacy of primer Set1 and the oPR(5)-IGHV on diverse 

templates, a multitude of 96-well plates containing cDNA of single B cells (either antigen-

experienced single B cell from healthy donors or B cells bearing a HIV-1-specific antibody) 

were sorted and reverse transcribed. In total, Set1 was tested on 23 different 96-well plates 

(17 plates comprising antigen-experienced B cells and 6 plates comprising SOSIP-GFP 

positive B cells). oPR(5)-IGHV was tested on 14 different 96-well plates (8 plates comprising 

antigen-experienced B cells and 6 plates comprising SOSIP-GFP positive B cells), leading up 

to 3.552 PCRs to be evaluated for either Amplified or Not Amplified status.  
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Figure 23: Analysis of PCR coverage of Set1 and oPR(5)-IGHV on antigen-experienced 
single B cells from healthy donors of two different single cell sorts and on highly 
mutated HIV-1-specific single B cells (stained with SOSIP-GFP) 
Single cell Sort 1 and Sort 2 were performed with the exact same protocol for antigen-
experienced single B cell sorting (CD20+IgM-IgG+). SOSIP-GFP single B cells are Env-
reactive B cells that bound to native-like BG505SOSIP.664. Each dot represents a whole 96-well 
plate amplified with the respective primer set (Set1 vs. oPR(5)-IGHV). Amplification coverage 
was evaluated via gel electrophoresis. P values were calculated by unpaired t-test. 
 
Figure 23 demonstrates that no significant difference could be detected in the overall coverage 

of single human B cells (from healthy donors and HIV-1-specific B cells combined) between 

primer Set1 and oPR(5)-IGHV (p=0.8590). Likewise, there is no significant difference between 

the coverage of Set1 and the oPR(5)-IGHV on antigen-experienced B cells from Sort2 

(p=0.2273) or SOSIP-GFP single B cells (p=0.0617) only. But, surprisingly, comparing the 

coverage of primer Set1 on antigen-experienced single B cell plates from Sort1 and Sort2, a 

significant difference in amplification rate between both sorts is detectable (p= 0.0003). This 

finding underlines the poor validity of primer comparison on different single B cells (mainly 

caused by an unknown sequence divergence of the BCR) and implies the need to develop an 
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instrument to perform unbiased primer tests in the context of immunological templates. 

Additionally, sorting quality needed to be re-evaluated.  

 

4.2 Generating a synthetic immunoglobulin (heavy chain) gene library for 

unbiased primer testing and evaluation of the openPrimeR design tool  

To address the problem of poor comparability of (primer) experiments on single cell level, 

caused by an unknown amount of sequence divergence, varying cDNA quality and a limited 

amount of cDNA and therefore limited test rounds, we developed the idea of generating a 

synthetic standard template-, a so-called immunoglobulin gene library. The idea behind the 

IGHV gene library was to generate a well-defined cDNA sequence template including one 

defined germline allele of all 53 functional IGHV gene segments.  

 

The plasmid library was designed to i.) allow unbiased primer testing and evaluation of the 

openPrimeR design function, ii.) compare the in silico predicted coverage of different primer 

sets in the openPrimeR tool with the coverage measured in vitro, and iii.) examine which 

thermodynamic properties of the primer-template pairs (PTPs) influence the PCR amplification 

status. The synthetic germline IGHV library fully matches the sequence data uploaded in the 

openPrimeR program. Information gained by PCR experiments on the IGHV gene library was 

subsequently refed into the openPrimeR tool for further program optimization.  

 

4.2.1 The IGHV gene library  

The IMGT/LIGM-database served as sequence reference for the IGHV gene library. Data was 

retrieved in April 2017. The database was filtered with the following criteria: species: human, 

chain type: IGHV, configuration type: rearranged germline, length: complete leader and V-

gene sequence, functionality: functional or productive/ ORF. This resulted in a total amount of 

53 functional IGHV genes, which we intended to be represented in the gene library. 

 

Upfront, we were able to cut down the 53 genes to 47 genes, due to complete or very high (at 

least 97.9%) sequence identity between certain V genes, including their corresponding leader 

sequence. Therefore, six genes were identified (namely IGHV1-69D, IGHV2-70D, IGHV3-23D, 

IGHV3-30-5, IGHV3-43D and IGHV4-30-4), whose sequences were represented within 

another gene and could be cut without loss of additional information in the context of our 

intended experiments (see Supplement Figure S1- Figure S6). 

 



4 Results 

 86 

The final library contained 10 IGHV1, three IGHV2, 21 IGHV3, nine IGHV4, two IGHV5 genes 

and one IGHV6 and IGHV7 gene, resulting in 47 different IGHV gene templates. Each well 

was prepared to contain 1 ng of template. Additionally, five wells containing the empty pCR4 

vector backbone were included to rule out backbone binding as well as five wells with H2O only 

as negative controls. Figure 24 shows a schematic example sheet of the final IGHV gene 

library. 

 
Figure 24: Example sheet of IGHV gene library plate 

 

4.2.2 Analysis of the immunoglobulin sequencing data set gained during the 

preparation of the IGHV gene library 

We isolated CD19+ cells from human PBMCs of 16 healthy donors and sorted 

CD20+IgM+IgD+IgG-CD27- B cells (naive B cells). The Clonetech SMARTer ®RACE 5’/3’-Kit 

was used as an unbiased and fast cDNA-transcription combined with a PCR amplification 

method. cDNA was produced according to the manufacturer’s instructions via Clontech. 

Subsequently an A-tailing step was performed and leader plus V genes were cloned into pCR4 

Topo-Vector (plasmid map provided in the supplements). During the IGHV gene library 

preparation 450 colony PCRs were performed on IGHV clones collected from the topo cloning 

colonies. Out of these 450 clones, 398 showed a positive PCR product (defined as sharp single 

band at approximately 830 bp), were subjected to DNA preparation and send for sequencing. 

Of these 398 mini-preps (plasmid DNA), we obtained 264 sequences that were annotated as 
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full-length IGHV genes at IMGT and passed our quality check (via phred score). The 264 heavy 

chain V gene sequences were filtered afterwards by the following criteria: full length sequence 

of the leader and the V gene, zero mutations in the leader, less than seven mutations in the 

whole V gene, first mutation not earlier than position 35 of the V gene and status (according to 

IMGT) must be functional or productive. This filter targets unmutated functional germline V 

genes (naive BCRs) with full length sequence annotation. 67 clones showed one or more 

mutations in the leader region, which lead to direct exclusion. 80 clones were excluded 

because they showed 7 or more mutations in their V gene. In 62 clones the first mutation in 

the V gene appeared earlier than position 35. 24 clones had to be excluded because their 

respective allele had no published annotated leader sequence or only a partial sequence in 

the IMGT database and could therefore not be analyzed correctly in the context of our filter. 

 

In the end, 143 clones passed the filter and covered 37 of the 47 IGHV genes. The 10 missing 

genes were ordered as gene fragments to complete the gene library. 
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4.2.3 Naive B cell repertoire representation across 16 pooled healthy donors  

Here, we present a comprehensive study of the functional IGHV family, gene and allele 

distribution over 264 IGHV sequences from 16 pooled donors.  

 

Figure 25: A. IGHV family distribution over 264 analyzed germline IGHV sequences from 
16 pooled healthy donors 
X-axis indicates the seven IGHV families, y-axis indicates the absolute frequency over the 264 
analyzed sequences. 
B. Total number of functional/ORF genes in each of the seven IGHV families according 
to the IMGT database (data status 04/2017)  
x-axis indicates the seven IGHV families, y-axis indicates the total amount of genes belonging 
to each family 

 

The size of each IGHV family is known to be variable, ranging from one functional/ORF gene 

in family 6 and 7 to 21 different genes in family 3 (see Figure 25B). The family distribution of 

the 264 detected IGHV genes (Figure 25A) resembles to a high extend to the general 

distribution in the IMGT database (Figure 25B). Only IGHV2 and IGHV5 show an inverted 

frequency regarding their proportional family members (IGHV2 library vs. IMGT 3.03% vs 

6.38% and IGHV5 library vs. IMGT 7.20% vs. 4.26%). Additionally, IGHV family 7 is 

underrepresented over the population of our 16 donors (accounting for only 0.38% of all 

detected sequences while representing 2.13% of all annotated IMGT IGHV family members).  
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Additionally, the sequence data was analyzed for IGHV gene and allele usage.  

 
Figure 26: IGHV gene distribution over 264 analyzed sequences from 16 pooled healthy 
donors 
X-axis indicates the 47 IGHV genes, left y-axis indicates the absolute gene frequency over the 
264 analyzed sequences, right y-axis indicates the percentage frequency (%) of individual 
genes over the 264 analyzed sequences 
 
We detected a clear predominance of certain genes and alleles among the analyzed pooled 

repertoires (see Figure 26 and Figure 27). 

 

The four most frequently detected genes were IGHV1-18, representing 6.06%, IGHV3-23 

representing 8.33%, IGHV4-59 representing 6.06% and IGHV5-51 representing 6.8% of all 

analyzed genes. We identified seven rare genes that were not represented at all, namely: 

IGHV1-45, IGHV1-58, IGHV1-69-2, IGHV3-20, IGHV3-72, IGHV4-28 and IGHV4-38. The 

biased usage of certain gene alleles among the 16 pooled individuals is demonstrated in Figure 

27. In the allelic distribution a clear predominance of certain gene alleles was detectable. 

Additionally, it is noticeable that the majority of genes expressed exclusively one or at most 

two alleles, while IGHV3-11 was presented by four different alleles (*01, *04, *05 and *06) and 

IGHV1-69 was presented by five different alleles (*01, *02, *04, *06 and *10) among the 16 

donors. 93 of the 160 IGHV gene alleles annotated by IMGT were not represented in this data 

set at all. 
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Figure 27: IGHV allelic distribution over 264 analyzed sequences from 16 pooled healthy 
donors 
X-axis indicates the 160 different IGHV gene alleles, y-axis indicates the absolute allelic 
frequency over the 264 analyzed IGHV genes. 
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4.2.4 Sequence data gained during the preparation of synthetic IGKV and IGLV 

germline gene libraries 

To allow unbiased primer testing on a plasmid library representing the kappa and lambda light 

chain, the workflow presented for IGHV (except for the choice of primer) was identically 

performed for both light chains. The light chain libraries were finalized and used for light chain 

primer evaluation after closure of this MD project (see Kreer et al.90) but BCR repertoire 

analysis of family, gene and allele distribution over 156 IGKV genes and 160 IGLV genes, 

which were cloned by N. Lehnen, are presented in the supplements (see Supplement Figure 

S8 – Figure S13). 
 

4.2.5 CDR3 lengths of naive B cells from 16 pooled individuals  

In addition to gene and allele usage, the BCRs specificity and binding capacity is critically 

dependent on the CDR3 region. Its length has profound effects on shape and structure of the 

CDR3 loop and differs in average between naive and antigen-experienced B cells.  

 

260 out of 264 IGHV genes from our IGHV data set were analyzed using IgBlast to determine 

the respective CDR3 length. Four sequences were excluded due to incomplete annotation or 

low phred score in the CDR3 region. Figure 28 shows the frequency distribution of the CDR3 

lengths over the 260 analyzed naive B cells with a mean length of 43.9 nucleotides and a 

standard deviation of 10.592.  

 

Figure 28: Frequency distribution of CDR3 lengths of naive B cells from 16 pooled 
individuals 
CDR3 regions and lengths were identified from 260 IGHV sequences of 16 pooled individuals 
using IgBlast123. A bin width of three was used for frequency distribution. 
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4.3 Evaluation of human IGHV repertoire amplification by de novo primer set 

oPR(5)-IGHV in comparison to established primer sets (Set1 and Set2), 

using a synthetic IGHV gene library  

In order to evaluate the human IGHV gene coverage by the de novo primer set oPR(5)-IGHV 

in comparison to the well-established primer sets Set1 and Set2, PCR experiments using the 

respective primer mix were performed on the well-defined synthetic IGHV gene library. Four 

independent PCR experiments were performed with each of the primer sets. All mPCRs were 

performed with the reverse primer Ippolito_IgM_all_rev. Detailed results of all 564 PCRs, 

including gel electrophoresis images are presented in the supplements (see Supplement 

Figure S14).  

 
Figure 29: Validation oPR(5)-IGHV in comparison to established primer sets on the IGHV 
gene library 
Comparison of the efficacy of the oPR(5)-IGHV primer mix to two published primer sets that 
have been used to isolate antibody sequences before, was performed in four independent 
PCR experiments on the IGHV gene library. The percentage coverage of each independent 
experiment is indicated as green dots. Bar graphs show mean coverage values over the four 
experiments. The results of each individual experiment is represented by multiwell plates 
underneath the graphs with green, black, and white squares indicating amplified, unamplified, 
and negative control wells, respectively. P-values for pairwise comparisons are indicated only 
below a significance level of 0.05. See also Supplement Figure S14 for corresponding gel 
electrophoresis pictures.  
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The oPR(5)-IGHV set showed a coverage of 100% in two out of four experiments and a mean 

overall coverage of 98.40%. Set1 showed a mean overall coverage of 95.21%. In four out of 

four experiments well A11, containing the germline IGHV2-26*01 gene and B1, containing the 

germline IGHV2-70*11 gene, were not amplified by Set1. Consistent to this finding, pre-

evaluations in the openPrimeR evaluation mode (see Figure 6), could show that the primers 

from Set1 were, due to few sequence-complementarity, very unlikely to amplify genes from 

the IGHV family 2. Surprisingly, germline IGHV2-5*02 was covered by Set1 in all four 

experiments, suggesting that the respective primer introduces more than seven mutations or 

even stop codons, when amplifying this gene. Set2 showed a mean coverage of 97.87% with 

a random pattern of unamplified genes. 

 

We could demonstrate that the de novo primer oPR(5)-IGHV has the capacity to possibly 

amplify all human VH immunoglobulins in germline status. oPR(5)-IGHV and Set2 could be 

demonstrated to show significantly superior amplification rates in pairwise comparison to Set1 

(p= 0.0321 and p= 0.0400). It should be noted that additional assessment for bulk quantitative 

approaches would be required to eliminate or compensate for possible primer bias. 

Additionally, amplicons have not been sequenced to study possibly induced mutations by the 

individual primer sets at binding regions, which would be of special interest for planed antibody 

neutralization assays or in-depth repertoire studies.  

4.4 Evaluation of the reproducibility of PCR experiments on the IGHV gene 

library by analysis of amplification status of 16 single primers from de 

novo primer set oPR(5)-IGHV on the 47 synthetic IGHV gene templates in 

triplicates  

One of the ideas behind a standardized gene library was to create a well-defined PCR 

template, with as little template-provided bias as possible. As a proof of concept, the 

reproducibility of PCR experiments on the IGHV gene library was evaluated on 752 

independent triplicate experiments using 16 single primers of the oPR(5)-IGHV primer set 

(combined with reverse primer Ippolito_IgM_all_rev). 
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Figure 30: Reproducibility of amplification status of 16 single primers of oPR(5)-IGHV 
on the IGHV gene library 
16 single primers of the oPR(5)-IGHV set were tested in three independent PCR experiments 
on each of the 47 templates of the IGHV gene library. Amplification status of each experiment 
was evaluated as either amplified or unamplified according to their visualization via gel 
electrophoresis (see Supplement Figure S15). 16 triplicates were excluded (considered 
invalid) due to high amount of unspecific smear bands. Legend: (+) = amplified, (–) = not 
amplified. e.g. (++-) indicates two out of three PCR experiments with the respective primer 
showed a positive amplification status via gel electrophoresis. 
 
Due to a high amount of unspecific smear bands, indicating contamination, 16 triplicates were 

excluded. Of note, all 16 invalid triplicates were detected with one primer, and only in one of 

three experiments. For respective gel electrophoresis pictures of each PCR see Supplement 

Figure S15). 89.81% (661 out of 736 valid PCRs) showed ether a positive or a negative PCR 

result in all three independent PCR experiments. Additionally, in 6.39% (47 out of 736 valid 

PCRs) a positive result could be reproduced in at least one more experiment. 

 

We concluded that the IGHV gene library provides a highly satisfying template-tool for an 

unbiased amplification validation, if tests were run in triplicates. In Figure 31 the reproducibility 

of each amplification status of respective primer and IGHV gene template is visualized. 

Additionally, PCR experiments with four single primers of Set1 are included. 
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Figure 31: Visualization of reproducibility of amplification status of 20 single primers 
from primer set oPR(5)-IGHV and primer Set1 on 47 germline IGHV genes templates in 
triplicate experiments 
16 single primers of the de novo oPR(5)-IGHV primer set and four single primers of the well-
established primer set Set1 were tested in three independent PCR experiments each on the 
IGHV gene library. Amplification status of each individual experiment is colored dark green, 
light green, grey or black, indicating three out of three experiments as amplified, two out of 
three experiments as amplified, two out of three experiments as unamplified or all three 
experiments as unamplified, respectively. See also Supplement Figure S15 and Supplement 
Figure S16 for corresponding gel electrophoresis pictures. 
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4.5 Analysis of novel Tac PCR based IGHV data set regarding PTP properties 

and the influence of mismatch position and free energy of annealing on 

the amplification status  

We generated a comprehensive Taq PCR-based IGHV data set comprising information on 940 

different primer-template-pairs (PTPs). The following computational analysis of the 

physicochemical properties of each PTP (including the generation of Table33, 34 and Figure 

32) was performed by Mathias Döring and results were pre-published in Scientific Reports in 

2019 by Döring et al. (Co-author N. Lehnen) and are shown here with courtesy of Creative 

Commons Attribution- Share Alike 4.0. International License, 

https://creativecommons.org/licenses/by-sa/4.0/. 

 

The data set includes the amplification status of the synthetic IGHV gene library by 20 different 

single primers from the de novo primer set oPR(5)-IGHV and the well-established primer Set1. 

Experiments were three times repeatetly performed for each combination primers and 

template, including 20 primers (16 primers of the oPR(5)-IGHV set and four primers from Set1) 

and 47 templates. A total of 2,820 PCRs (940 triplicates) were performed and evaluated by gel 

electrophoresis for ether amplified or unamplified status. In triplicate measurements we 

validated the status as Amplified when at least two out of three PCRs showed a positive result. 

Status evaluation was performed by five independent reviewers and PTPs were only titled 

positive if the majority of reviewers set the status to positive. 

 

Gel electrophoresis images and evaluation status of all respective PCR experiments can be 

found in the supplements (see Supplement Figure S15 and Figure S16). PTPs with more than 

12 mismatches were excluded since an exact primer binding side can hardly be determined. 

Hence, 908 of the 940 PTPs of the Tac PCR data set were selected to investigate which 

physicochemical properties exert the greatest influence on the amplification status. Therefore, 

openPrimeR was used to compute the physicochemical properties for each PTP. The most 

important features we investigated on were the free energy of annealing (∆G) and three 

conditions related to the 3’ terminus: the presence of mismatches within the 3′ hexamer 

(z∈{0,1}6), the total number of mismatches (XN ∈ ℕ0) and the position of the 3′ hexamer 

mismatch closest to the 3′ terminus (iX∈{0,1,...,6}). 
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Table 33: Overview of the physicochemical properties of PTPs of the IGHV data set 
908 PTPs of the IGHV data set were analyzed regarding their physicochemical properties (free 
energy of annealing (∆G), mismatch closest to the 3’ end (ix), number of 3’ hexamer 
mismatches (XN), extent of GC clamp (|GC|), free energy of folding (∆Gf), free energy of self-
dimerization (∆Gf), amplification status (yi) and the number of mismatches at the respective 3’ 
hexamer position ∑xizj. Values shown in brackets indicate the inter-quartile range of the 
observed values. This (modified) table and table legend was published in Scientific Reports in 
2019 by Döring et al. (Co-author N. Lehnen) and is used in approval with all co-authors and 
with courtesy of Creative Commons Attribution- Share Alike 4.0. International License, 
https://creativecommons.org/licenses/by-sa/4.0/ 
 

 

Table 33 gives an overview of the distribution of physicochemical properties of the IGHV data 

set, comparing the de novo oPR(5)-IGHV set and primer Set1. The primers from oPR(5)-IGHV 

and primer Set1 are characterized by contrasting rates of amplification and contrasting values 

of ∆G. 87.8% of PTPs (165 of 188) from Set1 were labeled Amplified, while only 30.1% (217 

of 720) of PTPs from oPR(5)-IGHV were labeled Amplified. It is remarkable that the primers 

from Set1 consistently exhibited a higher rate of amplification than the primers from the 

oPR(5)-IGHV at any compared number of mismatches. Absolute numbers of mismatches must 

not be compared, due to a higher amount of primers (16 versus 4) and therefor a higher amount 

of total PTPs in the oPR(5)-IGHV set.  

 

Additionally, ∆G of PTPs from the oPR(5)-IGHV primers showed a significantly higher inter-

quartile range (IQR) at [−4.9, −2.0], in comparison to Set1 with a ∆G IQR of [−8.6, −5.2]. 

 

Bringing together the analyzed characteristics, Table 34 demonstrates the interaction between 

the number of primer-template mismatches, ∆G, and the amplification rate. In the overall data 

set, primers with up to 3 mismatches still showed a 100% amplification rate. It is remarkable 

that even primers binding with at most 6 mismatches still showed very high amplification rates 

at 83.33% in the overall data set and even 100% regarding Set1 alone.  
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Table 34: Amplification rates in dependence of the number of PTP mismatches, position 
of 3’ hexamer mismatch closest to the 3’ terminus (ix) and free energy of annealing (∆G) 
The relationship between the number of total mismatches, the position of 3’ hexamer mismatch 
closest to the 3’ terminus (ix), free energy of annealing (∆G), and the amplification rate were 
analyzed for the overall set, and for oPR(5)-IGHV and Set1 individually. Numbers in brackets 
indicate value ranges. This modified table and table legend was pre-published in Scientific 
Reports 2019 by Döring et al. (Co-autor N. Lehnen) and is used in approval with all co-authors 
and with courtesy of Creative Commons Attribution- Share Alike 4.0. International License, 
https://creativecommons.org/licenses/by-sa/4.0/ 
 

The data set indicated coherence between the studied features: The lower the number of 

mismatches, the lower the inter-quartile ∆Gs detected, and the higher amplification rate was 
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achieved. This pattern was demonstrated by the overall set and by both primer sets 

individually. 

 
Figure 32: The impact of mismatch position and free energy of annealing ∆G on the 
amplification status 
X-axis indicates the mismatch position closest to the primers 3’ terminal end. Position 1 
corresponds to last position of the primer and 3’ end and e.g., position 6 corresponds the 6th 
last position. PTPs without mismatches are labeled None. PTPs of the oPR(5)-IGHV set are 
indicated as dots, PTPs of primer Set1 are indicated as triangles. Amplified PTPs are colored 
light blue, Unamplified PTPs are colored light red. The vertically dotted line marks the 3’ 
hexamer, the horizontal dotted line marks free energy of -5 kcal/mol. Both lines indicate cut-
offs for the amplification status. This modified figure and figure legend was published in 
Scientific Reports 2019 by Döring et al. (Co-author N. Lehnen) and is used in approval with all 
other co-authors and with courtesy of Creative Commons Attribution- Share Alike 4.0. 
International License, https://creativecommons.org/licenses/by-sa/4.0/ 
 

Figure 32 visualizes the 3’ hexamer as critical region of primer mismatch for the amplification 

status: while mismatches outside of the 3’ hexamer less frequently affected the amplification 

status, mismatches closer or within 3’ terminus influence the amplification status to a great 

extent. Mismatches in the 3’ hexamer are detected less frequently in Amplified PTPs than in 

Unamplified PTPs (XN IQR of [0, 1] vs [2, 4]). This accounts especially for mismatches closer 

to the 3’ hexamer (iX IQR of [0, 3] vs [5, 6]). Unamplified PTP status is additionally associated 

with higher free energy of annealing. A cut-off can be set to – 5 kcal/mol, above which 

amplification becomes unlikely. Using a two-sided Wilcoxon rank-sum test, a significant 

difference between Amplified (n=382) and Unamplified (n=526) PTPs concerning ∆G (p-value 

<0.05) and iX (p-value <0.05) was detected. 
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5 DISCUSSION 
 

Potent neutralizing antibodies are of tremendous value and are urgently needed to combat 

global health crises caused by HIV-1, SARS-CoV-2 and other (potentially upcoming) infectious 

diseases. Additionally, studies of antigen-specific B cells and their respective BCR are needed 

to gain further insights into disease processes in autoimmunity,128 and antitumor immune 

responses.129 Therefor, reliable and efficient antibody and human B cell isolation methods are 

of great value.  

 

Due to the B cell repertoire’s origin from one of the most complex regions of the human 

genome34 and its tremendous diversity gained during affinity maturation, especially in the 

variable region of the antibody’s heavy and light chains38, the isolation of antigen-specific 

antibodies presents one with great challenges. One of the most critical steps in antibody 

isolation is the two-step multiplex PCR amplification, especially in the context of high mutation 

frequencies. Here, mPCR requires complex primer design as PCR amplification is often 

compromised on immunological templates by primer-template mismatches or unfavorable 

primer properties and interactions. However, currently available primer design tools lack 

functionality for a SCO100–103,105,107,110,111,130, are not openly available91–94,96,101,103,104,113 or do not 

provide an easy-to-use graphical interface or workflow application, which allows defining a ROI 

and an individual primer binding site.91,94,95,101,102,104,109 

 

This dissertation has intensively and profoundly been dedicated to further develop single cell 

and multiplex cloning strategies for the identification of (broadly) neutralizing antibodies against 

infectious diseases. To this end, we adapted existing concepts42,75,81,131 to develop a 

standardized laboratory protocol with cost- and labor intensity optimized conditions as a 

prerequisite for a fast and efficient workflow. Additionally, we presented a newly developed 

primer design- and evaluation tool, called openPrimeR (as part of a co-operational work with 

the MPI Saarbrucken). For an unbiased evaluation of primer sets on defined immunological 

templates, we established a germline IGHV gene library from pooled naive B cells of 16 healthy 

individuals. In a continuous workflow of in-vitro testing of computationally designed primers on 

the gene library and in-silico evaluation in the openPrimeR tool, we optimized the tool’s default- 

and constraint-settings for primer design. The finally presented oPR(5)-IGHV primer set 

demonstrated superior performance in amplifying the (germline) IGHV gene repertoire in 

comparison to established primer sets and is a promising candidate for the amplification of 

highly mutated antibodies. Finally, a de-novo Tac PCR data set, containing 940 evaluated 

PTPs, is presented and brought great insights into physicochemical properties of PCR 

amplification and primer design. 
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5.1 Optimized adjustments of the laboratory protocol for the amplification of 

neutralizing antibodies from single human B cells  

To implement an optimized and standardized protocol for the successful cloning of antibodies 

from single human B cells of defined origin, we adapted the priorly published protocol 

presented by von Boehmer et al.131 from the Nussenzweig laboratory at the Rockefeller 

University in New York, which had been established and demonstrated initially by Wardemann 

et al.42 and Tiller et al.81 to be a well working protocol for the amplification of human B cell 

receptors. The complete cloning protocol consists of four critical steps, including (I) single B 

cell isolation by flow cytometry, (II) BCR heavy and light chains amplification by RT-PCR, (III) 

a cloning process into an expression plasmid and (IV) a transfection step to finally produce 

recombinant antibodies (IV).42, 81,132 In this thesis, the focus was set to optimizing step (II), the 

BCR heavy and light chain’s amplification by PCR. 

 

To reduce labor intensity and speed up the simultaneous handling of large numbers of clones, 

all PCR purification and cloning reactions were performed in 96-well plates. Additionally, we 

could show, that downscaling the 2nd PCR reaction volume (38 µl to 19 µl, as demonstrated in 

section 4.1.1.2 ) does not result in lower amplification rates or weaker gel bands, which allowed 

us to adapt the protocol by remarkably reducing the 2nd PCR’s reagent volume. By down 

scaling the PCR reagent volume to half of the initial volume, we could archive a 67% cost 

reduction per cloned antibody in the later on established total protocol by Gieselmann et al. 

(Co-author N. Lehnen).132  

 

Single cell amplification is a highly sensitive and error prone technique which can be influenced 

by a multitude of external factors. The catalyzing enzyme polymerase is one of the key 

reagents in a PCR, especially when applied on immunological templates, because the 

amplification status on the one hand and a potentially induced bias on the other hand, are 

highly dependent on the type and quality of polymerase.68,85,133 The enzyme is also one of the 

most cost intensive factors in a polymerase chain reaction. We therefore tested the 

performance of three commercially available DNA polymerases on single human antigen-

experienced B cells and found no significant difference in the amplification rates (see Figure 

17). The protocol was therefore adapted by using the less cost intense polymerase, which in 

our case turned out to be PolymeraseC, the Platinum Taq Green Hot Start DNA Polymerase 

by Thermo Fisher Scientific. However, the interpretation of the results must not suggest that 

the choice of polymerase is irrelevant. The three DNA polymerases, which were compared 

here, had been preselected and were already characterized by high quality and specificity. 

Since the performed experiments only investigated on the amplification status via gel 

electrophoresis, no statement on amplification bias or mutations induced by the different 
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polymerases could be made. Future investigations herein may be particularly beneficial for 

studies of the B cell repertoire and accurate immunoglobulin nucleotide sequence amplification 

of potentially neutralizing antibodies. 

 

Proceeding in the optimization process, we recommend for achieving a better amplification 

rate and less non-specific binding or smear bands, to proceed directly from the 1st to the 2nd 

PCR or, in case of a necessary interruption, to store 1st PCR plates at -80°C instead of 4°C or 

warmer (see Figure 16). Since RT-PCR on single-cell level is extremely susceptible to 

nucleotide contamination, it is highly recommendable to perform single-cell RT-PCRs only in 

workspaces, or even a designated room, where no other experiments on DNA templates (e.g., 

plasmids encoding antibody fragments) take place. PCR master mixes should exclusively be 

prepared inside a PCR cabinet, under regularly decontamination by UV irradiation and wiping 

with DNA decontaminating reagents. During all single cell experiments we held strictly to this 

method of operation and implemented it into our protocol. However, performing literally 

thousands of PCR reactions on single cell level, we found the amplification rates to be highly 

varying, even if applied on identically sorted B cells and using same protocol settings.  

 

In section 4.1.1.5 we could demonstrate that the choice of the reverse transcribing enzyme in 

RNA RT highly influences the reproducibility of a positive amplification result and most 

importantly influences the overall amplification rate. We demonstrated, that using SuperScript 

IV instead of SuperScript III (both from ThermoFisher Scientific) significantly increases the 

overall amplification rate, as well as the likelihood of reproducing a positive PCR result in a 

duplicate measurement (for both p= <0.0001). It can be assumed that this observation is 

mainly explained by a higher cDNA yield and quality achieved by SuperScript IV as promoted 

by the manufacturer. Recently, Zucha et al.134 corroborate these findings by comparing 11 

RTases in quantitative RT qPCRs on single-cell and bulk templates and demonstrated that the 

SuperScript IV (and the Maxima H, also provided by ThermoFisher Scientific) show superiority 

over the other RTs, in terms of their ability to capture rare transcripts and their absolute reaction 

yield.134 Consequently, we adapted the cDNA production protocol by exclusively using the RT 

SuperScript IV for the reverse transcription step. 

 

By investigating on optimal reagent volume, storage conditions and highest performing 

enzyme usage (polymerase and reverse transcriptase), we were able to adjust the established 

single cell amplification protocols42,81,131 to a less cost- and labor intensive and a more efficient 

protocol with higher reproducibility. Even if these findings and protocol adjustments are only 

subpoints in the whole process of antibody identification and production, they contributed to a 
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high extend to the further development of a protocol for the “effective high-throughput isolation 

of fully human antibodies targeting infectious pathogens” published by Gieselmann et al.132 

5.2 openPrimeR for multiplex amplification of highly diverse templates 

Successful mPCR-based single B cell cloning approaches are critically dependent on a reliable 

primer set, as a prerequisite of a broad, unbiased and efficient amplification.  

 

In the past, several primer sets have contributed to the isolation of monoclonal antibodies or 

studies of the B cell repertoire.75,81,86,87,135,136 Using the openPrimeR evaluation mode, Kreer et 

al.90 (Co-author N. Lehnen) could show, that all of the investigated priorly established primer 

sets show calculated limitations, such as the missing coverage of all currently known IGHV 

genes,81,75  providing only incomplete V gene segment amplification81,86,135,87 or requiring 

multiple reactions and thus are highly cost- and labor-intensive75 (see Figure 6). In this thesis, 

we intended to advance the PCR amplification by investigating on an optimized primer set for 

the identification of broad neutralizing antibodies.  

 

Mutations that lead to a decrease in primers-template complementarity pose a particular 

challenge for the PCR amplification. While antigen-experienced B cells usually carry on 5-10% 

mutations within their BCR137, bNAbs against HIV-1 often show less than 70% germline 

identity.87,138 Previous PCR-based amplification approaches used sets of degenerated primers 

to overcome the difficulties of primer-template mismatch. However, due to non-specific or 

failed binding, 10-20% of all antibodies cannot be amplified using this method.139–141 

Additionally, degenerated primers bear a non-negligible risk of inducing or reverting mutations. 

The individual V gene segments mutations are crucial for the antibodies neutralizing activity 

and occur in both, the CDRs and FWRs of the antibody.23 Primer binding to the heavy (and 

light-) chain leader region has been demonstrated to be more efficient in amplifying highly 

mutated V genes75, which is comprehensible regarding the remarkably lower AID activity in 

this area.39 Moreover, primer binding to the leader region prevents the induction or reversion 

of mutations in the FWR1, which can play a major role in the antibodies neutralizing activity.23 

Thus, we made exclusive leader binding a prerequisite for of all further primer sets designed 

with openPrimeR. Primers binding more downstream were directly excluded (see Supplement 

Figure S18). 

 

We used openPrimeR to design a de novo optimized primer set, to facilitate the efficient 

amplification of highly mutated human immunoglobulin heavy chain gene segments. Primer 

sets were designed to cover the maximum amount of all included 152 IGHV gene alleles with 

a minimum number of primers (= considering the SCO). It is of note, that first experiments of 
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this thesis were performed at a very early stage of the openPrimeR tool’s development. The 

presented primer sets oPR-IGHV(1) - oPR-IGHV(6) were designed in a iterative process of in-

vitro testing of computationally designed primers and an in-silico adjustment of the tools 

starting conditions and filtering values (such as number of allowed mismatches, GC-content 

etc.) that were eventually chosen as default settings for openPrimeR (see supplement Figure 

S18). Within this optimization process, we were able to improve the initially weak primer 

performance of the oPR(1)-, oPR(4)- and oPR(6)-IGHV set (see Figure 20 and Figure 21) to  

finally present the highly satisfying primer set oPR(5)-IGHV. We could demonstrated that the 

oPR(5)-IGHV primer set showed equally overall coverage of antigen-experienced and HIV-1-

specific B cells on single cell level compared to primer Set1. Additionally, the oPR(5)-IGHV 

primer set showed superior performance in covering the IGHV gene library compared to Set1 

(Figure 29).  

 

Primer Set1 is still broadly used in many mAbs isolation pipelines and multiple laboratory 

groups.142–144 In the ongoing pandemic, new protocols to identify mAbs against SARS-CoV-2 

relied on these primers.145,146  However, the set lacks the ability to cover for all IGHV genes 

(see Figure 6 and Figure 29), which is an unfavorable feature for a primer set aiming to map 

the B cell repertoire and to detect mAbs against a broad variety of pathogens. Primer Set2 on 

the other hand presented high overall coverage rates in the amplification of murine and human 

IGHV genes in prior publications86,88, as well as in the here presented experiments on single 

antigen-experienced B cells and on the IGHV gene library. However, this set bears the 

troubling disadvantage of primer binding to the FR1 (see Figure 6), which is a feature to be 

avoided urgently, as extensively discussed above.  

 

The de novo primer set oPR(5)-IGHV provides both, an exclusive binding to the leader region, 

to capture antibodies with high mutational burden and a broad coverage of theoretically all 

known IGHV genes in germline status. To ensure the broad repertoire coverage, the oPR(5)-

IGHV set remarkably includes some primers, that bind to one single IGHV gene (see 

supplement Figure S15), e.g. oPR(5)-IGHV_11), while the four primers of primer Set1 show 

all a relatively broad amplification spectrum among IGHV genes and families (see supplement 

Figure S16). Additionally, the oPR(5)-IGHV was demonstrated to amplify its target region with 

less PTP-mismatches in comparison to primer Set1 (Table 34). Again, this is a strength of the 

oPR(5)-IGHV set, as mismatch binding can lead to the introduction of unwanted sequence 

mutations and interfere analysis. 

 

To conclude, we used openPrimeR to design an IGHV primer set that facilitates efficient 

amplification of highly mutated variable heavy chain sequences and could demonstrate its 
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efficiency on both, the gene library and on single cells. The oPR(5)-IGHV set is therefor a 

promising candidate for the precise amplification of antibody sequences independently of their 

mutational burden. Further testing on the isolation of broad and potent neutralizing antibodies 

against different pathogens would be needed. Specifically, it would be of interest to sequence 

the amplified variable region by the respective primers to identify germline divergence and 

thereby identify the primer set’s specific capacity to amplify highly mutated V genes.  

5.3 IGHV gene library – a powerful tool for standardized and unbiased primer 

testing and evaluation on human IGHV genes 

The here presented IGHV gene library provides a powerful template tool for V gene-specific 

primer design experiments by including 47 representative heavy chain fragments from naive 

B cells. Each fragment includes a different functional complete heavy chain V gene, its 

respective full leader sequence and a partial constant region sequence, cloned into a pCR4-

TOPO-vector backbone. This newly designed template represents the whole human germline 

IGHV repertoire and thereby provided ideal conditions for detailed studies of PTPs and allowed 

a differentiated learning on primer-properties influencing the amplification status.  

 

As shown in Figure 23, the comparison of individual primer set efficacies on single B cell level 

can be very biased, especially in the context of antigen-experienced B cells, where primers 

must amplify V genes which bear an unknown amount of somatic hypermutation in the primer 

binding region and therefor influence the amplification in different manners. A structured 

sequencing of each amplified V gene would be needed to detect primer-template-

complementarity and thus to draw valid conclusions about physicochemical properties 

influencing the reaction. The IGHV gene library therefor offered the opportunity to study 

precisely and under standardized conditions, which primer potentially amplifies which IGHV 

gene. Thereby, detailed studies of PTP properties influencing the amplification status could be 

made (see  

Table 33 and Figure 32) and information was refed to the openPrimeR design tool. Additionally, 

the IGHV gene library can be easily manifolded via plasmid DNA preparation (Midi- or 

Maxiprep) and experiments can be performed in any desired amount of replication or 

experiment adjustment. The library minimizes PCR bias by providing a standardized plasmid 

amount of 1 ng plasmid template per well and a known template sequence. 

 

By evaluating the amplification status of 16 individual primers on each of the 47 templates in 

triplicates, we could demonstrate a very good reproducibility: in 89.81% (661 out of 736 valid 

PCRs) a positive or negative amplification result was reproduced in all three experiments. In 

96.19% a positive result was reproduced at least in two out auf three experiments or was 
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unamplified in all three experiments. This led to the conclusion that the IGHV gene library 

provides a highly satisfying template-tool for an unbiased validation of primer efficacies if tests 

were run in triplicates. Remaining fluctuations in reproducibility might be caused by other 

influencing variables, such as reagent- or thermocycler-dependent factors. 

 

A similar methodology has been presented by Carlson et al.82 who developed a synthetic T 

cell receptor (TCR) repertoire template, containing a mixture of equimolar DNA molecules 

encoding for all 56 possible combinations of the 14 V- and four J-segments of the TRC gamma 

annotated by IMGT. Using the synthetic template pool, Carlsen et al. were able to quantify the 

amount of each synthetic template pre- and post-multiplex PCR, which allowed them to adjust 

primer concentrations in mPCR approaches and led to the correction of uncovered bias.82 To 

our best knowledge, we are first to provide a similar template for the human IGHV gene locus. 

Although the IGHV gene library presents a method for multiplex PCR assay on the human 

IGHV repertoire, it can possibly be adopted to other immune receptor loci, for example, IGKV 

and IGLV, (as started already during the process of this thesis (see Figure S8 to Figure S13) 

and finalized by C. Kreer et al. 90)), TCR-alpha or TCR-beta and many more. Therefore, our 

method presented here could potentially serve as a template protocol for an unbiased, 

quantitative multiplex PCR library preparation that could be useful to other researchers 

adopting it to their experiments on different gene loci. 

5.4 The impact of mismatch position and ∆G on the amplification status. 

By the evaluation of more 2,820 PCRs (940 triplicates) we presented a novel PCR data set, 

which provides the amplification status of all combinations of 20 primers and 47 IGHV 

templates. The amplification statuses included in our data set are based on the evaluation of  

gel electrophoresis imaging, which distinguishes them crucially from conventional PCR 

amplification studies, as these are usually based on qPCR. 

 

Analyzing this data set with regard to the physicochemical properties of each PTP, we could 

define and specify established features governing the efficacy of PCR. For example, full 

complementarity between primer and template sequences was generally considered crucial 

for the amplification status,147 but our data could specify that the total number of mismatches 

within PTPs can be higher than expected. It is remarkable, that in the analysis of the IGHV 

data set primers binding with up to 6 mismatches still show very high amplification rates at 

83.33% in the overall data set and even 100% regarding Set1 alone. Most notably, we could 

demonstrate that PTPs labeled Unamplified via gel electrophoresis are most likely the result 

of primer-template conformations that exhibit a high free energy of annealing, an increased 

number of mismatches within the 3’ hexamer and/or mismatches closer to the 3’ terminus (see 
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Figure 32 and Table 34). Thus, we could conclude, that for future primer design not the 

absolute number of exhibited mismatches alone, but mismatch positions in relation to the 3’ 

terminus and the free energy of annealing should be carefully considered.  

 

The effects of 3’ mismatches to PCR amplification have been subject to several published 

studies,67, 68,124 but these studies, if at all, only superficially examined the relationship of 3’ 

hexamer mismatch position and free energy of annealing. However, many studies highlight 

the type of nucleotide mismatch to influence amplification67,124,148 a feature with we neglected 

in our analysis. Nonetheless, our data set provided great new insights into the physicochemical 

factors of PCR.  

5.5 Naive B cell IGHV repertoire representation across 16 pooled healthy 

donors 

Out of 450 processed colony clones cultivated during the preparation of the IGHV gene library 

(see Figure 10) we obtained 264 germline IGHV sequences, representing the naive B cell 

repertoire of 16 pooled healthy donors. Across this dataset, we analyzed the IGHV family, 

gene, and allele usage. 

 

Despite the general tendency of pathogen-specific antibody responses to exhibit biased gene 

repertoires, it has been stated in the past, that a distinct pattern of IGHV family usage is 

conserved to a high extend across naive and memory B cell subsets and across individuals, 

as IGHV families 1, 3 and 4 are usually highly over-expressed relative to families 2, 5, 6 and 

7.86,149–152 Even though our sample size was comparatively much smaller than previous 

studies153,150,154, we could demonstrate a similar pattern of IGHV family usage across the 

analyzed naive B cells of 16 pooled donors (see Figure 25A). Of note, this pattern generally 

parallels the genomic complexity of each IGHV family and might therefore be considered 

suggestive (see Figure 25B). Additionally, a clear predominance in the usage of certain IGHV 

genes was visible among the naive B cell subset of the 16 donors. Whereas seven rare genes 

were not represented at all, five genes (IGHV1-18, IGHV3-23, IGHV4-34, IGHV4-59 and 

IGHV5-51) were clearly overexpressed in comparison to most of the other genes. Quite similar 

patterns of IGHV gene usage in the naive B cell repertoire have been identified before in large 

scale studies.154,150 For example, IGHV3-23 has been identified to be the most common V gene 

in naive B cell subsets155,156, which conforms with our findings. IGHV3-23 was found to account 

for 8.33% of all V genes across the analyzed naive B cells of our donors (Mean $ -2.13%).  

 

Although the process of selecting gene segments for VDJ-recombination is known to be 

randomly, some genes are generally used more frequently than others. Common biases in the 
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gene segments usage have been demonstrated to be the result of a variety of mechanisms, 

including preferential recombination between certain V, D and J segments153 and bias based 

on the distance between the V, D, and J segments.157 Nonetheless, we also saw remarkable 

differences between our subset and other previously described high throughput studies, which 

revealed, that each individual has a unique IGHV genotype, and striking differences were 

generally seen between individuals.150 It is of great importance to push forward studies on 

individual and subset V gene usages, as alterations of V gene family and gene homeostasis 

in the circulating B cell repertoire can be an expression of disease: e.g. a progressive decrease 

in V gene family VH1 and VH3 expression were found in plasma cells of HIV-1-infected 

patients158,159 while the overexpression of certain IGHV genes accounts as prognostic marker 

for B cell malignancies, such as chronic lymphatic leukemia160,161, and follicular lymphoma162, 

or are associated with diverse autoimmune processes.163 However, statements about donor-

specific differences in V gene usage cannot be made based on our data, as we used pooled 

cDNA from 16 donors. Finally, we did not perform paired analysis of VH- and VL sequences 

which is an important requirement when studying the individual V gene usage and detect 

complete antibodies.  

 

The same applies to the analysis of the allele distribution. Again, we could demonstrate biased 

usage of certain gene alleles among the 16 pooled individuals. It was remarkable that most 

gene segments of our donors only presented single common alleles, with relatively rare allelic 

variants, while IGHV3-11 was presented by four and IGHV1-69 by five different alleles. As 

described by other repertoire studies before150,164, copy number polymorphism can be 

suspected here, but again, it cannot be proven based on our data collection. 

 

To sum up, for a deeper repertoire and immune response analysis, a donor-specific analysis 

with paired VH and VL information would have been needed. Also, studying the different 

representations of the V gene usage of naive in comparison to antigen-experienced B cell 

repertoires would be of further interest. As this information is missing in our data set, and the 

amount of analyzed sequences is relatively small in comparison to other studies, which easily 

included 100 times the quantity150, we are aware of the limits of our repertoire data. 

Nonetheless, our findings underlined our assumption, that 5’RACE provides a versatile tool for 

unbiased gene amplification and any additional public information on subsets of the B cell 

repertoire can be helpful for other researchers.  
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5.6 Comparison with other methods for mAbs isolation and repertoire 

analysis 

To advance the identification of mAbs targeting infectious pathogens, the focus of this thesis 

was set to optimizing the here presented bait protein-based cell sorting and mPCR-based 

single cell amplification method(s), which have been introduced by the Nussenzweig 

laboratory131,132,165 and have previously proven successfully in isolating mAbs.127,145,166,167  

Nonetheless, in the past, other approaches and combinations of different techniques have 

been presented to study the B-cell repertoire and to isolate mAbs. For example, combinatorial 

phage display libraries have also been demonstrated to successfully and rapidly generate high 

amounts of different antibodies,168–171 but they bring remarkable disadvantages, such as a 

random, and thereby potentially artificial, assembling of heavy and light chains, while exclusive 

and antigen-specific combinations might not be expressed at all. Finally, they provide no 

versatile tool for the study of B-cell repertoire representation due to multiple selection rounds 

by which rare but highly specific clones might get lost.  

 

Other methods based on single-cell isolation often rely on cost- and labor-intensive B cell 

cultivation to screen (by the means of enzyme-linked immunosorbent assay (ELISA)) the 

supernatant for mAbs.172–174 For example, a potent mAb targeting Influenza A hemagglutinins 

has been discovered by pre-screening of cell culture supernatant but required the cultivation 

of more than 100,000 B cells.172 This underlines its inferiority to the method of antigen-specific 

single B cell sorting, which we chose. Besides of the B cell isolation, the BCR amplification by 

RT-PCR is most critical to a successful mAb identification.  

 

To avoid the challenges of primer design covering all variable regions and exclude primer-

induced bias, other approaches use 5’RACE (rapid amplification of 5’ cDNA ends) using either 

oligo(dT) priming or a gene-specific primer.175,176,137 Disadvantageous, this method requires 

multiple steps in between reverse transcription and PCR amplification (such as mRNA, 

degeneration, cDNA purification and polyA-tail addition) which makes it rather laborious. 

Additionally, due to small quantity of mRNA present in one single cell, conventional 5’RACE is 

more likely performed in bulk approaches177 than on single cells, and thus does not provide 

pairing analysis of VH an VL sequences either.117 

 

Single-cell RT-PCR on the other hand has been broadly used in BCR amplification but due to 

the relatively low mean efficacy of PCR amplification in priorly published B cell isolation 

pipelines, which were reported 50–74% PCR efficacy for heavy- and 40–65% for light-chain 

sequences165,131,145, the main focus of this thesis was set to optimizing this critical step. As 

discussed in section 5.1., we firstly adjusted the protocol to be less cost- and labor-intensive. 
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Secondly, optimal primer design on immunological templates was intensively studied and let 

to the presentation of the oPR(5)-IGHV primer set, which demonstrated superior performance 

in IGHV amplification on the IGHV gene library (see section 4.3). After finalization of this thesis, 

further protocol advancements have been adapted, especially in the isolation, cloning and 

transfection steps. Finally, Gieselmann at al. (Co-author N. Lehnen) could propose a protocol, 

which yields heavy- and light-chain recoveries of >89%, which is a tremendous achievement 

and the prerequisite for a high-throughput capacity protocol.132  

 

In the end, it is not possible to quantify the exact impact of the results and protocol 

advancements presented in this thesis on the described efficacy achievements, but they 

certainly build the cornerstone of the protocol improvement process, treating the most critical 

PCR amplification step.  

 

While we successfully presented a high-throughput isolation pipeline on single cell level, in the 

future, next generation sequencing (NGS) approaches might be promising techniques to 

analyze even higher amounts of antibodies in shorter time.  

NGS has already been used successfully in B cell repertoire analysis but these approaches 

lack the ability to provide paired information on heavy and light chain, obtained in individual 

single cell level analysis.178 DeKosky et al. recently introduced a promising new technique that 

allows the subsequent RT-PCR generation of variable region heavy and light chain amplicons 

for NGS. Here, single B cells are sequestered into emulsion droplets which contain a lysis 

buffer and magnetic beads to capture the mRNA.153 This technique has been demonstrated to 

enable the sequencing of paired VH-VL repertoires from more than 2 x106 B cells per 

experiment. The technique could provide a 97% precision of pairing,153 but unfortunately still 

entails a high loss of starting material and a biased mPCR step. 

 

Further investigations are still needed to combine high-throughput NGS techniques with the 

precision of single cell RT-PCR, including a direct vector cloning protocol in the future.  

 

5.7 Contribution to further publications and outlook  

The results of this thesis contributed to a great extent to several subsequent research findings 

regarding single cell amplification techniques to identify and isolate highly mutated antibodies 

against infectious pathogens. In particular the work informed on the following aspects: 

 

(i.) By learning from the here presented continuous in vitro testing of different primer sets on 

single human B cells and the specifically designed IGHV gene library, Matthias Döring and 
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Christoph Kreer were able to train and adjust the restriction constraints in the openPrimeR 

design tool. In addition, Matthias Döring used the exclusive information provided by the IGHV 

data set of 940 PTPs to develop a “thermodynamic mismatch model (TMM)”60 which predicts 

amplification of any given template by a specific primer. The model showed superior 

performance in comparison to priorly established models179 and has already been proven to 

be a promising model for optimized primer design.60 It can be retrieved freely via openPrimeR. 

The Taq PCR based IGHV data set presented within this thesis builds the fundament of the 

developed TMM. Therefore, it contributed significantly to the advancement of the openPrimeR 

design tool. These findings presented new insights into thermodynamic processes of PCR 

amplification, which will facilitate the design of future primer sets and might improve 

amplification and isolation outcomes on any (immunological) template.  

 

(ii.) In a continuous loop of in vitro primer testing and in silico adjustments of starting conditions 

and filtering values, we were able to optimize the default settings in the openPrimeR tool. By 

evolving the openPrimeR design tool, the Klein Lab (Kreer et al.) was able to present an 

advanced version of the oPR(5)-IGHV primer set, which is published under the name oPR-

IGHV and was complemented by corresponding primer sets for the light chain amplification: 

oPR-IGKV and oPR-IGLV primer sets (see supplement Table S4).90 The new oPR-IGHV mix 

already demonstrated a significantly better performance of HIV-1-reactive B cells compared to 

the established primers of Set1 and Set2. Of note, C. Kreer et al. described, that the oPR-

IGHV showed significantly higher amplification of V gene sequences with less than 70% V 

gene identity in comparison to by Set1 and Set2.90 This is of particular value, as especially 

HIV-1 specific broadly neutralizing antibodies often show up to 30% sequence divergence 

compared with their germline precursor42,82 and are therefore more likely to be identified by the 

oPR-IGHV primer set than by Set1 or Set2.90 In conclusion, the openPrimeR tool demonstrated 

a highly satisfying primer design function for primer sets targeting highly divers template 

sequences, as they are needed in the identification of broad neutralizing antibodies. The tool 

may help many researchers conducting research on immunological templates overcome the 

obstacles encountered in designing primers for a variety of different templates. 

 

(iii.) The protocol adjustments for the immunoglobulin gene amplification addressed in this 

thesis built the cornerstone for the development of a protocol for the “effective high-throughput 

isolation of fully human antibodies targeting infectious pathogens” by Gieselmann et al132, 

which facilitates the production of hundreds of mAbs within less than two weeks. The validated 

protocol improvements of this thesis, such as the most efficient enzyme choices (reverse 

transcriptase and polymerase), down-scaling of reagent volumes, and many handling advices, 

as well as the newly developed oPR-primer sets, were implemented 1:1 in the final protocol 
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published by Gieselmann et al. (Co-author N. Lehnen) in nature protocols in 2021.132 The 

Gieselmann protocol has been extensively validated and proven successful in the isolation of 

antigen-specific antibodies against multiple viruses, including HIV-1127, human 

cytomegalovirus180, Ebola virus181 and SARS-CoV-2166. Moreover, the protocol may be 

applicable to studies of the BCR in a variety of diseases, including B cell malignancies such 

as lymphoma or autoimmune diseases. 

 

An additional outstanding achievement under the usage of our protocol and the oPR-primer 

mixes was the detection and isolation of the broad neutralizing antibody (1-18), that efficiently 

targets the CD4 binding site of HIV-1 and was published by Schommers et al. in Cell in 2020.127 

In comparison to other potent CD4 binding site antibodies,55,182,183 1-18 restricts the 

development of viral escape and effectively suppresses HIV-1 in vivo.127 The 1-18 bNAB is 

therefore a very promising candidate for future options of highly effective treatment and 

prevention of HIV-1 infection.  

 

In summary, the results of this thesis have contributed significantly to the Klein laboratory's 

development of a highly effective protocol for the amplification of broad neutralizing antibodies, 

which has been proven successful in the detection of clinically relevant therapeutic candidates. 

 

As vividly exemplified by the ongoing SARS-CoV-2 pandemic and the HIV-1 epidemic, efficient 

and globally available treatment strategies are (after primary prevention) of utmost importance. 

The isolation of monoclonal antibodies targeting these pathogens can provide promising 

options to fight these conditions.51,127, Fortunately, extensive research investigations are 

advancing isolation strategies each and every day and promising techniques such as high-

throughput NGS, 5’RACE, and microencapsulation techniques are on the horizon. Until the 

implementation of these techniques into standardization, the here provided advanced single-

cell and PCR based approach remains of tremendous value for research and clinical 

applications. 
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7.5 Supplement material  

S1: Sequence identity between six human functional IGHV genes from the IMGT 

database 

 

Six of the annotated 53 human functional IGHV genes (including their corresponding leader 

region) from the IMGT database (standpoint 07/2016) show complete or very high (at least 

97.9%) sequence identity to another IGHV gene. Alignment was performed with the 

multisequence alignment tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).  

 

 

Figure S1: Sequence alignment of leader and variable region of IGHV1-69*01 and IGHV1-

69D*01 

IGHV1-69*01 and IGHV1-69D*01 have 100% leader and V gene identity, except for two 

additional nucleotides at the sequence end of IGHV1-69*01  

Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignment due to sequence ending.  
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Figure S2: Sequence alignment of leader and variable region of IGHV2-70*03 and IGHV2-
70D*04 
IGHV2-70*03 and IGHV2-70D*04 have 100% leader identity and 100% V gene identity until 
position 333. 
Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignement due to sequence ending 
 
 

 

Figure S3: Sequence alignment of leader and variable region of IGHV3-23*02 and IGHV3-
23D*01 
IGHV3-23*02 and IGHV3-23D*01 have 99.3% sequence identity, with first non-conformity at 
position 239  
Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignement due to sequence ending 
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Figure S4: Sequence alignment of leader and variable region of IGHV3-30*18 and IGHV3-
30-5*01 
IGHV3-30*18 and IGHV3-30-5*01 have 100% leader and V gene identity  
Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignment due to sequence ending 
 

 

Figure S5: Sequence alignment of leader and variable region of IGHV3-43*01 and IGHV3-
43D*01 
IGHV3-43*01 and IGHV3-43D*01 have 100% leader identity and 98.9% V gene identity, with 
first non-conformity at position 154 
Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignment due to sequence ending. 
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Figure S6: Sequence alignment of leader and variable region of IGHV4-31*03 and IGHV4-
30-4*01 
IGHV4-31*03 and IGHV4-30-4*01 have 100% leader identity and 97.9% V gene identity, with 
first non-conformity at position 155 
Legend: Star (*) indicates correct alignment, colon (:) indicates the exchange of adenine with 
thymine or vice versa, single point (•) indicates exchange of adenine with cytosine or vice 
versa or exchange of adenine with guanine and vice versa. Space character ( ) indicates no 
alignment at all due to missing nucleic acid or exchange of guanine with cytosine or cytosine 
with thymine and vice versa. Bar (-) indicates no alignement due to sequence ending 
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Figure S7: Exemplary plasmid map of an IGHV plus leader plus partial constant region 
sequence insert cloned into the pCRTM4-TOPO vector 
The exemplary insert of the germline IGHV1-2*01 here pictured as turquoise bar (Leader 
region), pink bar (V region) and brown bar (partial constant region). AmpR pictured as red 
arrow indicates ampicillin resistance, purple triangles indicate the M13 forward and M13 
reverse primer binding sides. Plasmid maps were generated with MacVector.  
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Table S1: Family, gene, and allele count of 264 IGHV sequences from IGHV gene library 

preparation 

Allele Seq.  Allele Seq.  Allele Seq.  Gene Seq.  Family Seq. 
IGHV1-2*01 0  IGHV3-13*01 3  IGHV4-28*03 0  IGHV1-2 7  IGHV1 62 
IGHV1-2*02 7  IGHV3-13*02 0  IGHV4-28*07 0  IGHV1-3 11  IGHV2 8 
IGHV1-2*03 0  IGHV3-13*05 0  IGHV4-30-2*01 1  IGHV1-8 3  IGHV3 110 
IGHV1-2*04 0  IGHV3-15*01 4  IGHV4-30-2*03 0  IGHV1-18 16  IGHV4 59 
IGHV1-3*01 11  IGHV3-15*02 0  IGHV4-30-2*06 0  IGHV1-24 6  IGHV5 19 
IGHV1-3*02 0  IGHV3-20*01 0  IGHV4-30-4*01 0  IGHV1-45 0  IGHV6 5 
IGHV1-8*01 3  IGHV3-20*02 0  IGHV4-30-4*02 0  IGHV1-46 8  IGHV7 1 

IGHV1-18*01 12  IGHV3-21*01 6  IGHV4-30-4*03 
= IGHV4-31*03 0  IGHV1-58 0    

IGHV1-18*02 0  IGHV3-21*02 0  IGHV4-30-4*04 0  IGHV1-69 11    
IGHV1-18*04 4  IGHV3-23*01 20  IGHV4-30-4*07 0  IGHV1-69-2 0    
IGHV1-24*01 6  IGHV3-23*02 0  IGHV4-31*02 0       
IGHV1-45*01 0  IGHV3-23*04 2  IGHV4-31*03 7  IGHV2-5 6    
IGHV1-45*02 0  IGHV3-30*01 0  IGHV4-31*06 0  IGHV2-26 1    
IGHV1-46*01 8  IGHV3-30*02 1  IGHV4-31*07 0  IGHV2-70 1    
IGHV1-46*02 0  IGHV3-30*03 0  IGHV4-31*08 0       
IGHV1-46*03 0  IGHV3-30*18 5  IGHV4-31*09 0  IGHV3-7 8    

IGHV1-58*01 0  IGHV3-30-
3*01 3  IGHV4-31*10 0  IGHV3-9 6    

IGHV1-58*02 0  IGHV3-30-
3*03 1  IGHV4-34*01 13  IGHV3-11 8    

IGHV1-69*01 6  IGHV3-33*01 2  IGHV4-34*02 0  IGHV3-13 3    
IGHV1-69*02 1  IGHV3-33*02 0  IGHV4-34*03 0  IGHV3-15 4    
IGHV1-69*03 0  IGHV3-43*01 0  IGHV4-34*04 0  IGHV3-20 0    
IGHV1-69*04 2  IGHV3-43*02 2  IGHV4-34*05 0  IGHV3-21 6    

IGHV1-69*06 1  
IGHV3-

43D*01= 
IGHV3-43*01 

0  IGHV4-34*06 0  IGHV3-23 22    

IGHV1-69*10 1  IGHV3-48*01 1  IGHV4-34*07 0  IGHV3-30 6    
IGHV1-69*14 0  IGHV3-48*02 9  IGHV4-34*09 0  IGHV3-30-3 4    

IGHV1-69-
2*01 0  IGHV3-48*03 2  IGHV4-34*10 0  IGHV3-33 2    

   IGHV3-49*01 0  IGHV4-34*11 0  IGHV3-43 2    
IGHV2-5*01 2  IGHV3-49*02 0  IGHV4-38-2*01 0  IGHV3-48 12    
IGHV2-5*02 4  IGHV3-49*03 1  IGHV4-38-2*02 0  IGHV3-49 3    
IGHV2-5*04 0  IGHV3-49*04 1  IGHV4-39*01 9  IGHV3-53 3    
IGHV2-5*05 0  IGHV3-49*05 1  IGHV4-39*02 0  IGHV3-64 1    
IGHV2-5*06 0  IGHV3-53*01 1  IGHV4-39*03 0  IGHV3-64-D 2    
IGHV2-5*08 0  IGHV3-53*02 2  IGHV4-39*06 0  IGHV3-66 6    
IGHV2-5*09 0  IGHV3-53*03 0  IGHV4-39*07 2  IGHV3-72 0    

IGHV2-26*01 1  IGHV3-64*01 1  IGHV4-59*01 13  IGHV3-73 1    
IGHV2-70*01 0  IGHV3-64*02 0  IGHV4-59*02 0  IGHV3-74 11    
IGHV2-70*02 0  IGHV3-64*04 0  IGHV4-59*08 3       

IGHV2-70*03 0  IGHV3-
64D*06 2  IGHV4-59*10 0  IGHV4-4 7    

IGHV2-70*06 0  IGHV3-66*01 4  IGHV4-61*01 3  IGHV4-28 0    
IGHV2-70*07 0  IGHV3-66*02 1  IGHV4-61*02 1  IGHV4-30-2 1    
IGHV2-70*08 0  IGHV3-66*03 0  IGHV4-61*03 0  IGHV4-31 7    
IGHV2-70*09 0  IGHV3-66*04 1  IGHV4-61*04 0  IGHV4-34 13    
IGHV2-70*10 0  IGHV3-72*01 0  IGHV4-61*08 0  IGHV4-38 0    
IGHV2-70*11 1  IGHV3-73*01 1     IGHV4-39 11    
IGHV2-70*12 0  IGHV3-73*02 0  IGHV5-10-1*02 0  IGHV4-59 16    
IGHV2-70*13 0  IGHV3-74*01 10  IGHV5-10-1*03 1  IGHV4-61 4    

   IGHV3-74*03 1  IGHV5-51*01 9       
IGHV3-7*01 1     IGHV5-51*02 0  IGHV5-10-1 1    
IGHV3-7*02 1  IGHV4-4*01 0  IGHV5-51*03 9  IGHV5-51 18    
IGHV3-7*03 6  IGHV4-4*02 3          
IGHV3-9*01 6  IGHV4-4*03 0  IGHV6-1*01 5  IGHV6-1 5    
IGHV3-9*03 0  IGHV4-4*04 0  IGHV6-1*02 0       

IGHV3-11*01 5  IGHV4-4*07 4     IGHV7-4-1 1    
IGHV3-11*04 1  IGHV4-4*08 0  IGHV7-4-1*02 1       
IGHV3-11*05 1  IGHV4-28*01 0          
IGHV3-11*06 1  IGHV4-28*02 0          
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Table S2: Family, gene, and allele count of 156 IGKV sequences from IGKV library preparation 

Allele Seq. 
 

Allele Seq. 
 

Gene Seq. 
 

Family Seq. 

IGKV1-5*01 0  IGKV3-11*01 24  IGKV1-5 7  IGKV1 43 

IGKV1-5*02 0  IGKV3-11*02 0  IGKV1-6 0  IGKV2 17 

IGKV1-5*03 7  IGKV3-15*01 19  IGKV1-8 1  IGKV3 82 

IGKV1-6*01 0  IGKV3-20*01 35  IGKV1-9 1  IGKV4 13 

IGKV1-6*02 0  IGKV3D-7*01 0  IGKV1-12 7  IGKV5 0 

IGKV1-8*01 1  IGKV3D-11*01 0  IGKV1-13 2  IGKV6 1 

IGKV1-9*01 1  IGKV3D-11*02 0  IGKV1-16 2    

IGKV1-12*01 6  IGKV3D-11*03 0  IGKV1-17 2    

IGKV1-12*02 1  IGKV3D-15*01 1  IGKV1-27 2    

IGKV1-13*02 2  IGKV3D-15*02 0  IGKV1-33 1    

IGKV1-16*01 0  IGKV3D-15*03 0  IGKV1-39 15    

IGKV1-16*02 2  IGKV3D-20*01 2  IGKV1D-8 0    

IGKV1-17*01 2  IGKV3D-20*02 1  IGKV1D-12 3    

IGKV1-17*02 0     IGKV1D-13 0    

IGKV1-17*03 0  IGKV4-1*01 13  IGKV1D-16 0    

IGKV1-27*01 2     IGKV1D-33 0    

IGKV1-33*01 1  IGKV5-2*01 0  IGKV1D-39 0    

IGKV1-39*01 15     IGKV1D-43 0    

IGKV1D-8*01 0  IGKV6-21*01 1  IGKV1-NL1 0    

IGKV1D-8*02 0  IGKV6-21*02 0       

IGKV1D-8*03 0  IGKV6D-21*01 0  IGKV2-24 0    

IGKV1D-12*01 3  IGKV6D-21*02 0  IGKV2-28 9    

IGKV1D-12*02 0     IGKV2-29 0    

IGKV1D-13*01 0     IGKV2-30 3    

IGKV1D-13*02 0     IGKV2-40 0    

IGKV1D-16*01 0     IGKV2D-26 0    

IGKV1D-16*02 0     IGKV2D-28 1    

IGKV1D-33*01 0     IGKV2D-29 4    

IGKV1D-39*01 0     IGKV2D-30 0    

IGKV1D-43*01 0     IGKV2D-40 0    

IGKV1-NL1*01 0          

      IGKV3-11 24    

IGKV2-24*01 0     IGKV3-15 19    

IGKV2-28*01 9     IGKV3-20 35    

IGKV2-29*02 0     IGKV3D-7 0    

IGKV2-30*01 2     IGKV3D-11 0    

IGKV2-30*02 1     IGKV3D-15 1    

IGKV2-40*01 0     IGKV3D-20 3    

IGKV2D-26*01 0          

IGKV2D-26*03 0     IGKV4-1 13    

IGKV2D-28*01 1          

IGKV2D-29*01 2     IGKV5-2 0    

IGKV2D-29*02 2          

IGKV2D-30*01 0     IGKV6-21 1    

IGKV2D-40*01 0     IGKV6D-21 0    
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Table S3: Family, gene, and allele count of 160 IGLV sequences from IGLV library preparation  
 

Allele Seq. 
 

Allele Seq. 
 

Gene Seq. 
 

Family Seq. 

IGLV1-31 0  IGLV3-21*02 3  IGLV1-31 0  IGLV1 30 

IGLV1-36*01 1  IGLV3-21*03 2  IGLV1-36 1  IGLV2 88 

IGLV1-40*01 15  IGLV3-22*02 0  1GLV1-40 15  IGLV3 26 

IGLV1-40*02 0  IGLV3-25*02 2  IGLV1-44 8  IGLV4 5 

IGLV1-44*01 8  IGLV3-25*03 0  IGLV1-47 4  IGLV5 6 

IGLV1-47*01 3  IGLV3-27*01 0  IGLV1-51 2  IGLV6 1 

IGLV1-47*02 1        IGLV7 2 

IGLV1-51*01 1  IGLV4-3*01 1  IGLV2-5 2  IGLV8 0 

IGLV1-51*02 1  IGLV4-60*02 0  IGLV2-8 9  IGLV9 1 

   IGLV4-69*01 4  IGLV2-11 8  IGLV10 1 

IGLV2-5*01 2  IGLV4-69*02 P 0  IGLV2-14 54    

IGLV2-8*01 9     IGLV2-18 2    

IGLV2-8*02 0  IGLV5-37*01 3  IGLV2-23 13    

IGLV2-11*01 8  IGLV5-39*02 0       

IGLV2-11*02 0  IGLV5-45*02 1  IGLV3-1 12    

IGLV2-14*01 54  IGLV5-45*03 2  IGLV3-9 0    

IGLV2-14*02 0  IGLV5-45*04 0  IGLV3-10 3    

IGLV2-18*02 2  IGLV5-52*01 0  IGLV3-12 0    

IGLV2-18*03 0     IGLV3-16 0    

IGLV2-18*04 0  IGLV6-57*02 1  IGLV3-19 1    

IGLV2-23*01 5     IGLV3-21 8    

IGLV2-23*02 6  IGLV7-43*01 0  IGLV3-22 0    

IGLV2-23*03 2  IGLV7-46*01 2  IGLV3-25 2    

   IGLV7-46*02 0  IGLV3-27 0    

IGLV3-1*01 12          

IGLV3-9*02 0  IGLV8-61*02 0  IGLV4-3 1    

IGLV3-9*03 0     IGLV4-60 0    

IGLV3-10*01 3  IGLV9-49*02 0  IGLV4-69 4    

IGLV3-10*02 0  IGLV9-49*03 1       

IGLV3-12*02 0     IGLV5-37 3    

IGLV3-16*01 0  IGLV10-54*01 1  IGLV5-39 0    

IGLV3-19*01 1  IGLV10-54*02 0  IGLV5-45 3    

IGLV3-21*01 3  IGLV10-54*03 0  IGLV5-52 0    

           

      IGLV6-57 1    

           

      IGLV7-43 0    

      IGLV7-46 2    

           

      IGLV8-61 0    

           

      IGLV9-49 1    

           

      IGLV10-54 1    
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Figure S8: IGKV family distribution over 156 analyzed IGKV germline sequences 
(Visualization of data from Table S2) 
X-axis indicates the six IGKV families, Y-axis indicates the absolute frequency over the 156 
analyzed sequences from 16 pooled healthy individuals. 

 

 
Figure S9: IGKV gene distribution over the 156 analyzed IGKV germline sequences 
(Visualization of data from Table S2) 
X-axis indicates the 40 IGKV genes, Y-axis indicates the absolute frequency over the 156 
analyzed sequences from 16 pooled healthy individuals. 
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Figure S10: IGKV allele distribution over the 156 analyzed IGKV germline sequences 
(Visualization of data from Table S2) 
X-axis indicates the 63 IGKV alleles, y-axis indicates the absolute frequency over the 156 
analyzed sequences from 16 pooled healthy individuals. 
 
 

 
Figure S11: IGLV family distribution over 160 analyzed IGLV germline sequences 
(Visualization of data shown in Table S3) 
X-axis indicates the ten IGLV families, y-axis indicates the absolute frequency over the 160 
analyzed sequences from 16 pooled healthy individuals. 
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Figure S12: IGLV gene distribution over 160 analyzed IGLV germline sequences 
(Visualization of data shown in Table S3) 
X-axis indicates the 35 IGLV genes, y-axis indicates the absolute frequency over the 160 
analyzed sequences from 16 pooled healthy individuals. 
 

 
Figure S13: IGLV gene distribution over 160 analyzed IGLV germline sequences 
(Visualization of data shown in Table S3) 
X-axis indicates the 35 IGLV genes, Y-axis indicates the absolute frequency over the 160 
analyzed sequences from 16 pooled healthy individuals. 
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Figure S14: Validation of primer set amplification status on IGHV gene library 
Primer set experiments in quadruples on the IGHV gene library. oPR(5)-IGHV set is shown in 
the upper row, Set1 in the middle and Set2 in the lower row. Amplification status is visualized 
under each gel picture and ether validated as “amplified”, indicated in green, or “unamplified”, 
indicated in black. Each last lane presents the negative control, containing the empty pCR4 
vector backbone. 
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Figure S15: Validation of oPR(5)-IGHV single primer amplification status on IGHV gene 
library 
oPR(5)-IGHV single primers tested in triplicates on the IGHV gene library. Header indicates 
each of the 16 single primers (oPR(5)-IGHV_1 – oPR(5)-IGHV_16). Amplification status is 
visualized under each gel pictures and either validated as “amplified”, indicated in green, or 
“unamplified”, indicated in black. Each last lane presents the negative control, containing the 
empty pCR4 vector backbone. 
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Figure S16: Validation of Set1 single primer amplification status on IGHV gene library 
Single primer from Set1 tested in triplicates on the IGHV gene library. Header indicates each 
of the four single primers (Tiller_5’-L-VH1 – Tiller_5’L-VH5). Amplification status is visualized 
under each gel pictures and ether validated as “amplified”, indicated in green or “unamplified”, 
indicated in black. 
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Figure S17: openPrimeR graphical user interface 
openPrimeR provides a shiny application, which can be used for interactive usage. The left 
panel provides the input interfaces and guides the user stepwise through the evaluation or 
design mode. The right panel offers several tabs for output display. This graphic has been 
published by Kreer et al. in the Journal of Immunological Methods in 2020 and was used in 
approval with all co-authors and with courtesy of Creative Commons Attribution- Share Alike 
4.0. International License, https://creativecommons.org/licenses/by-sa/4.0/ 
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Figure S18: Continuous workflow of openPrimeR optimization  
(I.) openPrimeR workflow for de novo primer design. Templates are uploaded into openPrimeR 
and a target region can be selected. An initial set of primers of specified length is either 
constructed by extracting template subsequences (non-degenerate primers) or by aligning and 
clustering of template subsequences (de-generate primers). Next, coverage is determined and 
primers are filtered according to user-defined constraints on their physicochemical properties. 
Finally, either a greedy algorithm or an integer linear program (ILP) finds an approximate 
(Greedy: P1, P6, P7) or exact (ILP: P5 and P7) minimal set of primers that covers all templates. 
If the coverage level is not achieved, constraints can automatically be relaxed to user-defined 
boundaries. (II.) Primers designed using openPrimeR and established primer sets (Set1, Set2) 
were tested on the IGHV gene library either using the complete primer sets or each single 
primer individually. (III.) Amplification status either set to Amplified or Unamplified and PTP 
specific physicochemical properties were evaluated. Concluding information was refed to the 
openPrimeR tool (e.g. by implementing the newly developed TMM). This modified graphic (I.) 
has been published by Kreer et al. in the Journal of Immunological Methods in 2020 and was 
used in approval with all co-authors and with courtesy of Creative Commons Attribution- Share 
Alike 4.0. International License, https://creativecommons.org/licenses/by-sa/4.0/ 
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Table S4: openPrimeR optimized primer sets oPR-IGHV, oPR-IGKV and oPR-IGLV for 

the amplification of antibodies heavy and light chains (Kreer et al. 2020, Journal of 

Immunological Methods)184. 

openPrimeR IGHV set (oPR-IGHV) 
Name Sequence  Length  
oPR-IGHV-1_fw ATGGACTGGACCTGGAGCATCC 22 
oPR-IGHV-2_fw ATGGACTGGACCTGGAGGATCCTC  24 
oPR-IGHV-3_fw  ATGGACTGGACCTGGAGGGTCTTC  24 
oPR-IGHV-4_fw  ATGGACTGGATTTGGAGGGTCCTCTTC  27  
oPR-IGHV-5_fw  ATGGACACACTTTGCTACACACTCCTGC  28 
oPR-IGHV-6_fw  ACTTTGCTCCACGCTCCTGC  20 
oPR-IGHV-7_fw  GGCTGAGCTGGGTTTTCCTTGTTG  24 
oPR-IGHV-8_fw  GGCTCCGCTGGGTTTTCCTTGTTG  24 
oPR-IGHV-9_fw  CACCTGTGGTTCTTCCTCCTGCTG  24 
oPR-IGHV-10_fw  ATGAAACACCTGTGGTTCTTCCTCCTCC  28 
oPR-IGHV-11_fw  ACATCTGTGGTTCTTCCTTCTCCTGGTG  28 
oPR-IGHV-12_fw  GCCTCTCCACTTAAACCCAGGCTC  24 
oPR-IGHV-13_fw  ATGTCTGTCTCCTTCCTCATCTTCCTGC  28 
oPR-IGHV-14_fw  ATGGAGTTGGGGCTGAGCTGG  21 
oPR-IGHV-15_fw  ATGGGGTCAACCGCCATCCTC  21 
 

openPrimeR IGKV set (oPR-IGKV) 
Name Sequence  Length 
oPR-IGKV-1_fw  ATGAGGCTCCTTGCTCAGCTTCTGG  25 
oPR-IGKV-2_fw  ATGGAAGCCCCAGCTCAGCTTC  22 
oPR-IGKV-3_fw  CCCAGCTCAGCTTCTCTTCCTCCTG  25 
oPR-IGKV-4_fw  TGGTGTTGCAGACCCAGGTCTTCATTTC  28 
oPR-IGKV-5_fw GTCCCAGGTTCACCTCCTCAGCTTC  25 
oPR-IGKV-6_fw GCCATCACAACTCATTGGGTTTCTGCTG  28 
oPR-IGKV-7_fw  TCCCTGCTCAGCTCCTGGG  19 
oPR-IGKV-8_fw  CCTGGGACTCCTGCTGCTCTG  21 
 

openPrimeR IGHV set (oPR-IGLV) 
Name Sequence Length 
oPR-IGLV-1_fw  CCCTGGGTCATGCTCCTCCTGAAATC 26 
oPR-IGLV-2_fw  CTCTGCTGCTCCTCACTCTCCTCAC  25 
oPR-IGLV-3_fw  ATGGCATGGATCCCTCTCTTCCTCG  25 
oPR-IGLV-4_fw  CCTCTCTGGCTCACTCTCCTCACTC 25 
oPR-IGLV-5_fw  ACACTCCTGCTCCCACTCCTCAAC 24 
oPR-IGLV-6_fw  ATGGCCTGGATCCCTCTACTTCTCC  25 
oPR-IGLV-7_fw  ATGGCCTGGGTCTCCTTCTACC  22  
oPR-IGLV-8_fw  ATGGCCTGGACTCCTCTCTTTCTGTTC  27 
oPR-IGLV-9_fw  ATGGCCTGGATGATGCTTCTCCTC  24  
oPR-IGLV-10_fw  GTCCCCTCTCTTCCTCACCCTCATC  25 
oPR-IGLV-11_fw  CTCCTCGCTCACTGCACAGG  20 
oPR-IGLV-12_fw CCTCTCCTCCTCACCCTCCTC  21 
oPR-IGLV-13_fw  CTCCTCCTCACCCTCCTCACTC  22 
oPR-IGLV-14_fw  ATGGCCTGGACCCCTCTCC  19 
oPR-IGLV-15_fw  ATGGCCTGGACCCCACTCC  19 
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