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 Abstract 

Despite decades of research no vaccine against HIV-1 infection has proven sufficiently 

protective in humans to pass the mandatory market approval requirements. Mosaic HIV-1 

antigens were recently utilized in the vaccine clinical trial, MOSAICO (NCT03964415). 

This trial involved the administration of adenovirus vectors encoding Gag-Pol and Env 

mosaic proteins together with soluble Env proteins used in the boost. The first part of this 

thesis aimed at the investigation, whether the mosaic Gag components of the entailed 

vaccine are capable to form HIV-1 virus-like particles (VLPs) as observed for naturally 

occurring Gag sequences upon expression in mammalian cells. The findings 

demonstrated that these mosaic antigens mediate HIV-1 VLP assembly. The mosaic Env 

protein was also shown to be incorporated on the surface of these VLPs. A remarkable 

feature of these Env proteins was the exposure of epitopes for the binding of broadly 

neutralizing antibodies (bNAbs). The induction of such bNAbs in vaccinees is a desired 

goal in HIV-1 vaccine development. As VLPs are commonly considered highly 

immunogenic, these results warrant further testing of the produced mosaic HIV-1 VLPs 

in preclinical studies as boost components in heterologous vaccine regimens.  

The second part of this thesis focused on the establishment of a stable HIV-1 VLP 

producer cell line, which could serve as a tool in optimizing the VLP purification process 

using a fluorescence-based approach. Gag-GFP HIV-1 VLPs previously facilitated the 

quantification of VLPs in parallel to the discrimination from cell contaminants such as 

extracellular vesicles (EVs). This concept was expanded by the introduction of a second 

reporter protein dTomato harboring a membrane anchor. Resulting VLPs displayed 

double fluorescent signals while co-released EVs exhibited only red fluorescence. This 

should allow for the rapid detection, discrimination and quantification of both particle 

types employing fluorescence detectors. The obtained results provided initial prove of 

this principle, and thus offer future perspectives for the further development of 

purification and concentration protocols and methodologies to achieve HIV-1 VLP 

downstream optimization.  

Key words: HIV-1 vaccines, p55-Gag virus-like particles, stable cell line establishment, 

suspension cells, transposon systems, bi-fluorescent VLPs, EVs
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 Kurzfassung 

Die HIV-1 Impfstoffentwicklung hat bis heute keinen Kandidaten für die erforderliche 

Marktzulassung hervorgebracht. Kürzlich wurde ein Mosaikimpfstoff in der klinischen 

Studie MOSAICO (NCT03964415) getestet. Darin wurden u.a. adenovirale Vektoren für 

die Übertragung von Gag-Pol sowie Env Mosaikantigenen genutzt. Im ersten Teil dieser 

Arbeit wurde untersucht, ob die darin verwendeten Gag Mosaikantigene in der Lage sind 

sich zu sog. „virus-like particles“ (VLPs) zu formieren. Die Beobachtung wird 

üblicherweise für Gag Proteine gemacht, die von natürlichen Primärsequenzen abgeleitet 

sind und in humanen Zellen exprimiert werden. Die Ergebnisse zeigen, dass auch die Gag 

Mosaikantigene in der Lage sind VLPs zu bilden. Darüber hinaus wurde demonstriert, 

dass das Env Mosaikprotein in der Oberfläche der VLPs inkorporiert wurde. Diese Env 

Proteine wiesen erstaunliche Eigenschaften auf, da sie Epitope für die Bindung breit 

neutralisierender Antikörper exponierten. Die Bildung dieser Antikörper im Impfling ist 

ein erwünschtes Ziel in der HIV-1 Impfstoffentwicklung. Die im Rahmen dieser Arbeit 

hergestellten Mosaik HIV-1 VLPs stellen daher vielversprechende Impfstoffkandidaten 

für die nachfolgende Testung in präklinischen Studien dar.  

Der zweite Teil dieser Arbeit befasste sich mit der Etablierung einer stabilen HIV-1 VLP 

Produktionszelllinie als Werkzeug für die Optimierung des VLP Downstream-Prozesses. 

Fluoreszierende Gag-GFP HIV-1 VLPs wurden bereits für die Quantifizierung von VLPs 

sowie deren Unterscheidung von ko-sezernierten Kontaminanten wie extrazellulären 

Vesikeln (EVs) genutzt. Dieses Prinzip wurde um ein zweites Fluoreszenzfusionsprotein, 

dTomato, das membranständig ist, erweitert. Resultierende VLPs wiesen eine doppelte 

Fluoreszenz im Unterschied zu EVs mit nur roter Fluoreszenz auf. Dies sollte die schnelle 

Detektion, Diskriminierung und Quantifizierung beider Partikelklassen in hohem 

Durchsatz unter Verwendung von Fluoreszenzdetektoren ermöglichen. Die erhaltenen 

Ergebnisse bestätigen das grundlegende Prinzip und eröffnen daher neue Möglichkeiten 

für die Entwicklung von Reinigungs- und Konzentrierungsprotokollen und Methoden zur 

Optimierung des HIV-1 VLP Downstream-Prozesses. 

Schlüsselwörter: HIV-1 Vakzine, p55-Gag VLPs, stabile Zelllinienentwicklung, 

Suspensionszellen, Transposon-Systeme, bi-fluoreszente VLPs, EVs
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 Introduction and Aim 
Viral pathogens causing diseases in humans pose a threat to global health. The most recent 

example is the coronavirus pandemic starting in 2019 (COVID-19). COVID-19 not only 

lead to local temporary health system overload but also to worldwide economic 

consequences such as the second largest global recession [1]. The comparable rapid 

development of protective vaccines and following global immunization campaigns 

substantially affected the pandemic course resulting in millions of lives saved [2].  

The basic concept of vaccines is to elicit immunity in the vaccinees against the microbial 

invader by training their immune system prior to pathogen contact. Since Edward Jenner 

pioneered this concept, several vaccines against different human pathogens were 

developed which accounted for the containment of numerous epidemics. Prominent 

examples are vaccines against the causative agents of Rabies, Cholera and Polio as well 

as against the Hepatitis viruses, Human Papilloma viruses and Rotaviruses [3]. However, 

there are some pathogenic viruses, which prove challenging in terms of developing 

vaccine countermeasures. These are, for example, the Human immunodeficiency virus 

(HIV), Herpes simplex virus (HSV) or the Middle east respiratory syndrome coronavirus 

(MERS) [4]. Among them, HIV is not only the most prominent but also the most 

challenging representative. The unique HIV biology severely hampers the search for a 

prophylactic vaccine. The major hurdle is the extremely high mutation rate connected to 

the emergence of virus variants that are capable of evading the host´s immune radar [5,6]. 

During HIV infection, both arms of the adaptive immunity are triggered. First, the 

activation of the T cell mediated immunity leads, amongst others, to the expansion of 

virus-specific cytotoxic T lymphocytes (CTLs), which are essential in the eradication of 

HIV infected cells. Second, the B cell mediated immunity involves the release of 

neutralizing antibodies (NAbs) that are crucial to impede virus entry into target cells. The 

design of preventive HIV vaccines therefore commonly targets those two pillars of the 

adaptive immunity [7–11]. 

Prophylactic HIV vaccines were recently tested in human efficacy trials (NCT03964415; 

NCT03060629) after receiving promising results of 67 % protection against a simian HIV 

infection in prior non-human primate studies [12–14]. The vaccines comprised 

adenovirus vectors conferring sequences encoding novel synthetic HIV antigens. These 
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antigens were designed using in silico shuffling of multiple sequence variants of global 

circulating HIV strains. Resulting so-called “mosaic” HIV antigens are supposed to 

induce a broader immune response in vaccinees than for example HIV antigens based on 

a randomly chosen global circulating HIV strain [15]. During pre-clinical studies, it was 

not investigated, whether mosaic HIV antigens, more specifically the synthetic mosaic 

Gag variants, facilitate formation of virus-like particles (VLPs). VLP formation is 

observed for naturally occurring Gag sequences upon expression in mammalian cells 

[16,17]. As VLPs are known to activate cellular and humoral immune responses [18–22], 

in vitro produced mosaic Gag HIV VLPs could act as vaccine candidates and as a booster 

component to other vaccine platforms.  

Both potential applications would require VLPs of high purity, as impurities can impair 

efficacy and product safety. This prerequisite can pose a challenge in HIV VLP 

downstream processing, as VLPs are often in the presence of host cell contaminants with 

similar physicochemical properties, like extracellular vesicles (EVs). These are often co-

secreted by the producer cells during the production of enveloped viruses and HIV VLPs 

and are difficult to differentiate and separate [23–25].  

The aim of this work was directed at several steps in the upstream and downstream 

process: 

• Assessing the functional HIV VLP formation in human cells, mediated by HIV 

mosaic Gag proteins 

• Examining the functional expression of mosaic envelope proteins and proper 

incorporation into mosaic Gag-formed HIV VLPs 

• Detection of broadly neutralization-sensitive epitopes in Mos2S.Env proteins 

using broadly neutralizing antibodies (bNAbs) in VLP capture assays 

• Validating the concept of discriminating between HIV VLPs and EVs by marking 

HIV VLPs with the green fluorescence protein (GFP) while marking the 

membrane of both HIV VLPs and extracellular vesicles with dTomato, to simplify 

analysis and separation in the purification process 
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 Theoretical Background 
6.1. Retrovirus biology and pathogenesis 
6.1.1. Human pathogenic RNA viruses and their epidemic potential 

The global fight against human pathogenic RNA viruses poses challenges in the disease 

control since decades [26,27]. Among the retrovirus family, the genus lentivirus gained 

infamy since the 1980ies due to the emergence of a novel infectious disease associated 

with patterns of severe clinical symptoms such as Kaposi’s sarcoma, pneumonia and 

candidiasis [28–30]. However, until 1982 this novel disease had no official name but was 

rather described by the diseases that were associated with the infection. In the same year, 

the term “Acquired Immunodeficiency Syndrome” (AIDS) was established, while the 

disease became increasingly a global health concern. In the following year, the causative 

agent of AIDS was first isolated and described by research groups around Françoise 

Barré-Sinoussi and Luc Montagnier and was named Human immunodeficiency virus 

(HIV) later on [31,32]. 

Like all RNA viruses, HIV packages genomic ribonucleic acid (gRNA) in the particles. 

HIV belongs to a unique family of RNA viruses, which are the retroviruses 

(Retroviridae). Retroviruses utilize the enzyme reverse transcriptase to transcribe an 

intermediate deoxyribonucleic acid (DNA) copy from their RNA genome [33]. This copy 

is then integrated into the genomic DNA (gDNA) of the infected host cell (Figure 1). 

After integration of the viral genetic material into the host cell chromosome, the virus 

genome is referred to as the provirus. Once a provirus is established, the retroviral 

infection becomes life-long. The provirus can persist over a long period within the host 

genome while it remains transcriptionally silent. During this so-called latency, the 

provirus is able to evade the immune radar. However, and upon stimulation, the 

transcription and replication cycle of the provirus can be reactivated and the infection is 

perpetuated. As a result, new virions are released from the infected cell. The term “virion” 

hereby describes an infectious virus particle, which is present extracellular before 

infecting yet another host cell [34,35]. 
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Figure 1. Schematic illustration of the reverse transcription. The reverse transcription of a complementary 
copy DNA (cDNA) strand from single-stranded (ss) viral RNA is catalyzed by the viral enzyme reverse 
transcriptase (RT) upon infection of the host cell. The RNA strand of the resulting RNA-DNA hybrid molecule 
is degraded by activity of the viral RNAse H. The remaining single-stranded cDNA is converted into double-
stranded (ds) DNA by DNA dependent DNA polymerase activity. The integration of dsDNA into the host 
genome is catalyzed by the viral enzyme integrase. The resulting virus genome is termed provirus. This 
figure was adapted from [36]. 

6.1.2. The human immunodeficiency virus-1 (HIV-1) exhibits a huge phylogenetic 
diversity 

Like other RNA viruses e.g. the Ebola virus or SARS-related coronaviruses, HIV is a 

result of zoonotic transmission. Zoonoses is generally defined as an event of disease 

transmission from vertebrate hosts to humans [37,38]. HIV originates from non-human 

primates (NHP) including Central African chimpanzees (HIV-1) and West African sooty 

mangabeys (HIV-2). Before zoonoses, these two parental viruses were described as the 

Simian immunodeficiency virus SIVcpz and SIVsmm, respectively [39]. HIV-1, which 

is the most prevalent and well-studied type of Human immunodeficiency viruses, is 

further divided into the groups M, N, O and P harboring multiple subtypes also referred 

to as clades (Figure 2). The term HIV-1 in this thesis is interchangeably used with the 

term HIV, as it is the predominant causative agent for infections. 
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Figure 2. Schematic illustration of the phylogenetic relationships between HIV-1 groups, subtypes, sub-
subtypes and recombinant forms. Subtype C accounts for approximately 50 % of all HIV-1 infections 
worldwide. Recombinant forms comprise circulating recombinant forms (CRFs) and unique recombinant 
forms (URFs). They emerge from genomic recombination events in viruses, which have previously acquired 
one gRNA strand from each of two different HIV-1 subtypes or strains. HIV-1 lineages for which virus genome 
sequences have not yet classified are listed as “U” for “untyped”. This figure was adapted from [40]. 

Of these groups, group M spreads across the entire globe and is responsible for the 

majority of HIV-1 infections worldwide. Group O infections are less prevalent and 

mostly found in individuals in Cameroon and neighboring countries in West Central 

Africa [41]. Infections with group N is even less prevalent and its distribution restricted 

to Cameroon [42–44]. Lastly, group P, originating from gorillas, is the latest group 

identified and was only found in a few individuals worldwide [45,46]. 

The variety of HIV-1 groups is a result of independent cross-species transmission events 

from Simian immunodeficiency viruses [39]. In addition to cross-species events, the large 

variety of strains circulating nowadays can also be traced back to the constant molecular 

evolution of HIV-1. Several factors are commonly considered to contribute to this 

diversity: I) the error-prone activity of the reverse transcriptase leading to 4.1 ± 1.7 x 10-3 

mutations per viral DNA base per cell II) the lack of 3’ to 5’ exonuclease activity required 

for correcting transcription errors; III) the high rate of viral replication; (IV) the 

propensity of genetic recombination events during HIV-1 replication and (V) the pressure 

of the host immune system that favors the emergence of virus escape mutants [5,40].  
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6.1.3. The genome structure and morphology of HIV-1 particles 

To better understand and characterize the virus after its emergence, scientists isolated the 

circulating HIV strains and sequenced their genomes [47–49]. The HIV-1 genome was 

shown to be approximately 9 kb in length and encompasses nine genes encoding 15 

mature viral proteins [50]. These genes are flanked by long terminal repeats (LTRs) at 

the 5’ and 3’ end both of the viral genomic RNA (gRNA) strand and of the provirus 

(Figure 3). 

 
Figure 3. Schematic overview of the HIV-1 genomic organization. The dimeric gRNA is ~9 kb long and 
flanked by the 5’ and 3’ long terminal repeats (LTRs) required for transcription initiation and termination. Gag 
encodes the proteins matrix (MA), capsid (CA) and nucleocapsid (NC) that form the viral core as well as the 
spacer peptide 1 (SP1), budding protein (BP) and spacer peptide 2 (SP2). Pol codes for the viral enzymes 
protease (PR), reverse transcriptase (RT), integrase (IN) and RNAse H playing essential roles in the viral 
replication. Env encodes the envelope (Env) glycoprotein (gp) 160 precursor (gp160-Pr), which is cleaved 
into the mature gp120-surface unit (SU) and gp41-transmembrane unit (TM), respectively. Vif, vpr, vpu, and 
nef code for the accessory proteins, which provide for efficient replication by acting against cellular restriction 
factors. Tat and rev encode regulatory proteins, which are essential for viral replication as well. This figure 
was adapted from [34,51]. 

The 5’ LTR harbors the promotor necessary for transcription initiation of the viral genes, 

while the 3’ LTR includes the poly(A) sequence required for transcription 

termination [34]. The packaging signal Psi (ψ) is located downstream of the 5’ LTR. It 

mediates the incorporation of viral gRNA into nascent virus particles [52]. Of the nine 

genes, three are the structural genes, namely gag, pol and env. The gag gene encodes the 

p55-group specific antigen (Gag) precursor protein, which is further processed to the 

matrix (MA), capsid (CA), nucleocapsid (NC), budding protein (BP) and two spacer 
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peptides, SP1 and SP2 (Figure 4). The cleavage of the p55-Gag precursor protein to its 

subunit domains is mediated by the viral protease encoded by the pol gene [53]. 

 

Figure 4. Schematic illustration of the p55-Gag precursor polyprotein and its subunit domains. 

The structural proteins MA, CA and NC form the viral core (Figure 5). MA is an N-

terminal myristoylated domain crucial for directing p55-Gag precursor proteins to the 

plasma membrane and assembly of the nascent particle [54]. CA contains a 

multimerization domain facilitating the formation of the characteristic conical capsid in 

a mature particle comprising both, the viral enzymes and two RNA genomes. NC is a 

domain fulfilling multiple functions – amongst them the structural support of Gag-Gag 

interactions during formation of immature particles as well as the binding and condensing 

of the gRNA during replication. Another subunit after processing is BP, which unlike 

MA, CA and NC, is not involved in the structural rearrangement of the maturing particle. 

Instead, it appears to be crucial to enable an efficient budding process as truncations of 

the BP domain or amino acid changes were demonstrated to drastically impede particle 

budding from the plasma membrane. The remaining spacer peptides SP1 and SP2 play a 

role in the assembly of CA during virus maturation and in the incorporation of Gag and 

Gag-Pol polyproteins into nascent particles [55–58]. 

The second major gene is the pol gene, which is expressed as Gag-Pol precursor 

polyprotein and further proteolytically processed into the viral enzymes protease (PR), 

reverse transcriptase (RT), integrase (IN) and RNase H [59]. All of them play essential 

roles within the retroviral life cycle. The third and final major gene, env, encodes the 

envelope (Env) glycoprotein (gp) 160 precursor (gp160-Pr), which predominantly 

oligomerizes into trimers. Further proteolytic processing of each monomer by furin or 
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furin-like proteases results in the generation of two subunits, namely gp120-SU (surface 

unit) and gp41-TM (transmembrane-unit), respectively (Figure 5) [60–63]. 

 

Figure 5. Simplified structure of the HIV-1 virion and one Env trimer. The membrane proximal external region 
(MPER) of HIV-1 gp41 is located in the extracellular space [64]. This figure was adapted from [34,65,66]. 

The remaining genes of HIV-1 code for the accessory proteins (Vif, Vpr, Vpu/Vpx, Nef), 

which play a role in acting against cellular restriction factors to provide for efficient 

replication, and the regulatory proteins (Tat, Rev), which are essential for viral replication 

as well [34]. 

The next subchapter provides a more detailed description of the role of aforementioned 

viral proteins and their specific functions in the HIV replication cycle. 

6.1.4. The HIV-1 life cycle  

The retrovirus life cycle begins with the invasion of infectious virions into the host cell. 

HIV in particular targets human immune cells which are primarily CD4+ T cells, 

macrophages and dendritic cells. The virion attachment to the host cell is mediated by the 

binding of gp120-SU of the Env trimer to the primary CD4+ receptor as well as to the co-

receptors CCR5 and CXCR4, respectively (Figure 6, step 1). This binding event induces 
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conformational changes in the Env trimer initiating the gp41-mediated fusion of the virion 

with the host cell membrane (Figure 6, step 2) [67,68]. Following successful membrane 

fusion, the capsid is released into the cytoplasm of the host cell further trafficking to the 

cell nucleus. Upon nuclear import of the capsid (Figure 6, step 3), it partially uncoats and 

reverse transcription from viral gRNA catalyzed by the viral reverse transcriptase is 

completed (Figure 6, step 4). In parallel, RNAase H catalyzes the hydrolysis of viral 

gRNA after a copy of deoxyribonucleic acid (cDNA) has been synthesized. The 

consecutive integration of synthesized cDNA into the host cell genome is mediated by 

the viral integrase resulting in the generation of a provirus (Figure 6, step 5). After 

integration of the provirus two events can take place. The virus either enters latency in 

non-activated or naïve infected CD4+ and memory T cells, or the production process of 

new viruses is initiated. During latency, the small pool of CD4+ and memory T cells 

harboring proviruses is described as the main virus reservoir [34,69–77]. 

 
Figure 6. Schematic illustration of the HIV-1 life cycle. Major steps of the replication cycle: Virion attachment 
to host cell receptors (step 1), fusion with the host cell membrane (step 2), import of the viral capsid into the 
cell nucleus (step 3), reverse transcription from viral RNA(step 4), genome integration of reverse transcribed 
cDNA (step 5), transcription of the provirus genome (step 6), translation of viral proteins (step 7), assembly 
of the nascent HIV-1 particle (step 8), budding from the cell membrane (step 9), release of immature virions 
(step 10) and maturation (step 11). This figure was adapted from [34,65,78]. 
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Upon binding to the trans-activation response (TAR) element in the viral promotor of the 

provirus, the accessory protein Tat (trans-activator of transcription) starts the 

transcription process, which is further conducted using the host cell machinery (Figure 6, 

step 6). The resulting viral messenger RNAs (mRNAs) undergo a complex splicing 

process after which they are exported for the subsequent translation in the cell cytoplasm 

(Figure 6, step 7) [79,80]. The hereby generated gp160 precursor polyproteins are 

trafficked to the rough endoplasmic reticulum for posttranslational modifications (PTM), 

which account for up to 50 % of the molecular mass in gp160-Pr [81]. Gp160-Pr proteins 

further oligomerize, predominantly into trimers (gp160)3, which pass through the Golgi 

apparatus where further processing by furin or furin-like proteases occurs. The proteolytic 

processing of gp160-Pr results in the formation of heterotrimers consisting of three 

mature gp120 surface subunits (gp120-SU) as well as three gp41 transmembrane (gp41-

TM) subunits (Figure 5). Non-covalent interactions stabilize both subunits in the 

heterotrimer (gp120/gp41)3 to form the Env spike on the cell surface [60,63]. The correct 

processing into Env spikes in this step is a major prerequisite for the subsequent virion 

infectivity [82]. After translation of immature p55-Gag precursor proteins, two viral 

gRNA molecules associate to the NC domain of p55-Gag. During this assembly, the 

myristoylation signal present at the N-terminus of p55-Gag precursor proteins anchors 

the p55-Gag:gRNA complex in the host cell membrane. P55-Gag precursor proteins 

further orchestrate the p55-Gag:gRNA complex together with Gag-Pol precursor 

proteins, Env proteins and accessory proteins to the budding site (Figure 6, step 8) 

[54,83]. Immature HIV particles then bud from the host cell membrane and are 

subsequently released into the extracellular space (Figure 6, step 9 and 10). The budding 

presumably occurs at so-called lipid rafts, which are small lipid-enriched domains in the 

membrane. The membrane of HIV particles was reported to reveal a strikingly similarity 

to that proposed for such lipid rafts and frequently comprises sphingomyelin, 

dihydrosphingomyelin, plasmalogen plasmenylethanolamine, cholesterol and 

phosphatidylserine [84]. During maturation, p55-Gag and the Gag-Pol precursor proteins 

undergo extensive proteolytic cleavage catalyzed by the viral protease PR. This leads to 

the liberation of the mature subunits MA, CA, and NC as well as the viral enzymes PR, 

RT, IN and RNAase H in the newly formed HIV-1 virion (Figure 6, step 11) [55,56,65]. 
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6.1.5. Disease transmission and pathology 

The transmission of HIV-1 among humans can take several routes. Between those routes, 

the exposure to infectious virions through penetration of mucosal surfaces during sexual 

contact represents by far the most frequent, while percutaneous transmission among 

injection drug users plays a subordinate role [85]. Vulnerable groups with a high risk for 

acquiring HIV infection are therefore men having male sexual contacts (61 %), persons 

with heterosexual contacts (28 %), injection drug users (8 %) and male injection drug 

users having male sexual contacts (3 %) [86]. 

The infection begins with the eclipse phase, in which infection of the first cells takes place 

and a viral reservoir is established (Figure 7).  

 

Figure 7. Illustration of the different clinical stages of HIV infection. After initial infection of the first cells in 
the eclipse phase, HIV spreads through the lymphoid system. The following acute phase can be 
characterized by flu-like symptoms or is nearly asymptomatic while the viral plasma level peaks at this time. 
After app. 9 weeks the viral plasma level decreases and the chronic phase together with an individual viral 
load (set point) is established. The chronic phase can take years until destruction of CD4+ T cells lead to 
immunodeficiency and chronic inflammation. This figure was adapted from [87]. 

The acute phase of the infection taking place approximately three to nine weeks after the 

primary infection, begins either with flu-like symptoms or is nearly asymptomatic, while 

the viral plasma level peaks at this time. Later, the viral plasma level declines until 
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reaching a viral set point. This is when the infection becomes chronic and an individual 

stable viral load (HIV RNA) can be detected in the infected person. The chronic phase 

can take years and is accompanied with a progressive loss of CD4+ T cells from initial 

500 to 1200 cells per µL blood in healthy adults to a low count of less than 100 cells per 

µL blood [34,87,88]. Untreated HIV infection results in AIDS-defining diseases and a 

lethal outcome roughly 10 years post infection. These AIDS-related deaths are no direct 

consequence of the virus infection but instead mostly caused by the acquisition of 

opportunistic infections such as Toxoplasma gondii resulting in toxoplasmosis, 

Pneumocystis jirovecii leading to pneumonia and human herpesvirus 8 causing Kaposi’s 

sarcoma [28–30,89]. 

6.2. Immune responses to HIV-1 and implications for vaccine design 
6.2.1. The interplay between HIV-1 and the immune system 

As a response to the lymphatic dissemination of viruses within the eclipse phase, the 

immune system is activated. The activation initiates a complex interplay between the cell 

mediated (T cell) and humoral (B cell) immune response. As part of the cell mediated 

response, an increased number of cytotoxic T lymphocytes (CTLs) eradicate infected 

cells through recognition of viral epitopes exposed on the surface of infected cells by 

human leukocyte antigen (HLA) class I molecules. In addition, T cell mediated immunity 

is supported by CD4+ T cells recognizing viral epitopes via HLA class II molecules 

displayed on antigen-presenting cells (APCs). These antigen-presenting cells acquire 

viral epitopes either via phagocytosis or by receptor-mediated endocytosis. Following 

activation of macrophages leads to the subsequent release of cytokines together with 

chemokines, which orchestrate further immune responses [90]. HIV induced CTL 

responses are mainly directed against Gag proteins and have been reported to correlate 

with decelerated disease progression [9,91]. The exceptional ability for disease control 

can be only found in less than 1 % of HIV infected individuals. These individuals are 

described as “elite controllers” [92]. 

In parallel to the induced T cell mediated immunity, the activation of B cells takes place, 

which in turn start the production of antibodies mainly directed against Env. The Env 

trimer can transition between three distinct prefusion conformations associated with the 

sensitivity of a virion to antibody neutralization [93]. Most of the Env antibodies 
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generated upon HIV infection target sites (epitopes) in gp120 and gp41 which are easily 

accessible on immature Env precursors but usually not exposed on the mature Env trimer. 

Those sites are considered immunodominant sites, as they elicit the vast majority of Env-

specific antibodies (Figure 8). 

 

Figure 8. Correlation between the neutralization breadth of antibodies and the ability to target Env trimers. 
Tier 1A, tier 1B and tier 2/3 viruses have a predominantly open, intermediate and closed Env trimer 
conformation respectively. Viruses (tier 1A/1B) sensitive to neutralization exhibit a predominantly 
open/intermediate conformation while viruses more resistant to neutralization have a higher proportion of 
Env trimers in the closed conformation. Consequently, Env trimers in the closed conformation would likely 
elicit broadly neutralizing antibodies (bNAbs) with broader neutralization capacity (breadth) while Env trimers 
in the open/intermediate conformation would rather induce the production of neutralizing antibodies (NAbs) 
with lower neutralization breadth. Non-functional Env trimers would therefore elicit non-NAbs. This figure 
was adapted from [94]. 

The elicited antibodies can be present in high abundance, however do not exhibit features 

for binding the functional Env trimer, and thus do not mediate virus neutralization [95]. 

In contrast to these so-called non-neutralizing antibodies (non-NAbs), neutralizing 

antibodies (NAbs) target mostly cognate epitopes in the conformational open or 

intermediate state of functional Env trimers. However, NAbs typically reveal limited 

neutralization breadth. This is sufficient to neutralize tier 1A and tier 1B HI-viruses – 

specific strains which are most sensitive to neutralization. In comparison, broadly 

neutralizing antibodies (bNAbs) exhibit a remarkable neutralization breadth including 

difficult to neutralize tier 2 and tier 3 HI-viruses by targeting predominantly conserved 
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epitopes in the closed state of functional Env trimers [94]. In addition, some of the most 

potent bNAbs can penetrate the dense glycan shield of the Env trimer (25 potential N‐

linked glycosylation sites per gp120) that usually impedes antibody recognition [96]. 

BNAbs are rare and could thus far only be isolated from just a few sera of chronicle HIV 

infected individuals after 2-4 years post initial infection. The long period to develop such 

antibodies results from the constant selection pressure in the presence of a mutating virus. 

A high viral diversity and divergence in infected individuals is assumed to contribute to 

the emergence of bNAbs as well [97–99]. Still, while bNAbs are rarely induced in HIV 

infected individuals, a vaccination induced bNAb response in vaccinees, to neutralize 

tier-2 viruses dominating human transmissions, is commonly referred to as the ultimate 

goal and at least one important correlate of protection against infection and disease 

progression [8,98,100]. 

Despite the combined effort of the T cell and B cell response, the immune system is 

unable to fully eradicate the virus, leading to a lethal outcome in the majority of infected 

individuals. Therefore, possibilities for additional treatment were already investigated in 

the early phases of the global HIV epidemic. 

6.2.2. HIV-1 treatment and prevention 

In the beginning of the HIV/AIDS epidemic, treatment was limited to the administration 

of the first approved antiretroviral drug zidovudine (Retrovir) in 1987, whereas 

substantial progress was made in the following decades [101,102]. This progress was 

made possible by the approval of further state-of-the-art drugs targeting and inhibiting 

different steps of the retroviral life cycle (Figure 9) [103,104]. Today, 25 different HIV 

medicines have received market approval by the US Food and Drug Administration 

(FDA) [102]. These drugs are administered in a stringent life-long treatment regimen and 

in a combination of three or four antiviral compounds in order to reduce the risk for 

emerging drug resistant virus variants frequently observed after monotherapy [105–107]. 

Today HIV-infected individuals receiving highly active antiretroviral therapy (HAART) 

significantly benefit from improved long-term prognosis. In addition HIV infection has 

become a manageable chronic disease [104]. Such antiretroviral drugs impede HIV 

replication, suppressing viral load in the infected patient to a steadily low level and 

preventing the progressive loss of CD4+ T cells. As a further result, HIV transmission 



Theoretical Background 

24 
 

can be reduced by 93 % in a relationship between an HIV-negative and -positive partner, 

who initiated HAART shortly after diagnosis [108]. 

 

Figure 9. Steps of the HIV-1 lifecycle representing targets for antiretroviral drugs. Some examples for FDA-
approved drugs are given in the red squares [102]. Attachment and post-attachment inhibitors prevent HIV-
1 virions from entering the host cell (step 1a and 1b). Fusion inhibitors prevent HIV-1 virions from entry by 
inhibiting gp41-mediated fusion with the host cell membrane (step 2). Nucleoside reverse transcriptase 
inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs) prevent the reverse 
transcription of cDNA from viral gRNA in the invading virion (step 4). Integration inhibitors block the viral 
enzyme integrase which is required for insertion of the cDNA into the host cell chromosome (step 5). 
Protease inhibitors prevent immature virions to become infective due to inhibition of the viral protease 
(step 11). 

In addition, individuals living with a high risk for acquiring HIV infection have the 

possibility to receive preventive measures in the form of a pre-exposure prophylaxis 

(PrEP) [109]. In 2021, the FDA approved the antiretroviral drug “cabotegravir extended-

release (ER) injectable suspension” under the trade name Apretude™, which is assumed 

to largely improve life quality among individuals taking PrEP. Unlike daily oral PrEP, 

Apretude™ is long-acting and injectable reducing the administration to six times per 

year [110]. In case of a possible exposure to HIV after occupational contact (e.g. blood) 

or non-occupational contact (e.g. needle stitch, oral or unprotected sex), post-exposure 

prophylaxis (PEP) is used as an emergency measure. However, PEP should be taken 
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within the first 72 h after the possible exposure to reduce the transmission risk 

effectively [111]. 

While the health quality of infected individuals is significantly improved and the 

timeframe to lethal outcome is prolonged, antiretroviral drugs still do not contribute to 

the full eradication of the virus and to a complete recovery of the life quality prior to 

infection. Infected individuals will need life-long antiretroviral treatment and continuous 

access to respective medication to avoid a rebound of viral load upon HAART 

interruption [112]. 

6.2.3. Hurdles in HIV-1 vaccine development 

Despite the advances, a quarter of HIV infected individuals worldwide still has no access 

to antiretroviral therapy in 2021 [113]. An alternative and financially more sustainable 

solution for HIV prevention, such as a prophylactic vaccine conferring immunity, is still 

not available. Coping with the broad genetic diversity of HIV remains the major challenge 

in developing a globally effective vaccine. Immune escape variants and the ability of HIV 

to establish latent infection, hamper the efficient eradication of disseminated viruses and 

viral reservoirs by the immune system and HAART [6]. One of the major obstacles is the 

mutation rate of env – the highest among all HIV genes. As a consequence, the 

unparalleled variability of Env primary sequences and changes in the Env conformation 

masking sites for antibody binding are observed [114,115]. At the same time Env is 

considered as the main target to elicit neutralizing antibody responses [116,117]. These 

obstacles are a primary reason why the development of a protective HIV-1 vaccine still 

represents an enormous scientific challenge.  

6.2.4. HIV-1 vaccine clinical trials 

As summarized in chapter 5.2.1, the cellular and humoral arms of the adaptive immune 

system work in concert to reach protective immunity against pathogens. One pillar is the 

elicitation of a robust T cell response early after infection, which is considered necessary 

to prevent the establishment of latent HIV reservoirs. As the T cell response alone is 

unable to prevent the virion entry into the host cells, a second pillar is the activation of a 

B cell mediated immunity to generate broadly neutralizing antibodies directed against 

Env proteins from diverse HIV-1 clades. Triggering both pillars of the immune response 
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is therefore the overarching goal of HIV vaccine design. The current chapter focuses on 

some past and ongoing HIV-1 vaccine clinical trials, which either show promising results 

or utilize a novel vaccination platform. 

The most frequently investigated vaccination platforms for HIV vaccine design are viral 

vectors, DNA vectors, protein subunits and lately mRNAs (Figure 10). All of them have 

in common, that they aim to produce HIV proteins, commonly referred to as antigens, in 

the vaccinee to be recognized as foreign and targeted by the immune system.  

 

Figure 10. Overview of the most prominent HIV-1 vaccination platforms and lately upcoming mRNA based 
HIV-1 vaccines. Recombinant viral vectors, DNA vectors and mRNAs are typically utilized for the initial 
vaccination (prime) followed by a boost vaccination after some weeks or months. Protein subunit vaccines 
include monomeric Env proteins, native-like Env trimers and virus-like particles (VLPs) most closely 
resembling the parental virus morphology. Protein subunit vaccines frequently serve as boost components. 
The combination of two different platforms in a regimen is referred to as heterologous prime-boost 
vaccination [118]. 

Viral vector platforms utilize genetically modified replication-incompetent viruses 

performing single-round infections and effectively transducing the genetic information 

necessary for antigen production [119,120]. DNA vectors carry the genetic information 

on a plasmid instead [121] while lately upcoming mRNA based platforms entail the 

genetic information on transcripts which can be directly translated by the cell machinery 
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without prior transcription of DNA [122]. Protein subunit platforms directly introduce the 

respective HIV antigen upon administration and opposed to the prior platforms they are 

not used independently but are mostly used for boosting immune responses in 

combination with vector based vaccines. These protein subunits can be administered as 

independent and soluble Env derived monomers, as stabilized soluble Env trimers or as a 

whole assembled virus-like particle with Env proteins incorporated into the membrane, 

most closely resembling the original virus (Figure 10 a-c) [123–125]. 

Numerous HIV vaccine clinical trials employing a variety of these platforms were 

undertaken in the last decades. A comprehensive overview of past and ongoing trials of 

the last 13 years, sorted by their vaccination approach, is presented in chapter 9.1. 

Of all HIV vaccine clinical trials conducted so far, RV144 (NCT00223080) carried out 

in Thailand between 2003 and 2009, is the sole trial showing a modest efficacy of 31.2 %. 

Despite the modest efficacy, this trial indicated a breakthrough and raised expectations 

towards a timely development of a protective HIV vaccine. Participants of this vaccine 

regimen received intramuscular injections of attenuated, non-replicating canarypox 

vectors (ALVAC-HIV vCP1521) expressing Gag, Protease and membrane-anchored Env 

together with an aluminum adjuvant. Booster injections were also administered and 

contained a soluble recombinant gp120-SU subunit vaccine of HIV subgroups B and E 

(AIDSVAX® B/E) [126]. The vaccine regimen was well tolerated and proved safe [127]. 

The analysis of the effect of vaccination revealed a specific CD4 T cell response and a 

neutralizing antibody response directed against the V1/V2-loop of the gp120 subunit. 

Both were assumed to correlate with an observed lower risk of infection [10]. The 

resulting efficacy of 31.2 % after 42 months of follow-up was modest, but remains the 

highest achieved to date. The components of ALVAC-HIV and AIDSVAX® B/E were 

later modified and administered in several consecutive studies but unfortunately without 

reproducible success in humans [128–130]. 

Another and more recent promising approach are so-called polyvalent HIV-1 “mosaic 

antigens“, first designed by Fischer and colleagues in 2007 [15]. They introduced mosaic 

primary sequences, originating from natural sequences of HIV variants, as a novel 

principle for antigen design. Mosaic genes code for synthetic HIV primary sequences 
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composed of HIV variants of a single clade shuffled to provide maximal coverage of 

potential B and T cell epitopes (Figure 11).  

 

Figure 11. Schematic illustration of the mosaic HIV-1 sequence design. The natural sequences from one 
HIV-1 clade are assembled based on their frequency. In parallel iterative random two-point recombination 
events are performed leading to numerous recombined sequence populations. These sequence populations 
contain sequences, which are referred to as “pseudo-mosaic” sequences, as each of them consists of 
sections of multiple natural sequences (I). One sequence from each population is then chosen for the mosaic 
sequence cocktail, which is subsequently optimized (II). The cocktail sequences are analyzed regarding 
their extent to cover potential epitopes in the natural sequences (input). The higher the resulting coverage, 
the higher the calculated score for a particular sequence cocktail. Initially, the cocktail contains a randomly 
chosen winner sequence, which is afterwards assessed for its individual fitness score (III). Using the high-
scoring sequences from various populations together with respective input sequences, a complex in silico 
evolution is performed. Parallel sequence optimization is conducted until an optimal mosaic sequence has 
evolved (IV). This figure was adapted from [15]. 

The sequence variance of resulting epitopes is required for a broad antibody mediated 

neutralization and a robust T cell response. This way, a potential vaccine-induced 

immune response against HIV-1 could be accompanied by a desired cross-reactivity 

against a diversity of strains. A further combination of mosaic antigens, derived from 

multiple different clades, could lead to a multivalent vaccine cocktail potentially effective 

against a variety of HIV clades. This novel approach was deemed promising as two prior 

pre-clinical trials by Santra et al. and Barouch et al. and two consecutive clinical trials, 

namely APPROACH (NCT02315703) and TRAVERSE (NCT02788045), showed 
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encouraging results. While the pre-clinical studies demonstrated the viability of the 

mosaic principle by revealing an enhanced depth and breadth of CD4+ and CD8+ T 

lymphocyte responses and achieved a 67 % protection against a simian HIV infection in 

rhesus monkeys, the clinical trials showed robust immunogenicity in humans [12,13]. 

Propelled by these results two highly anticipated clinical trials Imbokodo 

(NCT03060629) and MOSAICO (NCT03964415) were enrolled in 2017 and 2019 by 

Janssen Vaccines. Both regimens utilized replication-incompetent adenoviral vectors 

serotype 26 (Ad26) to introduce two complementary mosaic sequences per Gag-Pol and 

Env antigen (Figure 12).  

 

Figure 12. Overview of the Imbokodo (NCT03060629) and MOSAICO (NCT03964415) study design. The 
mosaic (mos) proteins Mos1.Gag-Pol, Mos2.Gag-Pol, Mos1.Env and Mos2S.Env were transferred using 
replication-incompetent adenoviral vectors serotype 26 (Ad26). Imbokodo entailed adjuvanted gp140 
proteins of HIV-1 clade C while MOSAICO contained gp140 proteins of HIV-1 clade C together with mosaic 
gp140 proteins of clade C as boost components.  

The mosaic (mos) proteins Mos1.Gag-Pol and Mos1.Env have the highest coverage with 

clade B strains of HIV-1 while Mos2.Gag-Pol and Mos2S.Env have the highest coverage 

with clade C strains. The pairing of antigens from two clades is supposed to confer 

optimal global HIV-1 sequence coverage. While Mos1.Env is a soluble Env variant, 

Mos2S.Env is an optimized C-terminally truncated membrane-anchored Env variant 
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exhibiting elevated surface expression [14,131]. Besides the four adenoviral vector 

components, the vaccines “Ad26.Mos4.HIV” entailed different booster components, the 

adjuvanted gp140 proteins of HIV-1 clade C (Imbokodo) and adjuvanted gp140 proteins 

of HIV-1 clade C together with mosaic gp140 proteins of clade C (MOSAICO). 

While the vaccine components and vaccination regimens between both studies were 

comparable, the trail sites and the selection criteria of the study participants differed. 

Imbokodo took place in Sub-Saharan Africa, enrolling young women and MOSAICO in 

North America, Latin America, and Europe involving men who have sex with men and 

transgender individuals. Due to insufficient success demonstrated by a comparable low 

vaccine efficacy estimate of 25.2 % after primary analysis, Imbokodo was terminated 

ahead of schedule in 2022 reaching phase IIb [132]. Unfortunately and very recently, in 

January of 2023 the MOSAICO trial was also discontinued one year earlier than expected 

due to lacking efficacy in preventing HIV infections, yet the vaccine regimen proved 

safe [133].  

Besides vector-based platforms, novel and even more sophisticated approaches are 

investigated as an alternative. Especially the mRNA technology by BioNTech/Pfizer and 

Moderna has been proven very successful in the COVID-19 pandemic and analog 

approaches are now tested to combat HIV/AIDS as well [134–136]. Results of pre-

clinical experiments utilizing HIV mRNA vaccines were recently published by Zhang 

and colleagues [137]. The concept of this study followed the mRNA mediated in vivo 

generation of Env-decorated virus-like particles (VLPs) upon cellular expression in 

vaccinated macaques. To achieve this, simian Gag and Env delivering mRNAs were co-

formulated and formation of VLPs displaying Env proteins on the surface were readily 

detected. The vaccinated macaques showed a 79 % risk reduction for an infection with a 

specific strain of the simian-human immunodeficiency virus (SHIV) – a chimeric virus 

composed of SIV-Gag and HIV-1 Env. In addition, experiments in mice showed an 

enhanced neutralizing antibody response in study groups which received the combination 

of gag and env mRNAs compared to those animals only receiving gag mRNAs. These 

data indicated a superior immunogenic effect of the in vivo generated Env-decorated 

VLPs upon vaccination. 
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VLPs can display surface antigens in a native-like conformation, which enhances 

immunogenicity as compared to antigens presented in soluble or poorly organized 

form [138–140]. In addition, VLPs can be functionalized with a variety of antigens, thus 

expanding the panel of possible applications [141–143]. VLP based vaccines against the 

Hepatitis B virus (HBV), Hepatitis E virus (HEV), Human Papilloma virus (HPV) and 

malaria already gained FDA approval [144]. This is why HIV-1 VLPs represent an 

attractive vaccination platform worth further development. The following sections will 

therefore provide a more detailed overview on the structure, morphology and 

immunogenicity of VLPs and their application as HIV-1 vaccine. 

6.3. HIV-1 virus-like particles (VLPs) 

Virus-like particles (VLPs) are recombinantly produced nanoscale structures of 20-

200 nm that resemble the cognate parental virus in morphology [145]. The major 

difference between VLPs and viruses however, is their inability to replicate, warranted 

by the lack of viral nucleic acids. This renders VLPs as safe candidates for pharmaceutical 

applications. The least complex VLP structure results from the self-assembly of only one 

non-enveloped protein. An example for such simple and non-enveloped VLPs are those 

derived from the Human Papillomavirus (HPV), as their self-assembly is mediated solely 

by the major capsid protein 1 (L1) [146]. Other examples are enveloped VLPs derived 

from HIV or Influenza revealing a more complex structure characterized by the display 

of surface antigens [147]. To serve as promising candidate vaccines, the display of the 

surface antigens hemagglutinin (HA) and neuraminidase (NA) on Influenza VLPs as well 

as the display of Env proteins on the surface of HIV VLPs is crucial [148–150].  

6.3.1. Structure and morphology  

The assembly of HIV-1 VPLs depends on the expression of p55-Gag proteins, which are 

sufficient to form enveloped VLPs without antigen decoration [16]. Multimerization of 

p55-Gag proteins leads to the formation of a Gag lattice underneath the lipid bilayer of 

the producer cell. Subsequent budding from the cell membrane results in the release of 

VLPs characterized by a spherical structure. In HIV, the p55-Gag proteins represent about 

50 % of the total virion mass and up to 3,617 p55-Gag monomers can be found in a single 

HIV VLP [17,55]. Analogue to the virus, VLPs can exist in an immature or mature form 
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outside the producer cells. Immature HIV VLPs are readily produced by expression of 

the gag gene in the absence of the co-expression of viral protease (PR) mediating particle 

maturation. Therefore, proteolytic cleavage of p55-Gag precursor proteins by PR activity 

can be omitted [16,51]. In the presence of PR, cleavage of the p55-Gag precursor proteins 

leads to the release of VLPs harboring the major subunits MA, CA and NC (Figure 13).  
 

 

Figure 13. Schematic illustration of an immature and a mature HIV-1 VLP. The expression of Gag and Env 
proteins results in the formation of immature Env decorated VLPs (left). The p55-Gag precursor proteins 
multimerize to form the viral core. Co-expression of Pol proteins leads to generation of mature HIV-1 VLPs 
(right). The protease (PR) catalyzes the cleavage of the p55-Gag precursor proteins to its cognate subunits 
(MA, CA, and NC) causing structural rearrangement in the particle. 

HIV VLPs can be produced either by sole expression of the gag gene or by co-expression 

of env. A significant difference between VLPs and HIV virions is the abundance of Env 

proteins incorporated on the surface. While VLP membranes can incorporate up to 127 

Env spikes, HIV virions usually have a much lower natural spike density of around 14 

Env proteins [151,152]. 
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6.3.2. The immunogenic properties of VLPs  

The favorability of VLP based vaccines is a result of three important criteria, safety, 

immunogenicity and tolerability. The safety of VLPs is regarded as high, as the lack of 

viral genetic material renders them incapable of replication. The immunogenic properties 

of VLPs describe the ability to provoke efficiently an immune response and are dependent 

on several factors. These include the nanometer size in diameter and a highly repetitive 

surface organization. The small size facilitates the rapid entry of VLPs into the lymphatic 

system where the lower obstruction allows for the efficient uptake by antigen presenting 

cells (APCs), including dendritic cells (DCs) and the cross-stimulation of reactive B and 

T cells, respectively [18–22]. The particularly repetitive structure resulting from the 

presentation of antigens on the surface of VLPs at high densities enables the cross-linking 

of B cell receptors leading to B cell activation, and thus stimulation of the humoral 

immune system [18]. However, there are some factors potentially compromising the 

immunogenicity of enveloped VLPs displaying antigens. These are the limited VLP 

stability as well as the contamination with incorporated cellular proteins, lipids and 

nucleic acids derived from the producer cell utilized. In addition, the production of 

enveloped VLPs displaying structural complex glycoproteins such as HIV Env proteins 

requires the cautious consideration of the utilized expression system to provide sufficient 

complexity of post-translational modifications [51,153]. 

The tolerability of potential HIV VLP based vaccines in humans still needs to be assessed 

in separate clinical trials. The present number of clinical trials utilizing HIV VLP based 

vaccines remains limited to one example. In this phase I clinical trial (NCT00001053), 

the tolerability and immunogenicity of in vitro produced and purified hybrid VLPs, 

composed of yeast-derived protein 1 and the HIV-1 p55-Gag derived subunits MA and 

CA, was assessed after subcutaneous administration to 16 healthy HIV seronegative 

participants. These VLPs were not just well tolerated, but also immunogenic, as p24-

specific antibody and T helper cell responses were observed [154,155]. The 

immunogenicity of HIV VLPs was demonstrated in several preclinical studies offering 

opportunities for their further testing in clinical trials [156–159]. 
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6.4. Stable cell line development for recombinant protein production 

As pointed out in the previous section, the right choice of the expression system represents 

a crucial factor for the production of HIV VLPs qualifying as candidate vaccines. 

Therefore, parallel progress in stable recombinant cell line development for VLP 

production is necessary. Considering the requirements of the product on posttranslational 

modifications, mammalian expression systems including Chinese Hamster Ovary (CHO) 

cells are primarily used for biopharmaceutical production [160,161]. The cultivation of 

such cells is preferably conducted in suspension rather than as adherent cells, as the 

growth in suspension enables the cells to reach higher densities resulting in elevated 

product yields [162]. The use of stable recombinant producer cell lines is the commonly 

preferred method to express protein of interests (POIs). In contrast to transiently 

transfected cells, stable cell lines usually consist of a homogenous cell population in 

culture permanently expressing the POI. The use of stable producer cells overcomes 

certain limitations of transient producer cells that suffer from a high variability of the 

transfection efficiency, and thus high batch-to-batch variations [163]. The common 

technique to produce these stable cell lines is achieved by a two-step process [164]. The 

first step represents the transfection of the cells using circular or linearized plasmid DNA 

encompassing the gene of interest (GOI) and a coupled selection marker. Stably 

transfected cells having integrated the plasmid into their genomes, are then screened for 

the expression of the selection marker, which frequently confers antibiotic resistance. The 

subsequent selection process is time consuming and laborious. The initial cell population 

is divided to several growth containers until a subpopulation has adapted to the presence 

of the selection pressure and exhibits the desired phenotype. An often encountered 

drawback in this process is the rarely occurring stable integration of the GOI into cellular 

gDNA demonstrated by a single-digit copy number of linearized plasmid molecules 

found per cell [162,164]. Further disadvantages are the integration of the linearized 

plasmid at random loci favoring genetic instability as well as the integration of bacterial 

sequences originating from the plasmid backbone leading to transcriptional silencing of 

the GOI [165]. Another drawback are pooled cell populations typically not producing 

satisfying POI yields, and hence the need to establish and time-intensively screen for 

clonal cell lines producing higher POI yields [164]. All of these points, limit this method 

to establish stable producer cells in terms of time-efficiency and cost-effectiveness. 
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Therefore, the growing demand for new and affordable approaches to develop stable 

transgenic cell lines needs to be addressed. 

6.4.1. Transposon-systems as genetic tools to generate stable cell lines 

Transposon-based vector systems for the establishment of stable recombinant cell lines 

are a favorable alternative and have become an attractive tool both in research and in 

industry in the past years [162,166]. Transposons are mobile genetic elements and 

ubiquitous in the kingdoms of life. They are recognized as fossil DNA transfer vehicles 

able to integrate nucleic acid sequences into the genome of their host cells – a process 

referred to as transposition. Three particular transposon derived vector systems show 

promise for use in genome engineering. Sleeping Beauty, reconstructed from different 

salmonid fish genomes, PiggyBac, isolated from the cabbage looper moth genome and 

Tol2, from the medaka fish genome [164,167–169]. Today, modified and optimized 

versions of the original transposases exhibiting improved efficiency are commonly 

utilized [170–174]. 

Transposition of genes for the purpose of genome engineering is commonly exploited 

employing two-component DNA transposase-derived vector systems (Figure 14). The 

first component, the transposase expression vector (transposase construct), includes a 

promotor suitable for the expression of the transposase gene in the desired producer cell 

and a 3´-located poly(A) tail. The minimal composition of the second component 

(transposon vector), encompasses an expression cassette containing a promotor for 

expression of the GOI and again a 3´-located poly(A) tail. In addition, the expression 

cassette is flanked by transposon-specific inverted terminal repeats (ITRs) necessary for 

its excision and later integration into the cell genome through transposase 

activity [162,164]. A major advantage of utilizing transposon derived vector systems is 

the specific integration of the expression cassette into the cell genome while bacterial 

sequences originating from the transposon vector backbone are not integrated. This 

minimizes the risk of decreasing transgene expression levels as bacterial sequences are 

known to attract promotor silencing [164,165]. 

A panel of transposon systems were assessed in a comparative study to reveal the 

frequencies of genomic integration in human cells [175]. This experiment included an 
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optimized variant of Sleeping Beauty (SB100x), a variant of PiggyBac codon optimized 

for the expression in mouse cells (mPB) and Tol2. SB100x revealed the highest 

frequencies of genomic integration in human cells (up to 40 copies per cell clone) while 

Tol2 and mPB displayed low single-digit numbers up to 3 and 4 copies per cell clone, 

respectively. Both, PiggyBac and Sleeping Beauty are capable of transferring large genes 

of interests in the case of PiggyBac up to 200 kb, which is much larger than the cargo 

capacity for any viral vector system [164]. While the gene integration profile of Sleeping 

Beauty is close to random, the integration profiles of PiggyBac and Tol2 are close to 

transcriptional units of the cellular genome, and thus foster high transgene expression 

levels [164,175,176]. Contrary to Sleeping Beauty, PiggyBac mediated transposition 

involves traceless excision and seamless integration. The transgene insertion thus rarely 

leaves footprints in the genome which is considered an important quality for gene 

therapeutic applications [177]. In addition, PiggyBac is highly active in cells of a variety 

of organisms like yeasts, plants, insects and mammals, including 

humans [170,171,176,178–180]. 

 

Figure 14. Schematic illustration of the two-component transposon vector system used in this study. Both, 
transposase construct and transposon vector are utilized for co-transfection of mammalian cells (step 1). 
Upon transient expression, the transposase starts to catalyze the excision of the expression cassette 
encompassing the gene of interest (GOI) from the transposon vector backbone (step 2). The transposase 
mediates integration of the excised genetic element into the cell genome (step 3). Different nucleotide motifs 
are favored as targets for integration by different transposases (PiggyBac: TTAA and Sleeping Beauty: TA). 
This figure was adapted from [164]. 
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The aforementioned aspects represent some of the properties favoring transposon 

mediated gene transfer over the common method to establish transgenic cell lines by 

stable transfection. In addition, stable transgenic cell lines generated using transposon 

systems can achieve high POI yields despite being bulk populations [162,166]. In the 

following chapter transposon mediated gene transfer in human cells is employed to 

establish HIV VLP producer cell lines. 
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 Part I Components of a mosaic HIV-1 vaccine mediate VLP 
formation and the display of Env trimers exposing 
neutralization-sensitive epitopes 

7.1. Introduction 

The number of 38.4 million people still living with HIV in 2021 depicts the ongoing 

global burden of this disease [181]. Undoubtedly, there is an urgent need for a 

prophylactic vaccine to reduce continuing HIV infections worldwide. Despite decades of 

research, no HIV candidate vaccine has yet mediated sufficient protection in humans to 

pass mandatory market approval requirements (Chapter 9.1). HIV vaccine development 

is severely hampered by several aspects, namely the presence of a large sequence variety 

and the masking of Env epitopes by extensive conformational adaptability and glycan 

shielding [182]. There are at least two correlates of protection against HIV infection and 

disease progression. These are the elicitation of a robust T cell response [11,183] and the 

generation of broadly neutralizing antibodies (bNAbs) [98]. 

Polyvalent mosaic HIV vaccines were recently tested in the highly anticipated 

MOSAICO trial (NCT03964415) [131,133]. During pre-clinical studies, it was not 

examined, whether components of the Ad26.Mos4.HIV vaccine, more specifically the 

synthetic mosaic Gag variants, facilitate VLP formation [16]. It therefore remained 

unclear, whether mosaic Gag VLPs can form in vaccinees (Figure 15). As VLPs strongly 

stimulate cellular and humoral immune responses, in vivo formed VLPs would probably 

contribute to the efficacy of the Ad26.Mos4.HIV vaccine [137,184–186].  

Consequently, the first study aim was the examination whether the mosaic HIV-1 Gag 

proteins are able to form VLPs upon expression in human cells. The second aim was to 

assess the functional expression of Mos2S.Env proteins and their incorporation into 

mosaic Gag-formed HIV-1 VLPs. The Env incorporation provided and in a third step, the 

exposure of neutralization-sensitive epitopes in Mos2S.Env proteins required for bNAb 

binding, should be investigated using a VLP capture assay [187]. 



Part I Components of a mosaic HIV-1 vaccine mediate VLP formation and the display of Env trimers 
exposing neutralization-sensitive epitopes 

39 
 

 

Figure 15. Schematic illustration of the working hypothesis for part one of this thesis. Left part of the figure: 
Components administered to MOSAICO trial participants. Middle part of the figure: Potential in vivo VLP 
formation in the vaccinees mediated by the vaccine components. Right part of the figure: Study outcome 
measures that are assessed after trial completion (NCT03964415). 

7.2. Results  
7.2.1. Establishment of stable cell lines expressing mosaic HIV-1 p55-Gag and Env 

proteins 

In a first proof-of-concept approach, mos1.gag and mos2.gag were transiently expressed 

in the absence or presence of mos2s.env in human cells. Therefore, cell-free supernatants 

of 293 T cells transfected with the corresponding expression vectors (Figure 16) were 

harvested three days post transfection and subjected to quantification of p24 proteins 

using ELISA. The measured concentration of Gag proteins in these cell-free supernatants 

reached 110 ng/mL proving the successful expression of the respective mosaic Gag 

proteins in human cells and indicating the formation of VLPs.  

Encouraged by these findings, stable 293-F VLP producer cell lines were established to 

produce larger VLP quantities enabling the in-depth characterization of these particles. 

Therefore, DNA transposon mediated gene transfer of mos1.gag and mos2.gag in the 

absence or presence of mos2s.env was employed. Transposition was facilitated by the 

highly-active hyPBase – an optimized variant of the PiggyBac transposase [170]. 

HyPBase served as the transposase expression vector while a transposon vector served as 
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donor for the transgene expression cassette containing the gene encoding the mosaic HIV 

antigen (Figure 16). The expression of each mosaic gag gene was geno-phenotype-

coupled to the parallel expression of the puromycin resistance gene in the two vectors 

PB-Mos1.Gag-IpW and PB-Mos2.Gag-IpW, respectively. The third transposon vector 

PB-Mos2S.Env-IhW contained an expression cassette encompassing mos2S.env and the 

hygromycin resistance gene. 

 

Figure 16. Schematic overview of the genetic elements in the expression cassettes of the transposase 
expression vector and of the mosaic HIV-1 antigen-expressing transposon vectors. The transgene 
expression is driven by the CMV promotor/enhancer element (PCMV) in all constructs. The polyadenylation 
signal p(A) of the bovine growth hormone (bgH) and a synthetic intron (IVS) to elevate expression levels are 
present as well. In the transposase construct the expression of hyPBase is coupled to the expression of the 
reporter genes truncated human nerve growth factor receptor (trNGFR) and secreted alkaline phosphatase 
(SEAP) by an internal ribosomal entry site (IRES) (a). The genes mos1.gag, mos2.gag and mos2s.env are 
flanked by the inverted terminal repeats (3’ ITR and 5’ ITR) derived from the piggyBac transposase. The 
expression of mosaic gag genes is coupled to the expression of the puromycin (puroR) resistance gene 
while the expression of mos2s.env is coupled to the expression of the hygromycin (hygroR) resistance gene. 
The woodchuck hepatitis posttranscriptional regulatory element (WPRE) is located downstream from each 
resistance gene (b-d). This figure was reproduced from [188]. 

The subsequent selection process was initiated four days post transfection using 

respective antibiotics. The concentration of puromycin and hygromycin was constantly 

elevated for three weeks resulting in the generation of the stable transgenic cell lines 

293-F/Mos1.Gag, 293-F/Mos2.Gag, 293-F/Mos1.Gag/Mos2S.Env and 
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293-F/Mos2.Gag/Mos2S.Env. The selection pressure was constantly applied to maintain 

high-yield production of VLPs. The high antibiotic concentrations applied (10 to 

15 µg/mL puromycin and 200 µg/mL hygromycin, respectively) indicated also high 

expression levels. The expression of mosaic Gag proteins by the stable cell lines was 

therefore further assessed. Cell-free supernatants (CFSN) were harvested in triplicates 

and subjected to ultracentrifugation to isolate putative VLPs formed by mosaic Gag 

variants. The analysis of the isolated pellets using a p24-specific ELISA revealed that 

both mosaic Gag variants were stably expressed in 293-F cells in the absence or presence 

of Mos2S.Env co-expression. The Gag expression levels varied among the cell lines and 

ranged between 17.0 (± 2.3) ng p24 per mL CFSN for Mos2.Gag and 240.0 (± 31.7) ng 

p24 per mL for Mos1.Gag co-expressed with Mos2S.Env (Table 1).  

Table 1 Detection of Gag proteins in cell-free supernatants (CFSN) of 293-F cells stably expressing the 
mosaic Gag proteins in the absence or presence of Mos2S.Env. The cell-free supernatants were subjected 
to ultracentrifugation and resulting pellets were analyzed using a p24-specific ELISA (n=3, mean ± SD). 

293-F cells  ng pelleted Gag proteins per mL CFSN 
stably expressing mean (n=3) ± SD 

Mos1.Gag 82.3 10.3 

Mos1.Gag + Mos2S.Env 240.0 31.7 

Mos2.Gag 46.6 16.3 

Mos2.Gag + Mos2S.Env 17.0 2.3 

7.2.2. Mosaic HIV-1 p55-Gag proteins assemble into VLPs 

In order to visualize the potentially formed VLPs in the pellet fraction of ultracentrifuged 

CFSN samples and to study their morphology, these were prepared for analysis using 

negative-stain transmission electron microscopy (TEM). The TEM-analysis revealed 

both mosaic Gag variants capable for VLP formation (Figure 17). The visualized VLPs 

displayed a spherical morphology and an average size of ~120 nm in accordance with 

previous reports describing immature particles [16,189]. The characteristic structure of 

immature particles was observed as well entailing a lipid bilayer derived from the 

producer cell and the concentric organization of the Gag lattice underneath [190,191]. 
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Figure 17. Negative-stain TEM images of the detected mosaic Gag mediated VLP formation. VLP samples 
were obtained from ultracentrifugation of cell-free supernatants harvested from stable gag transgenic 293-F 
cell lines. The arrows indicate an extracellular vesicle (EV) and a VLP. The scale bars represent 100 nm and 
200 nm, respectively. This figure was reproduced from [188]. 

Besides the visualization of VLPs, the presence of mosaic Gag proteins in these VLPs 

was detected using a Western blot-analysis employing polyclonal antibodies directed 

against p55-Gag proteins. Resuspended VLP pellets of the four cell lines and a sample 

taken from naïve 293-F cells serving as negative control were subjected to SDS-PAGE. 

In the following Western-blot, Mos1.Gag and Mos2.Gag proteins were detected in 

samples of all four cell lines irrespective of the co-expression of Mos2S.Env, while 

degradation products of Gag precursor proteins were not observed (Figure 18). This result 

in combination with the prior findings from the electron microscopic-analysis confirmed 

the successful formation of VLPs mediated by the expression of mosaic Gag variants in 

human suspension cells. 
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Figure 18. Detection of Gag proteins in VLP samples using Western blot-analysis. The VLPs were isolated 
from all four producer cell lines. A sample obtained from naïve 293-F cells served as negative control (mock). 
The mosaic p55-Gag precursor proteins in the VLP pellets were detected using polyclonal primary rabbit 
antibodies directed against HIV-1 Gag proteins followed by incubation with secondary horseradish 
peroxidase (HRP)-conjugated antibodies against rabbit. The arrow indicates the precursor proteins p55-
Gag. The positions of the molecular weight markers are shown on the right. This figure was reproduced 
from [188]. 

7.2.3. Mos2S.Env proteins are incorporated into mosaic HIV-1 VLPs 

After confirming the successful formation of VLPs mediated by mosaic Gag proteins, the 

potential incorporation of Mos2S.Env proteins into the respective VLPs was examined. 

Therefore, Western blot-analysis of the aforementioned VLP pellets was performed using 

polyclonal antibodies directed against the soluble surface unit (SU) of gp120 proteins 

(Figure 19). Again a sample taken from naïve 293-F cells served as negative control as 

well as samples derived from cells only expressing mosaic Gag variants. Mos2S.Env 

proteins were exclusively detected in samples from transgenic cell lines containing both, 

a variant of mosaic gag and mos2s.env, thus indicating the incorporation of Mos2S.Env 

proteins in both mosaic Gag formed VLP variants. Despite no observation of degradation 

products of Env proteins, little amounts of unprocessed precursor gp160-Pr proteins were 

detected. These were identified at a molecular weight of around 140 kDa instead of 

160 kDa, as Mos2S.Env exhibits a truncation at the C-terminus of the gp41 

transmembrane unit resulting in a shortened cytoplasmic domain compared to the full 

length counterpart gp160-Pr [14,131]. The barely detectable amounts of truncated (tr) 

gp160-Pr proteins indicated that the vast majority of the incorporated Env proteins 

underwent correct previous enzymatic processing. 
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Figure 19. Detection of Env proteins in VLP samples using Western blot-analysis. The VLPs were isolated 
from all four producer cell lines. Samples obtained from naïve 293-F cells (mock) as well as VLP pellets from 
recombinant 293-F cell lines only expressing mosaic Gag variants served as negative controls. The 
Mos2S.Env proteins in the VLP pellets were detected using polyclonal primary goat antibodies directed 
against the surface unit of gp120 followed by incubation with secondary horseradish peroxidase (HRP)-
conjugated antibodies against goat. The arrows indicate the unprocessed truncated precursor glycoproteins 
(tr-gp160-Pr) and the processed gp120-SU. The positions of the molecular weight markers are shown on 
the right. This figure was reproduced from [188]. 

To evaluate the relative abundance of Mos2S.Env proteins in mosaic Gag formed VLPs, 

VLP pellets were subjected to quantification of both, gp120 proteins and p24 proteins 

using respective ELISA. Comparable high amounts of Mos2S.Env proteins incorporated 

into Mos1.Gag and Mos2.Gag formed VLPs were observed. The gp120 amount for 

Mos1Gag VLPs was 96 ng per µg p24 and for Mos2Gag VLPs 176 ng per µg p24. 

7.2.4. Displayed Mos2S.Env proteins expose neutralization-sensitive epitopes 

While the presence of Mos2S.Env proteins on mosaic Gag formed VLPs was successfully 

demonstrated employing Env-specific ELISA, these results do however not allow any 

conclusions on the quality of displayed Env antigens. Native-like Env trimers on the 

surface of the produced VLPs are crucial, as they expose neutralization-sensitive epitopes 

more effectively compared to non-functional Env proteins and are required to elicit NAbs 

in vaccinees [150,192,193]. To assess the exposure of such neutralization-sensitive 

epitopes, qualitative immunoprecipitation experiments using four different bNAbs, 

targeting three different epitopes within the gp120-SU of Env proteins, were conducted. 

In addition, the monoclonal antibody (MAb) 5F3 targeting the transmembrane unit gp41-

TM was utilized to prove the incorporation of this subunit into the lipid membrane of the 

VLPs. Samples derived from naïve 293-F cells (mock) and VLP samples not presenting 

any Env proteins (bald Mos1.Gag and Mos2.Gag VLPs) served as additional negative 
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controls, while human IgG antibodies were utilized as isotype controls. To conduct the 

VLP capture assay the antibodies 2G12, 447-52D, PG9, PG16 and 5F3 were coupled to 

protein G-coated magnetic beads. VLP samples were then standardized to 100 ng Gag 

proteins and added to antibody-coated beads. Enrichment of the VLPs bound to the 

antibody-coated beads was conducted in a magnetic field. VLPs were eluted and 

subjected to subsequent Western blot-analysis, using polyclonal antibodies directed 

against p55-Gag proteins (Figure 20). 

 

Figure 20. Detection of Gag proteins in immunoprecipitated VLP samples using Western blot-analysis. 
Samples of naïve cells (mock), VLP samples of gag transgenic 293-F cells and VLP samples 
immunoprecipitated using human IgG isotype control antibodies served as negative controls. The VLP input 
amounts for the VLP capture assay were standardized to 100 ng Gag proteins for all samples. The bNAbs 
2G12, 447- 52D, PG9, PG16 as well as the gp41-TM-specific MAb 5F3 and the isotype control antibodies 
(human IgG), which were coated to magnetic beads for VLP capture are shown on the left. The positions of 
the molecular weight markers are shown on the right. The arrows on the left indicate the positions of detected 
p55-Gag proteins. This figure was reproduced from [188]. 

Gag directed antibodies were chosen, as these proteins are present in much higher 

abundance than Env proteins in HIV-derived VLPs enhancing the sensitivity of the assay. 

This approach thus allows for the sensitive and indirect detection of epitopes in Env 

proteins displayed even at low density on VLPs [187]. The resulting Western blot-images 
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showed that p55-Gag proteins were detected in all Env-positive VLP samples, while none 

of the negative controls revealed detectable amounts of Gag precursor proteins. 

According to the aforementioned data, the results from the immunoprecipitation 

experiments reveal the efficient incorporation of Mos2S.Env proteins into VLPs formed 

by both mosaic Gag variants, as the target epitope in the ectodomain of gp41-TM was 

displayed and recognized by MAb 5F3 [194]. In addition, the exposure of three different 

bNAb target epitopes and their structural integrity, namely, in the V1/V2-loop (bNAbs 

PG9 and PG16) [195–197] in the V3-loop (bNAb 447-52D) [198] and of highly 

conserved clusters of oligomannose residues on the outer domain of gp120-SU (bNAb 

2G12) [194,199,200], was demonstrated. An illustrative overview of these target epitopes 

on the Env trimer is provided in Figure 21. 

 

Figure 21. Schematic illustration of the Env trimer including the epitopes targeted by the utilized MAbs. The 
side view (left, a) and the top view (right, b) are presented. The grey areas represent the glycan shield. BNAb 
2G12 targets the outer domain, bNAb 447-52D targets the third variable (V3) domain, bNAbs PG9 and PG16 
are preferably quaternary structure dependent and target the first and second variable (V1/V2) domain of 
gp120. Mab 5F3 targets the ectodomain in the transmembrane (TM) region of gp41.The illustrative model is 
based on the cryo-EM structure of the HIV-1 Env trimer BG505 SOSIP.664 (protein data bank accession 
number: 7TFO) [201] and was generated using the software Chimera 1.13.1 [202]. 
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7.3. Discussion 

This work was a proof-of-concept study, in which mosaic HIV Gag protein variants, 

derived from vaccine components of the recently discontinued MOSAICO trial 

(NCT03964415), were tested for their ability to mediate VLP formation. The present 

results were recently published in the journal Virology [188]. This work revealed the 

functional formation of VLPs formed by mosaic Gag proteins upon expression in human 

cells as it was previously observed by Chapman and colleagues [203]. The present 

findings also demonstrated that mosaic Env proteins are efficiently incorporated into 

VLPs formed by both Gag variants. This was assessed by the relative abundance of gp120 

monomers per µg Gag proteins in VLP pellets, which was 7-fold (Mos2S.Env on 

Mos1.Gag VLPs) to 14-fold (Mos2S.Env on Mos2.Gag VLPs) higher than recently 

observed for Env variants displayed on SIV-Gag VLPs [137]. The increased membrane 

incorporation of Env proteins was previously shown in animal studies to enhance 

immunogenicity [159,204]. Further Western blot-analysis of Mos2S.Env proteins in 

isolated VLP pellets demonstrated that the vast majority of gp160 precursor proteins was 

processed to their cognate subunits gp120-SU and gp-41-TM, respectively. This 

proteolytic processing is crucial for vaccine design, as HIV-1 neutralization largely 

depends on the recognition of mature Env trimers by bNAbs [205–208]. The exposure of 

bNAb epitopes on Mos2S.Env-proteins deemed probable, as these Env proteins exhibited 

large amounts of fully-processed heterodimers [150,192,193,208]. To assess the presence 

of these neutralization-sensitive epitopes, a VLP capture assay was performed [187]. The 

bNAbs PG9, PG16, 447-52D and 2G12 target different epitopes in the surface unit gp120-

SU of the Env proteins (Figure 21). The utilization of bNAbs was instrumental in 

demonstrating the exposure of these neutralization-sensitive epitopes on Mos2S.Env 

proteins displayed on VLPs. Compared to 447-52D targeting the V3-loop and 2G12 

targeting the gp120 outer domain, the bNAbs PG9 and PG16 are exceptional, as they 

preferably bind quaternary structure dependent epitopes and do not bind monomeric Env 

proteins [98,150,197]. Therefore it can be assumed that Mos2S.Env proteins displayed 

on the surface of mosaic Gag VLPs are predominantly present in their trimeric Env form. 

This trait emphasizes the quality of a potential vaccine component as Env trimers, rather 

than non-functional monomeric Env units, are supposed to induce neutralizing antibody 

responses [95,195]. To further validate the potential presence of Mos2S.Env trimers on 
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mosaic Gag formed VLPs biochemical characterization of the produced Env-decorated 

VLPs employing native PAGE- or cryoelectron microscopic-analysis could be 

utilized [99,157,209–211]. 

Based on the present findings, the potential in vivo formation of mosaic Gag VLPs upon 

vaccination of MOSAICO trial participants with the adenovirus vectored vaccine 

“Ad26.Mos4.HIV” seems very likely. There are additional factors substantiating this 

assumption. The first factor is the vaccine composition entailing, amongst others, 

adenovirus derived vectors enabling the cellular expression of Mos1.Gag-Pol and 

Mos2.Gag-Pol proteins. The second factor is the vaccine regimen that included the 

administration of large amounts of vector particles which should have multiply 

transduced plenty of the cells in the needle track and diffusion area [212–217]. As equal 

quantities of all four adenovirus vectors were utilized, cells were likely generated 

expressing a variety of Gag and Env variants upon vaccine administration. The in vivo 

assembly of such VLPs is presumably accompanied by previous maturation cleavage of 

p55-Gag precursor proteins, mediated by the viral protease encoded within pol in the 

mosaic gag-pol constructs. Therefore, mature rather than immature VLPs are likely being 

formed in vivo, revealing superior immunogenicity as compared to immature particles 

and previously demonstrated in animal studies [159,218]. 

In order to shed light on the immunogenicity of Mos2S.Env-decorated mosaic Gag VLPs, 

their independent investigation in preclinical studies would be required. The value of in 

vivo formed Gag VLPs has been widely studied conducting immunization experiments in 

animal models [137,184–186]. Frequently observed parameters were the elicitation of 

Env- and Gag-specific CD4+ T cells as well as an enhanced Env-specific B cell response 

producing neutralizing antibodies. Accordingly, Mos2S.Env-decorated mosaic Gag 

VLPs could contribute to robust immune responses in vaccinees and most importantly 

elicit broadly neutralizing antibodies. Despite the discontinuation of the MOSAICO trial, 

the present findings warrant further testing of in vitro produced and purified Mos2S.Env-

decorated mosaic Gag VLPs in pre-clinical animal models. The outcome may further 

legitimate the application of mosaic VLPs in prime-boost regimens of clinical 

trials [219,220]. 
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The production of such mosaic HIV-1 VLP based vaccines would require larger scales 

than those utilized in this work, in addition to higher product yields. The rapid 

establishment of high MAb-producing cell lines from a stable producer cell pool has been 

recently highlighted by the use of a commercialized PiggyBac-derived transposase [166]. 

The results support the herein chosen approach to employ hyPBase mediated 

transposition for the rapid establishment of high VLP-producing cell lines. However, the 

established VLP-producing cell lines could reveal genomic instabilities resulting from 

spontaneous unintended genome integration of the linearized transposase vector upon 

transfection of the cells. This could further lead to sustained expression of hyPBase, and 

thus mobilization of transposase-derived Gag and Env encoding expression cassettes. To 

prevent a future VLP manufacturing cell line from such genetic instability the use of 

mRNA encoding the transposase should be considered. Here, the transposase is not 

expressed from a plasmid vector, but instead from co-transfected mRNA unable to 

integrate into the genome [166,221–223]. Besides stable highly efficiently VLP-

producing cell lines, a further important aspect in pharmaceutical biotechnology is 

process scalability. The upscaling of the established Mos1.Gag VLP-producing cell line 

to grow in 2 L bioreactors using a fed-batch system was already successfully performed 

by external collaborators in this project [224–226]. The presented downstream process 

optimization resulted in a final product purity of >80 % indicating the potential of the 

developed process for HIV-1 VLP-based vaccine manufacturing.  

The immature mosaic HIV-1 VLPs produced in this study may represent an alternative 

or add-on component to anticipated in vivo formed mature VLPs in MOSAICO trial 

participants. Due to the mosaic design of these antigens, the VLPs should cover the major 

spectrum of globally circulating HIV strains. The enormous sequence variation of HIV 

poses one of the challenges, why despite decades of research and numerous clinical trials, 

no HIV vaccine has yet reached mandatory market approval requirements against 

infection and disease progression. Two approaches to prophylactic HIV vaccine design 

are generally considered. The first one is the induction of a vaccine-mediated sterilizing 

immunity preventing acquisition of infection while the second is a vaccine-induced 

immunity allowing infection. The latter approach can be subdivided into three different 

paths, which are I) the reduction of the initial peak viremia and viral load set point, II) the 

suppression of viremia to an undetectable level and III) the stimulation of viral clearance 
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before disease [227]. Most of the recent vaccine trials focus on conferring a sterilizing 

immunity, which is considered the ideal solution owing to the unique biology of HIV 

facilitating the generation of proviruses and establishment of latent virus reservoirs upon 

infection. However, the number of unsuccessful vaccine efficacy trials increasingly 

indicates that this goal is hardly achievable. Thus, the investigation of HIV vaccines 

suppressing viremia after infection to reduce disease progression, limiting the burden for 

antiretroviral therapy and preventing transmission would be a reasonable alternative. 

However, there are some challenges related to the final efficacy measurements of 

vaccines that do not prevent HIV acquisition [227,228]. The typical vaccine efficacy 

measurement which determines the ratio of prevented HIV infections within a study 

group is not applicable. Instead, one of the important assessments is the verification of a 

low viral load after HIV infection, which is correlated to an asymptomatic progression 

and decreased contagiousness [229–231]. As the viral load can vary among individuals 

and in the course of infection, the testing and licensing of such vaccines entails significant 

challenges. In addition, prolonged follow-up investigations would be necessary adding 

expenses [227].  

The development of a prophylactic HIV vaccine therefore remains a tremendous task. 

Addressing the unique biology of HIV, several factors need to be considered to fulfill this 

task e.g. the vaccination approach, the vaccination platform, the design of the clinical trial 

requiring large study groups and long follow-up investigations as well as the complexity 

to define immune correlates of protection.  
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 Part II Production of bi-fluorescent HIV VLPs for potential 
applications in downstream process optimization 

8.1. Introduction  

While first part of this thesis focused on the vaccine-induced in vivo HIV VLP formation, 

this second examines aspects of the production and purification of HIV VLP candidate 

vaccines. As observed in the manufacturing of other biologics, the HIV VLP downstream 

process is challenged by the presence of contaminants mostly originating from the 

producer cells. The initial removal of large contaminants such as cells, cell debris and 

protein aggregates at laboratory scale is commonly achieved employing low-speed 

centrifugation [51]. However, the lacking scalability of this method requires an 

alternative for large scale manufacturing. Depth filtration through membranes is hence 

the most prominent solution, as it enables the cost-effective clarification of cell culture 

broths at industrial scales (Figure 22). Although ultrafiltration has a low resolution, it is 

sufficient to retain VLPs in the retentate fraction while larger biopolymers such as protein 

aggregates and nucleic acids are removed with the permeate [232]. Frequently, depth 

filtration is followed by additional nuclease treatment of the retentate employing 

benzonase to degrade residual host cell-derived nucleic acids. A major challenge in the 

downstream process of virus-derived particles is the contamination of the culture broth 

with extracellular vesicles (EVs). These are commonly observed in the production of 

enveloped viruses and HIV VLPs as they are co-released by the producer cells [23–25]. 

EVs are a heterogeneous particle class and can be divided into exosomes (Ø 5-150 nm) 

and microvesicles (Ø 50-500 nm), and thus overlap with the size of HIV VLPs 

(Ø ~120 nm) [23,144,188]. Besides the similarity in size, HIV VLPs and EVs share 

comparable particle densities of 1.15-1.18 g/L (HIV VLPs) [233] and of around 1.14-

1.20 g/L (EVs) [234], respectively. Though density gradient centrifugation allows the 

separation of HIV VLPs from considerable larger and smaller EVs with different densities 

in general, a separation of VLPs from EVs displaying same or similar densities is almost 

impossible to achieve [188,235]. Due to the lacking scalability and the incomplete 

removal of these contaminants, ultracentrifugation is thus largely limited to the utilization 

at lab scale. For pharmaceutical applications, higher product purities are required to meet 

the quality and safety specifications for the administration to humans. Vaccine-related 
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issues regarding the tolerability may arise from the presence of host cell proteins (HCPs), 

which are commonly incorporated on the surface of both EVs and VLPs [153,236]. The 

excessive presence of HCPs in the product could cause undesired effects in the vaccinees, 

as immune responses can be distracted from HIV Gag and Env proteins towards 

immunogenically non-relevant proteins. To increase the relative level of immune-relevant 

viral proteins in the final product, high purification grades of the HIV VLP preparations 

are thus required. Purification of HIV VLPs at large-scale is frequently achieved by 

chromatography and filtration based methods [24,25,51,224,237]. Both techniques can 

be easily scaled up and facilitate working under the guidelines of good manufacturing 

practice (GMP). Tangential flow filtration (TFF) is commonly utilized prior to 

chromatography to concentrate virus-derived particles, to remove small impurities and to 

perform buffer exchange. However, the design of the TFF process needs careful 

consideration, as pressure variations, high shear forces, and foaming can impair the final 

product quality [238]. The lipid envelope of HIV VLPs makes them sensitive to 

physicochemical conditions including pH variations and varying osmotic pressures. In 

addition, shear forces can cause a process called “shedding” on Env-decorated HIV-1 

VLPs [51]. During shedding, the weak non-covalent interaction between the surface unit 

gp120-SU and the transmembrane unit gp41-TM in the Env heterotrimer facilitates the 

dissociation of both units. Remaining dysfunctional gp41-TM stumps on the VLP surface, 

as well as soluble gp120-SU monomers, expose non-neutralizing and immune-decoy 

epitopes deteriorating the quality of the immune response [192]. The optimization of HIV 

VLP TFF processes is thus valuable for future industrial production [237,239]. The 

filtration of HIV VLP containing suspensions is followed by anion exchange 

chromatography (AEX) or alternatively heparin affinity chromatography [24,25]. Based 

on the electrochemical properties of VLPs and using elution buffers with different ionic 

strength, the separation from EVs can be achieved. Collaborators of this project aimed at 

improving the purification of HIV VLPs after performing depth filtration and UF/DF in 

the process. The intermediate product purity of app. 20 % that was reached after UF/DF 

was increased to over 80 % after AEX [224]. Despite these promising results, further 

process optimization is required to gain higher product purities of >99 %. The purification 

is commonly followed by a polishing step in which remaining impurities are removed by 

size-exclusion chromatography (SEC). Further concentration of the product as well as an 
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optional buffer exchange are performed by TFF/DF [238]. The mandatory sterilization of 

the produced VLPs can be achieved by passage through filters with a pore size of 

0.22 µM. However, this method is accompanied by considerable product losses. Valkama 

et al., 2020 observed 30-50 % loss in the sterilization of lentiviral vectors [240]. 

Additional sterilization is dispensable when the production process is performed 

aseptically [238]. The final step of the process is the formulation of the HIV VLP based 

vaccine in which lyophilization is conducted for log-term storage [225]. 

 

Figure 22. Process flow diagram showing the production of HIV VLPs and subsequent downstream 
processing. Production of VLPs is performed in fed-batch cultivation. Cells and cell-debris are removed and 
VLPs are captured from the culture supernatant during clarification. Nuclease is added to degrade cellular 
nucleic acids. Tangential flow filtration (TFF) and diafiltration (DF) are used for concentration. Anion 
exchange chromatography (AEX) is utilized for further purification and concentration. Polishing is performed 
by size-exclusion chromatography (SEC) and TFF or DF to remove remaining impurities. Product sterility is 
ensured by a final filtration step or by downstream processing under sterile conditions. Lyophilization is 
performed for the formulation of the VLPs. This figure was adapted from [51,225]. 

Another important aspect of the downstream processing is the final product 

quantification. While lentiviral ELISA kits are commonly utilized for the quantification 

of HIV derived particles at laboratory scale, it remains disadvantageous due to its low 

cost-effectiveness. In addition, this method does not allow the differentiation between 

intact HIV VLPs and protein monomers, unless the analyzed samples are subjected to 

prior ultracentrifugation. At industrial scale, quantification of virus derived particles is 
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often performed using state-of-the art techniques like nanoparticle tracking-analysis 

(NTA), flow virometry or chromatography coupled to multiangle light scattering (MALS) 

detectors [238,241,242]. These techniques allow for particle detection in parallel to 

quantification. Research groups around Cervera have further developed the quantification 

of HIV VLPs to a straightforward fluorescence based approach [235,241]. The green 

fluorescent protein (GFP) was fused to the core protein Gag and facilitated the proper 

detection and quantification of HIV VLPs. Fluorescence-tagged HIV VLPs not just allow 

the proper quantification in a heterologous suspension, but also facilitate the 

discrimination from non-fluorescent EVs.  

In this work, the concept of GFP-tagged HIV VLPs was expanded by introducing a 

second fluorescence reporter dTomato fused to the transmembrane domain (TM) of the 

platelet derived growth factor receptor-beta (PDGFR β). PDGFR β TM mediates the 

incorporation of dTomato in the cell membrane and membrane-anchored reporter proteins 

should be present in the lipid bilayer of nascent VLPs and EVs as well, provided they 

locate at the site of particle budding. This way GFP-tagged HIV VLPs should reveal a 

double fluorescence while co-released EVs should only reveal single fluorescence (Figure 

23). This concept has not yet been investigated and is supposed to enable the rapid 

discrimination of HIV-1 VLPs from EVs and the parallel quantification of both in 

heterologous suspensions. This novel tool is thus anticipated to prove helpful for 

determining the purity of VLPs in fractions obtained after different manufacturing steps 

during downstream processing. The ratio of VLPs and EVs is a valuable parameter to 

assess for the product purity. This work provides first insights into the design of the 

respective genetic constructs encoding the fluorescent fusion proteins and aims to prove 

their functionality upon expression in human cells.  
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Figure 23. Schematic illustration of the bi-fluorescent HIV-1 VLP principle. The p55-Gag precursor protein 
of HIV-1 is C-terminally fused to the enhanced green fluorescent protein (EGFP). Immature Gag-EGFP VLPs 
bud from the producer cell membrane, which already contains incorporated dTomato proteins fused to the 
transmembrane (TM) domain of the platelet-derived growth factor receptor β (PDGFR β; a). The proof of 
concept is achieved by exciting HIV VLPs and co-released EVs. The particles should reveal double-
fluorescence (HIV VLPs) and single-fluorescence (EVs), respectively (b).  
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8.2. Results 
8.2.1. Functional expression of EGFP-tagged p55-Gag and dTomato membrane-

anchored fusion proteins 

To generate transposon vectors enabling the expression of the fluorescent fusion proteins, 

two expression constructs were generated (Figure 24). The first transposon vector PB-

Mos1.Gag/EGFP-lpW contained the fusion gene mos1.gag-egfp coupled to the 

puromycin resistance gene. In addition, a Sleeping Beauty-based transposase vector SB-

dTomato/PDGFR-β-TM-lnW was generated encompassing the fusion gene dTomato-

pdgfr β tm coupled to the neomycin resistance gene.  

 

Figure 24. Schematic overview of the genetic elements in the expression cassettes of the fluorescent fusion 
protein expressing transposon vectors and control vectors. The structural organization of the expression 
cassettes is essentially the same as previously described for transposon vectors (Figure 16). The expression 
cassette entailing the fusion gene egfp-mos1.gag is flanked by the inverted terminal repeats (3’ ITR and 5’ 
ITR) derived from the PiggyBac transposase. The expression of egfp-mos1.gag is coupled to the expression 
of the puromycin (puroR) resistance gene (a). The expression cassette entailing the fusion gene dTomato-
pdgfr β tm coupled to neomycin (neoR) expression is flanked by the inverted terminal repeats (3’ ITR and 5’ 
ITR) derived from the Sleeping Beauty transposase (b). PB-Mos1.Gag-lpW was previously described (Figure 
16) and served as additional negative control in transient transfection experiments (c). The PiggyBac derived 
vector PB-EGFP-lpW served as positive control for EGFP expression in transient transfection experiments 
(d). The lentiviral vector pLenti-V6.3 Ultra-Chili was utilized as positive control for dTomato expression in 
transient transfection experiments. The transgene expression was coupled to the expression of the 
blasticidin (blastR) resistance gene. The expression cassette of this vector was flanked by long terminal 
repeats and included the packaging signal ψ (e). 
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In order to assess the functionality of the generated transposon vectors SB-

dTomato/PDGFR-β-TM-lnW and PB-Mos1.Gag/EGFP-lpW, transient transfection 

experiments using 293T cells were performed. The cellular expression of the fluorescence 

reporters from each construct was visualized using fluorescence microscopy (Figure 25, 

I+II).  

 
Figure 25. Fluorescence-microscopic images of transiently transfected 293T cells expressing the fusion 
proteins dTomato-PDGFR β TM (I) and the EGFP-Gag (II), respectively. Fluorescence (FL) and translucent 
(TL) images were taken three days post transfection with the respective vectors. Naïve 293T cells (mock) 
served as negative control. Cells transfected with vectors expressing the fluorescent proteins dTomato and 
EGFP, respectively served as positive control. The scale bar represents 50 µm. The figures were reproduced 
from [243]. Confocal images of a 293T cell transiently expressing the fusion proteins dTomato-PDGFR β TM 
and EGFP-Gag three days post transfection (III). The lipid membrane was visible in red along with a specific 
red point inside the cell (a). Gag-EGFP (green) was accumulated in close proximity to the lipid membrane 
and at a specific point inside the cell as well (b). Co-localization of Gag-EGFP and dTomato-PDGFR β TM 
(lipid membrane) was observed in yellow in the merged image (c). 

Naïve cells (mock) as well as cells transfected with the vector PB-Mos1.Gag-IpW 

enabling the expression of untagged Mos1.Gag proteins served as negative controls. 

While the negative controls revealed no detectable fluorescence signals upon excitation, 

cells producing either the dTomato-PDGFR β TM or Mos1.Gag-EGFP fusion protein 

emitted red and green fluorescent signals, respectively. The observed red fluorescence for 

cells producing the dTomato-PDGFR β TM fusion protein was comparable to the one 

exhibited by cells of the positive control, which were previously transfected with a vector 
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facilitating the sole expression of dTomato. Analog observations were made for green 

fluorescent cells transfected with the vector encoding Mos1.Gag-EGFP and cells of the 

corresponding positive control exclusively expressing EGFP. In summary, detection of 

red or green fluorescence in 293T cells transfected with the vectors SB-

dTomato/PDGFR-β-TM-lnW and PB-Mos1.Gag/EGFP-lpW demonstrated the 

successful expression of the two as fusion proteins (dTomato or EGFP).  

In a following experiment the parallel localization of both reporter proteins in a single 

cell was assessed employing fluorescence confocal microscopy (Figure 25, III). 

Therefore, 293T cells were transiently co-transfected with the previously described 

vectors. Three days post transfection, cells were analyzed using confocal microscopy. 

The lipid membrane of the observed cells emitted red fluorescence proving that the 

transmembrane domain of the platelet derived growth factor receptor β facilitated the 

anchoring of dTomato proteins in the cell membrane. In addition, green fluorescence was 

observed in proximity to the lipid membrane where budding of HIV-1 VLPs takes place. 

While these observations were anticipated, the detection of a point-shaped accumulation 

of fusion proteins within the cell was unexpected. Analogue observations for Gag-EGFP 

proteins were made in previous reports and could be explained with the Gag-induced 

recruitment of the endosomal sorting complex required for transport (ESCRT) that 

catalyzes membrane fission during particle budding [56,244]. 

After confirming the functional expression of both fluorescence reporters, a p24-specific 

ELISA was performed to assess whether the fusion of EGFP impedes Mos1.Gag 

production. In addition, adverse effects of the parallel co-expression of the dTomato-

PDGFR β TM fusion protein on Mos1.Gag expression were analyzed. For this, 

Mos1.Gag obtained from cell-free supernatant of transiently transfected cells served as 

positive control while cell-free supernatant from non-transfected cells served as negative 

control. The Gag concentrations were 3,114 (± 639) ng/mL for Mos1Gag, 

2,730 (± 339) ng/mL for Mos1.Gag-EGFP and 2,852 (± 520) ng/mL for Mos1.Gag co-

expressed with dTomato-PDGFR β TM. The results demonstrated that the expression of 

Mos1.Gag was neither significantly affected by the fusion to EGFP nor influenced by the 

parallel absence or presence of dTomato-PDGFR β TM (Table 2). 
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Table 2. Detection of Gag proteins in cell-free supernatants (CFSN) of 293T cells transiently expressing the 
EGFP-tagged mosaic Gag proteins. Analysis was performed using a p24-specific ELISA (n=4, mean ± SD). 

293T cells  ng Gag per mL CFSN 
transiently expressing mean (n=4) ± SD 

Mos1.Gag 3,114 639 

Mos1.Gag-EGFP 2,730 339 

dTomato-PDGFR β TM 

+ Mos1.Gag-EGFP 
2,852 520 

8.2.2. Establishment of stable cell lines expressing fluorescently tagged fusion 
proteins 

The previous results obtained from fluorescence microscopic- as well as from p24-

specific ELISA-analysis confirmed the functionality of both generated expression 

constructs in the vectors PB-Mos1.Gag/EGFP-lpW and SB-dTomato/PDGFR-β-TM-

lnW, respectively. These were hence utilized for the following establishment of 

transgenic human cell lines. This time a combination of SB100x and hyPBase mediated 

transposition was employed for establishing the desired three cell lines (Figure 26).  

The first cell line 293-F/PB-Mos1.Gag/EGFP-lpW was established by co-transfection of 

the transposase vector encoding hyPBase and the vector encoding the Mos1.Gag-EGFP 

fusion protein followed by a selection process using puromycin. In order to generate the 

second cell line, 293-F cells were transfected with the transposase vector coding for 

SB100x and the vector encompassing the dTomato/PDGFR-β-TM-lnW expression 

cassette. The following selection with neomycin resulted in the establishment of the cell 

line expressing 293-F/dTomato/PDGFR-β-TM-lnW. This cell line was attempted to serve 

as a reference cell line for the later detection of dTomato-tagged extracellular vesicles in 

cell-free supernatants and as starting material for the establishment of the third cell line 

293-F/dTomato/PDGFR-β-TM-lnW/PB-Mos1.Gag/EGFP-lpW. Therefore, the cell line 

293-F/dTomato/PDGFR-β-TM-lnW was again transfected utilizing the transposase 

vector encoding hyPBase and the vector encompassing the fusion gene mos1.gag-egfp. 

The combination of two transposon systems circumvents the excision of the first 

transgene cassette containing dTomato-pdgfr β tm which was previously integrated 

through SB100x activity, as hyPBase utilizes different ITRs for recognition. The 
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establishment of the third cell line was completed when cells showed resistance to 

puromycin (10 µg/mL) in addition to G418 (200 µg/mL). 

 

Figure 26. Schematic overview of the utilized transposon vectors and transposase expression vectors to 
generate stable 293-F cell lines expressing fluorescence-fusion proteins (I). The structural organization of 
the expression cassettes was previously described (Figure 16, Figure 24). The PiggyBac derived transposon 
vectors were utilized for the establishment of the stable EGFP-Gag producer cell line (green; II). To establish 
the dTomato-PDGFR β TM-expressing cell line (red), Sleeping Beauty derived transposon vectors were 
used for transfection. After completion of the selection process, this cell line was again transfected utilizing 
the PiggyBac derived transposon vectors to facilitate expression of EGFP-Gag proteins (red and green). 

Upon passaging of the three cell lines, it became apparent that resulting cell pellets 

exhibited visible red and green fluorescence compared to cell pellets from naïve cells, 

thus corroborating the prior findings that both reporter proteins were successfully 

expressed (Figure 27 a). Subsequently, the cell lines expressing Mos1.Gag-EGFP fusion 

proteins were assessed concerning their ability to mediate VLP formation. Therefore, the 

cell-free supernatants of all cell lines and those from naïve cells were subjected to 

ultracentrifugation. The cell line which solely expressed the fusion protein dTomato-

PDGFR β TM produced a light red shimmer at the bottom of the centrifuge tube, 

supposedly resulting from the presence of dTomato-tagged EVs. The parallel 

ultracentrifugation of cell-free supernatants of Mos1.Gag-EGFP expressing cell lines 
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resulted in brightly colorful pellets, which gave a first indication of unhampered VLP 

formation mediated by the fusion proteins (Figure 27 b). 

 

Figure 27. Detection of visible red and green fluorescence in cell pellets (a) and VLP pellets (b) from stable 
VLP producer cell lines and the reference cell line only expressing the fusion protein dTomato-PDGFR β TM. 
A sample obtained from naïve 293-F cells served as negative control (mock). The arrows at the bottom of 
the tubes indicate the pellets visible upon ultracentrifugation of cell-free supernatants. 

8.2.3. VLP formation mediated by Gag-EGFP and incorporation of dTomato-
PDGFR β TM fusion proteins 

To examine, whether VLPs and EVs were concentrated upon ultracentrifugation, isolated 

pellets were subjected to TEM-analysis (Figure 28). Analogue to the previous observation 

made for Mos1.Gag proteins, Mos1.Gag-EGFP fusion proteins were demonstrated to 

assemble into HIV VLPs upon stable expression in 293-F cells. Moreover, the resulting 

EGFP-tagged HIV VLPs were comparable in size and morphology to Mos1.Gag-formed 

formed particles in the absence of EGFP (Figure 17) [16,188]. The demonstrated ability 

of Gag-EGFP fusion proteins to form fluorescent HIV VLPs is in accordance with the 

findings made by Gutiérrez-Granados and colleagues [241].  
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Figure 28. Negative-stain TEM images of the detected Gag-EGFP mediated VLP formation. VLP samples 
were obtained from ultracentrifugation of cell-free supernatants harvested from 293-F cell lines stably 
expressing Gag-EGFP in the absence (a) or presence of dTomato-PDGFR β TM co-expression (b). The 
arrows indicate an extracellular vesicle (EV) and VLPs. The scale bars represent 100 nm. 

After successful visualization of VLPs using TEM-analysis, the presence of EGFP-tagged 

Mos1.Gag proteins in these VLPs, as well as the incorporation of dTomato-PDGFR β TM 

fusion proteins in the lipid bilayer of EVs and VLPs, was assessed using Western blot-

analyses. Therefore, the resuspended VLP pellets of the three cell lines, a negative control 

representing a sample taken from naïve 293-F cells and a positive control containing a 

VLP pellet from mos1.gag transgenic cells, were subjected to SDS-PAGE. Upon blotting, 

membranes were incubated with polyclonal antibodies (pAbs) directed against p55-Gag, 

EGFP and dTomato, respectively (Figure 29).  

The negative control revealed no detectable proteins in any of the three Western blots, 

indicating that unspecific binding of the three utilized polyclonal antibodies did not occur. 

In the Western blot-analysis performed with polyclonal antibodies directed against 

dTomato proteins, these proteins were exclusively detected both, in EV and VLP samples 

of cell lines expressing dTomato-PDGFR β TM in the absence or presence of Gag-EGFP. 

Despite the observation of presumed degradation products of these fusion proteins, full-

length dTomato-PDGFR β TM proteins were readily detected at the expected size of 

40.8 kDa in both samples. As the amount of dTomato-PDGFR β TM proteins in Gag-

absent samples was low when using the standard procedure for SDS-PAGE sample 

preparation, 10x higher sample concentrations were subjected to Western blot-analysis 

employing dTomato-specific antibodies (Figure 29 a). In a next Western blot-analysis 
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p55-Gag precursor proteins were readily detected at the expected size of 55.9 kDa in the 

positive control utilizing polyclonal antibodies directed against Gag proteins (Figure 

29 b).  

 

Figure 29. Detection of Gag, EGFP and dTomato in VLP samples using Western blot-analyses. Samples of 
naïve cells (mock) served as negative controls. The dTomato proteins were detected using polyclonal 
primary goat antibodies directed against dTomato followed by incubation with secondary horseradish 
peroxidase (HRP)-conjugated antibodies against goat (a). The mosaic p55-Gag precursor proteins in the 
VLP pellets were detected using polyclonal primary rabbit antibodies directed against HIV-1 Gag proteins 
followed by incubation with secondary horseradish peroxidase (HRP)-conjugated antibodies against rabbit 
(b). EGFP was detected in VLP samples using polyclonal HRP-conjugated rabbit antibodies directed against 
GFP (c). The positions of the molecular weight markers are shown on the right. The arrows on the left 
indicate the positions of detected Gag, EGFP and dTomato alone or as fusion proteins. 

Full-length fusion proteins were also detected in the two samples containing the 

Mos1.Gag-EGFP fusion proteins (85.4 kDa) along with presumed degradation products. 

In order to prove the presence of EGFP in these fusion proteins, polyclonal antibodies 

directed against EGFP were utilized in another Western-blot analysis. Mos1.Gag-EGFP 
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fusion proteins with a molecular weight of about 85 kDa, and thus similar to the 

previously detected Gag-EGFP fusion proteins using pAbs against Gag were readily 

detected. Again, some presumed degradation product were observed (Figure 29 c). In 

order to quantify the fluorescent VLP production of both Mos1.Gag-EGFP producing cell 

lines, VLP samples were subjected to a p24-specific ELISA performed in triplicates. Both 

cell lines revealed high concentrations of 5.7 (± 1.0) x 109 VLPs/mL cell-free supernatant 

for 293-F/PB-Mos1.Gag/EGFP-lpW and 6.4 (± 1.1) x 109 VLPs/mL cell-free supernatant 

for 293-F/dTomato/PDGFR-β-TM-lnW/PB-Mos1.Gag/EGFP-lpW. These results 

advanced the previously reported concentration of 2.7 x 109 VLPs/mL in cell-free 

supernatants for GFP-tagged HIV-1 VLPs transiently produced in 293-F cells [244]. 

8.3. Discussion 

VLPs are increasingly utilized in vaccine development [245]. The co-release of EVs with 

similar physicochemical properties represents a bottleneck for following downstream 

processes. Despite the development of superior chromatographic and filtration techniques 

for HIV-1 VLP manufacturing, there is still a large demand for further improvement. The 

research groups around Cervera and co-workers were the first to produce HIV VLPs 

tagged with EGFP to enable quick detection and quantification using NTA and 

spectrofluorometric instruments [235,241,246]. In this work, the generation of EGFP-

tagged HIV VLPs was reproduced and served as the basis for developing a new concept, 

which should allow for the efficient high-throughput discrimination of VLPs from EVs 

in heterologous suspensions using fluorescence detectors. This concept employs a second 

dTomato reporter protein anchored in the lipid membrane facilitated by fusion to the 

transmembrane domain of PDGFR β. This approach was already shown to enable the 

display of various proteins on the surface of retroviral VLPs and proved successful in this 

study as well [247–249]. The reported findings demonstrated the first successful 

presentation of dTomato fluorescence proteins on the surface of HIV VLPs formed by 

Mos1.Gag-EGFP. The detection of the fluorescence fusion proteins using Western blot-

analysis confirmed the previously observed color patterns exhibited by respective VLPs 

and EVs pelleted upon ultracentrifugation. The low concentration of dTomato in the 

absence of Gag expression, and thus in VLP-free EV-containing samples hereby 

corresponded with the dimly red color of the obtained EV pellet. On the other hand, the 
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large amount of dTomato proteins detected in VLP pellets using Western blot-analysis 

indicated the efficient incorporation of dTomato fusion proteins into both, EVs and VLPs. 

In addition, VLP formation was not hindered by fusion of EGFP to Mos1.Gag, clearly 

observable by the bright green color exhibited by the VLP pellet. The observed red to 

orange fluorescence of the pellet containing both fusion reporter proteins was expectable 

as well, as the EGFP-tagged VLPs were demonstrated to be surrounded by a lipid bilayer 

displaying dTomato proteins [247–249].  

These findings served as a proof-of-principle and offer the opportunity to further drive 

this concept towards a technically mature method for the straightforward quantification 

of HIV-1 VLPs in parallel to their discrimination from EVs. Follow-up investigations are 

necessary to substantiate the present data. The confocal-microscopic analysis of VLP 

budding events from the stable recombinant cells could provide visual proof of the bi-

fluorescent VLPs and mono-fluorescent EVs, respectively [250]. The use of nanoparticle 

tracking-analysis would be an ideal method to further validate the proven concept, as it 

allows the combined detection of the particle number, their size distribution and their 

fluorescence in heterologous suspensions [241]. The efficient in-process tracking of 

EGFP-tagged HIV-1 VLPs was already demonstrated helpful in the optimization of the 

purification process when using size-exclusion chromatography (SEC) coupled to multi-

angle light scattering (MALS) in combination with fluorescence monitoring [242]. Thus, 

MALS mediated detection would ideally be available in combination with fluorescence 

devices in the future purification process of the produced bi-fluorescent HIV-1 VLPs and 

mono-fluorescent EVs. Together, they should enable particle detection, discrimination 

and quantification. However, the herein presented concept can work without such 

instruments, as fluorescence plate readers commonly available in research facilities, 

should already suffice for the performance of high-throughput assays. As the established 

producer cell lines already revealed high productivities in a standard shaking-culture, they 

are promising tools for upscaling experiments in bioreactor systems. Higher product 

yields would enable chromatographic methods for purification representing the first step 

towards the optimization of existing HIV-1 VLP downstream processes. The established 

bi-fluorescent cell lines could serve as a valuable tool for HIV-1 VLP downstream process 

optimization to achieve very high product purity of >99 %, thus abiding highest standards 

set for the desired administration of the produced VLPs to humans. 
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 Conclusion 
In summary and as shown in this thesis, the expression of HIV mosaic Gag sequences 

recently utilized in the vaccine clinical trial MOSAICO (NCT03964415) induced 

functional VLP formation in human cells. The demonstrated detection of neutralization-

sensitive epitopes in Mos2S.Env proteins on the surface of these VLPs is crucial for the 

quality as a potential vaccine component. The administration of such Mos2S.Env-

decorated mosaic Gag VLPs could contribute to robust immune responses in vaccinees - 

most importantly by eliciting broadly neutralizing antibodies.  

In the second part of this thesis, a concept for the improved isolation and purification of 

such HIV VLPs was validated. As demonstrated with initial experiments, HIV VLPs can 

be separately detected and distinguished from contaminating extracellular vesicles when 

both particle types harbor fluorescent proteins. As the established expression cell line 

expressed red fluorescence proteins anchored in the cell membrane, both, HIV VLPs and 

extracellular vesicles displayed respective fluorescence signals. The additional marking 

of HIV VLPs through fusion of Gag to EGFP resulted in particles displaying double 

fluorescence. The established cell lines might thus serve as valuable tools to develop rapid 

screening methods during the purification of enveloped VLPs and for the optimization of 

existing downstream processes.  
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 Material and Methods 
10.1. Materials 
10.1.1. Technical devices 

Table 3. List of technical devices utilized in this work. 

Device Item name Company, country 
Centrifuge ROTINA 420R  Hettich, Germany 
Centrifuge MIKRO 200 R  Hettich, Germany 
Confocal microscope LSM 980 with Airyscan 2  Carl Zeiss, Germany 
Electron microscope 200 kV JEOL JEM-

2100PLUS  
JEOL, Germany 

Fluorescence microscope Axio Vert.A1  Carl Zeiss, Germany 
Freezer (-80 °C) HERAfreeze HFC-series 

8740  
Thermo Fisher Scientific, USA 

Imaging system ChemiDoc XRS+ System   Bio-Rad, USA 
Incubator (adherent 293 
cells) 

Heracell™ incubator  Thermo Fisher Scientific 

Incubator (bacteria) Heratherm™  Thermo Fisher Scientific, USA 
Incubator (suspension 293 
cells) 

Minitron  Infors HT, Switzerland 

Microplate reader Multiskan™ FC  Thermo Fisher Scientific, USA 
Orbital shaker (bacteria) MaxQ™ 4000  Thermo Fisher Scientific, USA 
Power supply PowerPac™ Basic Power 

Supply  
Bio-Rad, USA 

Rotator REAX2  Heidolph Instruments, 
Germany 

Safety cabinet (293 cells) HERAsafe KSP18  Thermo Fisher Scientific, USA 
Safety cabinet (bacteria) HERAsafe KS12  Thermo Fisher Scientific, USA 
Spectrophotometer UV5Nano  Mettler Toledo, USA 
Thermal mixer T100 Thermal Cycler  Bio-Rad, USA 
Thermal mixer Cooling Thermal Shake 

Touch  
VWR, USA 

Thermal mixer Cel Media TS basic  Cellmedia GmbH und Co. KG, 
Germany 

Transluscent microscope VWR VisiScope IT404 
Inverted Phasecontrast 
Microscope  

VWR, USA 

Ultracentrifuge Optima XE centrifuge  Beckman Coulter, USA 
Vortexer neoVortex®  neoLab Migge GmbH, 

Germany 
Water bath Julabo TW12 EcoTemp  Julabo GmbH, Germany 

10.1.2. Chemicals 

All chemicals were obtained from Carl Roth (Germany), Sigma Aldrich (USA) and 

Thermo Fisher Scientific (USA).  
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10.1.3. Software 

The search for literature, protein sequences and nucleotide sequences was performed 

using the databases provided by the national center for biotechnology information 

(NCBI) [251]. Nucleotide and protein sequences were analyzed using the basic local 

alignment search tool (BLAST) [252]. Protein sequences were further analyzed using the 

expert protein analysis system (Expasy) [253,254]. The molecular model of the HIV Env 

trimer was prepared using Chimera [202]. Molecular cloning was performed in silico 

using the SnapGene software [255]. The melting temperature of oligonucleotides was 

calculated using the online tool “Oligo Calculator version 3.27” [256]. The image data 

obtained from confocal microscopy were analyzed using the software imageJ [257]. Data 

obtained from ELISA were analyzed using Microsoft Excel (2016) [258]. The thesis was 

written in Microsoft Word (2016) [259]. References were included in this document using 

citavi [260]. The figures in this thesis were created with BioRender.com. 

10.2. Methods in Molecularbiology 
10.2.1. Molecular cloning of the expression constructs 
10.2.1.1. Molecular cloning of the mosaic Gag and Env expression constructs 

For the cloning of mos1.gag, mos2.gag and mos2s.env into respective donor vectors, 

transposon vectors were generated based on the genetic design of previously described 

Sleeping Beauty derived vectors of our group [261]. The DNA sequences for the hyPBase 

ITRs originated from the plasmid PB-CAG-DDdCas 9VP192-T2A-GFP-IRES-Neo, 

which was a gift from Timo Otonkoski (Addgene plasmid #102885; 

http://n2t.net/addgene:102885; RRID:Addgene_102885) [262]. The DNA sequences for 

the ITRs were synthesized (GenScript, USA) and inserted into pUC57 resulting in 

pUC57-hyPBaseITRs. The transgene expression cassettes of the Sleeping Beauty derived 

donor vectors SB-egfp-IpW and SB-egfp-IhW, respectively, were inserted into pUC57-

hyPBaseITRs using FseI restriction sites leading to the generation of the vectors PB-egfp-

IpW and PB-egfp-IhW, respectively. The DNA sequences for the mosaic genes were 

taken from the patent US 10,369,214 (Chapter 9.3) [14]. These DNA sequences were 

synthesized using codon optimization for expression in human and Chinese hamster 

ovary (CHO) cells and inserted in the vector pUC57 (GenScript, USA). The amplification 

of mosaic genes was conducted using the primer pairs 1 and 2 from Table 9. Prior to the 

insertion of mos1.gag and mos2.gag amplicons in the vector PB-lpW by Gibson 
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assembly, the vector was linearized utilizing the restriction enzymes BamHI and 

BstXI [263]. The Gibson assembly generated the vectors PB-Mos1.Gag-IpW and PB-

Mos2.Gag-IpW, respectively. The third insert mos2s.env and the vector PB-IhW were 

amplified using the primer pairs 3 and 4 from Table 9 and following assembly of the 

amplicons to obtain the vector PB-Mos2S.Env-IhW was performed using Gibson 

assembly [263].  

10.2.1.2. Molecular cloning of the hyPBase expression construct 

The DNA sequence encoding the hyPBase [170] was taken from the pCAG-hyPBase 

vector (Gene bank accession number: OL519599.1). The sequence was synthesized using 

codon optimization for expression in human and CHO cells and was inserted into pUC57 

(GenScript, USA). The amplification of hyPBase from this plasmid was facilitated using 

the primer pair 5 from Table 9. The resulting amplicon was flanked by restriction site 

motifs for the restriction enzyme NotI. These were utilized to exchange the Sleeping 

Beauty SB100x transposase gene in CMV-SB100x [261] by that of hyPBase to generate 

PB-hyPBase-I.  

10.2.1.3. Molecular cloning of the Mos1.Gag-EGFP expression construct 

The gene mos1.gag was amplified from the vector pUC57-mos1gag using the primer 

pair 6 Table 9. The gene egfp was amplified from the vector PB-egfp-IpW using the 

primer pair 7 from Table 9. Both amplicons were afterwards assembled using overlap-

extension (OE)-PCR. The vector PB-egfp-IpW was linearized using the restriction 

enzymes BamHI and BstXI. The fusion gene mos1.gag-egfp was subsequently inserted 

in the linearized vector by Gibson assembly [263] resulting in the generation of the vector 

PB-Mos1.Gag/EGFP-lpW. 

10.2.1.4. Molecular cloning of the dTomato-PDGFR β TM expression construct 

To prepare the cloning of the fusion gene dTomato-pdgfr β tm into the donor vector, 

several intermediate products had to be generated. First of all, the puromycin resistance 

gene in the vector SB-egfp-IpW was exchanged with the neomycin resistance gene from 

the vector SB-neo. Both vectors were already available in our working group. The vector 

SB-egfp-IpW was linearized utilizing the restriction enzymes PsyI und CsI. The 
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neomycin resistance gene was amplified from SB-neo using the primer pair 8 from Table 

9. The amplicon was inserted into SB-egfp-IpW using Gibson assembly [263] to obtain 

the vector SB-egfp-InW (intermediate product 1). The expression cassette including the 

genes enhanced cyan fluorescent protein (ecfp) and platelet derived growth factor 

receptor  β transmembrane (pdgfr β tm) was amplified from pDisplay-AP-CFP-TM, 

which was a gift from Alice Ting (Addgene plasmid #20861; 

http://n2t.net/addgene:20861; RRID:Addgene_20861) using the primer pair 9 from Table 

9 [264]. The vector SB-egfp-InW was linearized using the restriction enzymes AgeI and 

Bsp14071I and the ecfp-pdgfr β tm amplicon was subsequently inserted using Gibson 

assembly [263]. The resulting vector was SB-ecfp-pdgfr-β-TM-lnW (intermediate 

product 2). In order to provide a recognition site for the restriction enzyme Bsp14071I in 

this vector, a QuikChangeTM PCR was performed utilizing the primer pair 10 from Table 

9 [265]. The resulting vector was SB-ecfp-pdgfr-β-TM-lnW-QC (intermediate 

product 3). The gene dtomato was amplified from the vector pLenti-V6.3 Ultra-Chili, 

which was a gift from Ewa Snaar-Jagalska (Addgene plasmid #106173; 

http://n2t.net/addgene:106173; RRID:Addgene_106173) using the primer pair 11 from 

Table 9. The dTomato amplicon was hydrolyzed using the restriction enzymes SgsI and 

Bsp14071I. The same restriction enzymes were utilized to linearize the vector SB-ecfp-

pdgfr-β-TM-lnW-QC. The linearized vector and the dTomato insert were ligated. The 

resulting final product was SB-dTomato/PDGFR-β-TM-lnW. 

10.2.2. Molecular cloning methods 
10.2.2.1. Restriction digests and ligations 

Restriction digests, dephosphorylations and ligations of plasmid DNA and of DNA 

fragments were performed utilizing enzymes from the companies NEB, USA and Thermo 

Fisher Scientific, USA. The protocols were followed according to the manufacturer’s 

instructions. The incubation of the reaction samples was performed in the thermal mixer 

Cooling Thermal Shake Touch (VWR, USA). Examples of the reaction mixtures are 

given in Table 4 and Table 5.  
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Table 4. Exemplary reaction mix for restriction digests using fast digest enzymes from Thermo Fisher 
Scientific (USA). The total reaction volume was 20 µL. The standard procedure involved the incubation of 
the sample mixture at 37 °C for maximal 10 min. 

Component Volume (µL) 
Plasmid DNA or DNA fragment variable (up to 1 µg) 
10x FastDigest® Green buffer 2 
FastDigest® enyzme 1 
DEPC-H2O to 20  

 

Table 5. Exemplary reaction mix for ligations using T4-ligase from NEB (USA). The total reaction volume 
was 20 µL. The standard procedure involved the incubation of the sample mixture at room temperature for 
app. 2 h or overnight at 4 °C. 

Component Volume (µL) 
Plasmid DNA or DNA fragment variable 
T4-DNA ligase reaction buffer 2 
T4-ligase 1 
DEPC-H2O to 20 

10.2.2.2. Polymerase chain reaction (PCR) 

The amplification of nucleotide sequences from DNA fragments or plasmids were 

conducted using PCR. A PCR mix consisted of the following components: plasmid DNA 

or DNA fragments, deoxynucleoside triphosphates (dNTPs; NEB, USA), diethyl 

pyrocarbonate (DEPC)-treated H2O (Carl Roth, Germany), primers (Eurofins Scientific 

SE, Luxembourg), polymerase, buffer and optional GC enhancer (Table 6). The PCRs 

were performed using either the Q5® High-Fidelity DNA Polymerase, the Phusion® 

High-Fidelity DNA Polymerase or the Q5® Hot Start High-Fidelity DNA Polymerase in 

combination with the appropriate buffer (NEB, USA). The negative control contained 

additional DEPC-H2O instead of DNA. The reaction vials containing the PCR mix were 

then transferred to the thermal cycler T100 (Bio-Rad, USA) and the temperature protocol 

was started (Table 7). The annealing temperatures (TA) were calculated based on the DNA 

sequences of the primers using the program Oligo Calculator version 3.27 [256]. The 

elongation time was calculated based on the length in kilobases (kb) of the desired product 

assuming that the Q5® High-Fidelity DNA Polymerase would require 20-30 sec/kb for 

elongation as stated by the manufacturer. In order to join two DNA fragments and amplify 

the resulting product overlap-extension (OE)-PCR was performed. The reaction mixture 

was essentially the same as stated in Table 6. The protocol consisted of two steps. In the 

first step the fragments in the PCR reaction mix were joined in a short PCR program, 
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which was performed for 10 cycles and an annealing temperature that was 4 °C higher 

than the calculated TA for the primers. In the next step, this PCR mix served as template 

in a freshly prepared PCR mix, which otherwise contained the same components. 

Amplification of the template was conducted in the thermal cycler using the annealing 

temperature for the primer pair and a total PCR cycle number of 20.  

Table 6. Exemplary reaction mix for a standard PCR using the Q5® High-Fidelity DNA Polymerase (NEB, 
USA) in a reaction volume of 25 µL. 

Component Final cocentration 
Plasmid DNA or DNA fragment ~50 ng 
dNTPs (10 mM) 200 µM 
Forward primer (10 µM) 0.5 µM 
Reverse primer (10 µM) 0.5 µM 
Q5® High-Fidelity DNA Polymerase 0.5 U  
5x Q5 Reaction Buffer 1x 
5x Q5 Reaction GC enhancer 1x 
DEPC-H2O to 25 µL 

 

Table 7. Standard temperature program utilized in the thermal cycler for conducting PCRs. 

Step Temperature (°C) Time Cycle number 
Inital denaturation 95 3 min 1 
Denaturation 95 30 sec  

25-34 Annealing variable variable 
Extension 72 1 min 
Final extension 72 5-15 min 1 
Hold 4  ∞ 

10.2.2.3. Site-directed mutagenesis using QuikChangeTM PCR 

Site-directed mutagenesis in a plasmid was performed using a method based on the 

QuikChangeTM PCR previously developed by Stratagene (USA) [265]. This method was 

used to provide a recognition site for the enzyme Bsp14071I in the vector SB-ecfp-pdgfr-

β-TM-lnW (Chapter 8.2.1.4). The PCR mix was prepared analogue to the example given 

in Table 6. As additional control served a PCR mix, which was prepared without Q5® 

High-Fidelity DNA Polymerase (NEB, USA) in order to prove the amplification of the 

template in the samples. This control was necessary, as both the template and the product 

size were the same. The amplification of the DNA template was performed in the thermal 

cycler. The temperature program entailed an annealing temperature of 52 °C, an 

elongation time of 3 min per cycle and 25 cycles in total. After completing the program, 
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the PCR mix was prepared for agarose gel electrophoresis and resulting visualized DNA 

products were isolated from the gel (Chapter 8.2.2.5). The maximal sample volume of 

17 µL was utilized for ligation (Chapter 8.2.2.1). In order to degrade methylated template 

DNA, 1 µL of the restriction enzyme DpnI (NEB, USA) was added to the ligation mix. 

Incubation was performed for 2 h at room temperature before 5 µL of this mix were 

utilized for the transformation of competent E. coli cells (Chapter 8.2.3.1).  

10.2.2.4. Gibson assembly 

The Gibson assembly was performed to join DNA fragments in a single isothermal 

reaction [263]. The Gibson assembly master mix was prepared according to Table 8 and 

stored in aliquots of 10 µL at -20 °C. The DNA fragments, which were planned for the 

assembly, were added in a total volume of 10 µL to one aliquot of the Gibson assembly 

master mix. The following incubation was performed at 50 °C for 1 h using the T100 

Thermal Cycler (Bio-Rad, USA). Transformation of competent E. coli cells was carried 

out subsequently using 5 µL of the Gibson assembly mix (Chapter 8.2.2.4).  

Table 8. Components of the Gibson assembly master mix. The enzymes were obtained from the companies 
NEB, USA and Thermo Fisher Scientific, USA. 

Components  Volume (µL) 
sterile dest. H2O 309 
ISO buffer* 60 
T5-Exonuclease 24 (8 U) 
Phusion polymerase 18 (18 U) 
Taq-Ligase 39 (390 U) 

* Components of the ISO buffer: ~780 mM/pH 7.5 Tris-Cl, ~69 mM MgCl2, ~1.4 mM dNTP mix (NEB, USA), ~69 mM DTT, 
0.03 % PEG-8000, ~6.9 mM NAD+ 

10.2.2.5. Agarose gel electrophoresis and isolation of DNA fragments from gels 

Agarose gel electrophoresis was conducted to separate the DNA fragments according to 

their size. Agarose gels with a concentration of 1 % were prepared and stained with 0.1 % 

SYBR™ Safe (Thermo Fisher Scientific, USA). The DNA samples were mixed with 

DNA Gel Loading Dye (6x) (Thermo Fisher Scientific, USA) and loaded on the gel. The 

DNA standard GeneRulerTM 1 kb Plus (Thermo Fisher Scientific, USA) was utilized for 

size determination of the DNA fragments. The gel run was performed using the 

PerfectBlue gel system (VWR, USA) in 1x TAE buffer (Carl Roth, Germany). The gels 

were run for app. 1 h at 120 V using the PowerPac™ Basic Power Supply (Bio-Rad, 
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USA). The DNA was visualized using the ChemiDoc XRS+ System and the 

corresponding software Image Lab™ version 5.2.1 (Bio-Rad, USA). DNA fragments 

were isolated from agarose gels using the Monarch® DNA Gel Extraction Kit (NEB, 

USA) according to the manufacturer’s instructions. The melting of gel slices was 

performed in the thermal mixer Cooling Thermal Shake Touch (VWR, USA). Following 

centrifugation steps were carried out using the centrifuge MIKRO 200 R (Hettich, 

Germany). 

10.2.2.6. Oligonucleotides 

The herein utilized oligonucleotides were obtained from the company Eurofins Scientific 

SE, Luxembourg (Table 9). The oligonucleotides (primer) were adjusted to a 

concentration of 10 µM before using them for DNA amplification. 

Table 9. Oligonucleotides utilized for the molecular cloning of the expression constructs. 

Primer pair 
no. 

Primer name DNA sequence (5’→3’) 

1 mos1gag-fw ttctgcagtcgacggtaccgcgggcccggtaccgatatcgcggccgcaccatg 
mos1gag-rv ctcgcagacagcgaattaattccagcacaaagcttccagcacactggcccgggcta 

2 mos2gag-fw ttctgcagtcgacggtaccgcgggcccggtaccgatatcgcggccgcaccatg 
mos2gag-rv ctcgcagacagcgaattaattccagcacaaagcttccagcacactggcccgggcta 

3 mos2s.env-fw ctagagaacccactgcttactggcttatcggctcggtaccgatatcgc 
mos2s.env-rv ttccagcacactggttacttgtacagctcgaagcttccagcacactggc 

4 pb-lhw-fw tagtagcccgggccagtgtgctggaagcttcgagctgtacaagtaaccagtgtgctggaa 
pb-lhw-rv catggtgcggccgcgatatcggtaccgagccgataagccagtaagcagtgggttctctag 

5 hypbase-fw atattatagcggccgcaccatggggagtagcctggacgacgagc 
hypbase-rv atattatagcggccgctcatcagaaacaggactggcacatgtcgatattatg 

6 OE-mos1gag-fw attctgcagtcgacggtaccgcgggcccggaccatgggggcaagagcaag 
OE-mos1gag-rv ccgggcccgcggtaccgtcgactgcagaattctgagctcgtcgacccgccctgggaggat

gggtcgtttcc 
7 OE-egfp-fw aattctgcagtcgacggtaccgcgggcccgggatccaccggccggtcgccaccatggtg

agcaagggcga 
OE-egfp-rv tggccctcgcagacagcgaattaattccagttacttgtacagctcgtccatgc 

8 neomycin-fw agcccacggtgcgcctcgccacccgcgacgatgggatcggccattgaacaagatgg 
neomycin-rv aggcaccgggcttgcgggtcatgcaccaggagatcagaagaactcgtcaagaaggc 

9 ecfp-pdgfr β tm-fw cagtcgacggtaccgcgggcccgggatccaaccatggagacagacacactcc 
ecfp-pdgfr β tm-rv cagttatctatgcggccgctttacttgtacctaacgtggcttcttctgcc 

10 QC-ecfp-pdgfr β tm-fw (PHOSP)agctcgtccatgccgagag 
QC-ecfp-pdgfr β tm-rv (PHOSP)gtacaagcggccgcggctg 

11 dtomato-fw atattaggcgcgccgatggtgagcaagggcgagga 
dtomato-rv ccacgtcacctgcttgtttgag 
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10.2.2.7. Determination of the DNA concentration 

The concentration of DNA in samples was measured using the spectrophotometer 

UV5Nano (Mettler Toledo, USA). The procedure entailed the proper mixing of samples, 

which was conducted using the neoVortex® (neoLab Migge GmbH, Germany). 

10.2.2.8. DNA sequencing 

In order to prove the correct insertion of the expression cassettes into plasmids, DNA 

sequencing was conducted by the company Microsynth, Switzerland. The DNA samples 

were prepared according to the instructions by the service provider.  

10.2.3. Cultivation of Escherichia coli (E. coli)  
10.2.3.1. Preparation of competent bacterial cells and their transformation  

NEB Stable Competent E.coli cells (NEB, USA) were transformed with the generated 

plasmids in order to select for plasmid clones and to increase the plasmid number. 

Competent cells were prepared using the rubidium chloride method [266]. 100 mL Luria 

broth (LB) medium [267] were inoculated with the cells and incubated at 37 °C and 

300 rpm in the MaxQ™ 4000 orbital shaker (Thermo Fisher Scientific, USA). As soon 

as the OD600 had reached app. 0.5, the cells were pelleted at 4000 rpm at 4°C for 10 min 

using the centrifuge ROTINA 420R (Hettich, Germany). The resulting cell pellet was 

resuspended using 33 mL solution I (100 mM RbCl, 50 mM MnCl2, 30 mM/pH 5.8 

potassium acetate, 10 mM CaCl2, 15 % glycerol [w/v]). The resuspended cells were 

incubated on ice for 1 h and the centrifugation step was repeated. The resulting cell pellet 

was resuspended in 8 mL solution II (10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15 % 

glycerol [w/v]). The cells were incubated on ice for 15 min and shock-frozen in liquid 

nitrogen in 50 µL aliquots, which were stored in the HERAfreeze (Thermo Fisher 

Scientific, USA) at -80 °C. The transformation of competent cells was performed as 

follows. The competent cells were chilled on ice and the respective plasmid was added in 

a maximal volume of 5 µL. After 30 min incubation on ice, the cells were heat shocked 

at 42 °C for 30 sec. The cells were subsequently chilled on ice for 5 min. The mixture 

was spread on LB-agar plates containing 100 μg/mL ampicillin. The selection was 

performed with the antibiotic ampicillin, as all utilized plasmids contained the bla gene 

encoding the β-lactamase conferring ampicillin resistance. The following incubation of 



Material and Methods 

76 
 

the plates was performed in the incubator Heratherm™ (Thermo Fisher Scientific, USA) 

at 37 °C overnight or at room temperature for three days.  

All steps involving the cultivation of E.coli cells were perfomed under sterile conditions 

by working in the bio-safety cabinet HERAsafe KS12 (Thermo Fisher Scientific, USA). 

10.2.3.2. Cultivation of cell clones and isolation of plasmid DNA  

In order to isolate plasmid DNA from the respective E. coli cell clone, 5 mL LB medium 

containing 100 μg/mL ampicillin were inoculated with one colony from the LB agar plate 

followed by overnight-incubation at 37 °C using 300 rpm in the orbital shaker MaxQ™ 

4000 (Thermo Fisher Scientific, USA). The isolation of plasmid DNA from 4 mL E.coli 

culture was performed using the GeneJET Plasmid-Miniprep-Kit (Thermo Fisher 

Scientific, USA) according to the manufacturer’s instructions. The procedure entailed the 

proper mixing of samples, which was conducted using the neoVortex® (neoLab Migge 

GmbH, Germany) and the centrifugation of samples, which was performed with the 

centrifuge MIKRO 200 R (Hettich, Germany). In order to isolate large amounts of 

plasmid DNA from cell cultures, a volume of 100 mL LB medium containing 100 μg/mL 

ampicillin was inoculated 1:100 using an overnight culture of an E. coli cell clone. 

Following incubation was performed at 37 °C using 300 rpm in the orbital shaker 

MaxQ™ 4000 (Thermo Fisher Scientific, USA) until the next day. The subsequent 

isolation of plasmid DNA was conducted using the NucleoBond Xtra Midi kit (Macherey-

Nagel, Germany). The procedure entailed the proper mixing of samples, which was 

conducted using the neoVortex® (neoLab Migge GmbH, Germany) and the 

centrifugation of samples, which was performed with the centrifuge ROTINA 420R 

(Hettich, Germany). 

10.3. Methods in cell biology 
10.3.1. Eukaryotic cells and media 

Adherent human embryonic kidney HEK293T cells (ATCC: CRL-3216) were grown in 

high glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM) supplemented with 

l-glutamine and 10 % fetal bovine serum (FBS; Gibco, Germany). Cells were cultivated 

at 37 °C in a humidified atmosphere containing 5 % CO2 in a Heracell™ incubator 

(Thermo Fisher Scientific). For cultivation, flasks with a growth area of 75 cm² and vent 
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caps were utilized or 6-well plates with a growth area of 9.6 cm2 (both Carl Roth, 

Germany). For passaging, cells were detached using 1 mM ethylenediamine-

tetraaceticacid (EDTA) in 1x phosphate-buffered saline (PBS; Thermo Fisher Scientific, 

USA).  

Human suspension 239-F cells (#R79007, RRID: CVCL_D603, Thermo Fisher 

Scientific, USA) were grown in serum-free 293-F-FreeStyle-Expression-Medium 

(Thermo Fisher Scientific, USA). The cultivation was mostly carried out in volumes 

between 50 and 200 mL medium using 125 mL to 500 mL disposable shaker flasks with 

vent caps (Nalgene Nunc International, USA). The incubation was performed at 37 °C, 

8 % CO2 and 135 rpm using a Minitron shaker incubator with an orbit of 5 cm (Infors 

HT, Switzerland).  

All steps involving the cultivation of human cells, were carried out under sterile 

conditions by working in the bio-safety cabinet HERAsafe KSP18 (Thermo Fisher 

Scientific, USA). 

10.3.2. Freezing and thawing of cells 

Cell stocks of stable 293-F cell lines were prepared for long-term storage. Therefore, 

pellets containing 1 x 106 to 2 x 106 cells were prepared from a cell culture using a 

centrifugation step at 100 x g for 3 min at room temperature and the centrifuge ROTINA 

420R (Hettich, Germany). The pellet was chilled on ice for 5 min and afterwards 

resuspended in 1 mL 293-F-FreeStyle-Expression-Medium (Thermo Fisher Scientific, 

USA) containing 10 % dimethyl sulfoxide (DMSO) [v/v]. Alternatively, the pellet was 

resuspended in 1 mL ibidi Freezing Medium Classic (ibidi GmbH, Germany). The 

suspension was transferred into a cryogenic vial. Initial freezing of the cell stock was 

performed using a Mr. Frosty™ Freezing Container (Thermo Fisher Scientific), which 

was placed at -80 °C in the HERAfreeze (Thermo Fisher Scientific, USA). After one day 

the cell stock was transferred into liquid nitrogen.  

Thawing of the cell stocks was conducted at 37°C using a water bath (Julabo TW12 

EcoTemp; Julabo GmbH, Germany). The cell suspension was afterwards transferred to 

17 mL 293-F-FreeStyle-Expression-Medium (Thermo Fisher Scientific, USA), which 

was pre-warmed in a 125 mL disposable shaker flask with vent cap (Nalgene Nunc 
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International, USA). Adherent cell suspensions were resuspended in 17 mL supplemented 

DMEM medium (Gibco, Germany) and the suspension was transferred into flasks with a 

growth area of 75 cm² and vent caps (Carl Roth, Germany). Culturing of the cells was 

performed as stated above.  

10.3.3. Transfection methods 

Transient transfection of adherent 293T cells with DNA vectors was performed according 

to the instructions provided with the transfection reagent TransIT-X2® (Mirus Bio LLC, 

USA). The procedure entailed the proper mixing of samples, which was conducted using 

the neoVortex® (neoLab Migge GmbH, Germany). Transfections were carried out in 6-

well plates with a growth area of 9.6 cm2 (Carl Roth, Germany) and using a seeding 

density of 6 x 105 293T cells per well. The DNA mix was prepared using the reduced-

serum medium Opti-MEM™ (Gibco, Germany). For the case that two donor vectors were 

co-transfected the ratio between both vectors was 1:1. In order to check for successful 

transfection, the plasmid PB-egfp-IpW encoding EGFP was co-transfected as a control. 

This control was entailed only for experiments involving the donor vectors PB-mos1.gag-

IpW, PB-mos2.gag-IpW and PB-mos2s.env-IhW and represented a fifth of the total DNA 

amount (2.5 µg) that was utilized for the transfection. Transient transfection experiments 

in which the generated fluorescence fusion gene constructs were tested, were carried out 

in 6-well plates with a growth area of 9.6 cm2 (Carl Roth, Germany) and a seeding density 

of 3 x 105 293T cells per well. Cells were co-transfected with the fluorescence fusion 

gene donor vectors and respective transposase expression vectors in a ratio of 4:1. Cells 

transfected with the vector pLenti-V6.3 Ultra-Chili and a pUC plasmid for fill-up 

(transfection ratio 4:1) served as a positive control for dTomato expression. Three days 

post transfection, the cells were analyzed using fluorescence microscopy (Axio Vert.A1; 

Carl Zeiss, Germany) and if applicable, harvested cell-free supernatants were subjected 

to p24-specific ELISA (Cell Biolabs, USA). 

In order to generate stable 293-F cell lines, transfection of the cells was performed in 

adaption to Berg et al., 2020 [162]. Cells were harvested from a culture displaying high 

viability of >90 %. In total, 30 x 106 cells were pelleted by a centrifugation step at 100 x g 

for 3 min at room temperature using the centrifuge ROTINA 420R (Hettich, Germany). 

The cell pellet was resuspended in 6 mL 293-F-FreeStyle-Expression-Medium (Thermo 
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Fisher Scientific, USA). In the meantime the transfection mixtures were prepared. The 

first mixture contained DNA vectors with a total amount of 50 µg and 1.35 mL 293-F-

FreeStyle-Expression-Medium (Thermo Fisher Scientific, USA). The entailed DNA 

amount consisted of a 1:4 plasmid ratio for hyPBase mediated transposition. One part 

represented the DNA vector encoding hyPBase and four parts represented the respective 

donor vector(s). For the case that two donor vectors were co-transfected the ratio between 

both vectors was 1:1. For Sleeping Beauty mediated transposition a 1:10 plasmid ratio 

was utilized. One part represented the DNA vector encoding SB100x and nine parts 

represented the respective donor vector(s). For the case that two donor vectors were co-

transfected the ratio between both vectors was 1:1, as well. The second transfection 

mixture contained 1.35 mL 293-F-FreeStyle-Expression-Medium (Thermo Fisher 

Scientific, USA) together with 150 µL of 40 kDa polyethylenimine (PEI; Polysciences, 

USA) in a concentration of 1 g/L. Both, the DNA and the PEI mix were each properly 

vortexed (neoVortex®; neoLab Migge GmbH, Germany), mixed and incubated for 

15 min at room temperature before adding them to the cells. Afterwards, the cells were 

cultivated for 3 h at standard procedure in the presence of 9 mL 293-F-FreeStyle-

Expression-Medium (Thermo Fisher Scientific, USA). The cultivation was continued 

until the next day when the medium was exchanged with new medium. Afterwards, the 

cultivation was continued and the selection process, to maintain stable transfected cells, 

was started. 

10.3.4. Establishment of stable 293-F cell lines 

Four days post transfection, the selection process was initiated with moderate 

concentrations of either puromycin, hygromycin or G418 [162]. The pressure was 

constantly elevated over a period of app. 21 days. Afterwards, selection pressures 

entailing high concentrations were maintained during cultivation (Table 10). 
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Table 10. Overview of the applied selection pressures for the cultivation of stable recombinant 293-F cell 
lines. 

Cell line  Selection pressure 
293-F/Mos1.Gag 15 µg/mL puromycin 
293-F/Mos2.Gag 15 µg/mL puromycin 
293-F/Mos1.Gag/Mos2S.Env 10 µg/mL puromycin, 200 µg/mL hygromycin 
293-F/Mos2.Gag/Mos2S.Env 10 µg/mL puromycin, 200 µg/mL hygromycin 
293-F/PB-Mos1.Gag/EGFP-lpW 15 µg/mL puromycin 
293-F/dTomato/PDGFR-β-TM-lnW 200 µg/mL G418 
293-F/dTomato/PDGFR-β-TM-lnW/ 
PB-Mos1.Gag/EGFP-lpW 

10 µg/mL puromycin, 200 µg/mL G418 

10.3.5. Cell counting and microscopy  

Cell densities were assessed by cell staining with 0.1 % erythrosine b solution [w/v] and 

subsequent manual cell counting using the VWR VisiScope IT404 Inverted Phasecontrast 

Microscope (VWR, USA) and a Neubauer counting chamber. Fluorescence microscopy 

was performed using the microscope Axio Vert.A1 (Carl Zeiss, Germany) together with 

the ZEISS ZEN (blue edition) Microscopy Software (Carl Zeiss, Germany). Confocal 

microscopy of transiently transfected 293T cells was supported by Dr. Christian Jüngst 

and performed at the CECAD Cologne Imaging Facility using the instrument LSM 980 

with Airyscan 2 (Carl Zeiss, Germany). The image data were analyzed using the software 

imageJ [257]. 

10.3.6. Harvest of cell-free supernatants from transiently transfected 293T cells 

Supernatants were harvested from transiently transfected 293T cells three days post 

transfection by centrifugation of the culture medium at 300 x g for 3 min at room 

temperature using a Rotina 420R centrifuge (Hettich, Germany). To remove 

contaminating cells, the supernatants were filtered through polyvinylidene difluoride 

(PVDF) membranes with a pore size of 0.45 μm diameter (Carl Roth, Germany). The 

resulting cell-free supernatants were stored at -20 °C until further experiments were 

conducted.  

10.3.7. Harvest of supernatants from cell cultures and isolation of VLP pellets 

Stable VLP producer cell lines were cultivated in 293-F-FreeStyle-Expression-Medium 

(Thermo Fisher Scientific, USA) together with respective selection pressures at a start 

density of 0.6 x 106 cells/mL. Four days later, the supernatants were harvested from 
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cultures revealing a viability of >80 %. Contaminating cells were removed employing 

low-speed centrifugation of 50 mL cell suspension at 100 x g for 3 min at room 

temperature using a Rotina 420R centrifuge (Hettich, Germany). Remaining cells and cell 

debris were subsequently removed by passage through polyvinylidene difluoride (PVDF) 

membranes with a pore size of 0.45 μm diameter (Carl Roth, Germany). The resulting 

cell-free supernatants were directly subjected to ultracentrifugation, stored at 4 °C for up 

to ten days or frozen at -20 °C for long-term storage. VLP pellets were obtained by 

concentrating cell-free supernatants in ultra clear centrifuge tubes (Beckman Coulter, 

USA) employing ultracentrifugation at 112,700 x g for 90 min at 4 °C using a SW28 

swing-out rotor and an Optima XE centrifuge (Beckman Coulter, USA). The supernatant 

was discarded and resulting VLP pellets were resuspended in PBS (Thermo Fisher 

Scientific, USA) containing 15 % trehalose [w/v] (Carl Roth, Germany). The resuspended 

VLP pellets were stored at -80 °C using the HERAfreeze HFC-series 8740 (Thermo 

Fisher Scientific, USA) [268].  

10.4. Methods in protein biochemistry  
10.4.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

To separate proteins according to their molecular weight, denaturing SDS-PAGE was 

performed. The VLP samples, which were obtained after ultracentrifugation from cell-

free supernatants were resuspended in 1x PBS and standardized to their productivities. 

The resuspended VLPs were then mixed with 4x ROTI®Load (Carl Roth, Germany) 

followed by heat treatment at 95 °C in the thermal mixer Cel Media TS basic (Cellmedia 

GmbH und Co. KG, Germany) for 10 min. The sample master mix for the isolated 

Mos1.Gag and Mos2.Gag VLPs in the absence or presence of Mos2S.Env proteins 

contained following components 50 µL VLP suspension (eq. 1.75 x 104 cells/mL), 25 µL 

1x PBS, 19 µL ROTI®Load. The sample master mix for the fluorescent VLPs (EGFP-

Gag) was prepared as follows; 10 µL VLP suspension (eq. 1 x 105 cells/mL), 65 µL 1x 

PBS, 25 µL ROTI®Load. The PageRuler prestained protein ladder (Thermo Fisher 

Scientific, USA) and the Precision Plus Protein Dual Color Standards (Bio-Rad, USA) 

served as protein standards. SDS-PAGE gels were loaded with 10 µL of the protein 

standard and 10 to 30 µL of each sample. The electrophoresis was conducted with 10 % 

and 4-15 % pre-cast Mini-PROTEAN® TGX™ protein gels (Bio-Rad, USA). In 

addition, self-casted gels with gradients of 4-12 % and 4-8 %, respectively were utilized 
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(Table 11). The gels were inserted in the vertical tank of the Mini-PROTEAN Tetra Cell 

gel electrophoresis system (Bio-Rad, USA) together with 1x SDS-PAGE buffer 

(ROTIPHORESE®; Carl Roth, Germany) and were connected with the PowerPac™ 

Basic Power Supply (Bio-Rad, USA). The gel run was initiated using a voltage (V) of 80 

for 20 min followed by a separation step between 130 V and 150 V for app. 50 min. 

Table 11. Composition of the self-casted 4-12 % SDS-PAGE gels (volumes per gel). 

Components 12 % separating gel 4 % stacking gel 
dH2O 3.4 mL 1.5 mL 
1.5 M Tris-Cl, pH 8,8 2.5 mL - 
0.5 M Tris-Cl, pH 6.8 - 625 µL 
10 % SDS 100 µL 25 µL 
30 % Acrylamide/Bis solution 4 mL 335 µL 
TEMED 5 µL 2.5 µL 
10 % APS 50 µL 12.5 µL 

10.4.2. Western blot-analysis 

Proteins were blotted from the SDS-PAGE gels onto PVDF-membranes (Carl Roth, 

Germany). Therefore, gel blotting papers (Whatman plc, UK) were soaked in blotting 

buffer (25 mM Tris, 190 mM glycin, 5 % methanol [v/v]). Meanwhile the PVDF 

membrane was activated in methanol and rinsed with dH2O. The sandwich consisting of 

gel blotting papers, PVDF membrane and the SDS-PAGE gel was assembled and blotting 

was performed at 25 V for 60 min using the Trans-Blot® Turbo™ system (BioRad 

Laboratories, USA). Blocking of the PVDF membrane was performed using TBST buffer 

(20 mM/pH 7.2 Tris-Cl, 150 mM sodium chloride, 0.05 % Tween20 [v/v]) including 2 % 

milk powder for 60 min at room temperature or overnight at 4 °C. The primary antibody, 

diluted in TBST buffer containing 2 % milk powder, was added to the PVDF membrane 

(Table 12). Incubation was performed for at least 2 h at room temperature while shaking 

or at 4 °C overnight. Afterwards, three washing steps á 5-10 min in TBST buffer followed 

to remove unbound primary antibody. The second antibody, diluted in TBST buffer 

containing 2 % milk powder, was added to the PVDF membrane and following incubation 

was performed for 2 h at room temperature (Table 12). The washing steps were repeated 

and the PVDF membrane was incubated for app. 2 min with the SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, USA). The 

chemiluminescent signal visualization was enabled using the imager ChemiDoc XRS 

(BioRad Laboratories, USA) together with the corresponding software Image Lab™ 
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version 5.2.1 (Bio-Rad, USA). The detected proteins in the samples were compared 

regarding their molecular weight with the detected protein pattern of the standard. The 

molecular weights for the proteins in the samples were previously calculated using the 

tool provided on the Expasy platform [253,254].  

Table 12. List of polyclonal antibodies, which were utilized in Western blot-analyses. Antibodies were diluted 
in TBST buffer containing 2 % milk powder. HRP: Horseradish peroxidase. 

Antibody Dilution  Item number, company, country 
Chicken α rabbit IgG H + L coupled to 
HRP 

1:5,000 A15987, Thermo Fisher Scientific, 
USA 

Donkey α goat IgG coupled to HRP 1:5,000 
and 1:1,000 

ab97110, Abcam, UK 

Goat α dTomato 1:1,000 Origene, TA150129, OriGene 
Technologies, Inc., USA 

Goat α HIV-1 gp120-SU  1:1,000 ab21179, Abcam, UK 
Rabbit α GFP coupled to HRP 1:1,000 A10260, Invitrogen, USA 
Rabbit α HIV-1 p55+p24+p17 1:2,000 ab63917, Abcam, UK 

10.4.3. Enzyme-linked immunosorbent assay (ELISA) 

VLP pellet samples and VLP-containing cell-free supernatants were analyzed using the 

HIV-1 p24 capsid ELISA kit (Cell Biolabs, USA) to determine the p55-Gag 

concentration. Deviated from the manufacturer’s instruction the range of the p24 standard 

curve was changed from eight values between 0 to 100 ng/mL to eight values between 0 

to 25 ng/mL. The VLP concentration in pelleted samples was calculated based on the 

findings by Lavado‐García et al., 2021 that one VLP produced in 293 cells contains 3,617 

Gag monomers [17]. Samples containing VLPs displaying Mos2S.Env proteins were 

additionally analyzed using a HIV-1 gp120 Clade C ELISA kit (Immune Technology, 

USA). The values for the standard curve were chosen between 0 to 125 ng/mL and further 

instructions were followed according to the manufacturer. After completing an ELISA, 

the plate was analyzed using the microplate reader Multiskan™ FC (Thermo Fisher 

Scientific, USA). 

10.4.4. VLP capture assay 

The VLP capture assay was performed as previously described by Rosengarten & Schatz 

in 2022 [187]. Prior to the capture assay, the VLP input amount was standardized to 

100 ng Gag proteins per sample by using a p24-specific ELISA. The monoclonal 

antibodies (MAbs) PG9, PG16, 2G12 and 447-52D and 5F3 were obtained from Polymun 
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Scientific, Austria. The human IgG antibody (02-7102) that served as isotype control was 

purchased from Invitrogen, USA. In short, 10 µg of each antibody were coupled to protein 

G-coated magnetic beads (Dynabeads® Protein G; Invitrogen, USA). Subsequent 

incubation was performed for 3 h under rotation (Heidolph Instruments, Germany). The 

VLP pellet samples containing 100 ng Gag proteins were added to the antibody-coated 

beads and incubated for 2 h under rotation (Heidolph Instruments, Germany). Elution of 

the VLPs was then performed by addition of 60 μL 1x PBS (Thermo Fisher Scientific, 

USA) and 20 μL 4x ROTI®Load (Carl Roth, Germany). Following heat treatment at 

95 °C in the thermal mixer Cel Media TS basic (Cellmedia GmbH und Co. KG, Germany) 

for 10 min lead to sample denaturation. The denatured protein samples were separated 

from the beads using a magnetic separation rack (NEB, USA). Subsequently, 10 µL of 

each sample were subjected to SDS-PAGE and Western blot-analysis was conducted in 

the following.  

10.4.5. Preparation of VLP pellets for the electron microscopic-analysis 

VLPs were visualized by transmission electron microscopy using the negative staining 

method. The concentrated VLP samples were resuspended in 10 to 50 μL in PBS (Thermo 

Fisher Scientific, USA) containing 15 % trehalose [w/v] (Carl Roth, Germany) [268]. 

These samples were stored at -80 °C using the HERAfreeze HFC-series 8740 (Thermo 

Fisher Scientific, USA) until following sample preparation was conducted by Beatrix 

Martiny from the CECAD Cologne Imaging Facility. Therefore, 10 to 50 μL 2 % 

paraformaldehyde were added to the VLP samples. From this solution 5 μL were 

transferred to copper grids. Incubation on the grids was performed for 20 min at room 

temperature and followed by seven washing steps of each 2 min using PBS. The VLP 

samples were fixed on the grids using 1 % glutaraldehyde [v/v] in PBS. Afterwards, 

washing steps with dH2O for each 2 min were performed. The sample staining was 

conducted by incubation with 1 % uranyl acetate solution [w/v] for 4 min at room 

temperature in the dark followed by air-drying the grids. The visualization of the samples 

was supported by Beatrix Martiny utilizing a 200 kV JEOL JEM-2100PLUS transmission 

electron microscope (JEOL, Germany).
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11.1. List of HIV vaccine clinical trials 

Table 13. HIV vaccine clinical trials of the past 13 years that enrolled ≥100 study participants. The trials are sorted according to the utilized vaccine technology. The data 
were collected from https://clinicaltrials.gov and the official study identifiers (study IDs) are stated below. 

Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

Virus vector 
Adenovirus 
(Ad.26 and 
Ad.35) 

  
IAVI B003/ 
IPCAVD-004/ 
NCT01215149 

I 2010-
2012 

East 
Africa, 
South 
Africa, 
USA 

218 

Vector priming and boosting with two HIV-1 
vaccines (Ad26.EnvA and Ad35.Env), both 
administered IM at a dose of 5 x 1010 vp in 
homologous and heterologous regimens at two 
schedules (0 and 3 months or 0 and 6 months) 

No vaccine-
associated 
serious adverse 
events  

[269] 

Virus vector 
Canarypox 
virus 
(vCP1521) 

soluble 
protein 
subunit  

RV 305/ 
NCT01435135 II 2012-

2021 Thailand  162 

Late boost regimens (RV 144 trial) including 
adjuvanted AIDSVAX B/E (2v gp120) alone, 
ALVAC-HIV (vCP1521) alone or ALVAC-
HIV/AIDSVAX B/E combination at weeks 0, 24, 
IM administration of ALVAC-HIV at a dose of 
1 x 106 CCID50 and AIDSVAX B/E (300 µg 
dose/antigen for a total of 600 µg/dose) 

Well tolerated; 
No vaccine 
efficacy  

[126,128,270] 

Virus vector 
Canarypox 
virus 
(vCP1521) 

soluble 
protein 
subunit  

RV 306/ 
NCT01931358 II 2013-

2021 Thailand  360 

The RV144 regimen plus IM administration of 
ALVAC-HIV (vCP1521) at a dose of 1 x 106 
CCID50 at months 0 and 4, different 
combinations of ALVAC-HIV/AIDSVAX B/E 
(300 µg dose/antigen for a total of 600 µg/dose) 
at different time points  

Safe and well 
tolerated; No 
vaccine efficacy 

[126,129,271] 

Virus vector 
Canarypox 
virus 
(vCP1521) 

soluble 
protein 
subunit  

HVTN 097/ 
NCT02109354 I 2013-

2015 
South 
Africa 202 

ALVAC-HIV (vCP1521) administered IM at a 
dose of 1 x 106 CCID50 at months 1 and 2, 
than two IM booster injections of adjuvanted 
AIDSVAX B/E (2v gp120) (300 µg dose/antigen 
for a total of 600 µg/dose) at months 4 and 7, 
different combinations of a Hepatitis B and a 
Tetanus toxoid vaccine 

Significantly 
higher cellular 
and humoral 
immune 
responses than 
in RV144; No 
vaccine efficacy 

[272,273] 

Virus vector 
Canarypox 
virus 
(vCP2438) 

soluble 
protein 
subunit  

HVTN 100/ 
NCT02404311 I, II 2015-

2018 
South 
Africa 252 

IM administration of ALVAC-HIV (vCP2438) 
using 1 x 106 CCID50,administration of 
2v gp120-MF59 adjuvant each protein at a total 
dose of 100 µg at month 3, 6, 12 or at month 30  

Boosting at 
month 12 can 
improve the 
durability of the 
vaccine-induced 
immune 
responses; No 
vaccine efficacy 

[272,274–276] 
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Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

Virus vector Adenovirus 
(Ad.26)  

Ad.26 or 
Vaccinia 
virus 
together 
with 
soluble 
protein 
subunits  

APPROACH/ 
CR106152/ 
HIV-V-A004/ 
IPCAVD009/ 
NCT02315703 

I, II 2014-
2022 

South 
Africa,  
Uganda,  
Rwanda, 
Thailand, 
USA 

393 

Priming (IM) with 5 x 1010 vp Ad26.Mos.HIV 
(Ad26.Mos.1.Env,Ad26.Mos1.Gag-Pol, 
Ad26.Mos2.Gag-Pol) at week 0 and 12;  
Boosting (IM) twice with Ad26.Mos.HIV at 
weeks 24 and 48 in combination with 
adjuvanted clade C gp140 at either low or high 
dose (50 µg or 250 µg of total protein); 
Boosting with MVA-Mosaic vaccine 
(MVA.Mos.1.Env, MVA.Mos1.Gag-Pol, 
MVA.Mos2.Gag-Pol) using 1 x 108 pfu at week 
24 and 48 in combination with adjuvanted clade 
C gp140 at either low or high dose (50 µg or 
250 µg of total protein); 
MVA-Mosaic vaccine (1 x 108 pfu) or 
adjuvanted clade C gp140 (250 µg of total 
protein) at week 24 and 48 

Safe and 
tolerable; The 
Ad26/Ad26 plus 
clade C gp140 
vaccine induced 
67 % protection 
against (SHIV)-
SF162P3 
infection when 
challenging 
rhesus mon-
keys 
intrarectally six 
times  

[277] 

Virus vector 
Canarypox 
virus 
(vCP2438) 

soluble 
protein 
subunit  

HVTN 702/ 
NCT02968849 II, III 2016-

2021 
South 
Africa 5407 

IM administration of ALVAC-HIV (vCP2438) 
using 1 x 106 CCID50 at months 0, 1 followed 
by IM injection of ALVAC-HIV (vCP2438) and 
2v gp120-MF59 adjuvant each protein at a 
dose of 100 µg at months 3, 6 and 12. 

No vaccine 
efficacy [130,276,278] 

Virus vector Adenovirus 
(Ad.26) 

Adeno-
virus 
(Ad.26) in 
combi-
nation 
with 
soluble 
protein 
subunits  

TRAVERSE/ 
CR108152/ 
NCT02788045 

I, II 2016-
2022 

Rwanda, 
USA 201 

Priming (IM) with 3v Ad26.Mos.HIV* 
(Ad26.Mos.1.Env, Ad26.Mos1.Gag-Pol, 
Ad26.Mos2.Gag-Pol) at week 0, 12 followed by 
boosting (IM) with Ad26.Mos.HIV vaccine and 
adjuvanted clade C gp140 (250 µg of total 
protein) at week 24, 48; 
Priming (IM) with 4v Ad26.Mos4.HIV* 
(Ad26.Mos.1.Env, Ad26.Mos.2S.Env, 
Ad26.Mos1.Gag-Pol, Ad26.Mos2.Gag-Pol) at 
week 0, 12 followed by boosting (IM) with 
Ad26.Mos4.HIV vaccine and adjuvanted clade 
C gp140 (250 µg of total protein) at week 24, 48 
*Ad26.Mos.HIV and Ad26.Mos4.HIV each 
administered at a dose of 5 x 1010 vp 

The 4v vaccine 
regimen was 
safe, well 
tolerated and 
found to elicit 
higher immune 
responses than 
the 3v vaccine 
regimen 

[131] 
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Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

Virus vector Adenovirus 
(Ad.26) 

Adeno-
virus 
(Ad.26) in 
combi-
nation 
with 
soluble 
protein 
subunits  

Imbokodo/ 
HVTN 705/ 
VAC89220HPX
2008 

II 2017-
2022 

Malawi, 
Mozam-
bique, 
South 
Africa, 
Zambia, 
Zimbab-
we 

2637 

Ad26.Mos4.HIV* (Ad26.Mos.1.Env, 
Ad26.Mos.2S.Env, Ad26.Mos1.Gag-Pol, 
Ad26.Mos2.Gag-Pol) at month 0, 3 followed by 
boosting (IM) with Ad26.Mos4.HIV vaccine in 
the absence or presence of adjuvanted clade C 
gp140 (250 µg of total protein) at month 6, 12 
*Ad26.Mos.HIV and Ad26.Mos4.HIV 
administered at a dose of 5 x 1010 vp 

The vaccine 
regimen did not 
cause harm and 
was well 
tolerated, 
vaccine efficacy 
point estimate 
of 25.2 % [132,277] 

Virus vector Adenovirus 
(Ad.26) 

Adeno-
virus 
(Ad.26) in 
combi-
nation 
with 
soluble 
protein 
subunits  

CR108207/ 
VAC89220HPX
2003/ 
NCT02935686 

I, II 2017-est. 
2023 

Kenya, 
Rwanda, 
USA 

155 

Priming (IM) with Ad26.Mos4.HIV* 
(Ad26.Mos.1.Env, Ad26.Mos.2S.Env, 
Ad26.Mos1.Gag-Pol, Ad26.Mos2.Gag-Pol) at 
week 0, 12 followed by boosting (IM) with 
Ad26.Mos4.HIV vaccine and either adjuvanted 
clade C gp140 (250 µg of total protein) or 
adjuvanted 2v gp140 (125 µg clade C gp140, 
125 µg mosaic gp140) at week 24, 48  
Late boost regimen after completion of the 
primary vaccination series administering 
adjuvanted 2v gp140 (80 µg clade C gp140, 
75 µg mosaic gp140) within 4 weeks prior to 
week 192 and app. 3 years after the primary 
vaccination series 
*Ad26.Mos4.HIV administered at a dose of 
5 x 1010 vp 

  

Virus vector 
Canarypox 
virus 
(vCP2438) 

Canary-
pox virus 
in combi-
nation 
with  
soluble 
protein 
subunits  

HVTN 107/ 
NCT03284710 I, II 2017-

2019 

Moazam-
bique, 
South 
Africa, 
Zimbabw
e 

132 

IM administration of ALVAC-HIV (vCP2438)* at 
months 0, 1, 3, 6, and 12 
Boosting (IM) with 
- 2v gp120/MF59-adjuvanted (TV1.C gp120, 
1086.C gp120) each at a dose of 100 µg at 
month 0,1,6,12 or 3,6,12 
- 2v gp120/Alum-adjuvanted (TV1.C gp120, 
1086.C gp120) each at a dose of 100 µg at 
month 3,6,12 
- 2v gp120 (TV1.C gp120, 1086.C gp120) each 
at a dose of 100 µg at month 3,6,12 
*1 x 106 CCID50 
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Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

Virus vector 
Canarypox 
virus 
(vCP2438) 

Canary-
pox virus 
in combi-
nation 
with 
soluble 
protein 
subunits 

HVTN 120/ 
NCT03122223 I, II 2018-

2020 

Tanzania, 
USA, 
Zimbab-
we 

160 

IM administration of ALVAC-HIV (vCP2438)* at 
months 0, 1, 3, 6 Boosting (IM) with 
- 2v gp120/MF59-adjuvanted (TV1.C gp120, 
1086.C gp120) each at a dose of 100  µg at 
month 3, 6 
- 2v gp120/AS01B-adjuvanted (TV1.C gp120, 
1086.C gp120) each at a dose of 20 µg or 
100 µg at month 3, 6 
*1 x 106 CCID50 

    

Virus vector Adenovirus 
(Ad.4) 

soluble 
protein 
subunit  

190069/ 
19-I-0069/ 
NCT03878121 

I 2019-est. 
2024 USA 300 

INT administration either of Ad4-Env150KN or 
Ad4-Env145NFL at day 0 and month 2 at a 
dose of 1 x 108 vp followed by boosting (IM) 
with VRC-HIVRGP096-00-VP (trimer 4571) at a 
total dose of 500 µg at month 6 

    

Virus vector Adenovirus 
(Ad.26) 

Adeno-
virus 
(Ad.26) in 
combi-
nation 
with 
soluble 
protein 
subunits  

Mosaico/ 
CR108604/ 
2018-003666-
13/VAC89220H
PX3002/ 
HVTN 706/ 
NCT03964415 

III 2019-
2023 

Argent-
ina, 
Brazil, 
Mexico, 
Peru, 
Italy, 
Poland, 
Puerto 
Rico 
Spain, 
USA 

3900 

Priming (IM) with Ad26.Mos4.HIV* 
(Ad26.Mos.1.Env, Ad26.Mos.2S.Env, 
Ad26.Mos1.Gag-Pol, Ad26.Mos2.Gag-Pol) at 
month 0, 3 followed by boosting (IM) with 
Ad26.Mos4.HIV vaccine and adjuvanted 2v 
clade C and mosaic gp140 at month 6, 12 

Terminated 
ahead of 
schedule due to 
lacking 
protection. The 
vaccine regimen 
proved safe. 

 [133] 

DNA vector DNA Vaccinia 
virus 

HVTN 106/ 
NCT02296541 I 2014-

2020 

Switzer-
land, 
USA 

105 

IM administration of one out of three DNA 
vaccines (DNA Nat-B env, DNA CON-S env, 
DNA Mosaic env) at a dose of 4 mg at months 
0, 1, 2; IM administration of a MVA-CMDR 
vector (1 x 108 pfu) at months 4 and 8 

   [279] 

DNA vector DNA Vaccinia 
virus 

rTV/ 
ChiCTR190002
1422 

II 2019-
2021 China 160 

DNA and rTV vectors constructs harboring HIV-
1 CN54 gag, pol and env genes; Priming (IM) 
with 2 mg or 4 mg DNA vaccine followed by rTV 
boost twice after DNA prime in different week 
intervals (24, 36, 48) 

Well tolerated 
and safe [280] 

DNA vector DNA 
soluble 
protein 
subunit 

RV 460/ 
NCT04826094 I 2021-est. 

2023 Kenya 126 

Priming (IM) with 2 mg of an Env-C Plasmid 
DNA vaccine at weeks 0,4,12 alone or 
combined with different adjuvants and boosting 
with or without adjuvanted HIV Env gp145 
C.6980 protein at a dose of 100 µg at weeks 
20, 32, 56 
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Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

mRNA  

  

HVTN 302/ 
NCT05217641 I 2022-est. 

2023 USA 108 

IM administration of BG505 MD39.3 mRNA, 
BG505 MD39.3 gp151 mRNA or BG505 
MD39.3 gp151 CD4KO mRNA at low dose 
(100 µg) or high dose (250 µg) at months 0, 2 
and 6  

    

Protein 
subunit 

   HVTN 115/ 
NCT03220724 I 2017-est. 

2023 USA 117 

IM administration of CH505TF gp120, 
CH505w53 gp120, and CH505w78 gp120 in 
different combinations and adjuvanted with 
GLA-SE containing all three CH505 gp120 
proteins 
- 20 µg of CH505TF/GLA-SE at months 0, 2, 4, 
8, and 12 
- 100 µg of CH505TF/GLA-SE at months 0, 2, 
4, 8, and 12 
- 400 µg of CH505TF/GLA-SE at months 0, 2, 
4, 8, and 12 
- CH505TF/GLA-SE at month 0; 
CH505w53/GLA-SE at month 2; 
CH505w78/GLA-SE at months 4, 8, 12, and 16 

  [281] 

Protein 
subunit 

 

  

HVTN 137/ 
NCT04177355 I 2020-est. 

2023 USA 105 

IM administration of 100 µg BG505 SOSIP.664 
gp140 at month 0, 2 admixed with  
- 1 µg 3M-052-AF adjuvanted with 500 µg Alum 
- 5 µg 3M-052-AF adjuvanted with 500 µg Alum 
IM administration of 100 µg BG505 SOSIP.664 
gp140 at month 0, 2, 6 admixed with 
- 300 µg CpG 1018 adjuvanted with 500 µg 
Alum 
- 1 µg or 5 µg 3M-052-AF adjuvanted with 
500 µg Alum 
GLA-LSQ (GLA 5 µg, and QS-21 2 µg) 500 µg 
Alum 

  [282] 

Protein 
subunit 

  

 
RV 546/ 
WRAIR 1920/ 
NCT04658667 

I 2022-est. 
2027 Thailand 120 

Late boost regimen for patients who previously 
received a late boost of AIDSVAX®B/E with or 
without ALVAC in HVTN 306; Administration of 
2 injections (IM) of IHV01 and A244/AHFG at a 
full (app. 300 μg) or fractional dose (app. 60 μg) 
with or without ALFQ adjuvant at day 0 

  

[128,129] 
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Vaccine 
technology Priming Boosting Vaccine trial/ 

Study ID 
Study 
phase Duration Location Group 

size Vaccine regimen Outcome Literature 

DNA vector, 
virus vector, 
protein 
subunit  

DNA in 
combin-
ation with 
soluble 
protein 
subunits or 
DNA in 
combin-
ation with 
soluble 
protein 
subunits 
and 
Vaccinia 
virus vector 

  PV1/ 
NCT04066881 II 2020-est. 

2024 Uganda 1668 

DNA-HIV-PT123 HIV vaccine (three DNA 
plasmids that encode clade C ZM96 Gag, clade 
C ZM96 Env, and CN54 Pol-Nef) at different 
timepoints (IM) 
- plus adjuvanted AIDSVAX B/E (2v gp120) at 
weeks 0, 4, 24 and 48 
- plus CN54gp140+MPLA-L at weeks 0 and 4, 
then MVA-CMDR (1 x108 pfu) and 
CN54gp140+MPLA-L at weeks 24 and 48 
- plus CN54gp140+MPLA-L at weeks 0 and 4, 
then MVA-CMDR and CN54gp140+MPLA-L at 
weeks 24 and 48 

   [283] 

*Abbreviations: 2v (bivalent), 3v (trivalent), Ad26 (adenovirus vector serotype 26), Ad35 (adenovirus vector serotype 35), Alum (aluminum hydroxide suspension), 
CCID50 (cell culture infectious dose 50 %), IM (intramuscularly), INT (intranasal), MVA (modified vaccinia Ankara), MVA-CMDR (modified vaccinia Ankara-Chiang Mai 
double recombinant), pfu (plaque forming units), rTV (replicating competent Tiantan vaccinia vector), SHIV (simian-human immunodeficiency virus), vp (viral particle) 
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11.2. DNA plasmid maps 

 

Figure 30. Plasmid map for PB-hyPBase-I. The DNA sequence for the transposase hyPBase [170] 
originated from the vector pCAG-hyPBase (Gene bank accession number: OL519599.1) and was codon 
optimized for expression in human and CHO cells, respectively. The expression of hyPBase was coupled to 
the expression of the reporter gene secreted alkaline phosphatase (SEAP). Open reading frames (ORFs) 
are indicated by orange arrows. 
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Figure 31. Plasmid map for PB-Mos1.Gag-IpW. The DNA sequence for mos1.gag was taken from the patent 
US 10,369,214 [14] and was codon optimized for expression in human and CHO cells, respectively. The 
expression of mos1.gag was coupled to the expression of the puromycin resistance gene (PuroR). The 
expression cassette was flanked by PiggyBac derived ITRs. Open reading frames (ORFs) are indicated by 
orange arrows. 
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Figure 32. Plasmid map for PB-Mos2.Gag-IpW. The DNA sequence for mos2.gag was taken from the patent 
US 10,369,214 [14] and was codon optimized for expression in human and CHO cells, respectively. The 
expression of mos2.gag was coupled to the expression of the puromycin resistance gene (PuroR). The 
expression cassette was flanked by PiggyBac derived ITRs. Open reading frames (ORFs) are indicated by 
orange arrows. 
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Figure 33. Plasmid map for PB-Mos2S.Env-IhW. The DNA sequence for mos2s.env was taken from the 
patent US 10,369,214 [14] and was codon optimized for expression in human and CHO cells, respectively. 
The expression of mos2s.env was coupled to the expression of the hygromycin resistance gene (HygR). The 
expression cassette was flanked by PiggyBac derived ITRs. Open reading frames (ORFs) are indicated by 
orange arrows. 
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Figure 34. Plasmid map for SB-SB100x-I. This plasmid served for the expression of the transposase SB100x 
and was previously described by Berg et al. 2019 [261]. The expression of SB100x was coupled to the 
expression of the reporter gene secreted alkaline phosphatase (SEAP). Open reading frames (ORFs) are 
indicated by orange arrows. 
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Figure 35. Plasmid map for PB-Mos1.Gag/EGFP-IpW. This plasmid served for the expression of the fusion 
gene mos1.gag-egfp. The expression of this fusion gene was coupled to the expression of the puromycin 
resistance gene (PuroR). The expression cassette was flanked by PiggyBac derived ITRs. Open reading 
frames (ORFs) are indicated by orange arrows. 
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Figure 36. Plasmid map for SB-dTomato/PDGFR-β-TM-lnW. This plasmid served for the expression of the 
fusion gene dTomato-pdgfr β tm. The expression of this fusion gene was coupled to the expression of the 
neomycin resistance gene (NeoR). The expression cassette was flanked by Sleeping Beauty derived ITRs. 
Open reading frames (ORFs) are indicated by orange arrows. 
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11.3. Nucleotide sequences 

ATGGGGAGTAGCCTGGACGACGAGCACATCCTGTCCGCACTGCTGCAGAGC
GACGACGAACTGGTGGGGGAAGATTCAGATTCAGAAGTGTCTGACCACGTG
AGCGAGGACGATGTGCAGTCTGACACCGAGGAGGCCTTCATCGATGAGGTG
CACGAGGTGCAGCCAACAAGCTCCGGCAGCGAGATCCTGGATGAGCAGAA
CGTGATCGAGCAGCCTGGCTCTAGCCTGGCTTCCAATCGGATCCTGACCCTG
CCACAGAGAACAATCCGCGGCAAGAATAAGCACTGCTGGTCCACCTCTAAG
CCTACACGGAGGAGCAGGGTGTCCGCCCTGAACATCGTGCGGTCCCAGAGG
GGCCCAACCAGAATGTGCCGCAATATCTACGACCCCCTGCTGTGCTTTAAGC
TGTTCTTTACCGATGAGATCATCAGCGAGATCGTGAAGTGGACAAACGCCG
AGATCTCCCTGAAGAGACGCGAGTCTATGACCAGCGCCACCTTCAGGGACA
CCAATGAGGATGAGATCTACGCCTTCTTTGGCATCCTGGTGATGACCGCTGT
GCGGAAGGACAACCACATGAGCACAGACGATCTGTTTGATAGGAGCCTGTC
CATGGTGTACGTGAGCGTGATGTCTCGGGACCGGTTCGATTTTCTGATCCGG
TGCCTGAGGATGGACGATAAGTCCATCCGGCCTACCCTGAGGGAGAATGAC
GTGTTCACACCAGTGAGAAAGATCTGGGATCTGTTTATCCACCAGTGTATCC
AGAACTACACACCTGGAGCTCACCTGACAATTGATGAACAGCTGCTGGGAT
TCAGAGGCAGGTGCCCTTTTCGCGTGTACATCCCAAATAAGCCCTCTAAGTA
TGGCATCAAGATCCTGATGATGTGCGATAGCGGCACCAAGTACATGATCAA
CGGCATGCCATATCTGGGAAGAGGCACCCAGACCAACGGCGTGCCCCTGGG
AGAGTACTATGTGAAGGAGCTGTCCAAGCCTGTGCACGGCTCTTGCCGCAA
CATCACCTGTGACAATTGGTTCACATCTATCCCCCTGGCTAAGAACCTGCTG
CAGGAGCCTTATAAGCTGACCATCGTGGGCACAGTGAGAAGCAACAAGCGC
GAGATCCCCGAGGTGCTGAAGAATTCTAGAAGCCGCCCTGTGGGCACCTCC
ATGTTCTGCTTTGATGGCCCACTGACACTGGTGTCTTACAAGCCCAAGCCTG
CCAAGATGGTGTATCTGCTGTCCTCTTGTGACGAGGATGCTTCCATCAACGA
GTCTACCGGCAAGCCCCAGATGGTGATGTACTATAATCAGACCAAGGGCGG
CGTGGACACACTGGATCAGATGTGCAGCGTGATGACCTGTTCCCGGAAGAC
AAACAGGTGGCCTATGGCCCTGCTGTACGGCATGATCAACATCGCTTGCATC
AATTCTTTTATCATCTATAGCCACAACGTGAGCTCCAAGGGCGAGAAGGTG
CAGAGCAGAAAGAAGTTCATGCGCAATCTGTACATGGGCCTGACCTCTAGC
TTTATGCGGAAGAGGCTGGAGGCCCCTACACTGAAGAGATACCTGCGCGAC
AACATCTCCAATATCCTGCCTAAGGAGGTGCCAGGCACCAGCGACGATTCC
ACAGAGGAGCCAGTGATGAAGAAGCGGACCTACTGCACATATTGTCCCTCT
AAGATCCGGAGGAAGGCCTCCGCTTCTTGTAAGAAGTGTAAAAAAGTGATT
TGTAGAGAGCATAATATCGACATGTGCCAGTCCTGTTTC 
Figure 37. Coding sequence for hyPBase in 5'-to-3' direction. The nucleotide sequence for hyPBase [170] 
originated from the vector pCAG-hyPBase (Gene bank accession number: OL519599.1) and was codon 
optimized for expression in human and CHO cells. 

 

ATGGGGGCAAGAGCAAGCGTCCTGAGTGGCGGGGAACTGGACCGATGGGA
GAAGATTAGACTGCGACCTGGCGGCAAAAAGAAGTATCGCCTGAAGCACAT
CGTGTGGGCCAGCCGGGAGCTGGAGCGGTTCGCTGTGAACCCTGGCCTGCT
GGAGACATCCGAGGGATGCCGGCAGATCCTGGGACAGCTGCAGCCAAGCCT
GCAGACCGGATCCGAGGAGCTGCGCTCTCTGTACAATACAGTGGCCACCCT
GTATTGCGTGCACCAGCGGATCGAGATCAAGGACACAAAGGAGGCTCTGGA
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GAAGATCGAGGAGGAGCAGAACAAGAGCAAGAAGAAGGCTCAGCAGGCCG
CTGCCGATACCGGCAATAGCTCCCAGGTGTCTCAGAACTACCCAATCGTGC
AGAATATCCAGGGCCAGATGGTGCACCAGGCTATCTCTCCCCGCACCCTGA
ACGCCTGGGTGAAGGTGGTGGAGGAGAAGGCTTTCAGCCCTGAAGTGATCC
CAATGTTTTCTGCTCTGAGCGAGGGCGCCACACCTCAGGACCTGAACACAA
TGCTGAATACCGTGGGAGGACACCAGGCTGCTATGCAGATGCTGAAGGAGA
CAATCAACGAGGAGGCTGCCGAGTGGGACAGGGTGCACCCAGTGCACGCTG
GACCCATCGCCCCTGGCCAGATGAGGGAGCCTAGGGGCTCTGACATCGCTG
GCACCACAAGCACACTGCAGGAGCAGATCGGCTGGATGACCAACAATCCCC
CTATCCCCGTGGGCGAGATCTACAAGCGGTGGATCATCCTGGGCCTGAACA
AGATCGTGAGGATGTATTCCCCCGTGAGCATCCTGGACATCAGACAGGGCC
CAAAGGAGCCCTTCCGGGACTACGTGGATAGGTTTTATAAGACACTGAGGG
CTGAGCAGGCCAGCCAGGACGTGAAGAATTGGATGACAGAGACACTGCTG
GTGCAGAACGCTAATCCTGATTGCAAGACCATCCTGAAGGCCCTGGGCCCA
GCTGCCACACTGGAGGAGATGATGACCGCTTGTCAGGGCGTGGGCGGCCCA
GGACACAAAGCTAGGGTGCTGGCTGAGGCTATGAGCCAGGTGACAAACTCC
GCCACCATCATGATGCAGAGAGGCAACTTCAGAAATCAGCGCAAGACCGTG
AAGTGCTTTAACTGTGGCAAGGAGGGCCACATCGCTAAGAATTGCAGGGCT
CCAAGGAAGAAGGGATGCTGGAAGTGCGGCAAGGAAGGCCACCAGATGAA
GGACTGTACAGAGAGGCAGGCTAACTTCCTGGGCAAGATCTGGCCCTCCAA
TAAGGGCAGACCTGGCAACTTTCTGCAGAATAGGCCTGAGCCAACCGCTCC
ACCAGAGGAGTCCTTCAGATTTGGCGAGGAGACAACAACCCCATCTCAGAA
GCAGGAGCCCATCGATAAAGAAATGTATCCCCTGGCAAGCCTGAAGAGTCT
GTTCGGAAACGACCCATCCTCCCAG 
Figure 38. Coding sequence for Mos1.Gag in 5'-to-3' direction. The nucleotide sequence was taken from 
the patent US 10,369,214 [14] and was codon optimized for expression in human and CHO cells. 

 

ATGGGAGCAAGGGCTTCTATTCTGAGGGGAGGAAAACTGGACAAGTGGGA
AAAAATCCGACTGCGACCTGGAGGGAAAAAACATTACATGCTGAAGCACCT
GGTGTGGGCCAGCAGGGAGCTGGAGAGATTCGCTCTGAACCCTGGCCTGCT
GGAGACAAGCGAGGGCTGCAAGCAGATCATCAAGCAGCTGCAGCCAGCCC
TGCAGACCGGCACAGAGGAGCTGCGCTCTCTGTTTAACACCGTGGCCACAC
TGTACTGCGTGCACGCTGAGATCGAGGTGCGGGACACCAAGGAGGCTCTGG
ATAAGATCGAGGAGGAGCAGAATAAGTCCCAGCAGAAGACACAGCAGGCC
AAGGAGGCTGACGGCAAGGTGTCTCAGAACTATCCAATCGTGCAGAATCTG
CAGGGCCAGATGGTGCACCAGCCAATCAGCCCCAGGACCCTGAACGCCTGG
GTGAAAGTGATCGAGGAGAAGGCTTTCTCTCCAGAAGTGATCCCCATGTTT
ACCGCCCTGAGCGAGGGAGCTACACCACAGGACCTGAACACCATGCTGAAT
ACAGTGGGCGGCCACCAGGCCGCTATGCAGATGCTGAAGGACACAATCAAT
GAGGAGGCCGCTGAGTGGGATAGACTGCACCCAGTGCACGCTGGACCTGTG
GCTCCAGGCCAGATGAGGGAGCCCAGGGGCAGCGACATCGCTGGCACCAC
ATCCAACCTGCAGGAGCAGATCGCTTGGATGACCTCCAATCCCCCTATCCCC
GTGGGCGACATCTACAAGAGGTGGATCATCCTGGGCCTGAACAAGATCGTG
AGAATGTATAGCCCTACATCCATCCTGGACATCAAGCAGGGCCCCAAGGAG
CCTTTCCGCGACTACGTGGATCGGTTCTTTAAGACCCTGAGGGCTGAGCAGG
CTACACAGGACGTGAAGAATTGGATGACCGATACACTGCTGGTGCAGAACG
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CCAATCCCGACTGCAAGACCATCCTGAGGGCCCTGGGCCCTGGCGCTACCC
TGGAGGAGATGATGACAGCTTGTCAGGGCGTGGGCGGACCTTCTCACAAGG
CTAGAGTGCTGGCCGAGGCTATGTCTCAGACCAACAGCACAATCCTGATGC
AGAGGTCCAATTTCAAGGGCTCTAAGAGAATCGTGAAGTGCTTTAACTGTG
GCAAGGAGGGCCACATCGCCAGAAATTGCCGCGCTCCACGGAAGAAGGGC
TGCTGGAAGTGCGGCAAGGAAGGCCACCAGATGAAGGATTGTACCGAGCG
CCAGGCTAATTTTCTCGGCAAGATCTGGCCTTCCCACAAGGGCCGCCCAGGC
AATTTTCTGCAGTCTCGGCCTGAGCCAACAGCTCCACCAGCTGAGAGCTTCC
GGTTTGAGGAGACAACACCCGCCCCTAAGCAGGAGCCCAAAGATAGAGAG
CCACTGACAAGCCTGAGAAGCCTGTTCGGTAGCGACCCACTGAGCCAG 
Figure 39. Coding sequence for Mos2.Gag in 5'-to-3' direction. The nucleotide sequence was taken from 
the patent US 10,369,214 [14] and was codon optimized for expression in human and CHO cells. 

 

ATGAGGGTCCGGGGAATGCTGAGGAATTGGCAGCAGTGGTGGATTTGGTCT
TCTCTGGGCTTTTGGATGCTGATGATCTACTCCGTGATGGGCAACCTGTGGG
TGACCGTGTACTATGGCGTGCCAGTGTGGAAGGACGCCAAGACCACACTGT
TCTGCGCTAGCGATGCCAAGGCTTACGAGAAGGAGGTGCACAACGTGTGGG
CTACCCACGCTTGCGTGCCAACAGATCCAAATCCCCAGGAGATCGTGCTGG
GCAACGTGACCGAGAACTTCAACATGTGGAAGAACGACATGGTGGATCAGA
TGCACGAGGACATCATCAGCCTGTGGGATGCCTCCCTGGAGCCATGCGTGA
AGCTGACCCCCCTGTGCGTGACACTGAATTGTAGAAACGTGCGCAATGTGA
GCTCCAACGGCACCTACAATATCATCCACAACGAGACATATAAGGAGATGA
AGAATTGTTCCTTCAACGCTACAACCGTGGTGGAGGATAGAAAGCAGAAGG
TGCACGCTCTGTTTTATCGCCTGGACATCGTGCCCCTGGATGAGAACAATTC
TAGCGAGAAGTCCTCTGAGAATAGCTCCGAGTACTATAGACTGATCAATTG
CAACACCTCCGCCATCACACAGGCTTGTCCTAAGGTGTCTTTCGACCCTATC
CCAATCCACTACTGCGCCCCAGCTGGCTATGCCATCCTGAAGTGTAACAATA
AGACCTTTAACGGCACAGGCCCCTGCAACAACGTGAGCACCGTGCAGTGTA
CACACGGCATCAAGCCTGTGGTGTCTACCCAGCTGCTGCTGAATGGCAGCCT
GGCCGAGGAGGAGATCATCATCAGAAGCGAGAACCTGACCAACAATGCTA
AGACAATCATCGTGCACCTGAATGAGACAGTGAACATCACCTGCACACGCC
CAAACAATAACACAAGAAAGAGCATCCGCATCGGCCCTGGCCAGACCTTCT
ACGCCACAGGCGACATCATCGGCGACATCCGGCAGGCTCACTGTAATCTGT
CCAGGGATGGCTGGAACAAGACCCTGCAGGGCGTGAAGAAGAAGCTGGCC
GAGCACTTCCCTAATAAGACAATCAAGTTTGCTCCACACTCCGGCGGCGAC
CTGGAGATCACCACACACACCTTCAACTGCCGCGGCGAGTTCTTTTACTGTA
ACACATCTAATCTGTTTAACGAGAGCAATATCGAGCGGAATGACTCTATCAT
CACCCTGCCTTGCAGGATCAAGCAGATCATCAACATGTGGCAGGAAGTGGG
AAGGGCTATCTATGCTCCACCTATCGCCGGCAATATCACATGTAGAAGCAA
CATCACCGGCCTGCTGCTGACACGCGACGGAGGATCCAATAACGGCGTGCC
CAACGATACCGAGACATTCAGGCCTGGCGGCGGCGACATGCGGAATAACTG
GAGGAGCGAGCTGTACAAGTATAAGGTGGTGGAGGTGAAGCCACTGGGAG
TGGCTCCTACCGAGGCTAAGAGGAGGGTGGTGGAGAGGGAGAAGAGGGCT
GTGGGAATCGGAGCCGTGTTCCTGGGAATCCTGGGAGCTGCTGGATCCACC
ATGGGAGCTGCTTCTATCACCCTGACAGTGCAGGCTAGGCAGCTGCTGAGC
GGAATCGTGCAGCAGCAGTCCAACCTGCTGAGGGCCATCGAGGCTCAGCAG
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CACATGCTGCAGCTGACCGTGTGGGGCATCAAGCAGCTGCAGACAAGAGTG
CTGGCCATCGAGAGATACCTGCAGGATCAGCAGCTGCTGGGCCTGTGGGGA
TGCTCCGGCAAGCTGATCTGTACCACAGCTGTGCCATGGAATACCTCTTGGA
GCAACAAGTCTCAGACCGACATCTGGGATAATATGACATGGATGCAGTGGG
ACAAGGAGATCGGCAACTACACAGGCGAGATCTATAGGCTGCTGGAGGAGT
CTCAGAATCAGCAGGAGAAGAACGAGAAGGACCTGCTGGCCCTGGATAGCT
GGAATAACCTGTGGAACTGGTTCTCCATCTCTAAGTGGCTGTATATCAAGAT
CTTTATCATGATCGTGGGCGGCCTGATCGGTCTGAGAATCATCTTTGCTGTG
CTGTCAATCGTGAATAGGGTGCGGCAGGGTTAT 

Figure 40. Coding sequence for Mos2S.Env in 5'-to-3' direction. The nucleotide sequence was taken from 
the patent US 10,369,214 [14] and was codon optimized for expression in human and CHO cells. 

 

ATGGGAAAGAGCAAAGAAATCTCACAGGACCTGAGGAAGAGGATCGTGGA
CCTGCACAAGAGCGGGAGCAGCCTGGGAGCAATCTCAAAGCGGCTGGCCGT
GCCCAGATCTAGCGTGCAGACAATCGTGAGGAAGTACAAGCACCACGGCAC
CACCCAGCCATCTTACAGATCCGGCAGAAGGAGAGTGCTGTCCCCTAGAGA
TGAGAGGACCCTGGTGCGGAAGGTGCAGATCAATCCTAGGACAACCGCCAA
GGACCTCGTGAAGATGCTGGAGGAGACAGGCACCAAGGTGTCTATCTCCAC
CGTGAAGAGAGTGCTGTACCGCCACAACCTGAAGGGCCACTCCGCCAGAAA
GAAGCCACTGCTGCAGAATAGGCACAAGAAGGCCAGACTGCGGTTTGCCAG
AGCCCACGGCGATAAGGACAGGACATTCTGGAGAAACGTGCTGTGGAGCG
ATGAGACCAAGATCGAGCTGTTCGGCCACAACGATCACAGATACGTGTGGA
GAAAGAAGGGCGAGGCCTGCAAGCCAAAGAACACCATCCCAACAGTGAAG
CACGGCGGCGGCAGCATCATGCTGTGGGGCTGTTTCGCCGCCGGCGGCACA
GGCGCCCTGCACAAGATCGATGGCATCATGGATGCCGTGCAGTATGTGGAC
ATCCTGAAGCAGCACCTGAAGACATCCGTGAGAAAGCTGAAGCTGGGCAGA
AAGTGGGTGTTCCAGCACGATAACGACCCAAAGCACACCAGCAAGCACGTG
CGGAAGTGGCTGAAGGACAACAAGGTGAAGGTGCTGGAGTGGCCTTCTCAG
AGCCCAGATCTGAATCCCATCGAGAATCTGTGGGCCGAGCTGAAGAAGAGA
GTGAGGGCCAGACGGCCTACAAACCTGACCCAGCTGCACCAGCTGTGCCAG
GAGGAGTGGGCCAAGATCCACCCAAACTACTGCGGCAAGCTGGTGGAGGG
CTATCCAAAAAGACTGACTCAGGTGAAGCAGTTCAAAGGAAACGCTACCAA
ATAC 
Figure 41. Coding sequence for the transposase Sleeping Beauty 100x in 5'-to-3' direction. The cognate 
vector encompassing the SB100x expression cassette was already available in our group [261]. 

 

ATGGGGGCAAGAGCAAGCGTCCTGAGTGGCGGGGAACTGGACCGATGGGA
GAAGATTAGACTGCGACCTGGCGGCAAAAAGAAGTATCGCCTGAAGCACAT
CGTGTGGGCCAGCCGGGAGCTGGAGCGGTTCGCTGTGAACCCTGGCCTGCT
GGAGACATCCGAGGGATGCCGGCAGATCCTGGGACAGCTGCAGCCAAGCCT
GCAGACCGGATCCGAGGAGCTGCGCTCTCTGTACAATACAGTGGCCACCCT
GTATTGCGTGCACCAGCGGATCGAGATCAAGGACACAAAGGAGGCTCTGGA
GAAGATCGAGGAGGAGCAGAACAAGAGCAAGAAGAAGGCTCAGCAGGCCG
CTGCCGATACCGGCAATAGCTCCCAGGTGTCTCAGAACTACCCAATCGTGC
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AGAATATCCAGGGCCAGATGGTGCACCAGGCTATCTCTCCCCGCACCCTGA
ACGCCTGGGTGAAGGTGGTGGAGGAGAAGGCTTTCAGCCCTGAAGTGATCC
CAATGTTTTCTGCTCTGAGCGAGGGCGCCACACCTCAGGACCTGAACACAA
TGCTGAATACCGTGGGAGGACACCAGGCTGCTATGCAGATGCTGAAGGAGA
CAATCAACGAGGAGGCTGCCGAGTGGGACAGGGTGCACCCAGTGCACGCTG
GACCCATCGCCCCTGGCCAGATGAGGGAGCCTAGGGGCTCTGACATCGCTG
GCACCACAAGCACACTGCAGGAGCAGATCGGCTGGATGACCAACAATCCCC
CTATCCCCGTGGGCGAGATCTACAAGCGGTGGATCATCCTGGGCCTGAACA
AGATCGTGAGGATGTATTCCCCCGTGAGCATCCTGGACATCAGACAGGGCC
CAAAGGAGCCCTTCCGGGACTACGTGGATAGGTTTTATAAGACACTGAGGG
CTGAGCAGGCCAGCCAGGACGTGAAGAATTGGATGACAGAGACACTGCTG
GTGCAGAACGCTAATCCTGATTGCAAGACCATCCTGAAGGCCCTGGGCCCA
GCTGCCACACTGGAGGAGATGATGACCGCTTGTCAGGGCGTGGGCGGCCCA
GGACACAAAGCTAGGGTGCTGGCTGAGGCTATGAGCCAGGTGACAAACTCC
GCCACCATCATGATGCAGAGAGGCAACTTCAGAAATCAGCGCAAGACCGTG
AAGTGCTTTAACTGTGGCAAGGAGGGCCACATCGCTAAGAATTGCAGGGCT
CCAAGGAAGAAGGGATGCTGGAAGTGCGGCAAGGAAGGCCACCAGATGAA
GGACTGTACAGAGAGGCAGGCTAACTTCCTGGGCAAGATCTGGCCCTCCAA
TAAGGGCAGACCTGGCAACTTTCTGCAGAATAGGCCTGAGCCAACCGCTCC
ACCAGAGGAGTCCTTCAGATTTGGCGAGGAGACAACAACCCCATCTCAGAA
GCAGGAGCCCATCGATAAAGAAATGTATCCCCTGGCAAGCCTGAAGAGTCT
GTTCGGAAACGACCCATCCTCCCAGGGCGGGTCGACGAGCTCAGAATTCTG
CAGTCGACGGTACCGCGGGCCCGGGATCCACCGGCCGGTCGCCACCATGGT
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCT
GGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGG
GCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCA
GTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCC
GCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGAC
GGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTG
AACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTG
GGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATC
GAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATC
GGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCC
GCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG
TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG 

Figure 42. Coding sequence for the fusion protein Mos1.Gag-EGFP in 5'-to-3' direction. 

 

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTT
CCACTGGTGACTATCCATATGATGTTCCAGATTATGCTGGGGCCCAGCCGGC
CAGATCTGGCGGCGGCCTGAACGACATCTTCGAGGCCCAGAAGATCGAGTG
GCACGAGGGCGCGCCGATGGTGAGCAAGGGCGAGGAGGTCATCAAAGAGT
TCATGCGCTTCAAGGTGCGCATGGAGGGCTCCATGAACGGCCACGAGTTCG
AGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCC
AAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTG
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TCCCCCCAGTTCATGTACGGCTCCAAGGCGTACGTGAAGCACCCCGCCGAC
ATCCCCGATTACAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGC
GTGATGAACTTCGAGGACGGCGGTCTGGTGACCGTGACCCAGGACTCCTCC
CTGCAGGACGGCACGCTGATCTACAAGGTGAAGATGCGCGGCACCAACTTC
CCCCCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCC
ACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACCAG
GCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGACCATC
TACATGGCCAAGAAGCCCGTGCAACTGCCCGGCTACTACTACGTGGACACC
AAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTAC
GAGCGCTCCGAGGGCCGCCACCACCTGTTCCTGTACGGCATGGACGAGCTG
TACAAGCGGCCGCGGCTGCAGGTCGACGAACAAAAACTCATCTCAGAAGAG
GATCTGAATGCTGTGGGCCAGGACACGCAGGAGGTCATCGTGGTGCCACAC
TCCTTGCCCTTTAAGGTGGTGGTGATCTCAGCCATCCTGGCCCTGGTGGTGC
TCACCATCATCTCCCTTATCATCCTCATCATGCTTTGGCAGAAGAAGCCACG
T 
Figure 43. Coding sequence for the fusion protein dTomato-PDGFR β TM in 5'-to-3' direction. The 
nucleotide sequence encoding dTomato originated from the plasmid pLenti-V6.3 Ultra-Chili, which was a gift 
from Ewa Snaar-Jagalska (Addgene plasmid #106173; http://n2t.net/addgene:106173; 
RRID:Addgene_106173). The nucleotide sequence coding for PDGFR β TM originated from the plasmid 
pDisplay-AP-CFP-TM, which was a gift from Alice Ting (Addgene plasmid #20861; 
http://n2t.net/addgene:20861; RRID:Addgene_20861) [264]. 
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