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1 ABSTRACT 

 

The presented thesis deals with two novel vaccine technologies, which were analyzed in 

view of developing a vaccine against the respiratory syncytial virus (RSV).  

The first approach involved the use of non-human papilloma pseudovirions for the delivery 

of a DNA-vaccine. Ten different animal papilloma virus types were tested for their ability to form 

virus-like-particles and pseudovirus-particles. The latter was then used to encapsidate a reporter 

plasmid and deliver it into cells in vitro. The tested papilloma virus types showed great variability 

in their transduction efficiency. The two candidates that worked the most efficiently – MfPV11 

and PcPV1 – were used for further analyses and in vivo studies. Both were able to transduce a 

reporter plasmid in mice after intramuscular injection, leading to the expression of the reporter 

protein. In the case of PcPV1, this expression was maintained over several weeks. In an 

immunization study, mice were vaccinated in a heterologous prime-boost regimen, 

intramuscularly and intranasally applying a vaccine plasmid coding for the RSV F-protein 

packaged in MfPV11 and PcPV1 pseudovirions. In comparison to non-vaccinated mice, 

immunized mice showed a significantly decreased viral load upon challenge with infectious RSV. 

The second approach studied in this thesis dealt with the development and analysis of a 

novel technology to produce killed vaccines. RSV was irradiated with low-energy electrons, and 

the required dose for complete inactivation was determined as 20kGy. Analysis of the remaining 

antigenicity after low-energy electron irradiation (LEEI) revealed that at least 70% of viral 

proteins were conserved during the process. The LEEI-treated RSV material was used in 

vaccination studies and yielded a strong immune response and protection against RSV upon 

challenge with infectious virus. Although the use of different adjuvants did modify the immune 

response, it did not significantly influence the protective efficacy of the LEEI-RSV vaccine. 
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2 INTRODUCTION 

 

A vaccine against the Respiratory Syncytial Virus (RSV) is urgently needed. To date, there 

is no vaccine against RSV available on the market. RSV is one of the leading causes of child 

mortality, especially in developing countries (Nair et al., 2010), but also presents a substantial 

issue in the elderly population (Falsey et al., 2005). In the hope that a two-pronged approach 

might increase the chances of developing a viable vaccine, two distinct research projects were 

conducted. 

The first project aimed at developing a platform based on non-human papillomaviruses 

for viral delivery of genetic vaccines. Despite the many advantages of DNA-vaccines, there is 

currently no licensed genetic vaccine available for use in humans. The main issue lies in the 

application of genetic material, which is very inefficient when delivered by plain intramuscular 

injection. Human papillomavirus (HPV) has already been successfully used for the delivery of a 

vaccine plasmid (Graham et al., 2010). However, due to vaccinations against HPV, as well as 

natural infections, HPV is not a suitable vector for genetic vaccines. Therefore, ten different non-

human papillomaviruses were tested for their ability to form pseudovirion particles, package a 

reporter- or vaccine plasmid inside and deliver the plasmid in vitro and in vivo.  

Secondly, low-energy electron irradiation was tested as inactivation method for RSV with 

the goal of using the killed virus as vaccine. There is no vaccine against RSV available on the 

market yet, although the need is high. RSV is one of the leading causes of child mortality, 

especially in developing countries, but also presents a substantial issue in the elderly population  

Low-energy electron irradiation (LEEI) shows promise as a fast and gentle inactivation method 

for various pathogens (Fertey et al., 2016). RSV was subjected to LEEI, and tested as a vaccine in 

combination with a number of adjuvants for its ability to elicit an immune response and confer 

protection upon challenge in mice. 
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2.1 Vaccine immunology – an overview  

The immune system of jawed vertebrates comprises two interlinked parts – the innate 

immune system and the adaptive (or acquired) immune system. The innate system detects 

invading pathogens through molecular-sensing mechanisms such as pattern recognition 

receptors (PRRs), and uses soluble effectors such as complement, and cellular players such as 

natural killer cells, monocytes, neutrophils, eosinophils, macrophages and dendritic cells (DCs). 

The role of the adaptive immune system is to form the second line of defense, which is antigen-

specific and includes antibodies, cytokines and cytolytic molecules as effectors (Murphy, K., 

Travers, P., Walport, M., & Janeway, C., 2011).  

Whenever a pathogen – both during an infection and in a vaccination scenario – enters 

the human body, it is first taken up by immature APCs such as macrophages or dendritic cells. 

Through PRRs expressed by the cells of the innate immune system, pathogen-associated 

molecular pattern (PAMPs) are recognized. There are four families of PRRs: toll-like receptors 

(TLR), nucleotide oligomerisation receptors (NLR), RIG-1 like receptors (RLR) and c-type lectin 

receptors (CLR). Signaling through these receptors leads to the expression of pro-inflammatory 

molecules, antimicrobial factors and chemotactic signals. This first response allows the invading 

pathogens to be damaged, and to recruit more supporting immune cells. In addition, APCs – DCs 

being the most specialized among them – process the antigens that they have taken up and carry 

them to the lymph node. This is where APCs bridge the innate and adaptive immune responses.  

The DC’s major histocompatibility complex (MHC) class II molecules present the antigen 

fragments on the cell’s surface, allowing an interaction with the receptors of immature B- and 

T-cells in the lymph node. T-cells cannot recognize pathogens on their own, but need the 

presentation by APCs. A naïve T-cell expresses a unique antigen-specific receptor, but activation 

of the T-cell occurs only once the T-cell receptor binds to the antigen presented by an APC’s 

MHC molecule. T-cells characterized by expressing the cluster of differentiation (CD)4 cell 

surface protein (CD4+ T-cells) are also referred to as helper T-cells (Th-cells) and primarily act by 

secreting cytokines. Several subgroups have been identified, characterized by the types of 

cytokines they secrete. Th1 and Th2 are the most intensely studied subgroups. CD4+ T-cells of 

the Th1 subgroup secrete mainly IFNγ, which restricts pathogen survival and spreading, and 

stimulates the differentiation of cytolytic cells. Th2 cells are primarily involved in the response 

to extracellular pathogens and parasites, and activate innate cells like eosinophils and mast cells 

by secreting cytokines. The activation of CD4+ T-cells is critical for the effective launch of the 

adaptive immune response. The antibody-producing B-cells and CD8-expressing cytolytic T-cells 

typically characterize the two effector cell populations.  
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CD8+ cells make use of the 

fact that MHC class I molecules are 

found on any nucleated cell, 

presenting fragments of 

intracellular proteins. CD8+ cells 

have the ability to detect 

pathogen-derived fragments 

presented on MHC I and to 

eliminate the infected cell, thereby 

interrupting the intracellular 

replication of the pathogen.  

B-cells express a unique 

antigen receptor on their surface, 

which – in contrast to T 

lymphocytes – can bind directly to 

antigens without prior 

presentation by APCs.  After 

binding of an antigen to the B-cell 

receptor, B-cells proliferate and 

differentiate into plasma cells, 

producing large amounts of 

antibodies, which are simply a 

soluble form of the B-cell receptor. 

Antibodies exert their function by 

binding directly to the surface of 

antigens, thereby blocking the 

infection of host cells, and 

furthermore by binding and 

therefore neutralizing toxins. 

Additionally, antigen binding can 

facilitate pathogen internalization by phagocytes (“opsonisation”), activate granulocytes and 

recruit effector molecules such as complement. Although a T-cell independent response is 

possible, optimal B-cell activation and production of high affinity antibodies is only achieved 

upon simultaneous activation of CD4+ T-cells (Murphy, K., Travers, P., Walport, M., & Janeway, 

C., 2011).  

Figure 2.1-1 - The summarized human immune response 

The innate immune response is initiated by immature 
innate immune cells upon entry of a pathogen (1) as they 
differentiate and travel to the lymph node (2). APCs 
activate T-cells (3-5) and naïve B-cells differentiate into 
plasma cells after activation by CD4+ T-cells. CD4+ T-cells 
further activate tissue-resident macrophages (7). 
Antibodies function as neutralizer of pathogens (9) and as 
enhancer of innate cells (8). Cytotoxic T-cells kill infected 
cells (10) and support the stimulation of phagocytes to 
eliminate intracellular pathogens (11).  

(Leo et al., 2011) 
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In the case of 

both B- and T-

lymphocytes, some of 

these cells differentiate 

into effector cells and 

become antibody-

producing plasma cells 

and cytokine-producing 

T-cells, respectively. A 

portion of the cells will 

become “memory cells”, 

which have the ability to 

survive a long time. Upon 

secondary exposure to an 

antigen, the memory cells 

expand and differentiate 

rapidly, providing a 

strong immune response 

including high levels of 

specific antibodies. It is 

this immune memory on 

which all effective 

vaccines are based (Leo 

et al., 2011).  

  

 

 

  

 

  

 

Figure 2.1-2 - Primary and memory immune response 

Upon the first encounter with an antigen, e.g. in a prime vaccination, 
processing of innate immune system and presenting to cells of the 
adaptive immune system (“bridging by APCs”) takes up days to 
weeks. The resulting memory cell population remains for long 
periods of time. Subsequent exposure to the antigen, e.g. during the 
booster vaccination, the innate immune system will briefly be 
activated, followed by a rapid and strong  adaptive immune 
response. 

IgM – immunoglobulin M, IgG, immunoglobulin G. 

(Leo et al., 2011) 
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2.2 A brief history of vaccine technologies 

Together with improved hygiene, vaccines have been the most effective measure against 

infectious diseases as they have drastically reduced the occurrence of many once common 

ailments. A true success story of vaccines, the WHO announced the eradication of smallpox in 

1979 due to successful vaccination campaigns (Breman et al., 1980). Interestingly, smallpox is 

the virus, with which the development of vaccines began. The Chinese are reported to have been 

the first to inoculate humans with dried cowpox to prevent smallpox. Edward Jenner was then 

the first to conduct studies to show that inoculation with material from cowpox blisters elicits 

immunity against smallpox in 1796 (Riedel, 2005). 

It then took about 100 years to develop the next vaccine, the rabies vaccine. Unlike 

Edward Jenner, who had no knowledge of the viral nature of smallpox, subsequent discoveries 

of the pathogen preceded the development of the respective vaccine in most cases (Bonanni 

and Santos, 2011). First vaccines were developed against diseases with high morbidity and 

mortality, such as smallpox, diphtheria and tetanus. Other important targets were “battlefield 

diseases” such as typhoid fever, plague and cholera. Today, the development of vaccines against 

pathogens causing morbidity and mortality is complemented by the addition of therapeutic 

vaccines. 

When new vaccines are developed, the most direct approach is chosen first, which 

usually involves the whole pathogen. If safety, immunogenicity or practicability issues make this 

impossible, alternative strategies are employed, such as subunit and recombinant protein 

vaccines. The various vaccines and their technologies that have been developed over the last 

decades are summarized in Figure 2.2-1. 
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Figure 2.2-1 - Vaccines and technologies 

Development of new vaccine technologies in the past centuries (Bonanni and Santos, 2011) 
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2.3 Inactivated vaccines 

Typhoid, cholera and plague were the first pathogens against which inactivated vaccines 

were developed. In contrast to live attenuated vaccines, inactivated or killed vaccines do not 

present any residual risk of causing an infection or reverting back to virulent mutations of the 

vaccine strain. In inactivated vaccines, there is no selection of the most immunogenic antigen, 

as the whole pathogen is present in the vaccine preparation. 

An old and still very common method for inactivation is the incubation with chemicals 

such as formaldehyde or β-propiolactone (Goldstein and Tauraso, 1970). The process of 

chemical inactivation using formaldehyde, however, leads to cross-linking of protein structures 

(FRAENKEL-CONRAT and OLCOTT, 1948) and therefore often negatively impacts the antigenicity 

of the resulting vaccine. Apart from the altering properties of the chemicals, the incubation 

usually takes up several days, and in some cases even weeks, to ensure inactivation. Following 

inactivation, the chemicals often have to be removed in labor-intensive downstream processes 

to avoid toxicity in the patient.  

Various irradiation methods have been employed as alternatives to inactivate pathogens 

for vaccine production. One suitable method is gamma- or high-energy electron irradiation, 

which inactivates pathogens by damaging nucleic acids rather than protein structures (Seo, 

2015). During gamma-irradiation, large amounts of X-rays and secondary radiation are emitted, 

necessitating extensive shielding. Successful inactivation can also be achieved using ultraviolet 

light, but substantial degradation of proteins is observed here (Delrue et al., 2009). Low-energy 

electron irradiation (LEEI) presents another irradiation method for pathogen inactivation, 

circumventing the use of any possibly structure-altering chemicals. 

2.3.1 Low-energy electron irradiation (LEEI) 

Low-energy electron irradiation has the ability to induce single and double strand breaks 

in DNA (Boudaïffa et al., 2000), while protein structures remain largely intact (Fertey et al., 

2016). During LEEI, only low amounts of X-rays are emitted as a byproduct, which allows LEEI to 

be integrated into standard laboratories, including high biosafety level or GMP environments. 

Until now, LEEI has mainly been used for surface sterilization (Wetzel et al., 2010) due to its low 

penetration depth. In order for a liquid solution to be completely irradiated by LEEI, it has to be 

present as thin liquid film with a depth of less than 1mm. It has previously been shown that LEEI 

can be used for inactivation of both viruses and bacteria. Vaccination with LEEI-inactivated 

Influenza H3N8 induced an effective immune response and protection after challenge with 

H3N8 virus in mice (Fertey et al., 2016). 
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2.4 Adjuvants  

Inactivated vaccines usually require repeated vaccination and the addition of an adjuvant 

for the vaccine to elicit a solid immune response (Garçon et al., 2011). Derived from the Latin 

word adjuvare, to help, an immunological adjuvant is defined by the National Cancer Institute 

as “a substance used to help boost the immune response to a vaccine so that less vaccine is 

needed” (NIH National Cancer Institute). Especially in neonates and the elderly, vaccines often 

do not work optimally. The immune systems of these populations are characterized by a reduced 

antigen-uptake and -presentation by APCs, as well as compromised responses by the adaptive 

immune system (Simon et al., 2015). Adjuvants are therefore especially important in vaccines 

targeting these populations to induce an immune response. In general, adjuvants are used to 

trigger the innate immune system in order to increase the recruitment of immune cells and the 

local cytokine response.   

The 1920s witnessed a great advance in the vaccine research, when Alexander Glenny and 

Gaston Ramon discovered that addition of starch could substantially increase immune responses 

and antibody titers. Shortly thereafter, Glenny successfully tested aluminum salts for the 

precipitation of diphtheria toxoid for the immunization of rabbits (Glenny et al., 1931). To this 

day, aluminum salts remain the most commonly used adjuvants in vaccines and until recently 

represented the only licensed adjuvant (Kool et al., 2012). One of the main limitations of 

aluminum salts is their low effectivity in the induction of a Th1 type or cytotoxic T-cell response, 

as they exert a bias towards a Th2 response and antibody production (Didierlaurent et al., 2009). 

It has been shown that alum induces the secretion of IL-1β and IL-18, but conflicting reports 

exist whether the Nalp3 inflammasome is necessary for the adjuvant effect of alum (Eisenbarth 

et al., 2008; Franchi and Núñez, 2008). Although alum is the most frequently used adjuvant, the 

underlying mechanisms of its adjuvant properties are not yet entirely clear.  

In 1997, the new adjuvant MF59 was approved in Europe. In the meantime, the MF59 

adjuvanted influenza vaccine “Fluad” has been licensed worldwide in more than 20 countries  

(O'Hagan et al., 2012). MF59 is a squalene-based oil-in-water nano-emulsion (Banzhoff et al., 

2009), which induces an inflammatory response by recruiting and activating antigen presenting 

cells. Due to an increased uptake of antigens by monoycytes and enhanced differentiation 

towards a mature phenotype, MF59 elicits a higher antibody and T-cell response in comparison 

to aluminum salts (Seubert et al., 2008). Besides MF59, further emulsion adjuvants are in 

development or in clinical trials. Montanide is a water-in-oil emulsion composed of mineral oil 

and mannide-mono-oleate as emulsifier. Although it has been shown to induce a strong immune 

response, Montanide is used mainly in immunotherapy because of mild to severe local reactions 

(Aucouturier et al., 2002).   

QuilA, which is only licensed for veterinary vaccines due to toxicity and high local 

reactogenicity, is a saponin extracted from the bark of the Quillaja saponaria tree (McKee et al., 
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2007).  QuilA and its more tolerable derivative QS21 have been shown to stimulate a Th1 

immune response by induction of  IL-2 and IFN-γ, and to enhance the production of cytotoxic T-

cells (Sun et al., 2009; Zhu and Tuo, 2016). There are two QS21-containing adjuvant mixtures, 

AS01 and AS02, which are currently being evaluated as part of different vaccine approaches in 

clinical trials (Garçon et al., 2007).  

The development of novel adjuvants is not only motivated by the search for greater 

effectivity, but also to avoid unwanted side-effects, which can occur both locally and 

systemically. Swelling, local inflammation, pain, injection site necrosis, granulomas, 

lymphadenopathy, ulcers and the generation of sterile abscesses are examples of local reactions. 

Systemic side-effects include fever, nausea, eosinophilia, adjuvant arthritis, uveitis, anaphylaxis, 

allergy, organ specific toxicity and immunopathology. Often, a strong adjuvant effect correlates 

with enhanced toxicity. Although very potent, Freund’s complete adjuvant, for example, is too 

toxic to be used in humans (Petrovsky and Aguilar, 2004). In 2011, Shoenfeld and Agmon-Levin 

coined the term “ASIA – Autoimmune/inflammatory Syndrome Induced by Adjuvants”, a new 

syndrome, which describes a number of clinical conditions that are associated with the 

administration of adjuvants. One major criterion for ASIA is the exposure to an external stimulus, 

including vaccines, infections, adjuvants and silicone. Typical clinical manifestations are  myalgia, 

myositis or muscle weakness, arthralgia and/or arthritis, chronic fatigue, neurological 

manifestations, cognitive impairment and pyrexia (Shoenfeld and Agmon-Levin, 2011). ASIA as 

a syndrome is however criticized for its ambiguous defining characteristics (Hawkes et al., 2015). 

The more detailed insights into the mechanisms of the innate immune system that are available 

now have inspired the development of new adjuvants. In a more rational approach, PRRs are 

addressed directly to induce a good innate immune response.  

The poly-lysine stabilized, synthetic analog of double-stranded RNA Poly IC:LC leads to the 

activation of the innate immune system by binding to TLR3 (Matsumoto and Seya, 2008) and to 

the melanoma differentiation-associated protein 5 (MDA-5) (Andrejeva et al., 2004). As double-

stranded RNA often presents a sign of virus infection, it induces the production of inflammatory 

cytokines and type I interferon (Akira et al., 2006; Gürtler and Bowie, 2013). Vaccination studies 

in rhesus macaques with Poly IC:LC showed its ability to induce Th1 and humoral immune 

responses (Stahl-Hennig et al., 2009). Poly IC:LC has been evaluated in clinical trials (Sabbatini et 

al., 2012), but is neither approved for veterinary nor human use. Another example of TLR-

mediated adjuvants are synthetic oligodeoxynucleotides containing unmethylated CpG motifs, 

which are typically found in bacterial DNA. Binding of CpG DNA to TLR9 triggers an intracellular 

signal cascade, which leads to an NF-κB-mediated expression of inflammatory cytokines (Bode 

et al., 2011).  

Newer approaches in the field of adjuvant development include combination adjuvants, 

which contain between two and three individual adjuvant components, as opposed to only one-
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component adjuvants. Recently, a number of vaccines with new types of adjuvants have entered 

the market. One example is Adjuvant System (AS) 04, which is one of the newer generation 

adjuvants that is licensed for use in human vaccines. Here, aluminum salts are combined with 

the TLR4 agonist monophosphoryl lipid A (MPL). MPL causes APC maturation by TLR4 

stimulation. Consequently, cytokine expression is induced, leading to the stimulation of T helper 

cells, which then produce a Th1 immune response. The aluminum salts were found to prolong 

the MPL-induced cytokine response (Didierlaurent et al., 2009). AS04 can therefore be seen as 

a successful modification of the traditional alum, shifting the induced immune response from 

Th2 to Th1. Another combination adjuvant platform (TriAdj) is comprised of a TLR agonist and a 

host defense peptide in a polyphosphazene carrier system. TriAdj has been tested in a number 

of different animals and has been shown to induce long-lasting humoral and cellular immunity 

against numerous infectious pathogens (Garg et al., 2017).  
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2.5 DNA vaccines 

Vaccines based on nucleic acids have been gaining popularity due to the cheap 

production, easy adaptation and high room temperature stability of vaccine plasmids. Another 

main advantage is that the vaccinated individual itself expresses the encoded antigens, thereby 

ensuring the correct folding and post-translational modifications of the protein. Antigen-

presentation via MHC I and MHC II triggers the activation of both cellular and humoral immune 

response (Grunwald and Ulbert, 2015; Liu, 2011).  

The main hurdle with DNA vaccines lies in its application. When naked DNA is injected into 

the muscle, it is taken up by cells to a reasonable degree in rodents, leading to subsequent 

expression (Dupuis et al., 2000). In larger animals, especially non-human primates, however, 

additional stimuli are required to aid the uptake of the DNA. 

Electroporation presents one of the most powerful tools to enhance DNA-uptake (Dey and 

Srivastava, 2011; Widera et al., 2000). In this method, needle electrodes are introduced into the 

skin or muscle after injection of the DNA, and an electric current is applied, making the cell 

membranes temporarily permeable and allowing the DNA to enter the cells (Grunwald and 

Ulbert, 2015).  

Importantly, the antigen does not have to be produced by an APC. Crosspriming allows 

for the antigen to be transferred by cells such as muscle cells to professional APCs in order to 

generate an MHC class I-restricted cytolytic T lymphocyte response (Fu et al., 1997). Effective as 

it may be, electroporation relies on special equipment and is a painful and invasive procedure, 

requiring local anesthesia (Otten et al., 2004).  

Several other developments have contributed to finding a solution to the problem of DNA-

delivery. Physical methods include devices such as the pressure injector, gene gun (Fynan et al., 

1993) or DNA tattooing (Pokorna et al., 2008). Chemical formulations such as polyethyleneimine 

(Pai Kasturi et al., 2006), block copolymers (Caputo et al., 2003) and cationic liposomes (Locher 

et al., 2003) are also used. While physical methods have the disadvantage of being highly 

dependent on specialized equipment, chemicals for DNA delivery are often cytotoxic (Kafil and 

Omidi, 2011).   
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2.6 Viral vectors 

Viral vectors have been widely explored for their application as vaccines. The main 

considerations for the choice of virus are: 1) pre-existing immunity against the virus that is used 

as vector, 2) immunogenicity, 3) the size of foreign genomic insert that can be integrated into 

the viral genome, 4) replication competency of the vector, 5) chromosomal integration of the 

viral genome and 6) titer yields. While replicating vectors are usually considerably more 

immunogenic than non-replicating ones, replication-defective viruses are much safer. For gene 

therapy applications, viruses that integrate their genome into the human genome are an option.  

However, transient expression is favorable for vaccines, avoiding the risk of cancerous mutations 

(Ura et al., 2014). 

A broad range of viruses has been used as viral vectors, including poxviruses, 

adenoviruses, alphaviruses, adeno-associated virus, vesicular stomatitis virus, measles virus, 

poliovirus and hepatitis B virus (Bråve et al., 2007). The most intensely used viral vectors, which 

have also been evaluated in clinical trials for different applications, are human adenovirus 

serotype 5 (Ad5), modified vaccinia virus Ankara (MVA) and adeno-associated virus (AAV) (Nieto 

and Salvetti, 2014; Ura et al., 2014). The use of AAVs is limited by their pre-existing immunity in 

humans, but several AAV serotypes have experimentally been explored for their use as vaccines 

(Nieto and Salvetti, 2014). For gene therapy, more than fifty candidates based on recombinant 

AAV are currently in different stages of clinical trials. “Glybera” is the only AAV gene therapy that 

is approved in Europe (Naso et al., 2017).  

Viral vectors for DNA-delivery employ a slightly different technology than the viral 

vectors that incorporate a gene of interest: Instead of being an integrated part of the genome 

of the viral vector, the antigen-coding sequence is present on an episomal plasmid, while viral 

DNA is entirely absent. The idea here is that the virus functions simply as a delivery vehicle to 

introduce the plasmid into the cell. This approach allows the viral vector to become a very 

versatile tool, as only the plasmid needs to be exchanged for a new vaccine target, and the 

insertion step of the antigen sequence into the viral genome is omitted. This has previously been 

done with polyoma and papilloma viruses (Graham et al., 2010; Krauzewicz et al., 2000). Both 

are non-enveloped double-stranded DNA viruses with a circular genome, making them 

interesting candidates for the packaging and delivery of plasmid DNA. 

2.6.1 Papillomaviruses as viral vectors 

Papillomaviruses have several characteristics that make them promising candidates as 

DNA delivery vectors. They are quite stable, as they are not enveloped, and have the ability to 

package foreign DNA of at least 8kbp without specific packaging sequences (Buck et al., 2004; 

Xu et al., 2006). Some papillomaviruses infect mucosal tissue (Villiers et al., 2004), opening up 
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the possibility to use them for gene-delivery via the mucosa. Human papillomaviruses (HPV), 

especially type 16, have been used successfully as gene delivery vectors for transduction of 

various cell lines (Touze and Coursaget, 1998) and in vaccination studies targeting the mucosa 

(Graham et al., 2010) and the skin (Kines et al., 2015).  

However, virus like particles (VLPs) of different papillomavirus types are increasingly being 

added to vaccines against HPV. Merck’s “Gardasil 9” was approved by the FDA in December 

2014 and contains VLPs of nine HPV types, 6, 11, 16, 18, 31, 33, 45, 52, and 58 (Merck, 2015). 

Consequently, these papillomavirus types cannot be used as gene carriers in Gardasil 9 

vaccinated individuals. Apart from vaccine-induced immunity, natural HPV infections occur 

frequently, rendering HPV a rather unreliable vector for DNA-vaccine delivery in the general 

population. Most research on papillomaviruses has been performed on human papillomavirus 

due to their cancerogenic potential, but a large number of animal papillomaviruses has also been 

described. 260 different papillomavirus types were identified by 2013, 112 of them non-human 

(Rector and van Ranst, 2013).  

Naturally, papillomaviruses only replicate in the basal cells of the stratified epithelium (Schiller 

et al., 2010), which has made it impossible so far to cultivate this virus in cell culture. Therefore, 

methods have been developed to produce papilloma VLPs and pseudovirions (PsVs) in order to 

study this virus.  

Although the nomenclature is sometimes not used uniformly in the literature, in this 

thesis the term “virus like particle” (“VLP”) refers to the papilloma virus capsid structure 

consisting of protein L1 or of both L1 and L2. In contrast to VLPs, PsVs do contain genomic 

material – such as a reporter or vaccine plasmid – and can thus be used for the transfer of this 

genetic material.  

 

The papillomavirus capsid consists of two proteins, 

major capsid L1 and minor capsid protein L2. L1 is arranged in 

pentamers, of which 72 are assembled on a T=7 icosahedral 

lattice to form the capsid, while L2 is found in 

substoichiometric amounts in the papilloma virion (Finnen et 

al., 2003). VLPs – as they are used for vaccines against HPV – 

are made up of only L1. L2 has been described to play a role in 

endosomal escape and is therefore necessary for infection 

(Roden et al., 2001; Richards et al., 2006). Additionally, the 

presence of L2 has been shown to increase the efficiency of 

DNA encapsidation (Zhao et al., 1998).   

 

 

 

Figure 2.6-1 - HPV16 VLP 

(Zhao et al., 2014) 
 



Introduction 

15 
 

 No specific receptor is known for the attachment of papillomaviruses to their target cells, 

but heparan sulfate proteoglycans (HSPGs) seem to be important primary attachment factors 

for epithelial cells (Giroglou et al., 2001). Interestingly, L1/L2 PsVs do not bind to or infect 

cultured primary keratinocytes (Day et al., 2008), and also have been found not to infect intact 

epithelial tissue in vivo (Roberts et al., 2007). The attachment to the cell induces conformational 

changes in the capsid protein L2, exposing a cleavage site for the endoprotease furin. After 

cleavage, L1 can bind to a receptor, which still remains to be identified (Figure 2.6-2). Uptake of 

the virion occurs by endocytosis.  

 

 

 

 

 

 

 

 

 

 

Figure 2.6-2 - Attachment of HPV virion 

After disruption of the basal membrane, HPV virions bind to HSPGs (A). Binding induces a 
conformational change, allowing proprotein convertases like furin to cleave a site on L2 (B). After 
cleavage, a previously unexposed region of L1 binds to a secondary receptor (unknown) on the edge 
of the epithelial cells (C). (Schiller et al., 2010) 

 

The precise mechanism of papillomavirus endocytosis is not yet entirely clear. While 

some studies suggest that endocytosis of HPV16 is mediated by clathrin (Day et al., 2003), 

caveolin (Laniosz et al., 2009) or dynamin-2 (Abban et al., 2008), others have found the virus 

entry to be independent of clathrin, caveolin, cholesterol and dynamin (Schelhaas et al., 2012). 

In addition, various human papillomavirus types were reported to use different endocytosis 

pathways (Bousarghin et al., 2003), making it even more difficult to make assumptions about 

the exact endocytotic entry pathway used by the non-human papillomaviruses studied in this 

thesis.  
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Figure 2.6-3 - 

Internalization and 

intracellular trafficking of 

HPV 

The virus is transferred to a 
currently unknown 
receptor after binding to 
HSPGs and furin cleavage 
(A) and enters the cell 
using an endocytic 
pathway (B). Within 4h, the 
virus is found in the early 
endosome. The virus 
uncoats in the endosome 
within 12h, releasing the 
viral genome complexed 
with L2 (D). After 24h, the 
L2-genome complex will 

have trafficked through the cytoplasm, entering the nucleus (E). RNA transcription begins after the 
complex has co-localized with nuclear domain 10 (ND10) (F). (Schiller et al., 2010) 

 

 

Like most DNA viruses, papillomaviruses traverse the cytoplasm in order to enter the 

nucleus and start replication (Figure 2.6-3). After expression of the capsid proteins, L2 moves 

into the nucleus and localizes to nuclear substructure nuclear domain 10 (ND10). L1 joins several 

hours later, after L2 has induced the reorganization of ND10 (Florin et al., 2002). The nuclear 

localization signal (NLS) of L1 overlaps with its DNA-binding domain, which is crucial for the 

interaction with the DNA that will be packaged inside the capsid (Schäfer et al., 2002). 

In a natural infection, virus capsids mature in the superficial, dying keratinocytes, which 

provide an oxidizing environment due to the loss of mitochondrial oxidative phosphorylation 

(Doorbar et al., 2012). This allows the disulphide bonds between L1 proteins to accumulate, 

forming stable virions (Cardone et al., 2014; Finnen et al., 2003). Virion release is thought to be 

mediated by the abundant papillomavirus E4 protein, although this process has not been clearly 

unraveled (Doorbar et al., 2012). Papilloma VLPs or PsVs produced in cell culture do not leave 

the cell and have to be extracted by lysing the producer cells (Buck and Thompson, 2007).  
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2.7 Respiratory Syncytial Virus 

The respiratory syncytial virus (RSV) belongs to the paramyxoviridae, family 

pneumoviridae, genus orthopneumovirus. Human RSV was first isolated from infected children 

in 1957. It was named after its characteristics to infect the respiratory tract and its ability to form 

large syncytia in cell culture (CHANOCK et al., 1957; CHANOCK and FINBERG, 1957).  

 

 RSV is an enveloped, non-

segmented single-stranded RNA virus 

with a diameter of 150 to 250nm 

(Bächi and Howe, 1973). Its 11 proteins 

are encoded by 10 genes, two of which 

have overlapping open reading frames. 

The virus has two non-structural 

proteins (NS1 and NS2) and five 

structural proteins, the large protein 

(L), nucleocapsid protein (N), 

phosphoprotein (P), matrix protein (M) 

and the M2-1 protein. Three proteins 

are present in the viral envelope: the G 

glycoprotein, the fusion (F) glycoprotein and the small hydrophobic (SH) protein. The 

attachment to the host cell is mediated by the G protein, the F protein enables fusion and entry 

(Borchers et al., 2013).    

 

Today, RSV belongs to the most important pathogens causing upper and lower respiratory 

tract infections in humans. Young children and infants are especially affected, and RSV is the 

primary cause of hospitalization in this group (Meissner, 2016), resulting in 59,600 to 118,200 

deaths per year (Shi et al., 2017). Two further groups for which an RSV infection can have fatal 

consequences are the elderly (above the age of 65) and immune suppressed individuals (Falsey 

et al., 2005).  

 RSV exists as a single serotype with two major antigenic subgroups, A and B. Usually both 

subtypes circulate with one of them predominating (Gilca et al., 2006). It is generally assumed 

that every child will have been infected with RSV by the age of 2 years (Glezen et al., 1986). 

Symptoms of an infection range from mild lower respiratory tract disease or middle ear 

inflammation to severe and potentially life-threatening lower respiratory tract infection 

including bronchiolitis, pneumonia and croup. Reinfections occur commonly throughout life, but 

in adults and older children symptoms are often not present or affect only the upper respiratory 

tract (Hall et al., 2001). The only licensed treatment against RSV is the prophylactic 

 

 

Figure 2.7-1 - RSV particle, schematic 
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administration of the humanized monoclonal IgG1 antibody Palivizumab, which is directed 

against the F-protein (Hu and Robinson, 2010). Although Palivizumab has been shown to be 

effective in preventing RSV-associated disease, its use is limited to high risk children due to the 

great costs and the necessity of repeated administration (Homaira et al., 2014).       

Infection with RSV leads to the production of antibodies, but protective immunity is not 

conferred (Esposito et al., 2016). This is partially due to the mechanisms the virus has developed 

to evade the host immune system. Both the G and F protein induce neutralizing antibodies, but 

the intense glycosylation of G has been shown to hinder antibody recognition. Additionally, G is 

produced in a truncated, secreted form and can act as a decoy for neutralizing antibodies. NS1 

and NS2 have the ability to interfere with the production of type I interferons (IFNα and IFNβ), 

thereby impeding the innate immune response of virus infected cells (van Drunen Littel-van den 

Hurk, Sylvia and Watkiss, 2012).  

 

2.7.1 Vaccine candidates against RSV 

Although more than five decades of research have been invested, there is still no 

licensed vaccine against RSV on the market. The first vaccine candidate, based on formalin-

inactivated RSV, was tested in a clinical trial in 1966 with devastating consequences. Not only 

did the vaccine fail to induce protection, instead it caused an enhanced onset of the disease 

upon natural infection, leading to a hospitalization rate of 80% and even two fatalities (Kim et 

al., 1969). Post-mortem analyses revealed a predominance of mononuclear cells and neutrophils 

in the bronchial and bronchiolar epithelium (Prince et al., 2001). 

 Research that explains the exact mechanism behind the phenomenon of vaccine-

induced enhanced respiratory disease (ERD) is still ongoing. One hypothesis attributes ERD to 

inadequately designed antibodies due to the deformation of the virus by formaldehyde, leading 

to the production of poorly neutralizing antibodies (Moghaddam et al., 2006). Further studies 

have shown vaccination with FI-RSV to trigger an inappropriately Th2-biased immune response 

causing lung eosinophilia (Openshaw et al., 2001; Polack et al., 2002).  

Numerous novel vaccine approaches are currently being developed and evaluated 

(summarized in Figure 2.7-2). Among them we find the classical live-attenuated cold-passaged 

mutants, recombinant RS-virus with deletions of one or several virus proteins, vectored 

vaccines, and virus protein subunit and peptide vaccines. As vaccine-induced ERD is a much 

feared side effect of any RSV vaccine, a variety of adjuvants are included and examined for their 

ability to boost immunogenicity and in particular to avoid the induction of a Th2-skewed immune 

response. These adjuvants include monophosphoryl lipid A (Kamphuis et al., 2012), CpG 

oligodeoxynucleotides (Garlapati et al., 2012) and other PRR ligands (Shafique et al., 2012; Zeng 

et al., 2012). 
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Figure 2.7-2 - RSV vaccines in development  

Overview over RSV vaccines that are currently being developed in different stages (path, 2017).  

 

Several RSV vaccine candidates have moved to clinical phases, but only the RSV-F 

nanoparticle vaccine for maternal immunization by Novavax is in phase 3 (ClinicalTrials.gov, 

2018). In this trial, third trimester pregnant women are vaccinated with alum-adjuvanted F 

glycoprotein, with the goal of transplacental antibody transfer to provide immunity for the 

infants (Rezaee et al., 2017).   
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2.8 Motivation and goal 

In this thesis, two different methods for the development of novel vaccines against RSV 

were explored. Both approaches have the potential to be expanded as general vaccine 

platforms.  

 

 Part I deals with the establishment of a viral vector platform based on non-human 

papilloma pseudovirions (PsVs). The goal was to identify non-human papillomavirus candidates 

that could be produced as transducing PsVs in vitro by using the published DNA-sequences of 

the viral capsid proteins. Ultimately, this would allow us to develop the PsVs such that they could 

be applied as universal vectors, packaging a vaccine plasmid for a genetic vaccination inside. In 

the case of RSV, genetic vaccination using a codon-optimized sequence of RSV-F (Ternette et al., 

2007) has been shown to be highly effective in non-human primates (Grunwald et al., 2014). 

DNA-based vaccines have great potential due to their simple modification and cheap and fast 

production. Yet a method for safe and effective delivery – potentially both intramuscularly and 

via the mucosal route – is still lacking. In this thesis, selected non-human papilloma PsVs were 

tested in vitro and in vivo for their ability to transfer a reporter plasmid. Finally, two non-human 

papilloma PsVs were applied in vivo for the delivery of a vaccine plasmid in an immunization 

study against RSV.  

 

 Part II of this thesis seeks to evaluate a new pathogen-inactivation method for the 

production of killed vaccines. Low-energy electron irradiation (LEEI) has already been shown to 

effectively inactivate a number of pathogens, including viruses, bacteria and parasites (Fertey et 

al., 2016). As LEEI is a fast inactivation method without the use of any chemicals, it has great 

potential to be employed as new high-throughput system for killed-vaccine production. 

One goal was to analyze the quality of LEEI-inactivated RSV in terms of viral protein conservation. 

Further, the LEEI-RSV vaccine preparation was tested in mice, with subsequent analysis of the 

elicited humoral response and virus load after challenge. 
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3 MATERIALS AND METHODS 

Materials  

3.1 Reagents 

Carbenicillin Carl Roth 

Coelenterazin p.j.k 

DNA 100bp ladder NEB 

DNA 1kb ladder NEB 

DULBECCO’s Mod. Eagle Medium (DMEM) Gibco  

Fetal Bovine Serum (BSA) Thermo Scientific 

Hank's Balanced Salt Solution (HBSS)  Thermo Scientific 

Hygromycin SantaCruz 

Isofluran CP CP-Pharma  

Minimal Essential Medium (MEM) Gibco 

OptiPrep Progen 

Percoll GE Healthcare 

Phosphate-buffered saline (PBS), pH 7.4 Thermo Fisher Scientific 

Pierce ECL Thermo Scientific 

Polyethylenimine (PEI) Sigma-Aldrich 

Protein ladder ProSieve QuadColor Lonza 

RotiBlock Carl Roth 

SYBR green Thermo Fisher Scientific 

TMB ELISA Substrate BioLegend 

Trypsin/EDTA Thermo Scientific 

Tween-20 Carl Roth 

XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate Perkin Elmer 

 

Futher standard chemicals were purchased from Sigma-Aldrich and Carl Roth. 

 

3.1.1 Kits 

Bright-Glo™ Luciferase Assay System Promega 

EndoFree Plasmid Maxi Kit Qiagen 

E.Z.N.A. Plasmid Mini Kit Omega Biotek 

NucleoBond Plasmid PC500 Maxiprep Kit Macherey-Nagel 



Materials and Methods 

22 
 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 

QIAamp MinElute Virus Spin Kit Qiagen 

QIAamp Viral RNA Mini-Kit Qiagen 

QuantiNova SYBR Green PCR Kit Qiagen 

QuantitectTM Probe RT-PCR-Kit Qiagen 

TOPO® TA Cloning® Kit for Sequencing Thermo Fisher Scientific 

  

3.1.2 Enzymes 

DNase I NEB 

Benzonase Nuclease Santa Cruz 

Plasmid Safe Nuclease Biozym 

DNA Ligation Kit, Version 2.1 Takara 

Restriction Enzymes NEB 

 

3.1.3 Consumables 

Amersham Protran  nitrocellulose blotting membrane 0.2µm GE Healthcare  

Cell culture flasks (25cm2, 75cm2, 175cm2) Greiner BioOne  

Cell culture plates Greiner BioOne  

Cell scraper Greiner BioOne 

Falcon tubes (50ml and 15ml) VWR 

GentleMACS C-tubes Miltenyi Biotec 

Microcentrifuge tubes (1.5ml, 2ml) Greiner BioOne 

Nunc Immuno 96-microwell plates        MaxiSorp 

                                                                     PolySorp 

Fisher Scientific 

Pipette tips Greiner BioOne 

Polyallomer ultracentrifugation tubes (17ml and 36ml) Beranek 

Sterile filter pipette tips Greiner BioOne 

Sterile filters TPP 

Sterile serological pipettes Greiner BioOne 

Ultra-Clear tubes, 13x51 mm, thin-walled (5ml) Beranek 
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3.1.4 Primers 

Name Sequence Target 

GFP fwd 5' ATC CTG GTC GAG CTG GAC GG 3' 
EGPF 

GFP rev 5' GAC GTA GCC TTC GGG CAT GG 3' 

G.Luc fwd 5‘ TGT TTG CCC TGA TCT GCA TCG CTG 3‘ gaussia 

luciferase G.Luc rev 5‘ TGG CCC TGG ATC TTG CTG GC 3‘ 

IRES fwd 5’ GCT TGC GTG GTT GAA AGC GA 3’ 
IRES 

IRES rev 5’ TCC GAG GTT GGG ATT AGC CG  3’ 

Fsyn fwd 5’ GAG GAG GTG CTG GCT TAC GT 3’ 
Fsyn 

Fsyn rev 5’ GGC TGT TCA TGG TGT CGC AG 3’ 

MfPV11 L1 fwd 5’ GAT CAC CCT GAC CAC CGA AG 3’ 
MfPV11 L1 

MfPV11 L1 rev 5’ CTC GCT CTG CAC GAA TCT GT 3’ 

MfPV11 L2 fwd 5’ CGG CTG ATC ACC TTC GAC AA 3’ 
MfPV11 L2 

MfPV11 L2 rev 5’ CCC ACT CTG CTA TAC CGC AC 3’ 

PcPV1 L1 fwd 5’ CCA CCC ATT CTT CGA CAT CT 3’ 
PcPV1 L1 

PcPV1 L1 rev 5’ TTT CCA CGT CGC TGT ATC TG 3’ 

PcPV1 L2 fwd 5’ AGC TAC CCC GAA GAG TTG GT 3’ 
PcPV1 L2 

PcPV1 L2 rev 5’ GTC TTG TTA GGG TCG GTG GG 3’ 

RSA-1 5’ AGA TCA ACT TCT GTC ATC CAG CAA 3’ 
RSV N-protein 

RSA-2 5’ GCA CAT CAT AAT TAG GAG TAT CAAT 3’ 

K-s 5’ GAC CAT CTA GCG ACC TCC AC 3’ Primers for  

PAN-PCR K-random-s 5’ GAC CAT CTA GCG ACC TCC ACM NNM NM 3’ 

 

Primers were ordered from Thermo Fisher Scientific and Biomers.net.  

 

3.1.5 Antibodies 

Primary antibodies (monoclonal)   

MD2H11 

18F12 

3C4 

Papillomavirus L1 

RSV F-protein 

RSV P-protein 

Martin Müller, DKFZ 

Virology Dept., Bochum 

Virology Dept., Bochum 
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Secondary antibodies (polyclonal)   

Peroxidase AffiniPure Sheep  
Anti-Mouse IgG (H+L)  

Peroxidase-AffiniPure Donkey  
Anti-Human IgG 

HRP Rat Anti-Mouse IgG1 

HRP Rat Anti-Mouse IgG2a 

Anti mouse IgG 

 

Anti human IgG 

 

Anti mouse IgG1 

Anti mouse IgG2a 

Jackson Immuno (Dianova) 

 

Jackson Immuno (Dianova) 

 

BD Bioscience 

BD Bioscience 

 

3.1.6 Expression plasmids 

Name  Expressed  

protein 1 

Expressed  

protein 2 

Plasmid map 

pcD3.1+ MfPV11 L1-IRES-L2 MfPV11 L1 MfPV11 L2 Figure 7.1-1 

pcD3.1+ PcPV1 L1-IRES-L2 PcPV1 L1 PcPV1 L2 Figure 7.1-2 

pcD3.1+ MfPV11 L1-IRES-L2 

(Stuffer) 

MfPV11 L1 MfPV11 L2 Figure 7.1-4 

pcD3.1+ PcPV1 L1-IRES-L2 (Stuffer) PcPV1 L1 PcPV1 L2 Figure 7.1-3 

pCMV-G.Luc gaussia luciferase  - Figure 7.1-5 

pEGFP GFP - Figure 7.1-6 

pcLuc 13 firefly luciferase - Figure 7.1-7 

pVAX-Fsyn RSV-F - Figure 7.1-8 

pVAX-Fsyn plus PV insert RSV-F - Figure 7.1-9 

pcD3.1+ MfPV11 L1-IRES-G.Luc MfPV11 L1 G.Luc Figure 7.1-11 

pcD3.1+ G.Luc-IRES-MfPV11 L2 G.Luc MfPV11 L2 Figure 7.1-12 

pcD3.1+ PcPV1 L1-IRES-G.Luc PcPV1 L1 G.Luc  

pcD3.1+ G.Luc-IRES-PcPV1 L2 G.Luc PcPV1 L2  

pcD3.1+ MfPV11 L1-IRES-Fsyn MfPV11 L1 RSV-F  

pcD3.1+ Fsyn-IRES-MfPV11 L2 RSV-F MfPV11 L2  

pcD3.1+ PcPV1 L1-IRES-Fsyn PcPV1 L1 RSV-F Figure 7.1-13 

pcD3.1+ Fsyn-IRES-PcPV1 L2 RSV-F PcPV1 L2 Figure 7.1-14 
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3.1.7 Adjuvants 

Alhydrogel Invivogen 

AddaVax Invivogen 

QuilA Invivogen 

Poly IC:LC Oncovir 

  

3.1.8 Cell lines 

HEp2 Human epithelial cells 

from larynx carcinoma 

Virology Department, Bochum 

HEK293TT Human embryo kidney 

cells 

Produced by Chris Buck by stable transfection of 

HEK293T cells with a plasmid carrying a sequence 

for SV40 large T antigen;  

kind gift from Martin Müller, DKFZ Heidelberg 

 

3.1.9 Virus 

RSV/A long Laboratory isolate of the Respiratory 

Syncytial Virus, subgroup A, strain long 

ATCC (VR-26) 

rgRSV GFP-expressing Respiratory Syncytial Virus M. Peeples 

 

 

 

3.2 Devices  

Low-energy electron irradiation device 

EB Lab-200 (ebeam) 

 

COMET 

Incubator 

Hera Cell 240 

 

Thermo Scientific 

Clean Bench 

HERA Safe 

 

Heraeus 

Cell counting chamber 

Neubauer chamber 

 

Marienfeld 

Centrifuges  

Centrifuge 5424R 

Heraeus Multifuge 3SR+ 

 

Eppendorf 

Thermo Scientific 
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Chemiluminescence Imager 

Advanced Fluorescence Imager 

 

Intas Science Imaging 

ELISA Plate reader 

Tecan’s infinite plate reader 

 

Tecan 

ELISA Plate washer 

Hydroflex 

 

Tecan 

Fridges and freezers 

Fridge MedLine -20°C 

Deep freezer VIP Series -86 

Deep freezer Forma -86C ULT Freezer 

 

Liebherr 

Sanyo 

Thermo Scientific 

Homogenizer 

gentleMACS 

 

Miltenyi Biotec 

Luminometer 

Centro XS³ LB 960 Microplate Luminometer 

 

Berthold 

Microscope 

Light microscope DMIL 

Fluorescence microscope 

 

Leica 

Leica 

PCR cycler 

Light Cycler 

Applied Biosystems 

 

Roche 

ABI 

Photometer 

Nanodrop ND-1000 Spectrophotometer 

 

Peqlab (VWR) 

Rotors 

Surespin 630 

Sw55ti 

 

Thermo Scientific 

Beckman Coulter 

Shaker 

Benchtop incubator shaker New Brunswick Innova 

40 

 

Eppendorf 

Thermo cycler 

Biometra Tprofessional 

 

Analytik Jena  

Vortex 

VV3 

 

VWR 

Waterbath VWR 

Weigh scale 

Quintix2102-1S 

 

Sartorius 
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Methods 

3.3 Cell Culture  

3.3.1 Cultivating HEK293TT and HEp2 cells 

Cells were maintained in an incubator at 37°C, 5% CO2 and 90% humidity in T75 cell culture flasks 

with 12ml cell culture medium. For HEK293TT cells, 400µg/ml Hygromycin were added for 

selection to maintain stable transfection with a plasmid containing a sequencing coding for the 

SV40 large T antigen. To split or seed cells, old media was removed, cells were washed with PBS 

and detached by incubation with trypsin/EDTA. Cells were counted using a Neubauer chamber 

and seeded in the desired amount. 

 

Standard cell culture medium 

DMEM with 4.5g/l glucose, 110mg/l sodium pyruvate and GlutaMAX  
10% FBS 
100U/ml penicillin and 100µg/ml streptomycin (pen/strep) 

 

3.3.2 PEI-Transfection 

Polyethylenimine (PEI) was used to transfect cells that were seeded on the previous day. 

6x106 cells were seeded in a T75 flask. For transfection, a total of 38µg DNA was mixed with 1ml 

of DMEM supplemented with penecillin/streptomycin. 50µl of 1mg/ml PEI was added, mixed 

and incubated at RT for 10min. Cell culture media on the cells was changed to 10ml DMEM + 1% 

FBS + pen/strep. After addition of the transfection mix, cells were incubated over night at 37°C, 

5% CO2. Approximately 44 hours after transfection, cells were harvested.  

3.3.3 Harvest of VLPs and PsVs 

Cells were harvested by scraping with a cell scraper. The collected the cell-medium 

suspension was centrifuged at 200g for 10min at 4°C. The cell culture supernatant was 

discarded, the cell pellet was resuspended in 1ml PBS with an additional 9.5mM MgCl2 (PBS-Mg) 

and subsequently transferred into a siliconized 1.5ml microcentrifuge tube.  After centrifugation 

at 200g for 10min at 4°C, the supernatant was discarded and the volume of the cell pellet was 

determined by side-by-side comparison with tubes containing defined volumes of liquid.  The 

cell pellet was then resuspended in 1.4 volumes of PBS-Mg. 10% Triton-X 100 (1/20th of the 

volume), 1M ammonium sulfate, pH 9 (1/40th of the volume) and 1M HEPES (1/100th of the 

volume) were added, leading to final concentrations of 0.5% Triton-X 100, 25mM ammonium 

sulfate and 10mM HEPES. To digest free DNA and plasmids, 0.5µl Plasmid Safe endonuclease 
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and 0.5µl Benzonase nuclease were added to each tube. The PsV or VLP preparations were 

incubated at 37°C for 24h.  

For the second part of the VLPs/PsV harvest, tubes were briefly put on ice and 

subsequently centrifuged at 5000g for 15min at 4°C. The VLP/PsV containing supernatant was 

collected and kept on ice. The pellet was resuspended in 100µl PBS (PcPV1) or 100µl PBS/0.8M 

NaCl (all other PV types), centrifuged as above and the supernatant was added to the previously 

collected supernatant. This clarified lysate was stored at -80°C or immediately purified by 

ultracentrifugation. The remaining pellet was discarded. 

3.3.3.1 Purification by Ultracentrifugation  

Papilloma VLPs and PsVs were purified by OptiPrep density gradient ultracentrifugation. 

OptiPrep, which is a solution of 

60% iodixanol, was diluted 

using PBS (for PcPV1) or 

PBS/0.8M NaCl (for all other 

PVs) to 39%, 33% and 27%. 

Gradients were cast in 5ml 

sw55ti ultracentrifuge tubes 

by underlayering, such that 

39% is the bottom layer, 

followed by 33% and finally 

27% on the top. The clarified 

lysate was layered on top and 

ultracentrifuged using a 

Beckmann sw55ti rotor at 

50,000g for 3½ hours at 16°C.  

 

After the centrifugation, the most upper layer and 27% OptiPrep layer were removed. 

From here, 12 fraction were collected, containing 250µl each.  

Alternatively, ultracentrifugation with Percoll was used to purify HPV16 and MfPV11 

VLPs or PsVs. The clarified supernatant was layered on top of 4.5ml Percoll that has been diluted 

to 58.3% with PBS+0.8M NaCl in 5ml tubes. The centrifugation was carried out using an sw55ti 

rotor at 30,000 rpm at 16°C for one hour. Under these centrifugation conditions, Percoll forms 

a pellet. The liquid was removed from the tube, leaving only about 500µl above the pellet. The 

fraction right above the Percoll pellet contains the VLPs or PsVs, and was collected.  

 

Figure 3.3-1 - OptiPrep gradient and fractions after 

ultracentrifugation 
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3.3.4 Transduction with papilloma PsVs 

Transduction experiments with papilloma PsVs were conducted in 24- or 96-well plates. 

HEK293TT cells were seeded 24h before transduction at 8000 cells per well in 195µl standard 

cell culture media in 96-well plates or 50,000 cells per well in 24-well plates with 50µl cell culture 

media.  

The PsV suspension was directly mixed into the cell culture medium. In experiments 

where gaussia luciferase (G.Luc) was used as reporter, 20µl of the cell culture supernatant were 

collected and stored at -20°C until G.Luc assay was performed. This allows to check for free G.Luc 

present in the PsV suspension. 

In ι-carrageenan involving experiments, ι-carrageenan was dissolved in PBS, filter-

sterilized and added to the cell culture medium immediately before addition of PsVs.  

 

3.3.5 RSV propagation and titration 

For propagation of RSV/A2 and rgRSV, HEp2 cells were inoculated with an MOI of approx. 

0.1 in DMEM containing pen/strep. Virus containing medium was removed 3 hours after 

infection and replaced by DMEM with 1% FBS and pen/strep. The infected cells were incubated 

at 37°C for 2-3 days until formation of syncytia became visible. Cells and media were harvested 

using a cell scraper and centrifuged at 2,000rpm for 10min at 4°C. The supernatant was filtered 

through a 0.45µm filter and either immediately stored at -80°C or further purified by 

ultracentrifugation. 

3.3.5.1 Purification of RSV by ultracentrifugation 

5ml of 20% sucrose in PBS were filled in SureSpin™ 630 36ml-tubes or 2ml of 20% 

sucrose was filled in  SureSpin™ 630 17ml-tubes. RSV-containing media was layered on top of 

the sucrose cushion and ultracentrifugation was performed at 10,600rpm for 3h at 4°C. After 

centrifugation, the cell culture supernatant and sucrose were discarded and the pellet was 

resuspended in 200µl or 500µl of 10% sucrose in PBS. The purified virus was stored at -80°C. 

3.3.5.2 Titration for virus titer determination 

Virus titer was determined by serially diluting the virus in 10-fold steps in a 96-well plate 

before adding 10,000 HEp2 cells per well in 200µl DMEM with 1% FBS and pen/strep. After 

incubation at 37°C for 48h, virus infected cells were visualized by immunocytochemistry. For 

rgRSV, virus-infected cells were visualized by fluorescent microscope.  



Materials and Methods 

30 
 

3.3.5.3 Immunocytochemistry 

Media was removed, followed by a 10min fixation step with 80% ethanol and subsequent 

rehydration of the cells with PBS + 0.05% Tween20 (PBS-T). The primary antibody 3C4 (directed 

against RSV-P) was diluted 1:300 in PBS-T, added to each well and incubated at 37°C for 60min. 

After three wash steps with PBS-T, 1:500 diluted secondary antibody (sheep anti-mouse HRP) 

was added and incubated at 37°C for 60min. Three wash steps with PBS-T were followed by the 

addition of the AEC-substrate (phosphate-citrate buffer pH 5.0 with 0.2% AEC and 0.036% H2O2) 

and incubation at 37°C for 30min. Substrate was removed, A.dest was added and red RSV-

plaques were counted in the highest virus dilution at which infected cells were still detectable. 

 

AEC-substrate 

10ml phosphate-citrate buffer, pH 5.0 
200μl AEC (3-amino-9-ethylcarbazole); 1% in ethanol 
10μl 37% H2O2 

 

3.3.6 RSV virus neutralization assay 

To quantify the amount of RSV-neutralizing antibodies in mouse sera after vaccination, 

sera were diluted 1:6 in Hank’s buffered salt solution (HBSS) and incubated at 56°C for 30min to 

inactivate complement. Complement-inactivated sera were then serially diluted in a 1:2 manner 

in a 96-well plate and rgRSV was added at a titer of approx. 50 plaques per well. Virus and 

antibodies were allowed to interact during a 60min incubation at 37°C. Finally, 10,000 HEp2 cells 

in DMEM containing 1% FBS and pen/strep were added per well. Wells containing only HEp2 

cells and rgRSV without addition of serum were used as controls. After an incubation period of 

48h, GFP-positive cells were analyzed, determining the serum-dilution, at which 50% of rgRSV-

plaques compared to controls were detectable. This serum dilution was considered the IC50. 

Neutralization assays were always carried out in at least three independent experiments.  

 

 

 

 

  

Phosphate-citrate-buffer pH 5 

1.46g Na2HPO4 
1.02g C6H8O7 x H2O 
Ad 100ml H2O 
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3.4 Molecular Biology 

3.4.1 Cloning and plasmid preparation 

DNA sequences for papillomavirus L1 and L2, as well as an IRES sequence were ordered 

from GeneArt after codon optimization.  

Sequences were cloned into a pcDNA3.1+ backbone, transformed into DH5α E.coli and plated 

on agar plates containing 100µg/ml carbenicillin for selection. After over-night incubation at 

37°C, individual clones were picked and grown over night in 5ml LB-medium with 100µg/ml 

carbenicillin while shaking at 37°C. 2ml of the bacteria-suspension was used for plasmid isolation 

by mini prep.  

 

LB-medium 

1 % (w/v) tryptone 
0,5 % (w/v) yeast extract 
171mM NaCl 
pH 7.4 

 

3.4.2 Restriction digest and agarose-gel 

To verify the correct ligation of a plasmid, approx. 300ng of the plasmids was digested 

for 60min at 37°C using 0.5µl per restriction enzyme (NEB) and 2µl 10x CutSmart buffer in a total 

volume of 20µl. After addition of the loading buffer, samples were loaded onto a 1% agarose gel 

containing ethidium bromide and were run at 100V for one hour. The separated bands were 

visualized by UV light.  

 

 

 

 

 

3.4.3 Transformation 

Chemically competent DH5α E.coli were transformed by adding 10pg - 100ng plasmid 

and subsequent incubation for 30min on ice. Bacteria were heat shocked at 42°C for 1min and 

then put on ice for 2min. After addition of 900µl SOC-media, bacteria were shaken for 60min at 

37°C, 400rpm. Bacteria were plated on agar-plates containing antibiotics for selection.  

TAE buffer 

40mM Tris-HCl, pH 7.0 
1mM EDTA 

1% agarose gel 

0.5g agarose 
50ml TAE buffer 
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3.4.4 DNA-isolation from papilloma pseudovirus 

10µl of ultracentrifugation-purified papilloma PsV suspension was used for the isolation 

of packaged DNA. Prior to DNA extraction, a DNase I incubation step was performed to digest 

any free DNA that might still be present in the PsV suspension. 

 10µl PsV suspension 
 78µl A.dest 
 10µl 10x DNase I buffer (NEB) 
 2µl DNase I (NEB) 

The reaction mix was incubated at 37°C for 60min, followed by heat-inactivation of the enzyme 

at 75°C for 30min.  

The entire sample (100µl) was then used for the DNA-isolation using Qiagen Qiamp MinElute 

Virus Spin Kit following the manufacturer’s instructions. For the elution step, 100µl of AVE 

buffer was used. 

3.4.5 RNA isolation from mouse lungs 

Lungs were explanted into 2ml ice cold PBS in sterile homogenizer M-tubes and 

homogenized using a gentleMACS device. Homogenates were spun down at 2,000g for 5min at 

4°C and RNA was extracted from 140µl lung homogenate supernatant using the QIAamp-Viral-

RNA-Mini Kit following the manufacturer’s instructions.  

3.4.6 Quantitative PCR 

Quantitative PCR (qPCR) was used for the quantification of papilloma PsVs and reverse 

transcription quantitative PCR (RT-qPCR) was used for the quantification of RSV. In both cases, 

nucleic acids standards of known concentrations were included in each PCR plate. To create the 

standard curves, logarithms (base 10) of plasmid copy numbers were plotted against threshold 

cycle (Ct) values. The equation corresponding to the regression curve (least square fit) was used 

SOC-medium 

2 % (w/v) tryptone 
0,5 % (w/v) yeast extract 
10mM NaCl 
2.5M KCl 
10mM MgCl2 
10mM MgSO4 
20mM glucose 
pH 7.4 
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to calculate the absolute copy numbers in the samples based on the measured Ct values 

(Larionov et al., 2005).  

3.4.6.1 qPCR for quantification of PsVs 

Quantification of PsVs based on the encapsidated plasmids was done by quantitative PCR 

(qPCR) using the Qiagen QuantiNova SYBR-green qPCR Kit. As template, 5µl of the DNA isolated 

from PsVs was used (3.4.4). 

Standard curves with known amounts of plasmids were included to allow for absolute 

quantification. Plasmids were diluted to be present at 30, 300, 3x103, 3x104 and 3x105 per 5µl. 

Standard curves were measured in duplicates, while samples were measured in triplicates. 

Melting curve analysis was performed to ensure the specificity of the qPCR products.  

 

Table 3.4-1 - qPCR reaction mix (QuantiNova SYBR Green) 

Component  one reaction 

RNase-free water 1.6µl 

2x QuantiNova SYBR Green PCR mastermix 10µl 

QN Rox reference dye 2µl 

Primer (forward + reverse), 10µM 1.4µl 

DNA-template 5µl 

Total reaction volume 20µl 

 

qPCR measurements were performed using an ABI 7900HT cycler.  

 

Table 3.4-2 - Real time cycler conditions (ABI 7900HT) 

Step Duration Temperature 

Activation of polymerase 2min 95°C 

Denaturation 5sec 95°C 
35 cycles 

Annealing and elongation 20sec 60°C 

 

3.4.6.2 RT-qPCR for quantification of viral RNA 

Reverse transcription quantitative PCR (RT-qPCR) was used for the quantification of RSV-

RNA in mouse lungs. After RNA-isolation from RSV-infected mice (3.4.5), RNA was diluted to a 

concentration of 45ng per 5µl. In vitro transcribed RSV RNA was diluted to 5x106 to 50 copies 

per reaction (kindly provided by Vladimir Temchura and Klaus Überla, University of Bochum) and 

used as standard to allow absolute quantification.  
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 SYBR green was pre-diluted 1:500 in DMSO stored at -20°C. The pre-diluted SYBR green 

was again diluted 1:20 in RNAse-free water to yield the 20x solution that was then used to 

prepare the RT-qPCR reaction mix (QuantitectTM Probe RT-PCR-Kit, Qiagen).   

Table 3.4-3 - RT-qPCR reaction mix 

Component  one reaction 

RNase-free water 3µl 

2x QuantiTect Probe RT-PCR Master Mix 10 µl 

SYBR green (20x) 1 µl 

QuantiTect RT Mix 0.2 µl 

Primers RSA-1 (forward) and RSA-2 (reverse), 10µM 0.8µl 

RNA-sample 5µl 

Total reaction volume 20µl 

 

Reverse transcription followed by quantitative PCR measurements were performed using a 

Roche Light Cycler 480. 

 

Table 3.4-4 - Real-time cycler conditions (Light Cycler 480) 

Step Duration Temperature 

Reverse transcription 30min 50°C 

Deactivation of reverse transcriptase 

and activation of polymerase 

15min 95°C 

Denaturation 15sec 94°C 
40 cycles 

Annealing and elongation 60sec 60°C 

 

3.4.7 PAN-PCR 

Particle-associated nucleic acid- (PAN-)PCR is a random PCR that allows sequence-

independent amplification of nucleic acids, which is achieved by using primers with a 

degenerated 3’ end. The randomly amplified PCR products are then cloned into a plasmid and 

sequenced (Stang et al., 2005). 

For PAN-PCR, DNA was used that was extracted from purified PsVs (3.4.4). 

During the primer extension step, random primers are annealed and extended. 1µl of DNA was 

mixed with 19µl annealing buffer and random-K-s primers (at a final concentration of 5pmol) 

and incubated at 22°C over night. The reaction mix was then heated to 65°C for 15min to dissolve 

secondary structures. Primer extension was performed by adding 1U T4 polymerase and 5µl 
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extension buffer and incubation at 12°C for 20min. T4 polymerase was inactivated by heating to 

75°C for 10min. 

 Subsequently, 5µl of the primer extension product was PCR-amplified by adding 10µl 

PCR amplification mix and running under the following cycling conditions: 

 

 Table 3.4-5 - PAN-PCR cycling conditions 

Step Duration Temperature 

Activation of polymerase 5min 95°C 

Denaturation 30sec 95°C 
40 cycles 

Annealing and elongation 60sec 72°C 

Final elongation 15min 72°C  

 

 

 

The resulting amplicons was cloned into a TOPO TA plasmid. TOPO cloning allows cloning 

of DNA-fragments into a plasmid in a restriction site- and ligase-independent manner. Taq 

polymerase adds a single deoxyadenosine (A) to the 3’-end of the PCR product, which is used 

for TOPO cloning. The TOPO TA plasmid (Figure 7.1-15) is linearized and carries single 3’ 

thymidine (T) overhangs as well as topoisomerase covalently bound to the plasmid.  

Vaccinia virus topoisomerase I binds to double stranded DNA and cleaves the 

phosphodiester backbone of one strand after 5′-CCCTT (Shuman, 1991). The formation of a 

covalent bond between a tyrosyl residue of topoisomerase I and the 3′ phosphate of the cleaved 

strand conserves the energy of the cleaved phosphodiester bond. The 5′ hydroxyl of the original 

cleaved strand can attack the phospho-tyrosyl bond between the enzyme and the DNA, which 

reverses the reaction and releases the topoisomerase (Shuman, 1994). This reaction is used to 

clone PCR products that were amplified by Taq polymerase into a plasmid.  

TOPO-TA cloning was performed following the manufacturer’s instructions (Invitrogen).  

 The resulting plasmids were transformed into Dh5α E.coli, plated on an agar plate 

containing 100µg/ml carbenicillin for selection and incubated over night at 37°C. Clones were 

picked and grown in 5ml LB-medium with 100µg/ml carbenicillin over night at 37°C. After 

plasmid isolation, plasmids were digested with restriction enzymes NotI and SpeI, whose 

restriction sites flank the PCR product in the plasmid, and visualized on an agarose gel. Plasmids 

were sent to Eurofins Genomics for sequencing, using the M13 forward priming site. 

Annealing buffer 

50mM Tris-HCl (pH 7.8) 
10mM MgCl2 
10mM DTT 
10mM ATP 

Extension buffer 

240mM NaCl 
12mM MgCl2 
0.4mM (each) dNTPs 

PCR amplification mix 

0.4µM primer K-s 
0.2µM (each) dNTPs 
6.6mM Tris-HCl (pH 9.0) 
1mM MgCl2 
33.4mM KCl 
0.75U Taq polymerase 
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3.5 Biochemical and Analytical Methods 

3.5.1 BCA-Assay 

Bicinchoninic acid (BCA) assay was used to measure protein concentrations in PsV or VLP 

preparations. 20µl of the sample or standard was pipetted into a 96-well plate. As standard, 

bovine serum albumin (BSA) was diluted to concentrations ranging from 5µg/ml to 500µg/ml 

using either 33% OptiPrep or 58.3% Percoll in PBS/0.8M NaCl to match the medium the PsVs or 

VLPs are in. 190µl of the working reagent (50 parts of BCA reagent A and 1 part of BCA reagent 

B, Pierce BCA Protein Assay Kit) were added to each well. After incubation at 37°C for 60min, 

absorbance at 562nm was measured and concentrations were calculated using the standard 

curves. 

3.5.2 SDS-PAGE and Western Blot Analysis 

SDS-polyacrylamide gels were cast as described in Table 3.5-1. Loading buffer was added 

to the samples before incubation at 98°C for 5min. Samples were loaded and gels were run at 

80V until samples had passed the stacking gel. Voltage was then increased to 150V and gels were 

run until the dye from reached the bottom of the gel. 

  

Table 3.5-1 - SDS-PAGE 

 4x running gel (12%) 4x stacking gel (4%) 

30% acrylamide solution 24ml 2.68ml 

3M Tris-HCl, pH 8.8 7.5ml - 

0.5M Tris-HCl, pH 6.8 - 5ml 

10% (w/v) SDS solution 600µl 200µl 

A.dest 27.88ml 12.2ml 

10% (w/v) APS 340µl 114µl 

TEMED 50µl 14µl 

 

After separation by SDS-PAGE, proteins were transferred onto a nitrocellulose blotting 

membrane by tank-blotting. The blotting membrane was briefly equilibrated in transfer buffer 

before placing it bubble-free on top of the gel, sandwiching both between Whatman filter paper. 

The transfer was performed at 100V for 2 hours with cooling, allowing migration of the proteins 

from the gel (at the anode) to the membrane (at the cathode). 

The membrane was blocked for one hour at RT with blocking buffer before over night 

incubation with MD2H11 as primary antibody diluted 1:1,000 in blocking buffer at 4°C.   

MD2H11 is a mouse monoclonal antibody that was raised against a conserved sequence in 

human papillomavirus L1 protein. 
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 The membrane was washed three times with PBS containing 0.1% Tween (PBS-T) for 

5min each.  The HRP-conjugated secondary antibody (sheep anti-mouse) was diluted 1:5,000 in 

blocking buffer and incubated with the membrane at room temperature for 1.5 hours. After 

washing three times with PBS-T for 5min each, blots were developed using Pierce Enhanced 

Chemiluminescence (ECL) Substrate. Visualization was done using the Intas Advanced 

Fluorescence Imager. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

3.5.3 Luciferase-Assay 

72h after transduction with PsVs carrying pCMV-G.Luc as reporter plasmid, 20µl of cell 

culture supernatant was transferred into black luminometer plates. The substrate was prepared 

by 1:1,000 dilution of 2mM coelenterazine in luciferase assay buffer. Injection of 100µl substrate 

and measurement of relative light units for 1sec after 1sec delay was performed for each 

individual well using a Centro XS³ luminometer.  

Firefly luciferase assay was performed 72h after transduction of cells with PsVs carring 

pcLuc13 as reporter plasmid. Cells were lysed for 2min by adding Promega Bright-Glo reagent. 

Relative light units were measured within 5min after addition of the reagent using a Centro XS³ 

luminometer. 

 

Luciferase assay buffer 

1.1M NaCl  
220mM K2HPO4/KH2PO4 
0.44mg/ml BSA 
1.3mM NaN3 
pH 5 

1x SDS-PAGE running buffer 

100ml 10x SDS-PAGE running buffer 
10ml 10% SDS 
890ml A.dest 

 

6x Loading buffer 

3.75ml 1M Tris-HCl, pH 6.8 
0.75ml of A.dest 
1.5g SDS 
1.2ml 0.1% bromophenol blue 
6ml 100% glycerol 
3ml 14.3M β-mercaptoethanol (100% stock) 

Transfer Buffer 

80ml 10x SDS-PAGE running buffer 
200ml methanol 
720ml A.dest 

Blocking Buffer 

5% non-fat dry milk 
0.1% Tween-20 
in PBS 
720ml A.dest 

10x SDS-PAGE running buffer 

30.3g Tris 
144g glycine 
Ad 1l A.dest 
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3.5.4 ELISA  

3.5.4.1 ELISA for analysis of viral proteins 

Antigen recognition on RSV samples with and without irradiation or formaldehyde-

treatment was determined by direct enzyme-linked immunosorbent assay (ELISA). NUNC 

maxisorp 96-well plates were coated with dilutions of RSV in coating buffer in a total volume of 

100µl and incubated overnight at 4°C. Wells were blocked with 5% non-fat dry milk in PBS for 

one hour at RT. For detection of RSV F-protein, monoclonal antibody 18F12 was 1:200 diluted 

in 2% non-fat dry milk in PBS and 100µl were added to each well. Total virus protein was analyzed 

by using polyclonal serum from an RSV-infected individual as primary antibody in a 1:5,000 

dilution. After a 2h-incubation at RT, plates were washed three times with PBS-T, and 1:1,000 

diluted sheep anti-mouse HRP secondary antibody or 1:5,000 diluted donkey anti-human HRP 

secondary antibody was added. The plate was incubated for one hour at RT and then washed 

with PBS-T three times.  

For color development, TMB-ELISA substrate was used. 10-30 minutes after adding the 

substrate, the reaction was stopped by adding 50µl 1M H2SO4 and absorbance at 450nm was 

determined with a reference wavelength of 520nm. 

To calculate the viral protein conservation, the absorbance for untreated RSV “stock” was 

considered as 100%. Using this as reference, absorbance of treated samples are expressed in 

relative terms. 

3.5.4.2 ELISA for analysis of antibodies in mouse sera 

ELISA was used to analyze antibodies in mouse serum for the total amount of binding 

IgG antibodies, avidity and ratio of IgG1 to IgG2a binding antibodies after vaccination. 

In all cases, 5x105 pfu of heat inactivated (56°C, 30min), purified RSV in 100µl coating buffer 

were coated onto black NUNC polysorp 96-well plates and incubated for 24h at 4°C.  

IgG and avidity experiments 

Wells were blocked with 5% skim milk in PBS-T for 1h at RT. Mouse sera were diluted 1:2,000 in 

2% skim milk in PBS-T, and 100µl were added per well in duplicates. This was done on two plates 

in parallel. After incubation for 2 hours at RT, wells were washed three times. One of the plates 

was washed additionally with 7M urea for 5min.  Next, sheep anti-mouse HRP secondary 

antibody was diluted 1:1,000 in 2% skim milk in PBS-T, 100µl were added per well and plates 

were incubated at RT for one hour. Plates were washed three times with PBS-T, substrate was 

added and relative light units were measured (see below, “detection with luminol”).  

The total binding IgG is expressed as the measured relative light units. The relative avidity was 

calculated using the following equation: 

relative avidity [%] =  
RLU with 7M urea wash

RLU without urea wash
 x100 
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IgG1/IgG2a experiments  

Wells were blocked with 5% skim milk diluted in PBS-T. Mouse sera were diluted 1:2,000 in 2% 

skim milk in PBS-T and 100µl were added per well in duplicates. This was done on two plates in 

parallel. After incubation for 2 hours at RT, the wells were washed three times. Next, secondary 

antibodies were diluted 1:1,000 in 2% skim milk in PBS-T. One plate was incubated with rat anti-

mouse IgG1, the other plate with rat anti-mouse IgG2a for one hour at RT. Plates were washed 

three times with PBS-T, substrate was added and relative light units were measured (see below, 

“detection with luminol”). 

The ratio of IgG2a to IgGa binding antibodies is expressed as: 

IgG2a/IgG1 = 
RLU (IgG2a)

RLU (IgG1)
 

 

Detection with luminol 

After the final wash step, a Berthold Centro XS3 luminometer was used to inject 100µl of 1:10 in 

PBS diluted enhanced chemiluminescent substrate (ECL) into each well. After a delay of 1.5sec, 

relative light units were counted for 1sec.  

 

Coating buffer 

35 mM Na2HCO3 
15 mM Na2CO3 
pH 9.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

PBS-T 

PBS 
0.05% Tween-20 

7M Urea 

21.02g urea 
Ad 50ml PBS-T 
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3.5.5 Pulmonary histopathology 

After challenge, at the end of a vaccination study, lungs were explanted and the right lobes 

were immersed in 4% neutral buffered formaldehyde for fixation. After incubation at 4°C for 

48h, the lungs were embedded in paraffin, sectioned (5-7µm) and stained with hematoxylin and 

eosin (HE). Sections were analyzed for signs of inflammation and type2-hyperplasia by Prof. Dr. 

Robert Klopfleisch, FU Berlin. Scores are explained in Table 3.5-2. 

 

Table 3.5-2 - Scores for signs of inflammation and type2-hyperplasia in HE-stained lung-sections 

Score Inflammation Type-2 hyperplasia 

0 healthy healthy 

1 few areas in which a mainly perivascular, 
lymphocytic and partially interstitial 
infiltration of low intensity can be 
observed 

few areas that are affected by hyperplasia 
of type 2-pneumocytes of low intensity 

2 moderate amounts of areas in which a 
mainly perivascular, lymphocytic and 
partially interstitial infiltration of low to 
moderate intensity can be observed 

moderate amounts of areas that are 
affected by hyperplasia of type 2-
pneumocytes of moderate intensity 

3 high amounts of areas in which a mainly 
perivascular, lymphocytic and partially 
interstitial infiltration of high intensity 
can be observed 

high amounts of areas that are affected by 
hyperplasia of type 2-pneumocytes of 
moderate intensity 
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3.6 Virus inactivation 

3.6.1 Low-energy electron irradiation (LEEI) 

Samples were prepared for irradiation by applying 70µl or 230µl RSV-solution into the 

center of a sterile 100mm petridish (PrimariaTM, Corning). Covering the solution with a round 

oriented polypropylene (OPP)-foil resulted in a liquid film of approx. 100µm thickness. 

Petridishes were irradiated with a 200keV electron beam (EB Lab-200 device, COMET AG, 

Switzerland). The final dose is calculated from the applied current and the speed, with which the 

sample holder moves. As the administered dose decreases with penetration depth, calculations 

were performed such that the indicated dose would have reached the bottom of the sample. 

Consequently, the top of the sample is irradiated with a slightly higher dose, while the 50-60µm 

thick OPP foil on top receives the highest dose.   

 

Table 3.6-1 - EB Lab-200 settings 

Target dose [kGy] speed Current [mA] Calculated dose [kGy] 

5 18m/min 1,11 6 

10 18m/min 2,221 12 

15 18m/min 3,331 18 

20 18m/min 4,44 24 

 

3.6.2 Formaldehyde inactivation 

Formaldehyde inactivation was performed following the protocol for “Lot 100” (Kim et 

al., 1969). RSV containing cell culture supernatant was incubated with a final concentration of 

0.025% (v/v) formaldehyde for 96 hours at 37°C. The virus was pelleted by centrifugation using 

a SureSpin 630 (17ml) rotor at 50,000g for 1 hour at 4°C. The supernatant was removed, leaving 

about 500µl of medium in the tube. 12ml minimal essential medium (MEM) and 58.56g 

Al(OH)3xH2O were added, yielding a final concentration of 4mg/ml aluminum hydroxide. After 

incubation for 30min at RT, the precipitated virus was centrifuged at 1,000g for 30min at 4°C. 

The pellet (approx. 500µl) was resuspended in 1.5ml MEM and stored at 4°C.  

3.6.3 Test for titer reduction and inactivation 

After irradiation with different doses, approx. one third of the virus solution was used 

for titration as described in section 3.3.5.2 and visualized by immunocytochemistry (3.3.5.3). 
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Inactivated RSV that was intended to be used in a vaccine preparation was tested for successful 

inactivation by using at least 5% of the virus-solution. After five days, immunocytochemisty 

staining was performed to visualize any infected cells. To confirm complete inactivation, 

supernatants were passaged once to fresh HEp2 cells and immunocytochemistry staining was 

repeated after another five days.  

3.6.4 LEEI-RSV vaccine preparation 

In the scope of this thesis, two vaccination studies with LEEI-RSV were performed.  

 

 Vaccination study I with LEEI-RSV and FI-RSV 

RSV-containing cell culture supernatant was inactivated either by LEEI with 20kGy (3.6.1) or with 

formalin (FI) following the “Lot 100” protocol (3.6.2), using the same virus stock for both 

inactivation methods. To complete the vaccine preparation, LEEI-RSV was mixed in a 1:1 ratio 

with Alhydrogel. FI-RSV was diluted 1:10 with PBS, as the precipitation step leads to a 5x 

concentration of the virus.  

 

 Vaccination study II with LEEI-RSV plus adjuvants 

Ultracentrifuge purified RSV was irradiated with 20kGy for inactivation. For the vaccine 

preparation, inactivated virus was diluted 1:10 with 10% sucrose in PBS and mixed in a 1:1 ratio 

with Alhydrogel, QuilA, AddaVax and Poly IC:LC, respectively, as adjuvant. Concentrations of the 

adjuvants in the vaccine preparation are summarized in Table 3.6-2.  

 

Table 3.6-2 - Adjuvants and their concentrations in vaccine preparation 

Adjuvant Final concentration of adjuvant in 
the vaccine preparation 

Alhydrogel 

QuilA 

AddaVax 

5mg/ml 

150ng/ml 

Not specified 

22.2ng/ml Poly IC:LC 
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3.7 In vivo experiments 

Seven weeks old female BALB/c mice were obtained from Charles River (Sulzfeld, 

Germany). Mice were kept in isolated ventilated cages with unlimited access to water and 

standard rodent chow. 

All animal experiments were carried out in accordance with the EU Directive 2010/63/EU for 

animal experiments and were approved by local authorities (TVV 07/15; DD24-5131/331/9 and 

TVV49/15; DD24-51-31/331/52).  

3.7.1 Applications of vaccines and PsVs 

Vaccinations were administered following a prime-boost regimen (Figure 3.7-1). 

For the inactivated-RSV vaccination studies, 50µl of vaccine preparation were applied 

intramuscularly in each hind leg after isoflurane anesthesia.  

In the vaccination study using papilloma PsVs, vaccine preparation was applied either 

intramuscularly (50µl per hind leg) or intranasally (50µl). 

 

 

 

 

 

 

 

 

Figure 3.7-1 - Immunization schedule 

 

Papilloma-PsVs with F.Luc reporter plasmid were administered intramuscularly (50µl) 

into one hind leg after inhalative anesthesia. 

3.7.2 Blood collection and challenge 

One week before the first immunization and three weeks after each immunization, mice 

were anesthetized with isoflurane and blood was collected from the retrobulbar plexus. Blood 

was allowed to coagulate before centrifugation at 8,000g for 10min. The serum was collected 

and stored at -20°C until analysis. 

Four weeks after the last immunization, 106 pfu of infectious RSV/A long were prepared 

in a volume of 30µl and administered to each mouse intranasally after short inhalative 

anesthesia.   
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3.7.3 Bioluminescence imaging 

For bioluminescence imaging, mice were anesthetized with isoflurane and 200µl of 

sterile 15mg/ml d-luciferin in PBS per mouse was administered intraperitoneally. The 

bioluminescence image was acquired (1min exposure, medium binning and f/1) using an IVIS 

SPEKTRUM (Xenogen, Perkin Elmer) 20min after injection of the substrate.  

 

 

3.8 Statistical analysis 

Statistical analyses were performed using GraphPad Prism6. Data were analyzed by t-test 

or by one- or two-way analysis of variance (ANOVA) and a suitable post test, as indicated. 

Differences were regarded as significant at p<0.05.  

A p-value of 0.05 translates to a 5% chance of observing a difference as large as the 

detected difference even if the population means are in fact identical (GraphPad Statistics 

Guide). 

Statistically significant differences are indicated in the graphs as follows:  

* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, ns = not significant. 
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4 RESULTS  

 

4.1 Part I – Non-human papilloma pseudovirions for gene delivery 

Despite the many advantageous properties of genetic vaccines, no DNA vaccine has found 

its way into a licensed product as of now. One of the main reasons is the hurdle to deliver the 

DNA efficiently into the vaccinee’s cells. This delivery problem can be overcome, for example, 

by using viral vectors. Human papilloma pseudovirions have been used repeatedly and 

successfully for the transfer of DNA in vitro and in vivo (Graham et al., 2010; Touze and 

Coursaget, 1998). As vector immunity due to previous exposure to HPV by infections or 

vaccinations limits the use of human papilloma pseudovirions, non-human papilloma viruses 

were explored in this thesis.  

Part I (4.1) of this thesis describes the production and analysis of ten types of non-human 

papilloma pseudovirions for gene delivery. The main focus of the in vitro experiments was placed 

on the identification of papilloma virus types that can be produced reliably and that yield good 

transduction rates (4.1.3).  

Further, another set of experiments sought to elucidate some of the DNA-packaging 

behavior of the animal papilloma virus types. For the purpose of using the virus particles as DNA-

vaccine delivery vectors, it is desirable to create non-replicating PsVs that do not package the 

plasmids coding for capsid proteins or chromosomal DNA, but instead contain only the vaccine 

or reporter plasmid (4.1.4).  

Finally, two non-human papilloma virus candidates were tested in vivo. First experiments 

involved the intramuscular delivery of a firefly luciferase reporter plasmid by PsVs and analysis 

by bioluminescent imaging (4.1.5).  Lastly, mice were vaccinated in a heterologous prime-boost 

regimen with non-human papilloma PsVs, delivering a plasmid coding for RSV F-protein (4.1.6).  

 

4.1.1 Generating expression plasmids for papilloma virus capsid proteins L1 and L2 

DNA-sequences for the L1 and L2 capsid proteins of 10 different non-human papilloma virus 

types were identified in the NIH genetic sequence database GenBank (Table 4.1-1). Five of the 

ten animal papilloma viruses were chosen as they are classified as α-papillomaviruses, which 

have been shown to be efficient transducers in the case of the human papilloma viruses. Further 

papilloma viruses were chosen randomly to cover a range of different natural virus host species. 

The selected sequences were codon-optimized for expression in human cells by 

“GeneOptimizer” and ordered from GeneArt.  
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Table 4.1-1 - Non-human papillomaviruses selected for this thesis 

Papilloma virus Classification Abbreviation GenBank-Nr. 

Caretta caretta papillomavirus type 1 Dyozeta 1 CcPV1 NC_011530 

Colobus guereza papillomavirus type 1 Alpha 14 CgPV1 GU014532.1 

Common chimpanzee papillomavirus type 1 Alpha 10 PtPV1 AF020905.1 

Crocuta crocuta papillomavirus type 1 Lambda CcrPV1 NC_018575 

Macaca fascicularis papillomavirus type 6, 

isolate Mac39 

Alpha 12 MfPV6 EF558840.1 

Macaca fascicularis papillomavirus type 11, 

isolate Mac1637 

Alpha 12 MfPV11 GQ227670.1 

Procyon lotor papillomavirus type 1 Lambda 4 PlPV1 NC_007150 

Puma concolor papillomavirus type 1 Lambda 1 PcPV1 AY904723 

Rhesus papillomavirus type 1b,  

isolate Mac170 

Alpha 12 MmPV1 EF591300.1 

Rousettus aegyptiacus papillomavirus type 1 Psi 1 RaPV1 NC_008298.1 

 

For each papillomavirus, the L1 and L2 sequences were cloned into the multiple cloning 

site of pcDNA3.1+ expression vector, downstream of the CMV promoter. L1 and L2 are 

connected by an internal ribosome entry site (IRES) sequence (Dirks et al., 1993) (see Figure 

7.1-1 and Figure 7.1-2).  

4.1.2 VLP formation of ten different non-human papilloma types 

In order to check the expression of the capsid proteins and the assembly thereof into 

papillomavirus capsids, HEK293TT cells were transfected (PEI-transfection, 3.3.2) with each of 

the ten packaging plasmids. VLPs were harvested (3.3.3) and purified by OptiPrep density 

gradient ultracentrifugation (3.3.3.1). 

4.1.2.1 Detection of VLPs after ultracentrifugation by western blot analysis 

Fractions 2-9 of OptiPrep ultracentrifuged VLPs were separated by SDS-PAGE and blotted 

onto a nitrocellulose membrane. Papillomavirus L1 protein was visualized using MD2H11 as 

primary antibody, which was originally produced to bind to a conserved sequence in HPV L1. As 

no antibodies against the papillomavirus proteins that are used in this thesis are commercially 

available, MD2H11 was the only option to try for direct detection of L1. Interestingly, it was 
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possible to detect eight out of ten non-human papilloma L1 proteins, which have a molecular 

weight of approx. 60kDa (Figure 4.1-1). OptiPrep density gradient ultracentrifugation allows to 

separate VLPs or PsVs from single proteins as well as low-molecular substances, which are 

discarded by removal of the upmost part of the centrifuged sample. The purified VLPs – 

represented by the most intense bands in the blot – are usually found between fractions 4 and 

6, which matches previous findings from human PVs (Buck et al., 2004). Deviations can likely be 

explained by the fact that fractioning is done by pipetting by hand, leading to slight variations in 

the fractions where most VLPs are found.  

The SDS-PAGEs were run covering a range from 10 to 300kDa. Other than the bands 

shown in Figure 4.1-1, no further bands were detected on the blots. 

 

 

Figure 4.1-1 - Western blot analysis of VLP fractions after OptiPrep density-gradient 
ultracentrifugation 

Non-human papilloma PsVs were purified by density gradient ultracentrifugation. The collected 
fractions (indicated by numbers above) were separated by SDS-PAGE, blotted onto a nitrocellulose 
membrane and probed for L1. Western blot analyses were performed in at least two independent 
experiments; shown is one representative experiment each.  

 

Non-human papilloma virus types MfPV6, CcrPV1, CcPV1, CgPV1, MmPV1, MfPV11, 

PcPV1 and PlPV1 can therefore be produced as VLPs. Ultracentrifugation purified VLP 

preparations of RaPV1 and PtPV1 were additionally run on an SDS-PAGE and silver stained (not 

shown), as L1 could not be detected by western blot analysis using MD2H11. Since there was no 

detection of bands at 60kDa – corresponding to L1 – by silver staining, there were likely no VLPs 

present in the samples. 



Results 

48 
 

4.1.2.2 Electron Microscopy of non-human papilloma VLPs 

In order to confirm that the produced particles are indeed papilloma VLPs, OptiPrep 

ultracentrifugation purified HPV16, PcPV1 and MfPV11 VLPs were visualized by transmission 

electron microscopy (TEM) after contrasting with phosphotungstic acid (Figure 4.1-2). The 

capsids present themselves similar to what has been described before by others (Cerqueira et 

al., 2017; Touze and Coursaget, 1998; Zhao et al., 2014) with a spherical shape and a diameter 

of approx. 60nm. We observed that contrasting with uranyl acetate led to capsids that are 

slightly smaller, with a diameter of approx. 40nm (not shown). Human papillomavirus capsids 

have been reported to have a size of approx. 50nm. Slight variations in the size of the capsids 

are likely due to the chosen method for preparation for electron microscopy. Although TEM is 

no method for quantification, the larger amount of HPV16 VLPs compared to PcPV1 and MfPV1 

VLPs in the preparations is apparent, as all three batches were produced in parallel under the 

same conditions. The observation that HPV16 PsV preparations lead to higher transduction rates 

than PcPV1 and MfPV11 PsVs, as will be presented in section 4.1.3.1, can therefore possibly be 

explained by a higher PsV yield. 

 

 

Figure 4.1-2 - Transmission electron microscopy of HPV16, PcPV1 and MfPV11 VLPs 

Purified VLPs were fixed with formaldehyde for 24h at room temperature, contrasted with 
phosphotungstic acid and analyzed by transmission electron microscopy. The scale bare represents 
a length of 200nm. 
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4.1.3 Transduction of HEK293TT cells with non-human papilloma pseudovirus 

All ten non-human papilloma viruses were produced as pseudoviruses, containing 

pCMV-G.Luc (Figure 7.1-5) or pEGFP (Figure 7.1-6) as reporter plasmid. For the PsV preparations, 

HEK293TT cells were cotransfected with a packaging plasmid containing the sequences for the 

capsid proteins L1 and L2 (Figure 7.1-1 and Figure 7.1-2), and the reporter plasmid. The PsVs 

were extracted from the producer cells and purified by density gradient ultracentrifugation 

(3.3.3). The resulting PsVs were added to HEK293TT cells and the transduction rates were 

analyzed measuring luciferase expression using luciferase assay or by quantifying GFP-

expressing cells.  

4.1.3.1 Comparison of transduction with 10 different non-human papilloma PsVs 

For the comparison of the transduction rates of all ten non-human papilloma PsVs, 

gaussia luciferase was used as reporter. All PsVs were produced applying the harvest protocol 

using PBS/0.8M NaCl and OptiPrep ultracentrifgation for purification (3.3.3). For transduction, 

10µl PsVs of fractions 3-8 were added to 50,000 HEK293TT cells (3.3.4). Transduction with these 

fractions of each preparation typically produce a pattern as shown in Figure 4.1-3, B, in which 

the highest transduction is achieved with fractions 4-6.  Figure 4.1-3, A shows the relative light 

units (RLU) measured 72h after transduction from which the RLU measured in cell culture 

supernatant at time point 0h was subtracted. 0h measurements were subtracted to control for 

G.Luc background, which usually lay between 100 and 10,000 RLU. For each preparation, only 

the one fraction with the highest transduction rate was taken into account. 

All PsVs yielded at least low levels of transduction that, however, differed greatly from 

type to type of the papilloma viruses. It is also worth noting that titers (as measured by luciferase 

assay after transduction of HEK293TT cells) showed high variability from preparation to 

preparation. While the efficiency of transfection for PsV production does influence the PsV yield, 

it does not explain all observed differences between PsV preparations.    

Remarkably, all tested animal papillomaviruses yielded transduction efficiencies that 

were considerably lower than HPV16. PcPV1 and MfPV11, which showed an approx. 10-fold 

lower transduction than HPV16, proved to be the papilloma virus types, whose PsVs led to the 

highest transduction rates and are the most reliable to produce. These two papilloma viruses 

were hence analyzed in further experiments.  
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Figure 4.1-3 - Non-human papilloma PsVs with G.Luc reporter for transduction of HEK293TT cells 

Fractions 3 to 8 of ultracentrifugation-purified non-human papilloma PsVs were used to transduce 
HEK293TT cells. 72h later, cell culture supernatant was used for luciferase assay and relative light 
units (RLU) from time point 0h were subtracted from measurements at time point 72h.  

(A) Mean values and standard deviations of RLU measured after transductions with at least two 
independent PsV preparations are shown. For each preparation, only the fraction yielding the highest 
transduction was taken into account.  

(B) RLU measured after transduction with fractions 3-8 of PcPV1 and MfPV11 PsVs. Shown are mean 
values and standard deviations of triplicate measurements of one representative experiment.  

 

Apart from HEK293TT cells, further cell lines – HeLa-T, HEp2, Vero, NIH-3T3 and A549 cells – 

were used for transduction experiments with MfPV11 and PcPV1 PsVs containing pCMV-G.Luc 

as reporter plasmid. Equal amounts of cells were transduced with identical volumes of each 

papilloma PsV preparation. Only one PsV preparation was used for this experiment to allow a 

direct comparison of the transduction rates of different cell lines, which were measured by 

luciferase assay 72h after transduction.  While HeLa-T, HEp2 and Vero cells showed expression 

of G.Luc after transduction (Figure 4.1-4), no expression of the reporter protein was observed 

for NIH-3T3 and A549 cells (not shown). As HEK293TT cells showed the highest susceptibility to 

the tested PsVs, further in vitro experiments were conducted with this cell line.  
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Figure 4.1-4 - Transduction of various cell lines with MfPV11 and PcPV1 PsVs 

Different cell lines were transduced with MfPV11 (A) and PcPV1 (B) PsVs carrying pCMV-G.Luc as 
reporter plasmid. Expression of gaussia luciferase was measured by luciferase assay 72h after 
transduction, background measurements are subtracted. Shown is one representative experiment.  

 

4.1.3.2 Optimization and adaptations of the protocol for PsV production 

In direct comparison, where PsV preparations were produced in parallel, omitting the 

additional 0.8M NaCl in PBS yielded PcPV1 PsVs with significantly higher transduction rates in 

two independent experiments. Although in later experiment this unusually high transduction 

rate could not be reproduced, PBS without additional 0.8M NaCl was used for the production of 

PcPV1 PsVs (Figure 4.1-5, A).  

Ultracentrifugation purification of PsVs with Percoll is much faster and easier than with 

OptiPrep, as the centrifugation with Percoll only takes 1 hour and leads to one easily identifiable 

fraction containing the PsVs. While purification of PcPV11 PsVs with Percoll led to barely any 

transduction-capable PsVs, it worked well for MfPV11 PsVs. The resulting purified MfPV11 PsVs 

showed no significant difference in their transduction rate compared to PsVs purified by 

OptiPrep ultracentrifugation (Figure 4.1-5, B). Therefore, for future experiments MfPV11 PsVs 

were purified using Percoll ultracentrifugation.  
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Figure 4.1-5 - Optimizing the PsV production 

Purified PsVs (with G.Luc reporter plasmid) were used for transduction of HEK293TT cells. 72h later, 
transduction efficiency was measured by luciferase assay. Differences between the two groups were 
statistically analyzed by Mann-Whitney test.  

(A) PBS with different concentrations of additional NaCl were used during the PsV-harvest and for 
the dilution of OptiPrep ultracentrifugation medium. Experiments were repeated as indicated. 
Shown are the mean values and standard deviations of the independent experiments, as indicated. 
In case of n=1, mean values of the triplicate measurements of the experiment are shown.  

(B) For the purification of Mf11PV PsVs, ultracentrifugation with Percoll and OptiPrep medium was 
performed. Shown are mean values and standard deviations of the measured transductions.  

 

 

4.1.3.3 Titer determination with GFP-reporter and qPCR 

Using gaussia luciferase as reporter to analyze the transduction rate is very useful for 

many applications, but it does not allow titer determination as measured by individual 

transduced cells. Therefore, PcPV1 and MfPV11 PsVs carrying a pEGFP reporter plasmid were 

produced and used to transduce HEK293TT cells. The titer was determined by counting GFP-

positive cells 72h after transduction, thereby quantifying functional, i.e. transducing, PsVs  

(Figure 4.1-6, A). PcPV1 PsVs yielded titers of approx. 6.5x103 GFP-transducing-units/ml and 

MfPV11 PsVs of approx. 1.9x103 GFP-transducing-units/ml. 

Quantifying the reporter plasmid packaged inside the PsVs provides insight into the total 

amount of PsVs that could potentially transduce. Prior to DNA-extraction and quantification by 

qPCR, samples were treated with DNAse I to ensure the degradation of any DNA that might still 

be present outside of the PsV capsids (3.4.4). In each qPCR run, standard curves of each plasmid 

that was analyzed were included to allow absolute quantification.  
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Since quantification by qPCR does not differentiate between malformed and therefore 

dysfunctional and intact PsVs, the titer determined with this method will always be higher than 

the titer calculated from transduction experiments. Figure 4.1-6, B shows the drastic difference 

between PsVs from which the reporter plasmid (pEGFP) was isolated and transducing PsVs, 

which is approx. 1,000-fold.  

  

Figure 4.1-6 - Titer determination with qPCR and via GFP-reporter 

Titers of PcPV1 and MfPV1 PsVs were analyzed with pEGFP reporter plasmid. 

(A) GFP-transducing units/ml were measured by transduction of HEK293TT cells and counting of GFP-
positive cells 72h after transduction. Each data point represents one independent PsV preparation.  

(B) Additionally, the pEGFP reporter plasmid was quantified by qPCR and the pEGPF/ml 
concentration was calculated assuming that each PsV contains one plasmid. Shown is one 
representative PsV preparation for each type of papilloma virus.  

 

4.1.3.4 Effect of ι-carrageenan on transduction with PcPV1 and MfPV11 PsVs 

Carrageenan had previously been reported to be a potent inhibitor of HPV infection 

(Buck et al., 2006b) and was therefore analyzed for its ability to prevent PcPV1 and MfPV11 PsV-

mediated transduction. While transduction with MfPV11 PsVs was reliably inhibited when ι-

carrageenan was added to the cell culture medium right before addition of the PsVs, this was – 

unexpectedly – not the case for PcPV1 PsVs. In contrast, ι-carrageenan significantly enhanced 

transduction, as measured by expression of the luciferase reporter (Figure 4.1-7, A). To exclude 
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the possibility that luciferase expression rather than the transduction rate is increased by ι-

carrageenan, the experiment was repeated using GFP as reporter and GFP-positive cells were 

quantified 72h after transduction. Here again, addition of ι-carrageenan led to complete 

inhibition of  MfPV11 PsV-mediated transduction while PcPV1-mediated transduction was 

significantly enhanced (Figure 4.1-7, B).  

 

 

Figure 4.1-7 - Effect of ι-carrageenan on transduction with PcPV1, MfPV11 and MmPV1 

(A) HEK293TT transduced with PcPV1 PsVs in the presence of increasing concentrations of ι-
carrageenan. Transduction efficiency was measured by luciferase assay 72h after transduction. 
Shown are mean values and standard deviations of three independent experiments with different 
PsV preparations. Statistical analysis was performed by two-way ANOVA and Tukey’s multiple 
comparison test.  

(B) PcPV1 and MfPV11 PsVs with GFP-reporter were used to transduce HEK293TT cells with and 
without addition of 10µg/ml ι-carrageenan. GFP-positive cells were counted 72h after transduction 
and GFP-transducing units per ml were calculated. Each data point represents one experiment with 
one PsV preparation. Unpaired, two-sided T-test was used for statistical analysis.  

(C) HEK293TT cells were transduced with MmPV1 PsVs carrying pCMV-G.Luc as reporter plasmid 
with or without addition of 10µg/ml ι-carrageenan. Luciferase assay was performed 72h after 
transduction. Shown are mean values and standard deviations of transduction experiments, 
performed in triplicates, with two different PsV preparations. Unpaired, two-sided T-test was used 
for statistical analysis. 
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While it has been described previously that ι-carrageenan does not have any effect on the 

transduction of some HPV types (Mistry et al., 2008), PcPV1 is the first papilloma virus, for which 

an ι-carrageenan-mediated enhancement of transduction has been observed. A similar effect 

was also found for MmPV1 PsVs (Figure 4.1-7, C), PlPV1 and CcrPV1, while transduction with 

MfPV6 PsVs was inhibited (data not shown). 

 

4.1.3.5 Effect of the presence of empty VLPs on transduction  

During each PsV production, a number of different particles are generated. Besides the 

PsVs, which contain the reporter- or vaccine plasmid, empty VLPs form, as well as deformed 

particles. Density gradient ultracentrifugation is thought to be able to separate these different 

particles from one another, especially PsVs from VLPs. To analyze the importance of purifying 

PsVs after the harvest and removing empty VLPs from the preparation, HEK293TT cells were 

transduced with PcPV1 and MfPV11 PsVs in the presence of the respective empty VLPs. The 

concentration of the VLPs was determined by BCA assay, calculating the amount of capsids 

based on the amount of protein measured (Buck et al., 2006a).  

 

 

Figure 4.1-8 - Transduction with PsVs in the presence of VLPs 

HEK293TT cells were transduced with PcPV1 (A) and MfPV11 (B) PsVs containing pCMV-G.Luc as 
reporter plasmid in the presence of empty VLPs of the same papilloma virus type. 72h later, 
transduction efficiency was measured by luciferase assay. Experiments were repeated with three 
independent PsV preparations. Shown are mean values and standard deviations. Statistical analysis 
was performed using two-way ANOVA and Tukey’s multiple comparison test.  

 

Per transduction 1x1010, 2x1010, 3x1010 and for controls no empty VLPs were added 

during the transduction with PsVs. Analysis of the resulting transduction efficiency, measured 

by luciferase assay, revealed that the addition of VLPs had a dose-dependent, negative effect on 

the amount of expressed luciferase. This effect was only pronounced for PcPV1, leading to the 
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assumption that transduction is reduced due to competition with the VLPs for cell binding 

and/or virus entry. In line with these findings, purification by Percoll ultracentrifugation did not 

yield PcPV1 PsVs with satisfying transduction efficiency in comparison to OptiPrep 

ultracentrifugation purified PcPV1 PsVs (described in section 4.1.3.2). During Percoll 

ultracentrifugation, empty VLPs are not separated from the PsVs, likely leading to the observed 

reduced transduction efficiency of PcPV1 PsVs. Consequently, this observation has implications 

for the purification step of PsV preparations, which should ensure the removal of empty VLPs 

especially from PcPV1 PsV samples. 

 

4.1.4 Packaging of DNA inside PcPV1 and MfPV11 papilloma pseudovirus 

For the production of PsVs, the producer cells have to be co-transfected both with 

plasmid containing the sequences coding for the capsid proteins and with the actual reporter- 

or vaccine plasmid. When PsVs are designed to deliver a plasmid for gene therapy or vaccination, 

it is important to ensure the absence of replication competence of the pseudoviral vector in the 

target cell. Therefore, only the desired plasmids should be packaged inside the particles, while 

the packaging plasmids containing the capsid protein sequences should be absent in the PsVs. 

Ensuring the specific packaging of plasmids is a challenge, as no packaging signal is known for 

papillomavirus genome packaging (Buck et al., 2004; Xu et al., 2006).  For bovine papilloma virus 

1 (BPV1) it has been reported that the efficiency of plasmid packaging will drastically decrease 

with increasing size of the plasmid. PsVs with reporter plasmids larger than 10kb did not show 

any measureable transduction (Buck et al., 2004), indicating that packaging specificity can be 

achieved by size adjustments of the plasmids used for PsV production.  

Based on these findings for BPV1, using a packaging plasmid coding for papilloma virus 

capsid proteins L1 and L2 of approx. 9100bp – which is about 1kb longer than the papilloma virus 

genome – was expected to prevent the packaging of this plasmid. To analyze the packaged 

plasmids, purified PsVs were treated with DNAse to eliminate any free non-packaged DNA, and 

DNA was extracted from the PsVs using Qiagen Qiamp MinElute Virus Spin Kit (3.4.4). 

Surprisingly, in all PsV preparations tested by qPCR, the packaging plasmids (Figure 7.1-1 and 

Figure 7.1-2) were found in amounts at least as high as the small reporter plasmid pCMV-G.Luc 

of 5764bp (Figure 7.1-5), if not even higher. To increase the size of the packaging plasmid, a 

stuffer element was cloned into the packaging plasmid, leading to a size of approx. 10,200bp 

(Figure 7.1-3 and Figure 7.1-4). Still, this modification was not able to prevent or at least reduce 

the packaging of the packaging plasmid in the PsVs (Figure 4.1-9). To rule out off-target 

amplification by qPCR, it was confirmed experimentally that the primers used for detection of 

the packaging plasmids do not bind to the genomic DNA of the producer cell line HEK293TT (not 

shown). 
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Figure 4.1-9 - Packaging plasmids of different sizes 

Packaging plasmids of different sizes (9,100bp and 10,200bp) and pCMV-G.Luc as reporter plasmid 
were used for transfection to produce PsVs. DNA was extracted and plasmids in each PsV samples 
were quantified by qPCR. Shown are the copy numbers per ml of each plasmid in one PcPV1 and one 
MfPV11 sample. Shown is one representative experiment for PcPV1 and MfPV11 PsVs. 

 

The observation that the packaging plasmid was found in the PsVs so efficiently despite 

its large size led to the question whether the explanation for this phenomenon could lie in the 

sequence of the plasmid. Unlike the reporter- or vaccine plasmid, the packaging plasmid 

contains papilloma virus sequences that might have a positive effect on the packaging. In order 

to test this hypothesis, PcPV1 and MfPV11 PsVs were produced using pVAX-Fsyn – a plasmid 

coding for RSV F-protein (Figure 7.1-8) – as vaccine plasmid to be packaged. Papilloma virus L1 

and L2 sequences, respectively, were cloned additionally into pVAX-Fsyn upstream of the 

promoter such that they were present only as potential packaging sequence without being 

expressed (Figure 4.1-10).  

 

 

Figure 4.1-10 - pVAX-Fsyn plasmid and pVAX-Fsyn with additional papilloma virus L1 or L2 sequences 
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Subsequently, three different PsV preparations were produced for both PcPV1 and 

MfPV11 (see Table 4.1-2). 

 

Table 4.1-2 - Plasmid combinations used for PsV production 

  Plasmids for PsV production 

  Packaging plasmid Vaccine plasmid  

Figure 4.1-11, A 

PcPV1 PsVs 

pVAX-Fsyn  pcD3.1+ PcPV1 L1-

IRES-L2 

(Figure 7.1-2) 

pVAX-Fsyn  

pVAX-Fsyn (+Pc L1) pVAX-Fsyn +PcPV1 L1 

pVAX-Fsyn (+Pc L2) pVAX-Fsyn +PcPV1 L2 

Figure 4.1-11, B 

MfPV11 PsVs 

pVAX-Fsyn  pcD3.1+ MfPV11 L1-

IRES-L2 

(Figure 7.1-1) 

pVAX-Fsyn  

pVAX-Fsyn (+Mf11 L1) pVAX-Fsyn +MfPV11 L1 

pVAX-Fsyn (+M11 L2) pVAX-Fsyn +MPV11 L2 

 

 

While the same packaging plasmids were used in all three cases, the vaccine plasmids 

differed in that either the original plasmid pVAX-Fsyn or pVAX-Fsyn with the additional L1 

sequence or pVAX-Fsyn with the additional L2 sequence was used. After DNA-extraction from 

the PsVs, plasmids were quantified by qPCR-analysis using primers binding to the IRES to 

quantify the packaging plasmid, and primers binding in the Fsyn sequence to quantify the 

vaccine plasmids. The analysis revealed that the addition of the L1 or L2 sequence did not 

enhance the packaging of the pVAX-Fsyn plasmid to bring it up to the level of the packaging 

plasmid, which was still preferably packaged (Figure 4.1-11).  
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Figure 4.1-11 - Effect of adding L1 and L2 as potential packaging sequence 

Three preparations of PsVs (both for PcPV1 (A) and MfPV11 (B)) were produced by transfection with 
the packaging plasmid and different variations of the pVAX-Fsyn plasmid, which is the vaccine 
plasmid that is meant to be packaged. Besides the original pVAX-Fsyn plasmid, two variations of the 
plasmid were used, containing the sequence for L1 and L2 respectively. Shown are plasmid copies 
per ml as determined by qPCR after DNA extraction from the PsVs. “Vaccine” refers to plasmid pVAX-
Fsyn, with or without modification; “packaging” refers so plasmid pcD3.1+ L1-IRES-L2. PcPV1 (A), 
MfPV11 (B). Shown is one experiment for PcPV1 and MfPV11 PsVs. 

 

4.1.4.1 PAN-PCR and sequencing of DNA extracted from PsVs 

As it remained difficult to derive any rules explaining the packaging behavior of PcPV1 

and MfPV11 PsVs, “Particle-associated-nucleic acid PCR” (PAN-PCR, 3.4.7) was chosen for a 

sequence-independent analysis of nucleic acids that are packaged inside the PsVs. This method 

uses degenerated primers to bind to random DNA sequences in the first step, thereby allowing 

the unspecific amplification of any DNA sequences present in the sample.  

The goal of this experiment was to check for the presence of other DNA sequences, such 

as genomic DNA from the producer cells that may also have been packaged inside the PsVs. 

For this experiment, PsVs carrying pVAX-Fsyn (described above, section 4.1.4) were 

used. The DNA was extracted from the PsVs (3.4.4) and amplified by PAN-PCR (3.4.7). These 

amplified sequences were cloned into a TOPO-TA plasmid (Figure 7.1-15), which was 

transformed into E.Coli. The resulting plasmids were restriction digested to excise the sample 

sequences. The small bands (between 100 and 1,000bp) in the agarose gel (Figure 4.1-12) 

represent the amplified sequences that were cloned into the TOPO-TA plasmids and were 

subsequently excised by restriction digest.    
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Figure 4.1-12 - PAN-PCR products cloned into TOPO-TA plasmid 

Sequences amplified by PAN-PCR were cloned into TOPO-TA plasmid and excised by restriction 
digest. The resulting DNA-fragments were separated by agarose gel electrophoresis and visualized 
with UV light. PcPV1 (A), MfPV11 (B). 

 

For DNA extracted from PcPV1 and MfPV11 PsVs (3.4.4), six of the submitted plasmids 

each yielded sequencing results. In the case of Mf11PV1, all six sequences were identified to 

stem from the packaging plasmid pcD3.1+MfPV11 L1-IRES-L2. For PcPV1, five of the sequences 

were identified to originate from the packaging plasmid pcD3.1+PcPV1 L1-IRES-L2, while one 

sequence was found to originate from Homo sapiens chromosome 3.  

In a second round, purified PcPV1 and MfPV11 PsVs carrying pCMV-G.Luc were used for 

DNA-extraction, PAN-PCR, TOPO-TA cloning and subsequent sequencing the same way as 

described above. Ten plasmids each were submitted for sequencing. For PcPV1 PsVs, seven 

plasmids yielded sequencing results that were all identified by NCBI Nucleotide BLAST1 to 

originate from human chromosomal DNA. Six plasmids containing DNA sequences extracted 

from MfPV11 PsVs returned sequencing results, which were again all identified to originate from 

human chromosomal DNA. 

Identifying the packaging plasmids (pcD3.1+ PcPV1 L1-IRES-L2 and pcD3.1+ MfPV11 L1-

IRES-L2) in the DNA extracted from the PsVs confirms the findings of the qPCR (section 4.1.4; 

                                                        
1 https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Nucleotides 

B 

A 
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Figure 4.1-9) that the packaging plasmids are indeed encapsidated by the PsVs despite their size, 

which exceeds the length of the PV genome. Further, we find that the encapsidation is not 

limited to plasmid DNA, but also genomic DNA is found inside the PsV particles. This is in line 

with previous reports stating that papilloma PsVs do package genomic DNA to some degree 

(Cerqueira et al., 2017).    

The applied method using PAN-PCR, however, does not allow to come to quantitative 

conclusions concerning the amount of plasmid DNA in comparison to chromosomal DNA that is 

encapsidated by papilloma PsVs.  

 

4.1.4.2 Design of new “combination” plasmids 

To circumvent the problem that the packaging plasmids are packaged inside the PsVs to 

such a large extent, new “combination” plasmids were designed. Instead of keeping L1 and L2 

sequences on one plasmid and having a separate vaccine or reporter plasmid, packaging and 

vaccine/reporter sequences were now combined:  

 

 

 

Figure 4.1-13 - New "combined" plasmids 

(A) Plasmid containing the sequence for papilloma capsid protein L1 and gaussia luciferase (G.Luc) 

(B) Plasmid containing the vaccine sequence coding for the RSV fusion protein F, and the sequence 
for papilloma capsid protein L2. 

For detailed plasmid maps see appendix (Figure 7.1-11, Figure 7.1-12, Figure 7.1-13 and Figure 
7.1-14).  
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The rationale behind this design is threefold: 

First, it considers the possibility that the packaging might occur in a cotranslational manner. 

Secondly, safety issues are addressed as the separation of the L1 and L2 sequences onto two 

different plasmids reduces the chance of the production of new PsVs in the vaccinee. Finally, 

every transduced cell will now express the vaccine or reporter protein. 

To check the transduction efficiency of the new PsVs with the “combined” plasmid 

constructs, PcPV1 and MfPV11 PsVs were produced by transfecting HEK293TT with L1-IRES-

G.Luc and G.Luc-IRES-L2 containing plasmids. The resulting PsVs were used to transduce 

HEK293TT cells and G.Luc expression was measured by luciferase assay. In comparison to PsVs 

that were produced using L1-IRES-L2 plasmids plus pCMV-G.Luc as separate reporter plasmid, 

PsVs carrying the combined plasmids did not show statistically significantly different 

transduction rates, measured as G.Luc expression  (Figure 4.1-14, A).  

qPCR analysis of the packaged plasmids revealed that the distribution of L1-IRES-G.Luc 

and G.Luc-IRES-L2 was about 1:1 with 49% L1-IRES-G.Luc and 51% G.Luc-IRES-L2 for PcPV1, and 

56% L1-IRES-G.Luc and 44% G.Luc-IRES-L2 for MfPV11  (Figure 4.1-14, B). 

 

 

Figure 4.1-14 - Transduction and qPCR analysis with PsVs produced with "combination" plasmids 

(A) RLU measured by luciferase assay after transduction of HEK293TT with PsVs, produced either 
with “L1-IRES-L2” plasmids and additional pCMV-G.Luc or with “combined” plasmids (L1-IRES-G.Luc 
and G.Luc-IRES-L2). Shown are mean values and standard deviations of transduction experiments of 
at least two independent PsV preparations each. 

(B) qPCR analysis of plasmids extracted from one PsV preparation each that was produced with 
“combined” plasmids containing both G.Luc and L1 or L2 respectively. Shown is one experiment. 

 

The above described “combined” plasmids were later used for the production of PsVs for a 

vaccination against RSV, which will be described in section 4.1.6.   
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4.1.5 PcPV1 and MfPV11 pseudovirus with Firefly Luciferase Reporter in vivo 

In order to test whether papilloma PsV-mediated transduction also worked in vivo, 

PcPV1 and MfPV11 PsVs carrying a reporter plasmid coding for firefly luciferase (pcLuc13, for 

plasmid map see Figure 7.1-7) were produced. For this first proof-of-principle, PsVs were 

produced using the packaging plasmids coding for L1 and L2, and the additional  reporter 

plasmid pcLuc13. Previous experiments with ultracentrifugation-purified PsVs with pcLuc13 as 

reporter had yielded only low F.Luc expression in vivo in the case of PcPV1 PsVs, while no F.Luc 

expression was observed after application of MfPV11 PsVs in vivo (data not shown). In the 

experiment described here, we decided to use PsVs without purification (3.3.3). Due to the 

extensive nuclease treatment, residual plasmid DNA in the PsV preparation was not considered 

a potential problem.  

The functionality of the PsVs was first assessed in vitro by transducing HEK293TT cells 

and measuring firefly luciferase (F.Luc) expression by F.Luc assay (3.5.3). Both batches of PsVs 

showed transduction at similar levels with 4.71x106 RLU/ml for MfPV11 and 3.09x106 RLU/ml 

PcPV1 (not shown). Female BALB/c mice were injected intramuscularly with 50µl of the 

respective PsV suspensions into the left hind leg. As the use of non-purified PsV preparations 

poses the risk of containing free F.Luc, mice were subjected to bioluminescence imaging about 

3h after injection to check for the presence of F.Luc in the muscle. No F.Luc was detectable in 

any of the mice (Figure 4.1-15, “Day 0”). Mice were subsequently monitored by bioluminescence 

imaging in a weekly manner. Mice that had been injected with PcPV1 PsVs showed a marked 

F.Luc expression on day 7. In mice injected with MfPV11 PsVs, F.Luc was detectable for the first 

time on day 28, though quite weak and only visible in three of the five animals. PcPV1 PsVs with 

pcLuc13 reporter plasmid yielded a stable expression of F.Luc until day 98 after injection, which 

is when the last bioluminescent imaging was performed (not shown). 

These results show that both PcPV1 and MfPV11 PsVs have the capability of transducing 

murine muscle cells, leading to long-lasting expression of a reporter protein. Although 

transduction rates of PcPV1 and MfPV11 PsV preparations were comparable in vitro, injection 

of PcPV1 PsVs led to much more F.Luc expression than MfPV11 PsVs. Quantitative analysis of 

the bioluminescence imaging data was not performed as this requires very exact and equal 

positioning of all animals on the stage of the bioluminescence imager, which was not possible 

with the available set-up.  
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Figure 4.1-15 - Bioluminescence imaging 

PcPV1 and MfPV11 PsVs with F.Luc reporter plasmid were injected intramuscularly in the left hind 
leg of BALB/c mice. Bioluminescent imaging was performed approx. 3h after injection (day 0) and 
subsequently in a weekly manner.  
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4.1.6 Genetic vaccination against RSV using PcPV1 and MfPV11 as vectors 

Having shown that intramuscular transduction of a reporter plasmid is possible using 

PcPV1 and MfPV11 PsVs, PsVs were applied in a vaccination setting. PsVs were harvested (3.3.3) 

and purified by ultracentrifugation (3.3.3.1) using OptiPrep for PcPV1 PsVs and Percoll for 

MfPV11 PsVs. For the production of the vaccine PsVs, we used the combined plasmids, coding 

for L1 and G.Luc on one plasmid (Figure 7.1-11) and for RSV-Fsyn and L2 on the second plasmid 

(Figure 7.1-14). This set-up enables the performance of in vitro transduction experiments, 

measuring the expression of G.Luc as quality control and for identification of preparations and 

fractions after ultracentrifugation that show the highest transduction rates. Fsyn is a modified, 

codon-optimized version of the native RSV-F sequence that is expressed at much higher rates 

(Ternette et al., 2007).  

Several PsV preparations were pooled to obtain enough material for vaccination. A 

sample of the two vaccination batches was tested to confirm that no free RSV-F protein was 

present (Figure 4.1-16, B).  

 

 

Figure 4.1-16 - Western Blot analysis of PsVs vaccine preparations 

Proteins of PcPV1 and MfPV11 PsV preparations were separated by SDS-PAGE and blotted. (A) 
MD2H11 antibody was used to visualize the papilloma virus L1 protein. (B) 18F12 antibody was used 
for the detection of any free RSV-F protein in the PsV preparations. RSV-F protein, obtained from 
RSV-F transfected cells, was loaded as positive control in the very right lane.   

 

 In a vaccination setting using viral vectors, vector immunity has to be considered a 

potential problem. It is feasible that the use of a certain papillomavirus type for the prime 

vaccination would elicit an immune response against the vector itself. Using the same vector for 
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the boost may then lead to the vector being eliminated by the immune system before it can 

transduce any cells. In order to circumvent vector immunity in the scope of this immunization 

study, mice were vaccinated in a heterologous prime-boost regimen, using one PV type for the 

first immunization and the other type for the second immunization. Additionally, two different 

routes of administration – intramuscularly and intranasally – were used for the boost.  

Besides checking the transduction efficiency of the vaccine-PsVs in vitro using G.Luc as reporter, 

qPCR analysis was performed to calculate theoretical titers based on the Fsyn-containing 

plasmid. Concentrations were calculated to be 1.32x109/ml for MfPV11 PsVs and 2.27x109/ml 

for PcPV1 PsVs. 100µl of the PcPV1 PsV preparation therefore contains 2.3ng of pcD3.1+Fsyn-

IRES-L2 plasmid (Figure 7.1-14). Control groups were vaccinated intramuscularly with 2.3ng 

pcDFsyn plasmid (Figure 7.1-10) to be able to identify effects of PsV-mediated transduction in 

comparison to the administration of naked DNA. The vaccination groups, each containing six 

female BALB/c mice, are summarized below in Table 4.1-3. 

 

Table 4.1-3 - Vaccination groups 

Vaccination group Prime  Boost  

P-m / M-m PcPV1 intramuscular (2x 50µl) MfPV11 intramuscular (2x 50µl) 

P-m / M-n PcPV1 intramuscular (2x 50µl) MfPV11 intranasal (50µl) 

M-m /  P-m MfPV11 intramuscular (2x 50µl) PcPV1 intramuscular (2x 50µl) 

M-m / P-n MfPV11 intramuscular (2x 50µl) PcPV1 intranasal (50µl) 

pcDFsyn 2,3ng pcDFsyn plasmid (50µl) 2,3ng pcDFsyn plasmid (50µl) 

Non-vaccinated - - 

 

The serum that was collected three weeks after prime and three weeks after boost, was 

analyzed for the presence of RSV-F binding antibodies as well as RSV-neutralizing antibodies. No 

binding antibodies were detectable in the sera after prime, but after boost, binding antibodies 

were present in the serum of some animals (Figure 4.1-17, A). Neutralizing antibodies were not 

detectable in the serum after prime or boost (data not shown).  

Unexpectedly and suddenly, approx. three weeks after the intranasal boost 

immunization in group “P-m / M-n”, within three days, all of the animals died or had to be 

euthanized due to their condition. Pathological examination (GVG Diagnostics, Leipzig) did not 

reveal a clear reason for the peracute death of the mice. However, the animals showed elevated 

signs of inflammation in their lungs, leading to the assumption that the cause might indeed lie 

in the intranasal application of the PsV suspension. It remains unclear why these symptoms 

occurred as late as three weeks after application.   
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Finally, mice of all remaining groups were challenged intranasally with 106 pfu RSV four 

weeks after the last immunization. Five days post challenge, RNA was extracted from the mouse 

lungs (3.4.5) and viral RNA was quantified by RT-qPCR (3.4.6.2). Mice, which had received a PsV-

based vaccine by two intramuscular injections (P-m/M-m and M-m/P-m), showed a significant 

reduction of the viral load.  Vaccination with PsVs by intramuscular and intranasal application 

(M-m/P-n), as well as pcDFsyn as naked DNA did not yield a significant reduction of the viral load 

(Figure 4.1-17, B). 

 

 

Figure 4.1-17 - Binding antibodies in serum after boost and viral load after challenge 

Serum of vaccinated mice after boost was tested for RSV-binding antibodies by coating an ELISA-
plate with purified RSV and probing with mouse sera (A). Mice were challenged with RSV/A2 four 
weeks after the last immunization. RNA was extracted from lungs five days later and used for RT-
qPCR quantification of virus load.  
1 Indicated data points were not taken into account for the statistical analysis (B). Statistical analysis 
was performed by one-way ANOVA and Tukey’s multiple comparison test. 

 

Calculations of the viral load reductions were performed using the geometric mean value 

of each group and are summarized in Table 4.1-4. The indicated data points (1) were not taken 

into account for the statistical analysis and for the calculation of the viral load reduction. As an 

almost complete protection was not expected with this type of vaccination due to the low 

amount of DNA administered, it is more likely that the infection with RSV during the challenge 

did not work optimally in these three animals. Therefore, the resulting data points were 

excluded from further analyses. 

Immunization using intramuscular injection of MfPV11 PsVs and subsequent 

intramuscular application of PcPV1 PsVs yielded the highest reduction of the viral load (29-fold). 

Only the groups, which were vaccinated twice intramuscularly, showed a significant reduction 

of the viral load compared to the non-vaccinated animals. This is in correspondence with the 
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measured binding antibody titers, which were only detectable in groups vaccinated exclusively 

by intramuscular injection.  

Table 4.1-4 - Viral load reduction 

 
Group 

Fold viral load reduction  
(compared to non-vaccinated control) 

P-m / M-m 19.2 

M-m /  P-m 28.6 

M-m / P-n 4.9 

pcDFsyn 1.1 

 

 

4.1.6.1 Lung histopathology 

In the process of the development of an RSV vaccine, it is important to rule out the 

possibility of inducing enhanced respiratory disease (ERD) upon infection after immunization. 

Therefore, after challenge, lung sections were HE-stained and analyzed for signs of inflammation 

and type 2 hyperplasia (3.5.5).  

Differences between the groups were not very pronounced and mostly not statistically 

significant. Mice vaccinated with the M-m/P-n regimen did, however, show significantly lower 

signs of both inflammation and type 2 hyperplasia in comparison to the M-m/P-m group (Figure 

4.1-18). It is worth noting that the mice of the M-m/P-m group showed the highest lung 

histopathology scores, and also had the highest (29-fold) reduction in viral load after challenge 

(Table 4.1-4). However, a correlation between the degree of inflammation or type 2 hyperplasia 

and protection was not found. 

 

 

 

 



Results 

69 
 

 

Figure 4.1-18 - Lung histopathology after immunization and challenge 

Formaldehyde-fixed, HE-stained lung sections were analyzed for signs of inflammation and type 2 
hyperplasia. Scores range from 0-3, as described in Table 3.5-2. Shown are mean values of all 6 mice 
per group and standard deviation. Statistical analyses were performed by two-way ANOVA and 
Tukey’s multiple comparison test. 

 

4.1.7 Summary and conclusion Part I 

The analysis of ten animal papilloma virus types revealed that it was possible for most of 

them to use the sequences for the capsid proteins L1 and L2 to produce VLPs and even PsVs 

with at least basal transduction rates in vitro. Two papilloma PsVs which transduced markedly 

better than the remaining eight – MfPV11 and PcPV1 – were analyzed in more detail. The 

packaging of a reporter plasmid inside the PsVs was confirmed by qPCR, which also showed that 

the packaging plasmid, coding for the papilloma virus L1 and L2, was found inside the capsids to 

a large degree. For this reason, new plasmids were constructed, coding for either L1 or L2 plus 

the actual vaccine sequence of the RSV-F protein. MfPV11 and PcPV1 PsVs carrying these 

plasmids were used to vaccinate mice. The elicited immune response after two intramuscular 

immunizations allowed a significant reduction of the viral titer when the animals were 

challenged with infectious RSV. Additionally, intramuscular injection of MfPV11 and PcPV1 PsVs 

carrying a plasmid coding for firefly luciferase (F.Luc) led to the expression of F.Luc, which lasted 

several weeks in the case of PcPV1 PsVs. 

The surprising finding that the in vitro transduction of a number of animal papilloma PsVs 

– such as PcPV1 – can be enhanced by the addition of ι-carrageenan, could be a way to increase 

the transduction also in vivo.  

In summary, pseudovirions based on non-human papilloma viruses are an attractive 

vehicle to deliver DNA, and should be considered for further development in the fields of 

vaccines or gene therapy. 
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4.2 Part II – vaccination with RSV inactivated by low-energy-electron-

irradiation 

Inactivation methods for the viral vaccine production currently include mainly chemical 

inactivation by β-propriolactone or formaldehyde. Due to long incubation periods and 

subsequent purification steps, these are rather time consuming methods. In addition, the 

propensity of chemicals to alter protein structures could yield less effective vaccines. Especially 

in the case of RSV, chemically inactivated vaccines preparations are not considered anymore 

due to the devastating consequences of a formaldehyde-RSV vaccine trial in the 1960s. 

Part II of this thesis deals with an alternative method for pathogen inactivation in the 

scope of vaccine production. Low-energy electron irradiation (LEEI) was tested for its ability to 

inactivate RSV (4.2.2), and conservation of viral antigens upon irradiation was analyzed (4.2.3).  

The LEEI-inactivated virus material was then used in two mouse-vaccination studies to test 

its immunogenic potential and its ability to confer protection upon infection with RSV. The first 

study (4.2.4) focuses on a comparison of LEEI-RSV with formaldehyde-inactivated (FI-) RSV as 

vaccine. In the following second study (4.2.5), the LEEI-RSV vaccine preparation was refined by 

adding a purification step and by testing various adjuvants.  The alum-based adjuvant Alhydrogel 

and MF59-equivalent AddaVax were used since these adjuvants are approved for use in humans. 

In addition, QuilA – approved for veterinary use –  was tested. Poly IC:LC was considered to be 

an especially suitable adjuvant in a RNA-virus vaccine due to its dsRNA nature and was therefore 

included in the experimental design. 
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4.2.1 LEEI-inactivated Influenza A (H3N8) virus 

Prior to the experiments with RSV, which will be described in detail in the following 

sections, pilot experiments were performed with Influenza A (H3N8). Irradiation dose curves 

revealed that an irradiation with 30kGy reproducibly inactivates Influenza A (H3N8) (not shown). 

LEEI-treated H3N8 was compared to H3N8, which was inactivated with 0.05% formaldehyde. 

The incubation with formaldehyde was 16 hours at 4°C (FA short) or 7 days at 37°C (FA long), as 

inactivation times in the vaccine manufacturing setting are usually several days or weeks at 37°C.  

 

 The analysis of the antigenicity was performed by coating the H3N8 virus particles onto 

an ELISA plate and probing with serum from an H3N8 infected pig. Figure 4.2-1, A shows the 

conservation of viral proteins relative to untreated virus, which served as positive control. The 

7-day incubation with formaldehyde (FA long) resulted in significantly reduced viral surface 

proteins (around 40%), which are recognized by the polyclonal serum antibodies. In contrast, 

both LEEI and FA short treatment of the virus allowed an approx. 90% conservation of viral 

antigens. The observation that inactivation by LEEI performed significantly better than the long 

formaldehyde treatment leads to the conclusion that LEEI is a much more gentle inactivation 

method than what is currently used for the vaccine production, resulting in a higher amount of 

antigens in the vaccine preparation.  

In order to test whether LEEI-treated Influenza A (H3N8) is suitable as a vaccine, mice 

were immunized intramuscularly with alum-adjuvanted LEEI-H3N8 in a prime-boost regimen 

(Figure 3.7-1). Another group was immunized with alum-adjuvanted H3N8, inactivated by a 16 

hour formaldehyde treatment at 4°C. The control group was injected with alum-adjuvanted 

mock-infected cell culture supernatant. Each group contained six female BALB/c mice. Finally, 

the mice were challenged intranasally with a dose of 2x105 infectious H3N8 particles per animal. 

Three days later, the viral load in each mouse’s lung was determined by quantitative real-time 

PCR (Figure 4.2-1, B).  
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Figure 4.2-1 - LEEI-inactivated Influenza H3N8  

(from Fertey et al., 2016, adapted) 

(A) Analysis of the antigen structures after inactivation. Influenza A (H3N8) was inactivated by 30kGy 
LEEI-treatment, by incubation with 0.05% formaldehyde (FA) for 16h at 4°C (“short”) or for 7 days at 
37°C (“long”), or left untreated. Error bars indicate the standard deviation. Statistical analysis was 
performed by  one-way ANOVA and Tukey’s multiple comparison test. Graph provided by Dr. Jasmin 
Fertey. 

(B) Virus load determination after challenge of vaccinated and unvaccinated mice by RT-qPCR. 
Statistical analysis was performed by one-way ANOVA and Tukey’s multiple comparison test.   

 

 After vaccination, the number of viral genome copies in the lung was reduced 982-fold 

in LEEI-H3N8 vaccinated animals and 382-fold in Formalin-H3N8 vaccinated mice. All vaccinated 

mice showed therefore a significantly reduced viral load compared to unvaccinated mice, but 

the differences between the LEEI and the formalin groups are not statistically significant.  

 In summary, the presented data show that vaccination with LEEI-inactivated Influenza A 

(H3N8) results in an effective immune response and protection against infection. 

 

 Due to the promising results obtained with LEEI-inactivated Influenza A (H3N8), LEEI-

experiments were conducted with RSV, as presented in the following sections.  
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4.2.2 Irradiation dose curve for RSV inactivation  

In order to determine the required dose of LEEI for reliable inactivation of RSV, different 

RSV preparations were subjected to irradiation between 4 and 20kGy. Controls (0kGy) were 

prepared in the same manner, but left without irradiation. The virus containing, irradiated fluid 

was serially diluted, and HEp2 cells were used in an infectivity assay to determine the resulting 

virus titers. Virus infected cells were visualized by immunocytochemistry 48h later (3.3.5.3).  

The virus titer was reduced in a dose dependent manner (Figure 4.2-2). Although the 

necessary dose for complete inactivation positively correlated with the virus titer, RSV was 

reproducibly inactivated by LEEI at 20kGy up to a titer of 109pfu/ml (Figure 4.2-2, B and data not 

shown). 

 

 

Figure 4.2-2 - LEEI-dose dependent reduction of RSV titer 

RSV was irradiated with increasing doses of low-energy electrons and used for infection of HEp2 
cells. Immunocytochemistry staining was used 48h later to visualize virus-infected cells (red plaques, 
see arrows; A). RSV preparations with titers ranging from 6x105 to 6x107 pfu/ml were subjected to 
increasing doses of LEEI. HEp2 cells were infected with serially diluted virus to determine the titer. 
One irradiation experiment of one preparation is represented by one curve in the graph; the dashed 
line indicates the limit of virus detection (B).     

 

4.2.3 Conservation of RSV proteins after LEEI 

In the process of virus inactivation for vaccine preparation, it is critical to ensure the 

preservation of the antigens that will be important for the induction of a specific and effective 

immune response. Therefore, RSV was irradiated with LEEI at doses between 4 and 20kGy and 

coated onto ELISA plates. Human polyclonal serum was used to probe for RSV antigens in 

general, while monoclonal anti RSV-F antibody was used to probe specifically for RSV F-protein, 

the most important antigen for a protective immune response. Non-treated stock was used as 

control and its ELISA-signal was set to 100%; all other values were calculated relative to the stock 

control.  
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Both RSV antigens in general (Figure 4.2-3, A) and RSV fusion protein F (Figure 4.2-3, B) 

showed a reduction in binding antibodies in an irradiation-dose dependent manner. After 

irradiation with 20kGy, about 70% of antibody-detectable RSV proteins and an average of 74% 

of RSV-F remained measureable compared to the non-treated stock. This degree of antigen 

conservation was reproducible in at least five independent experiments. In contrast, RSV 

inactivation by a 3-day incubation with 0.025% of formaldehyde at 37°C led to a highly variable 

RSV-F protein conservation measured by ELISA, ranging from 34% to 116% (Figure 4.2-3, C).  

 

 

Figure 4.2-3 - Conservation of RSV proteins after inactivation 

RSV was subjected to increasing doses of LEEI, or was left non-irradiated (0kGy). RSV material was 
coated on ELISA plates and probed with serum from an RSV-positive human (A) and with anti-RSV-F 
antibody (18F12) (B), respectively. Non-treated RSV stock was used as reference and measured 
absorbance was set to 100%. Medians and standard deviations of the relative signals of three or 
more independent experiments are shown. Similarly, conservation of RSV after inactivation with 
formalin and 20kGy, respectively, was measured using ELISA by coating virus material on ELISA plates 
and probing with anti-RSV-F antibody (18F12). Each data point represents one independent RSV 
preparation (C). 
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4.2.4 Vaccination study I: LEEI and formalin inactivated RSV 

The first vaccination study sought to directly compare formaldehyde and LEEI as 

inactivation methods in terms of the resulting vaccine’s abilities to elicit a protective immune 

response. RSV-containing cell culture supernatant was inactivated by formaldehyde following 

the protocol for “Lot100” ((Kim et al., 1969); 3.6.2). The same virus stock was used for LEEI 

inactivation with 20kGy and adjuvanted with Alhydrogel. 

4.2.4.1 Immune response after vaccination with LEEI-RSV and FI-RSV 

Mice were immunized intramuscularly following a homologous prime-boost regimen 

(3.7.1), using six female BALB/c mice per group. RSV specific antibodies were detectable by ELISA 

(3.5.4.2) in both vaccinated groups after prime, and an increase in binding antibodies was 

observed after boost (Figure 4.2-4, A). The avidity of the binding antibodies was measured in a 

modified ELISA (3.5.4.2). After prime, the average relative avidity of antibodies of the FI-RSV 

group was at 20%, mice from the LEEI-RSV group developed antibodies with an average relative 

avidity of 24%. In both groups, the avidity was increased by the boost, leading to an average 

relative avidity of 55% for the FI-RSV group and 66% for the LEEI-RSV group (Figure 4.2-4, B). 

Differences between both vaccinated groups are not statistically significant.  

Titers of neutralizing antibodies are important measures for protectivity and were 

therefore determined by neutralizing antibody assays (3.3.6). Neutralizing antibodies were 

present in sera after prime and after boost of both vaccinated groups. The titers increased after 

boost to an average of  1:1086 in the LEEI group and 1:684 in the FI-RSV group. The differences 

in titers between both vaccinated groups are not statistically significant different (Figure 4.2-4, 

C). 

Finally, the mice were challenged intranasally with 106 pfu of RSV four weeks after the 

last immunization to test the ability of the vaccines to protect from RSV infection. Three days 

post challenge, the viral load was quantified from the lungs of the infected mice. After isolation 

of the viral RNA, an 80bp sequence of the RSV N-gene was reverse transcribed and amplified by 

real time PCR. In comparison to control animals, which had received mock infected cell culture 

supernatant as vaccine, the viral load was reduced approx. 77-fold in mice vaccinated with LEEI-

RSV and about 180-fold in mice vaccinated with FI-RSV (Figure 4.2-4, D). Again, differences 

between the two vaccinated groups are not statistically significant. 

In summary, this immunization study shows that RSV inactivated by LEEI is suitable as 

vaccine, leading to a reduction in viral load upon challenge with RSV, which is comparable to FI-

RSV. Aiming for a stronger and more protective immune response, the LEEI-RSV formulation was 

adjusted and different adjuvants were tested in a subsequent immunization study (4.2.5).   
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Figure 4.2-4 - Analysis of the immune response after vaccination with LEEI-RSV and FI-RSV 

ELISA-plates were coated with purified RSV and probed with sera from immunized mice after prime 
and after boost to analyze total IgG binding antibodies (A). In order to calculate avidity, a 7M urea 
wash step was included after incubation with sera (B). Neutralizing antibodies were measured by 
serial dilution of sera and incubation with rgRSV before addition of HEp2 cells. GFP-positive plaque 
forming units were counted 48h later. Shown are reciprocal values of the serum dilutions, at which 
50% of pfu were counted in comparison to controls without serum. ELISAs were performed in three 
independent experiments; shown is one representative experiment. Neutralization assays were 
performed in at least three independent experiments; shown is the geometric mean of the 
calculated neutralizing antibody titer.  
Mice were challenged four weeks after the last immunization and RNA was extracted from lungs 
three days post infection. Virus load was determined in triplicates by RT-qPCR as copies per 45ng 
RNA. Statistical analysis was performed using one-way ANOVA and Tukey’s multiple comparison test 
(D). 

LEEI: group vaccinated with LEEI-inactivated RSV-containing cell culture supernatant; Formalin: 
group vaccinated with formalin-inactivated RSV-containing cell culture supernatant; Mock: group 
vaccinated with mock-infected cell culture supernatant. Alhydrogel was added as adjuvant in all 
groups. 
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4.2.5 Vaccination study II: LEEI-RSV and the effect of adjuvants  

In an attempt to improve the LEEI-RSV vaccine, two parameters we changed compared 

to the preceding vaccine production (3.6.4). Firstly, RSV was purified from the virus-containing 

cell culture supernatant by ultracentrifugation with a 20% sucrose cushion. Secondly, for the 

final vaccine preparation different adjuvants were added. Apart from the alum-containing 

Alhydrogel, AddaVax, QuilA and Poly IC:LC were tested. 50µl of each adjuvant were added to 

50µl of purified RSV, which had a titer of approx. 108 pfu/ml, respectively. Final concentrations 

of the adjuvants are summarized in Table 3.6-2.  

Again, a homologous prime-boost regimen was used for the vaccination of six female 

BALB/c mice per group, while control mice were left unvaccinated. All mice were bled for the 

collection of sera prior to immunization, three weeks after prime and three weeks after boost.  

4.2.5.1 Analysis of induced RSV-specific antibodies 

Sera were used to determine RSV-binding antibodies as well as these antibodies’ avidity 

and ratio of IgG1 to IgG2a isotypes elicited upon vaccination. Unlike unvaccinated mice, all 

immunized mice developed RSV-specific antibodies, the titer of which was significantly 

(p<0.0001) increased after the boost in all groups (Figure 4.2-5, A).   

The avidity was measured in a modified ELISA including an additional urea wash step 

(3.5.4.2). In all vaccinated groups, the boost led to a significant increase in avidity (p<0.0001) – 

with the exception of Poly IC:LC, where the avidity was not increased after the boost. Poly IC:LC 

adjuvanted LEEI-RSV provoked not only significantly lower amounts of RSV-binding antibodies in 

general (Figure 4.2-5, A), but the antibodies’ avidity was also significantly poorer than in groups 

vaccinated with LEEI-RSV plus Alhydrogel, QuilA or AddaVax (Figure 4.2-5, B). While antibodies 

of the Alhydrogel, QuilA and AddaVax groups showed avidities of 78%, 71% and 60%, 

respectively, antibodies of the Poly IC:LC group had a comparably low average avidity of 20% 

after boost.  

  The IgG1 and IgG2a specific ELISA (3.5.4.2) showed that all vaccinated groups developed 

RSV-binding antibodies of both Th2-associated subtype IgG1 and Th1-associated IgG2a. 

Antibodies elicited in mice vaccinated with LEEI-RSV + Alhydrogel stood out in comparison to all 

other vaccinated groups, as subclass IgG1 was present to a much higher extent, while less 

antibodies of subclass IgG2a were measurable, indicating a Th2 bias (Figure 4.2-5, C). This is 

consistent with previous findings that alum is an adjuvant triggering mainly Th2 immune 

responses (Brewer et al., 1996). 
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Figure 4.2-5 - Antibody response after vaccination with LEEI-RSV plus different adjuvants 

ELISAs were performed to determine RSV binding IgG antibodies (A), avidity (B) and IgG1/IgG2a ratio 
(C) by coating RSV virions on ELISA plates and probing with sera from vaccinated mice. Avidity was 
determined by including a 7M urea wash step after incubation with sera. Shown is the relative avidity 
as percentage of bound antibodies after urea wash (B). Ratio of IgG1 to IgG2 antibodies was 
determined in serum after boost (C). Statistical analyses were performed using one-way ANOVA and 
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Tukey’s multiple comparison test.  ELISAs were repeated in three independent assays; shown is one 
representative experiment. 

 

4.2.5.2 Neutralizing antibodies and viral load in mice’s lungs after RSV-challenge 

As main indicators of protection, neutralizing antibodies in the mice’s sera were 

measured, as well as the lung viral load after challenge with RSV. 

Prime immunization induced the production of neutralizing antibodies in all groups, with 

the exception of mice that had been vaccinated with Poly IC:LC adjuvanted LEEI-RSV (Figure 

4.2-6, A). In the latter case, neutralizing antibody titers did not differ from non-immunized 

control animals in a statistically significant way. Boost immunization led to a strong increase in 

neutralizing antibody titers in all groups, but titers of the Poly IC:LC group were still significantly 

lower than of all other immunized groups (Figure 4.2-6, B).   

Finally, the mice were challenged with infectious RSV four weeks after the last 

immunization. Five days later, mice were sacrificed and the viral RNA was extracted from their 

lungs (3.4.5). 45ng of RNA were used for quantitative RT-PCR (3.4.6.2), which contained an 

average viral copy number of 4.8x105 in the control group (Figure 4.2-6, C). All vaccinated groups 

showed a significant reduction in viral load (p<0.0001) with no statistically significant differences 

between the individual vaccinated groups. Mice vaccinated with LEEI-RSV adjuvanted with QuilA 

und AddaVax presented the strongest response, as the viral load was reduced approximately 

104-fold. Since the limit of quantitation lies at 50 due to the standard curve, a viral load of 50 

was conservatively assumed for all data points below the limit of quantitation for the 

calculations of the virus load reduction. 
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Figure 4.2-6 - Neutralizing antibodies and virus load in lungs after challenge 

Neutralizing antibodies were measured in serum after prime (A) and boost (B) by serial dilution of 
sera and incubation with rgRSV before addition to HEp2 cells. GFP-positive plaque forming units were 
counted 48h later. Shown are reciprocal values of the serum dilutions at which 50% of pfu were 
counted in comparison to controls without serum. The dashed line indicates the limit of detection. 
Neutralization assays were performed in at least three independent experiments; shown is the 
geometric mean of the calculated neutralizing antibody titer for each mouse. One-way ANOVA and 
Bonferroni’s multiple comparison test was used for statistical analysis. Mice were challenged four 
weeks after the last immunization and RNA was extracted from lungs three days post infection. Virus 
load was determined in triplicates by RT-qPCR as copies per 45ng RNA. Statistical analysis was 
performed using one-way ANOVA and Tukey’s multiple comparison test (C). 
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4.2.5.3 Lung histopathology 

Following the devastating 1960’s FI-RSV vaccine trial, inactivated RSV vaccine candidates have 

come under particular scrutiny, especially with respect to their propensity to induce enhanced 

respiratory disease (ERD). Typical signs of ERD like weight loss or ruffled fur upon challenge 

(Knudson et al., 2015) were not noted. For a more detailed analysis, one lobe of each mouse 

lung was formaldehyde-fixed, sectioned, HE-stained and assessed histopathologically for signs 

of inflammation and type 2 hyperplasia (3.5.5). No significant difference between the individual 

groups regarding type 2 hyperplasia were observed, but QuilA and AddaVax groups did show 

enhanced lung inflammation in comparison to non-immunized mice (Figure 4.2-7, A).  A 

correlation between protection and scores does not exist. 
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Figure 4.2-7 - Lung histopathology after LEEI-RSV 
immunization and challenge 

(A) HE-stained lung sections were pathologically 
scored for signs of inflammation and type2-
hyperplasia as described in Table 3.5 2. Statistical 
analyses were performed by two-way ANOVA 
and Tukey’s multiple comparison test. 

(B) Representative HE-stained cross-sections of 
lungs of vaccinated mice after challenge. 
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4.2.6 Summary and conclusion Part II 

 

The presented data show that LEEI is a suitable method for the reliable inactivation of RSV, 

keeping viral antigens intact to a large degree. In contrast to chemical inactivation methods, LEEI 

is a very fast process, only taking seconds. This makes the LEEI-technology especially attractive 

for the vaccine production. Vaccination of mice with adjuvanted LEEI-RSV resulted in the 

production of RSV-specific binding and neutralizing antibodies, and conferred protection upon 

challenge with infectious RSV. The addition of various adjuvants showed that QuilA, AddaVax 

and Poly IC:LC steered the immune response in a Th1 direction, in contrast to Alhydrogel, which 

led to a Th2-biased response. Finally, there were no indications that vaccination with LEEI-RSV 

induces an enhanced respiratory disease upon infection with the virus, although mice that had 

received AddaVax or QuilA did show slightly elevated signs of lung inflammation. 

In summary, LEEI-RSV is a promising procedure for the production of a killed RSV vaccine. 

Further studies should be performed to gain more insight into the functionality of the vaccine-

induced immune response, including an analysis of the cellular immune response. 
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5 DISCUSSION 

 

The experiments performed within the scope of this dissertation explored novel approaches 

to vaccine platform technologies that can be applied to a large number of pathogens. 

The use of non-human papilloma pseudovirions combines the application of a DNA vaccine 

with a viral delivery system. To date, genetic vaccines have not been licensed for the use in 

humans, given that the DNA-delivery technologies are not yet efficient and workable. The 

existence of a large amount of gene therapy candidates based on recombinant adeno-associated 

viruses, shows that virus-mediated gene delivery is a technology that is currently actively being 

pursued.   

The identification of suitable papilloma virus candidates through functional tests, analyzing 

the delivery of a target plasmid in vitro and especially in vivo, presented the main task. Further, 

several questions concerning packaging and transduction characteristics were addressed. 

While viral delivery of DNA is a rather recent vaccine approach, killed vaccines have been in 

use for many years. Pathogen inactivation through low-energy electron irradiation (LEEI) is a 

novel technology that has several advantages over chemical inactivation. The presented studies 

sought to analyze the immunogenicity and protective efficacy of an LEEI-inactivated virus 

vaccine in combination with a number of adjuvants. 

An RSV vaccine should induce sufficient immunity, protecting against lower respiratory tract 

infections and apnea, while sterilizing immunity is not necessary and possibly not even feasible 

(Modjarrad et al., 2016). RSV vaccine candidates in recent preclinical and clinical development 

include live-attenuated, inactivated whole virus, particle-based, subunit vaccines as well as 

nucleic acid and gene-based vector approaches (Grunwald et al., 2014; Karron et al., 2015; 

Kohlmann et al., 2009; McGinnes et al., 2011; Raghunandan et al., 2014; Ternette et al., 2007). 

Depending on the target group, certain approaches might be more efficient than others. There 

are four target populations that need to be considered for RSV vaccines: RSV naïve young infants, 

RSV naïve children (≥6 months of age), pregnant women, and the elderly (Anderson et al., 2013).  

Live-attenuated RSV vaccines, for instance, are not immunogenic in adults, but are considered 

for antigen-naïve infants as they are not associated with ERD (Graham, 2016; Higgins et al., 2016; 

Karron et al., 2013). 

Although both approaches presented in this thesis – LEEI-RSV and papilloma PsVs-mediated 

genetic vaccination – are meant as generally applicable vaccine platform technologies, all 

vaccination studies were performed using RSV, against which no vaccine is currently available in 

spite of an urgent need. 
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5.1 Non-human papilloma pseudovirions for gene transfer in vitro and in vivo 

Although genetic vaccines hold great potential, the difficulty to efficiently deliver nucleic 

acids to the vaccinee has hampered the step of turning genetic vaccines into licensed products. 

The results of this thesis show that non-human papilloma pseudovirions present a viable means 

for vector-mediated delivery of DNA-plasmids. The wide range of non-human papilloma virus 

(PV) types presents a great opportunity to develop a platform containing numerous non-human 

PV based vectors. L1 and L2 gene sequences are available for a large amount of PV genotypes, 

making the production of different types of PsVs feasible. At the same time, predicting the 

suitability of the more than one hundred virus types for this specific application poses a major 

challenge. 

5.1.1 Identification of suitable non-human papilloma virus types 

Papillomaviruses exhibit a strict species tropism (Rector et al., 2007; Zur Hausen, 2002), 

but these restrictions are thought to be caused by tissue-specific cellular enhancers rather than 

by specific membrane receptors (Müller et al., 1995; Roden et al., 1994; Steinberg et al., 1989). 

As PVs have been found to enter a wide range of cells (Müller et al., 1995), the tropism should 

not directly restrict the use of PsVs as gene delivery vehicle.  

HPVs can be assigned to two different tropism groups. HPVs infecting the mucosa belong 

predominantly to the α-PVs, while those HPVs, which infect the skin, include β-PVs as well as 

further HPV genus (Mistry et al., 2008). Most research in the papilloma virus field has been done 

with HPV, especially type 16, due to its propensity to cause cervical cancer (Zur Hausen, 2009). 

Successful transduction with HPV16, as well as with many other α-PVs, has previously been 

shown in vitro and in mice (Cerqueira et al., 2017), suggesting that suitable candidates for gene 

delivery might be found in this genus. For this reason, five of the ten tested non-human PV types 

were chosen from the α-papillomaviruses, all of which normally infect non-human primates 

(CgPV1, PtPV1, MfPV6, MfPV11 and MmPV1, see Table 4.1-1). Interestingly, substantial 

differences became apparent, as MfPV11 was the only α-PV yielding reproducible, good 

transduction rates in vitro (Figure 4.1-3). PcPV1 PsVs showed comparable transduction rates in 

vitro, but the following in vivo experiments painted a different picture. Upon intramuscular 

injection, Mf11PV PsV-mediated transduction and subsequent reporter expression were weak 

and not even detectable in all mice of the group. PcPV1 PsVs – which belong to the genus of λ-

PVs – on the other hand, sufficiently transduced the reporter plasmid to yield a strong and long 

lasting expression (Figure 4.1-15, B). These observations lead to the conclusion that in vitro 

transduction efficiency does not allow predictions of the in vivo applicability, nor is there a 

correlation between the PV genus and its in vivo (or at least intramuscular) transduction 

capacity. As slowly evolving viruses (Rector et al., 2007), the latter could be explained since PV 
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classification occurs exclusively on the genomic level, and does not include serology or 

mechanistic characteristics. PVs are considered to belong to the same genus if they share 60% -

70% nucleotide identity in L1 (Villiers et al., 2004). The observation that there is substantial 

variability across PV types in terms of their production of capsids and infectious virions has also 

been reported by others (Cerqueira and Schiller, 2017). It is therefore currently a matter of trial 

and error to identify PV types that are suitable as gene delivery vectors. 

 

5.1.2 Transduction characteristics 

The experiments included in this thesis did not aim to elucidate the exact entry 

mechanisms employed by the different animal papillomaviruses, yet dissimilarities in their 

infection characteristics were indeed observed. PcPV1 and MfPV11 differ in their infection 

characteristics, as witnessed when ι-carrageenan or empty VLPs were added upon transduction 

with the PsVs in vitro.  

In line with previous findings describing ι-carrageenan as a potent inhibitor of papilloma 

virus infection by preventing virion-to-cell binding (Buck et al., 2006b), transduction with 

MfPV11 PsVs was obliterated when ι-carrageenan was added to the cell culture medium. In 

contrast, ι-carrageenan has never been reported to enhance transduction in vitro, as observed 

for PcPV1 PsVs. Studies on the HPV attachment mechanism show that the virus uses negatively 

charged heparan sulfate proteoglycans (HSPG) as primary attachment factors on epithelial cells 

(Schiller et al., 2010; Shafti-Keramat et al., 2003), with which the L1 protein interacts. These 

findings are in agreement with the observation that negatively charged sulfated polysaccharides 

like heparin or carrageenan (Figure 5.1-1) can block HPV infections (Buck et al., 2006b; Joyce et 

al., 1999).  
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Figure 5.1-1 -  ι-carrageenan and heparin 

Chemical structures of ι-carrageenan2 (A) and heparin3 (B) 

                  

Studies analyzing the surface charge of different HPV-types found that the predicted 

isoelectric point (pI) of the L1 capsid protein correlates with the cutaneous or mucosal tropism. 

HPV16 (mucosal) has a positive surface charge at physiological pH, while HPV5 (cutaneous) has 

a negative surface charge at pH 7.4. Uptake of HPV5 was not inhibited by heparin, while uptake 

of HPV16 was abrogated by heparin (Mistry et al., 2008). These findings suggest that negatively 

charged large molecules like heparin or ι-carrageenan might interact with the positively charged 

L1 and compete with its HSPG interaction, thereby blocking the interaction between PsV and 

cell surface. While this hypothesis explains why heparin (or ι-carrageenan) does not have an 

effect on negatively charged PsVs (Mistry et al., 2008), it does not allow for an explanation as to 

why ι-carrageenan may also have enhancing effects on certain PsVs. Especially interesting is the 

finding that, in contradiction to all other α-PVs which have been reported to be inhibited by ι-

carrageenan, transduction of HEK293TT cells with MmPV1 (an α-PV) PsVs was enhanced by the 

addition of ι-carrageenan in vitro (Figure 4.1-7, C). This observation leads to the postulation that 

the classification of the papilloma virus genus alone is not sufficient to deduce their infection 

characteristics and their susceptibility to ι-carrageenan-mediated transduction enhancement or 

inhibition.  

Nonetheless, virus charge may indeed play a critical role for the cell-virus-interface. 

Apart from papillomaviruses, it has been shown for certain adenoviruses that the net charge is 

important for the virus-cell receptor binding (Arnberg et al., 2002). In fact, HSPGs present central 

cell surface endocytosis receptors for a large variety of macromolecules and viruses. RSV (Cagno 

et al., 2014; Krusat and Streckert, 1997), Dengue-2 virus (Lin et al., 2002), varizella zosta virus 

(Zhu et al., 1995) and Hepatitis B virus (Schulze et al., 2007) have been shown to use HSPGs for 

                                                        
2 https://biology.stackexchange.com/questions/1611/how-does-iota-carrageenan-achieve-an-antiviral-effect 
3 https://www.heparinscience.com/ 

A B 
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cell binding, and infection can be inhibited by heparin. Further examples of viruses, whose in 

vitro infection can be repressed with heparin, are herpes simplex virus (HSV) (Nahmias and 

Kibrick, 1964) and HIV (Ito et al., 1987). HSV-2 infection in mice was shown to be inhibited by 

carrageenan (Zacharopoulos and Phillips, 1997). In vitro studies using HeLa cells demonstrated 

that carrageenan was active against HSV-1, HSV-2, Semliki Forest, vaccinia, 

encephalomyocarditis virus and swine fever viruses. No effect was observed against vesicular 

stomatitis virus, poliovirus, adenovirus and measles virus (González et al., 1987). Due to the 

broad in vitro activity of ι-carrageenan against respiratory viruses, especially rhinoviruses 

(Grassauer et al., 2008), it has even been tested as a nose spray to lessen cold symptoms and 

viral load. In several small clinical trials, subjects receiving ι-carrageenan via nose spray did 

indeed show a significantly lower viral load and slight reduction of cold symptoms (Eccles et al., 

2010; Eccles et al., 2015; Koenighofer et al., 2014; Ludwig et al., 2013). 

Interestingly, studies to investigate the mode of action of carrageenan-mediated 

inhibition of HSV-1 infection in HeLa cells found that it was not the attachment that was 

prevented (González et al., 1987). Instead, it is speculated that carrageenan and the virus 

particles are co-internalized in the endosome, and that the polysaccharide might prevent virus 

replication. These findings, however, do not agree with studies on papillomaviruses and 

carrageenan, which identify the binding process as the inhibited step (Buck et al., 2006b). As the 

experiments conducted in the scope of this thesis contain PsVs rather than replication 

competent virus, ι-carrageenan indeed seems to prevent the binding or entry of HPV16 and 

MfPV11 into the cells. Therefore, this polysaccharide apparently applies its anti-viral mechanism 

on different levels. In the case of PcPV1, it is likely the attachment/entry step that is enhanced 

by ι-carrageenan. Experiments using PcPV1 PsVs with GFP as reporter showed an increased 

number of transduced (i.e. GFP-positive) cells instead of a higher GFP expression per cell (Figure 

4.1-7).  

Other examples of viral infection enhancers belong to the group of cationic polymers, 

such as protamine sulfate and polybrene. The latter is commonly used to improve retroviral gene 

transfer in vitro by increasing the virus’ adsorption to cell membranes (Davis et al., 2002). A 

similar mode of action has been reported for “Semen-Derived Amyloid Fibrils” (SEVI) (Münch et 

al., 2007), acting as a polycationic bridge between HIV and the negatively charged cell surface 

(Roan et al., 2009). However, this effect was only observable in vitro, and SEVI failed to enhance 

transmission in the mouse (van Dis et al., 2016).  

One could speculate that a number of PVs (such as PcPV1) use a different cell entry 

mechanism than what has been described until now, which is enhanced or stabilized by ι-

carrageenan. In line with this hypothesis, the addition of empty VLPs caused a significant 

reduction of the transduction for PcPV1, but not for MfPV1 PsVs (Figure 4.1-8). PcPV1 may, for 

instance, use cell surface receptors or structures that are less abundant than HSPGs, for which 
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PsVs and VLPs would then compete. The difference in cell entry could also lie in the secondary 

receptor (as of now elusive), to which the capsid binds after the initial interaction with HSPGs. 

Although controversial, α6-integrin has been suggested as a potential secondary receptor 

(Horvath et al., 2010). In the attempt to elucidate the cell entry mechanism of papillomaviruses 

(see Figure 2.6-2 and Figure 2.6-3), it is important to keep in mind that differences have been 

found between entry in vitro and in vivo. HPV entry in vitro has been shown to involve the 

interaction with a cell surface receptor, while the basement membrane has been identified as 

the primary binding site of the virus in vivo (Roberts et al., 2007).    

  

5.1.3 DNA-packaging by non-human papilloma PsVs 

Although packaging signals have to be present for most viruses to ensure selective 

encapsidation of the viral genome, no such sequences have been identified for papilloma viruses 

(Stauffer et al., 1998; Zhou et al., 1994). DNA-binding regions are found in both the L1 and the 

L2 protein, but this interaction is presumably based on ionic interactions with the DNA’s 

backbone rather than on specific sequences (El Mehdaoui et al., 2000; Li et al., 1997; Zhou et 

al., 1994). Studies analyzing the plasmid packaging behavior of the bovine papilloma virus type 

1 (BPV1) and HPV18 showed that the PsV transduction efficiency negatively correlates with the 

size of the reporter plasmid. This suggests a sequence-unrelated packaging, only requiring the 

plasmid size not to exceed the size of the PV genome, which is about 8kb (Buck et al., 2004; 

Stauffer et al., 1998). It has recently been proposed that papillomaviruses employ a size 

discrimination mechanism for packaging, in which the capsid undergoes multiple 

assembly/disassembly cycles in the nucleus, sampling different DNA molecules for packaging. As 

soon as episomal DNA of an appropriate size has been identified, it is packaged, yielding more 

stable capsids that do not undergo further assembly/disassembly cycles (Cerqueira et al., 2015).  

In light of this data, packaging plasmids of the animal PVs to be analyzed were designed 

as bicistronic plasmids, coding for both L1 and L2 (Figure 7.1-1 and Figure 7.1-2), thereby 

exceeding the PV genome size of 8kb by more than 1kb. When these packaging plasmids were, 

surprisingly, found by qPCR to be packaged, the packaging plasmid was further enlarged by 

addition of a stuffer sequence, yielding plasmids of more than 10.2kb (Figure 7.1-3 and Figure 

7.1-4). Unexpectedly, this did not prevent the plasmids from being packaged. The most likely 

explanation for these controversial findings seems to be that the qPCR amplifies plasmid DNA 

that actually sticks to the outside of the capsids rather than being packaged inside. In order to 

avoid this false positive amplification, the PsV preparation includes an overnight treatment with 

Benzonase nuclease before purification by ultracentrifugation. In addition, purified PsV 

preparations were subjected to DNAseI treatment before DNA extraction. A very similar protocol 

for quantification of HPV-encapsidated DNA has been published, even omitting the DNAseI step 
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(Çuburu et al., 2015). In this protocol, primers amplifying a 200bp product of the f1 ori are used, 

therefore detecting any f1 ori-containing plasmid. As the f1 ori is present on most plasmids, this 

method is not suitable to distinguish between different packaged plasmids. Concerning the 

experiments of this thesis, unspecific binding of the primers (3.1.4) used to amplify a product in 

the IRES-sequence of the packaging plasmids has been ruled out experimentally using HEK293TT 

genomic DNA as template, which showed no amplification. In addition, analysis by PAN-PCR 

supports the findings that the packaging plasmid does get packaged into the PsVs (4.1.4.1).  Next 

generation sequencing of a large amount of samples would allow a quantitative analysis of the 

DNA that is encapsidated by papilloma PsVs.  

Making use of the efficient incorporation of the packaging plasmid, “combination” 

bicistronic plasmids were designed, carrying either L1 or L2 and an additional gene of interest 

for expression. It is thinkable that the plasmid packaging may be coupled to the expression of 

the viral capsid proteins L1 and L2, leading to an increased encapsidation of plasmids from which 

L1 or L2 are expressed. This is a rather speculative hypothesis, as co-translational packaging has 

only been described for lenti- and retroviruses thus far. A comparison of the transduction with 

papilloma PsVs containing the packaging plasmid plus reporter plasmid versus PsVs containing 

the combined plasmids did not reveal any differences (Figure 4.1-14), leading to the conclusion 

that translation and packaging are probably separate events in papillomaviruses.  

The “combined plasmid” system brings several safety advantages, however, as every 

plasmid-containing PsV now delivers the vaccine- or reporter sequence into the cell, ensuring 

that each successful transduction event leads to the expression of the vaccine or reporter 

protein. In addition, one PsV alone never contains the genetic information for both L1 and L2, 

which are required in combination to produce new transduction-competent PsVs. Therefore, 

the separation of L1 and L2 onto two different plasmids reduces the risk of further mobilization 

of the vaccine construct in the vaccinee.  

In order to enhance the packaging efficiency of the vaccine plasmid and reduce the 

amount of empty VLPs that are generated as a byproduct, one could employ a systematic 

screening of the papillomavirus genome for a potential packaging sequence. By successively 

adding sequences of the papillomavirus genome in 1,000bp increments to the vaccine plasmid, 

it may be possible to identify putative packaging sequences. 

 

5.1.4 Papilloma PsV mediated DNA delivery in vivo 

First functional studies analyzing the PsV-mediated DNA delivery in mice were conducted 

using a Firefly Luciferase (F.Luc) reporter plasmid (pcLuc13, Figure 7.1-7). Intramuscular 

injection of PcPV1 and MfPV11 PsVs carrying pcLuc13 resulted in very different efficiencies of 

F.Luc expression. While F.Luc was clearly detectable in mice injected with PcPV1 PsVs on day 7, 
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it took 28 days to measure the expression of F.Luc in mice injected with Mf11PV. This late 

detection leads to the assumption that enough F.Luc has to accumulate until a detectable 

amount is present. However, it has been shown that there is only little intracellular accumulation 

of F.Luc (Naylor, 1999), which already has a rather short half-life of approx. 3h (Wu et al., 2001) 

due to its sensitivity to proteolysis (Pazzagli et al., 1992). Another explanation for the late 

detection of F.Luc could be the unusually slow entry process employed by papilloma viruses, 

which includes an extended halt on the cell surface (Horvath et al., 2010). This might lead to a 

drawn-out process of gradual entry of PsVs into the cells, resulting in a slow but steady increase 

of transduced cells, which then express F.Luc. In most previously published experiments using 

PVs as gene vectors, PsVs were applied to the mucosa. Therefore, very little is known about their 

behavior when injected intramuscularly. Kinetic analyses of F.Luc expression after intravaginal 

infection with different HPV types showed a peak in expression on day two after administration, 

and the disappearance of the luciferase signal within seven days  (Cerqueira et al., 2017; Graham 

et al., 2010). Importantly, viral infectivity was found to be highly ineffective as long as the 

mucosal epithelium was still intact. Only after mechanical, hormonal or chemical disruption of 

the epithelium, infection was possible. These findings differ substantially from the results 

obtained in this thesis, where the luciferase signal remained detectable for several weeks, 

probably due to the intramuscular administration route. Others found a strong luciferase 

expression until day eight after intramuscular injection of replication-deficient adenovirus 

(Ad.Hu5) vector expressing firefly luciferase. The same group reported the induction of a CD8+ 

T-cell mediated immune response against F.Luc. Although not shown in the publication, as mice 

were sacrificed for spleen cell harvest, one would expect this immune response ultimately to 

lead to the clearance of all infected and therefore F.Luc-expressing cells (Limberis et al., 2009). 

Surprisingly, we continued to detect clear luciferase signals even three months after the 

injection of PcPV1 PsVs. HPV VLPs are able to enter dendritic cells (Horvath et al., 2010), which 

should therefore lead to cross-presentation and activation of CD8+ T-cells to kill infected, F.Luc-

expressing cells. It is feasible, however, that the stimulus exerted by the non-human PV PsVs is 

not sufficient for a strong engagement of the innate immune response and subsequent adaptive 

immune reaction. This is in line with the finding that vaccination with PcPV1 and MfPV11 PsVs 

against RSV led to a rather weak immune response, causing a maximum 29-fold reduction of the 

viral load after challenge (Table 4.1-4). Considering the low amount of DNA delivered (2.3ng), 

however, it is remarkable that an immune response can be observed at all. The absence of 

detectable RSV-neutralizing antibodies and the low levels of RSV-binding antibodies (Figure 

4.1-17, A) speak for a T-cell mediated response rather than an antibody-based protection. In 

order to generate stronger immune responses, it would probably be advisable to add adjuvants 

in future vaccination studies. Especially nucleic acid-based adjuvants such as Poly IC:LC or CpG 

DNA, which could possibly be delivered by PsVs, would be of interest.  
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Interestingly, only two subsequent intramuscular immunizations led to a measurable 

immune response as observed by the presence of RSV-binding antibodies and a reduction in 

viral load after the challenge. Heterologous immunization by intramuscular injection followed 

by intranasal application probably did not deliver sufficient amounts of antigen, leading to the 

assumption that the PsVs are not efficiently taken up by the lung tissue. Further studies using 

PsVs with reporters such as F.Luc may shed light on the uptake and expression efficiency in the 

lung after intransasal application.  

An important difference between the PsV preparations used in the F.Luc study and the 

vaccination study is the ultracentrifugation purification step, which was omitted for the 

preparation of the pcLuc13-carrying PsVs. Analysis of non-purified PsVs in cell culture is difficult 

due to the presence of detergents and residual cell debris and proteins. This did not present any 

problems upon intramuscular injection, but for an intranasal application it would not have been 

acceptable. Thus, purification is indeed necessary for certain applications. Unfortunately, 

ultracentrifugation is associated with great titer losses, as has also been experienced by others 

who recovered only 3% of their HPV16 pseudovirus preparations (Pastrana et al., 2004). The 

virus’ propensity to absorb nonspecifically to polypropylene (Volkin et al., 2002) could be one 

possible explanation for the observed purification problems. Despite intense efforts to find 

alternative methods for purification and maybe even for concentration, ultracentrifugation is – 

as of now – still the most efficient. Ultracentrifugation with Percoll is a viable and much faster 

alternative for the purification of MfPV11 capsids (Figure 4.1-5, B), but did not yield good results 

for PcPV1 PsVs. This could possibly be explained as Percoll centrifugation yields only one fraction 

containing both PsVs with plasmid and empty VLPs, while OptiPrep centrifugation allows for 

fractionation that separates PsVs from other particles. As observed in other experiments, 

transduction with PcPV1 PsVs was significantly reduced upon addition of empty VLPs (Figure 

4.1-8). These observations imply that purification methods should be tested for each individual 

PV type.  

  Concerning the functionality of PsV-mediated gene-delivery, cross-reactivity between 

antibodies in HPV-vaccinated individuals and animal papilloma-PsVs needs to be ruled out. 

Several studies, including HPV vaccination trials, have found that neutralizing antibodies induced 

by HPV VLP vaccination are genotype-restricted, with the exception of very closely related HPV 

genotypes (Drolet et al., 2015; Schiller and Lowy, 2009). For this reason, more and more 

papilloma virus types are continuously being added to HPV vaccines, resulting in Merck’s 

“Gardasil 9”, a nonavalent vaccine containing VLPs of nine HPV types (Merck, 2015). 

Consequently, cross-reactive antibodies are not expected. In contrast to PsVs used for gene 

delivery in vivo, VLPs contained in the HPV vaccines are composed only of capsid protein L1. L2, 

however, which is part of the PsVs, has been reported to elicit antibodies that are more cross-

reactive between HPV types (Pereira et al., 2009). As it has been shown that L2 is necessary for 
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DNA binding, endosome escape as well as DNA-to-nucleus trafficking (Horvath et al., 2010; 

Kämper et al., 2006; Pereira et al., 2009; Schiller et al., 2010), PsVs composed only of an L1 capsid 

would likely not be functional in vivo. It is therefore important to analyze to which degree PsV-

based vaccinations elicit antibodies that are cross-reactive between different animal-PV 

genotypes.   
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5.2 Low-energy electron irradiation as a novel method to produce a killed-RSV 

vaccine 

The development of a vaccine to prevent disease caused by an RSV-infection has been 

difficult ever since a formaldehyde-inactivated RSV vaccine induced enhanced respiratory 

disease (ERD) in a clinical trial (Higgins et al., 2016). This outcome has been attributed in part to 

the disruption of key epitopes by formaldehyde during the inactivation process (Murphy and 

Walsh, 1988; Prince et al., 1986; Widjaja et al., 2016). DNA vaccinations avoid this problem, as 

the antigen is produced by the cells of the vaccinee, thereby guaranteeing the correct formation 

of the protein. 

Another approach to ensure the presence of important antigens on the surface of RSV in 

a vaccine preparation is the use of inactivation methods, which allow the conservation of 

proteins in their native structures. Results obtained in the course of this thesis show that low-

energy electron irradiation (LEEI) presents a promising method to inactivate the virus while 

reproducibly keeping viral antigens intact to a large degree. In contrast, using formaldehyde for 

chemical inactivation of RSV showed high inter-preparation variance in the virus antigen 

conservation (Figure 4.2-3), which might explain why FI-RSV vaccine studies often differ in 

outcome (Acosta et al., 2015; Castilow et al., 2007; Delgado et al., 2009; Knudson et al., 2015). 

The reproducibility concerning both inactivation of RSV at 20kGy and virus antigen conservation 

make LEEI an attractive method for the production of killed RSV vaccines.  

For killed vaccine preparations such as the LEEI-RSV vaccine, adjuvants are crucial 

components. T-cells require three stimulatory signals to become activated: the antigen 

presented by an APC, engagement of CD28 on the T-cell surface and lastly cytokines. The 

presence of an inflammatory environment, signaled by the presence of cytokines, is especially 

important as antigen presentation in a non-inflammatory setting leads to anergy. Killed viral 

vaccines often lack sufficient DAMPs to activate the innate immune response to a degree which 

provides strong activating signals. This role is then adopted by adjuvants. The finding that 

vaccination with RSV inactivation by UV irradiation can, similar to formaldehyde, lead to ERD 

unless TLR agonists are added (Delgado et al., 2009), highlights the significance of additional 

adjuvants for a more pronounced stimulation of the immune system. In the presented LEEI-RSV 

vaccination study, only adjuvanted vaccine preparations were used. A comparison between 

Alhydrogel, AddaVax, QuilA and Poly IC:LC showed that in all cases the viral load was reduced 

approx. 104-fold upon RSV-challenge. Analyses of the elicited antibodies, however, did reveal 

differences between the immunized groups. Poly IC:LC adjuvanted LEEI-RSV yielded the lowest 

antibody titers over all, including neutralizing antibodies, as well as the lowest avidity. Although 

Poly IC:LC was used at a concentration of 0.5mg/kg, which is well within the range of 

concentrations that are commonly used (between 0.1 and 1mg/kg; Wong et al., 2005; Stahl-

Hennig et al., 2009), one could possibly have achieved a stronger effect at a higher 
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concentration. Studies show that the adjuvant effect of Poly IC:LC is dose-dependent (Stahl-

Hennig et al., 2009). Especially interesting is the finding that despite the comparably small 

amount of antibodies with low avidity in mice vaccinated with LEEI-RSV plus Poly IC:LC, the 

animals still showed a strong reduction in viral load after the challenge.  

This leads to further questions concerning the role of the elicited antibodies for the 

protection against RSV. Antibodies can confer protection not only through neutralization and 

high avidity, but they may also have effector functions such as antibody-dependent cell-

mediated cytotoxicity or opsonophagocytic capacity (Pulendran and Ahmed, 2011). In some 

cases, antibody titers and neutralization can be poor predictors of protective immunity. A rather 

new approach termed “systems serology” analyzes the vaccine-induced humoral immunity using 

a large panel of parameters. The polyclonal antibodies elicited by vaccination are profiled by 

examining Fc-effector functions, antibody-dependent natural killer activities, as well as 

biophysical properties such as subclass identification (Ackerman et al., 2017). This approach was 

used to compare the outcome of the HIV-vaccine trials with VAX003 (non-protective) and RV144 

(partially protective), and found that the specific antibody profiles can be used to predict 

protection (Chung et al., 2015). Similarly, profiles of antibodies elicited by RSV vaccination have 

been reported to show correlations between protected and non-protected individuals (Alter, 

2017). 

Using the example of the yellow fever vaccine, a highly effective and successful vaccine, 

antigen-specific CD8+ T-cell responses and neutralization were predicted using a “systems 

biology” approach, generating gene expression and cytokine profiles from the vaccinees’ sera 

(Querec et al. 2009). Using these parameters to predict protection early after vaccination can 

be especially of interest for diseases where an effective vaccine is lacking – such as RSV.  

The good protection against RSV found in LEEI-RSV + PolyIC:LC vaccinated mice, despite 

the comparably lower antibody response, could be due to parameters that were not analyzed in 

this study. Especially the involvement of the cellular response should be elucidated. It is also 

possible that the induced immune response was still strong enough to protect from infection 

with the chosen RSV-titer. 

Analysis of the elicited antibody isotypes exposed further dissimilarities in the immune 

responses, which were induced by the four tested adjuvants. In contrast to all other groups, 

Alhydrogel-adjuvanted LEEI-RSV rarely elicited any IgG2a antibodies, but large amounts of IgG1 

antibodies, indicating a strong Th2-skewed immune response. In all other groups (AddaVax, 

QuilA and Poly IC:LC), we found similar IgG1/IgG2a ratios (between 1 and 2), showing almost 

equal amounts of IgG1 and IgG2a antibodies. Interestingly, the elicited antibody isotype does 

not seem to influence the protection from the RSV challenge, which is not statistically different 

among the four vaccination groups.  
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Recent detailed analyses of the RSV F-protein conformation have emphasized that the 

prefusion/postfusion conformation of the F-protein in a vaccine preparation may play an 

important role for the induced immune response.  

During the intracellular virus maturation process, furin cleaves the type I fusion F-

protein, producing two disulfide-like fragments, F1 and F2. As the virus enters a cell, F1 and F2 

rearrange from a prefusion trimer conformation to a postfusion trimer conformation (Figure 

5.2-1). McLellan et al. characterized the structure of the RSV-F glycoprotein and identified 

binding sites in prefusion-F, to which potent neutralizing antibodies bind (McLellan et al., 

2013b). Studies comparing the vaccination with postfusion F-protein to prefusion F-protein 

found a better immune response and protective efficacy when prefusion-F was used for the 

immunization (Liang et al., 2015; McLellan et al., 2013a).  

 

 

Figure 5.2-1 - Prefusion and postfusion conformation of RSV-F 

(from Swanson et al., 2014, modified) 

 

Another study using VLP-based RSV vaccines with either prefusion-F or postfusion-F or a 

combination of both conformations on the VLP surface found that the highest titers of 

neutralizing antibodies as well as an enhanced Th1-mediated immune response were induced 

when both conformations of F were present (Cimica et al., 2016). Interestingly, the prefusion-F 

conformation was found to be absent on the surface of formaldehyde-inactivated RSV, as the 

chemical transforms the prefusion-F dominant fresh RSV into the postfusion-F dominant FI-RSV 

(Killikelly et al., 2016). It would therefore be very interesting to analyze LEEI-inactivated RSV for 

the presence of pre- and postfusion-F on the viral surface. Natural infection with RSV elicits 

antibodies against a number of epitopes that are present on both the prefusion and postfusion 

conformation, all of which contribute to the overall protection (Widjaja et al., 2016).  
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We hypothesize that immunization with a genetic vaccine coding for RSV-F allows the 

expression of the prefusion conformation, as well as the conversion to the postfusion 

conformation. This would consequently permit the elicitation of antibodies against pre- and 

postfusion-F as well as possibly other intermediate conformations, leading to a broad spectrum 

of antibodies. 
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5.3 Vaccine safety and risk evaluation 

While protective efficacy is an obvious goal when developing new vaccines, the issue of 

safety is paramount, especially given the history of RSV vaccine development. As all adult vaccine 

recipients will have been primed by live virus infections, enhanced respiratory disease (ERD) 

upon infection after vaccination is a concern only in RSV-naïve infants. At the same time, infants 

are the most important target group, on which many vaccines in development focus (Anderson 

et al., 2013). The RSV-naïve BALB/c mice, which were used for the vaccination studies in this 

thesis, therefore present a model for vaccine recipients who encounter RSV antigens for the first 

time by means of immunization. In none of the conducted vaccination studies – including mice 

that were immunized with FI-RSV – were signs of ERD observed, such as weight loss or ruffled 

fur (Knudson et al., 2015). The induction of ERD by FI-RSV in mice seems to be reproducible in 

some labs (Knudson et al., 2015; Moghaddam et al., 2006), while others fail to see this 

phenomenon (e.g. Li et al., 1998; Ternette et al., 2007), and it is not clear why this is the case. It 

is imaginable that the RSV preparations that are propagated and used over years in the various 

laboratories may acquire mutations, which alter certain characteristic of the virus. 

Mice’ lungs in the LEEI-RSV vaccination study II, as well as in the papilloma PsV vaccination 

study, were examined by a pathologist for a more detailed analysis of a potentially induced 

inflammation. QuilA and AddaVax groups (in LEEI-RSV vaccination study II) did show signs of 

inflammation that were significantly more pronounced than in non-vaccinated mice. However, 

not all features of a typical ERD were fulfilled, such as low neutralizing antibodies titers or low 

avidity (Delgado et al., 2009; Kim et al., 1969; Polack et al., 2002). Most importantly, while cases 

of ERD usually show a high viral load, all of the vaccinated mice presented significantly lower 

virus loads compared to non-immunized control mice. Analyzing the correlation between viral 

load and scores for inflammation and type 2 hyperplasia in the lung showed that neither high 

nor low scores correlated with a high RSV load in both vaccination studies.   

Attention has been drawn especially to the naïve CD4+ T helper cell differentiation 

induced by RSV vaccines, as a strong Th2 response has been linked to ERD (Waris et al., 1996). 

It has been shown that depletion of IL-4 and IL-10 – two important Th2-associated interleukins 

– prevented the FI-RSV-induced enhanced pulmonary histopathology in mice (Connors et al., 

1994).  The differentiation into Th1 or Th2 cells is determined by the antigen that is presented 

by APCs, which subsequently secrete the corresponding cytokines (Murphy, K., Travers, P., 

Walport, M., & Janeway, C., 2011). Antibody isotypes reflect the CD4+ T-cell differentiation. A 

Th1 immune response is characterized by the presence of mainly IgG2a antibodies, while IgG1 

antibodies dominate in a Th2 setting in the mouse. Isotype analysis of the antibodies elicited by 

LEEI-RSV underline the importance of a well-chosen adjuvant in a vaccine preparation. A 

balanced Th1/Th2 response was stimulated by all adjuvants (QuilA, AddaVax, Poly IC:LC) but 

Alhyodrogel. Non-vaccinated mice subjected to secondary RSV infections similarly produce both 
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IgG1 and IgG2a antibodies (Lindell et al., 2011). A more clearly Th1-skewed immune response 

would have been expected for Poly IC:LC, as double stranded RNA presents a strong signal for a 

viral infection. Mice vaccinated with Poly IC:LC-adjuvanted LEEI-RSV, however, showed a similar 

antibody isotype profile as mice immunized with AddaVax- or QuilA-adjuvanted LEEI-RSV. In 

contrast, Alhydrogel evidently triggered a distinct Th2-directed immune response. Previously it 

has been reported that vaccination with FI-RSV induces a Th2 bias, leading to the production of 

IL-4 and IL-5, which in turn cause a pronounced pulmonary eosinophilic response (Openshaw et 

al., 2001). Since “Lot100” was produced by formaldehyde inactivation, followed by precipitation 

of the virus with aluminum hydroxide (Kim et al., 1969), it can be speculated that not only 

deformed antigens, but also the choice of adjuvant could in part be responsible for the failure 

of this vaccine (Mullard, 2008). Although an unbalanced Th2 response is thought to cause an 

undesirable immune response to an RSV vaccine, some studies suggest that an unbalanced Th1 

response might similarly pose a risk, leading to augmented pulmonary pathology (Alwan, 1994; 

Cannon, 1988). 

Unrelated to vaccine-induced ERD, the most severe adverse effect observed in any of the 

vaccination studies were lung inflammations in mice immunized intranasally with MfPV11 in 

Percoll, which ultimately led to their demise. Percoll is described as “completely non-toxic” by 

the manufacturer, and a study, in which Percoll was injected into ovaries and uterine horns of 

rabbits, showed no inflammatory cell infiltration after four weeks (Arora et al., 1994). However, 

since Percoll apparently has not been applied intranasally before, it is feasible that this substance 

should not be administered to the lung. It would also be thinkable that the MfPV11 PsVs 

mediated the observed lung-inflammation. Further studies will have to evaluate the in vivo 

applicability of Percoll and MfPV11 PsVs separately, especially addressing the late reaction that 

was observed three weeks after administration. 

One major concern with viral vector systems is the unspecific packaging of nucleic acids 

from the producer cell lines inside the viral particles. Especially in the absence of clear packaging 

signals, which are currently unknown for papilloma viruses, it is difficult to ensure with certainty 

the production of PsVs that contain nothing but the desired plasmid. Protocols to avoid the 

packaging of chromosomal DNA inside papilloma PsVs have been developed that omit the DNA-

digestion step with Benzonase during the PsV-harvest from the producer cells (Buck and 

Thompson, 2007). That way, chromosomal DNA is believed to remain intact – and therefore too 

large – to be packaged into the PsV particles. An even safer way to address this issue is the 

production in cell-free systems, which is even thought to comply with good manufacturing 

practice (GMP) (Cerqueira et al., 2017).  
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5.4 Conclusion and outlook 

More than fifty years of RSV vaccine research have not led to a licensed product, spurring 

increased efforts and novel approaches. RSV is an especially threatening pathogen for 

immunologically compromised populations, i.e. neonates and the elderly. For vaccine 

development, the challenge is to strike a balance between sufficient attenuation and 

immunogenicity.  

One must keep in mind that all findings were premised on models: the RSV laboratory 

strain and mice as vaccination subjects. RSV clinical isolates have been shown to differ markedly 

from RSV/A2 with respect to viral growth kinetics, cytopathogenicity and pro-inflammatory 

responses induced upon infection of primary pediatric bronchial epithelial cells (Villenave et al., 

2011). Conducting further vaccination studies with various RSV strains may paint a more 

complete picture of the necessary features to produce an efficient and protective vaccine.  

Two very distinct approaches for vaccine development were analyzed in this dissertation. 

LEEI has proven to be a viable alternative to chemical inactivation of RSV and potentially many 

more pathogens, due to its fast and reproducible mode of action and antigen conservation. Mice 

vaccinated with adjuvanted LEEI-RSV showed a great reduction in the viral load after challenge, 

presenting the protection conveyed by the vaccine. The biggest challenge for the 

implementation of LEEI for the vaccine production at a larger scale is the low penetration depth 

of low-energy electrons, and the requirement to prepare the pathogen solution as a liquid film 

of less than 1mm. Devices to fulfill this prerequisite are currently being constructed at the 

Fraunhofer Institute for Manufacturing Engineering and Automation, Stuttgart.  

The second approach for vaccine production addressed in this dissertation has several 

advantages over the classical killed vaccine. Using non-human papilloma PsVs to deliver a 

genetic vaccine avoids live virus handling and the check for inactivation, which is performed for 

a killed vaccine. Furthermore, antigens can be easily adapted by changing the DNA sequence.  

Since the antigen is expressed by the vaccinees themselves, correct folding and protein-

modifications are always ensured. Out of a pool of ten different animal papillomaviruses, PcPV1 

PsVs were found to be the most promising for in vitro and in vivo delivery. While PVs do have 

the potential to also infect the mucosa, each PV type has to be tested in vivo for its capability to 

enter the cells of particular tissues. A future expansion of this viral platform could be drastically 

accelerated if correlates between in vitro measurable characteristics and in vivo transduction 

efficiency were identified.  

The only moderate reduction of virus load, as well as the small amount of RSV-specific 

antibodies after PV PsV-mediated delivery of an RSV-F encoding plasmid, can probably be 

attributed to the low PV PsV titers and subsequent low expression of RSV-F. Currently, attempts 

are being undertaken to produce PsVs in insect cells with the goal of yielding higher titers. 

Further plans to develop the next generation of PV PsVs include the use of inducible and 
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repressable promoters controlling the expression of capsid proteins and vaccine antigens. The 

goal is to limit L1 and L2 expression to the PsV production step in vitro, while the vaccine antigen 

will exclusively be expressed in vivo after application of the PsVs. This approach would also 

increase the vaccine’s safety, as PsV replication in the vaccinee would not be possible.  

 In summary, the presented data show that LEEI has the potential to become a viable 

alternative to chemical inactivation for vaccine production and might even deliver a new RSV 

vaccine candidate. The various adjuvants applied in the LEEI-RSV experiment have shown that 

they have the ability to influence the direction of the immune response. It is therefore 

encouraging to see the portfolio of licensed adjuvants expand. A killed vaccine like LEEI-RSV 

would probably be suitable for the elderly and for maternal vaccination. While gene-based 

vectors may be suitable for all population groups, they appear especially appropriate in the 

pediatric setting (Anderson et al., 2013; Higgins et al., 2016). DNA-based vaccines are anticipated 

to minimize the risk of ERD in RSV-naïve children, associated with the MHC class II presentation 

pathway (Higgins et al., 2016). 

The abundance of existing animal papillomaviruses presents a huge field for further 

exploration of this viral DNA delivery system. A combination of the LEEI-RSV vaccine with a PV 

PsV-mediated genetic vaccination could elicit an even broader immune response.  
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7 APPENDIX 

 

7.1 Plasmid maps 

7.1.1 Packaging plasmids 

 

Figure 7.1-1 - pcD3.1+ MfPV11 L1-IRES-L2 
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Figure 7.1-2 - pcD3.1+ PcPV1 L1-IRES-L2 

 

 

 

Figure 7.1-3 - pcD3.1+ PcPV1 L1-IRES-L2 (Stuffer) 
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Figure 7.1-4 - pcD3.1+ MfPV11 L1-IRES-L2 (Stuffer) 
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7.1.2 Reporter plasmids 

 

 

Figure 7.1-5 - pCMV-G.Luc 

Expression plasmid with gaussia luciferase reporter 

 

 

                    

Figure 7.1-6 - pEGFP 
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Expression plasmid with GFP reporter 

 

 

Figure 7.1-7 - pcLuc13 

Expression plasmid with GFP reporter 
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7.1.3 RSV-F vaccine plasmids 

 

Figure 7.1-8 - pVAX-Fsyn 

Vaccine expression plasmid coding for RSV-F 

 

 

 

Figure 7.1-9 - pVAX-Fsyn (PV insert) 

Vaccine expression plasmid coding for RSV-F. As additional insert, PcPV L1, PcPVL2, MfPV11 L2 or 
MfPV11 L2, respectively, have been cloned into the vector. 
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Figure 7.1-10 - pCDFsyn 

Expression plasmid of RSV-Fsyn in pcDNA3 backbone. 

  



Appendix 

xxvi 
 

7.1.4 Combination plasmids 

 

Figure 7.1-11 - pcD3.1+ MfPV11 L1-IRES-G.Luc 

Expression plasmid coding for both papillomavirus L1 and G.Luc.  

 

 

Figure 7.1-12- pcD3.1+ G.Luc-IRES-MfPV11 L2 

Expression plasmid coding for both papillomavirus L2 and G.Luc.  
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Figure 7.1-13 - pcD3.1+ PcPV L1-IRES-Fsyn 

Expression plasmid coding for both papillomavirus L1 and RSV-Fsyn.  

 

 

 

Figure 7.1-14 - pcD3.1+ Fsyn-IRES-PcPV L2 

Expression plasmid coding for both papillomavirus L2 and RSV-Fsyn.  
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7.1.5 Commercial plasmids 

 

Figure 7.1-15 - pCR4-TOPO 
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