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I. Abbreviations 1 

I. ABBREVIATIONS 

AmpR ampicillin resistance gene 

BCG Bacillus Calmette-Guérin (vaccine) 

BSA bovine serum albumin 

BSL biosafety level 

CDC U.S. Centers for Disease Control and Prevention 

CEV cell-associated enveloped virus 

COVID-19 coronavirus disease 2019 

CPE cytopathic effect 

CVA Chorioallantois Vaccinia virus 

Da Dalton 

DAPI 4′,6-Diamidin-2-phenylindol 

DdRp DNA-dependent RNA polymerase 

Del-III deletion site III 

dsRNA double-stranded RNA 

E envelope protein 

ECDC European Centre for Disease Prevention and Control 

EEV extracellular enveloped virus 

EFSA European Food Safety Authority 

ELISA Enzyme-linked immunosorbent assay 

ELISpot Enzyme-linked immunosorbent spot 

EMA European Medicines Agency 

EV extracellular virus 

FBS fetal bovine serum 

HA hemagglutinin 

HPAIV highly pathogenic avian influenza virus 

hpi hours post infection 

HRP horseradish peroxidase 

IAV influenza A virus 

IBV influenza B virus 

IC50 half maximal inhibitory concentration 

ICS intracellular cytokine staining 

ICTV international committee on taxonomy of viruses 

IEV intracellular enveloped virus 

IF immunofluorescence 

IFN-γ interferon gamma 

IL interleukin 

IM intramuscular 

IMV intracellular mature virus 

IS immunostaining 

IVCs individually ventilated cages 

kb kilo - base pairs 
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LB lysogeny broth 

LoD limit of detection 

LPAIV low pathogenic avian influenza virus 

M1 protein matrix protein 

M2 protein ion channel 

MDCK Madin-Darby Canine Kidney 

MERS middle east respiratory syndrome 

MOI multiplicity of infection 

MV mature virus 

MVA Modified Vaccinia virus Ankara 

NA neuraminidase 

NEP nuclear export protein 

NLRP3 nucleotide-binding oligomerization domain-like 

receptor protein 3 

nM nanomolar (nmol/l) 

NSAID non-steroidal anti-inflammatory drugs 

OD optical density 

PAMP pathogen associated molecular pattern 

PBS phosphate-buffered saline 

PEI Paul Ehrlich Institute 

PFU plaque-forming units 

PIV parainfluenza virus 

PMA phorbol myristate acetate 

PNGase F Peptide -N-Glycosidase F 

prM pre-membrane protein 

RdRp RNA-dependent RNA polymerase 

RKI Robert Koch Institute 

RNP ribonuclear protein 

RSV respiratory syncytial virus 

RT-PCR reverse transcription polymerase chain reaction 

SARS-CoV-2 severe acute respiratory syndrome coronavirus type 2 

SFC spot-forming cells 

SPF specific pathogen free 

TBEV tick-borne encephalitis virus 

Th T-helper (cell) 

TLR Toll-like receptor 

TMB 3′3′,5′5′-Tetramethylbenzidine 

TNF-α Tumor necrosis factor alpha 

VACV vaccinia virus 

WB Western blot 

WHO World Health Organization 
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II. INTRODUCTION 

Influenza A Virus (IAV) is listed as a high-risk pathogen for a possible next 

pandemic by the World Health organization (WHO) (WHO, July 2024). 

Similar to what has been observed during the latest coronavirus disease 

2019 (COVID-19) outbreak, an IAV outbreak would lead to many 

preventable deaths, restrictions of personal liberty and vast economic 

damage. Especially children, elderly and immunosuppressed individuals 

are at high risk to become infected with influenza A viruses and develop 

severe symptoms, including high fever, coughing, body ache and multi 

organ failure (Moghadami, 2017). Although there are effective and approved 

vaccines against influenza available, the fast mutation rate and regular 

occurring reassortment events of genetic information between distinct IAV 

subtypes dramatically hamper the effectiveness of these vaccines. Thus, 

adaptions of seasonal vaccine formulations must be done annually, and the 

regular booster immunizations dramatically decreases the willingness of the 

population to receive the vaccinations. Therefore, the development of 

effective and broadly reactive vaccines must be promoted as recognized by 

the WHO (WHO, November 2024). 

The aim of this thesis was to generate and characterize candidate vaccines 

targeting the hemagglutinin (HA) of IAV subtypes with pandemic potential. 

Modified Vaccinia virus Ankara (MVA) served as a backbone for antigen 

delivery, which is a well-researched pox virus strain unable to replicate in 

cells of mammalian origin due to its strict attenuation. HA gene sequences 

of IAV subtypes H2N9, H2N2 and H5N8 were stably incorporated into the 

backbone virus. In in vitro cell culture infections, the recombinant MVA 

candidate vaccines demonstrated genetic stability, unimpaired protein 

expression and replicative capacity in the producer DF-1 (chicken embryo 

fibroblast) cell line, thus, confirming their suitability for vaccine production at 

industrial scale. In humanized HLA-A2.1-/HLA-DR1-transgenic H-2 class I-

/class II-knockout mice, two immunizations with the recombinant MVA 

vaccines elicited both a strong T-cell- and antibody-mediated immune 

response. These first promising results support the further development of 

the generated MVA-based vaccines for pandemic preparedness against 
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influenza A viruses. 
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III. LITERATURE REVIEW 

1. Influenza A virus 

Influenza, mainly caused by Alphainfluenzavirus influenzae (= influenza A 

virus, IAV) and Betainfluenzavirus influenzae (= influenza B virus, IBV), is a 

leading cause of morbidity and mortality globally. In fact, IAV and IBV cause 

3 to 5 million severe cases and 290,000 to 650,000 deaths annually (WHO, 

March 2024). While IBV contributes to seasonal flu and could potentially 

become a pandemic concern, IAV is evidently the major threat due to 

antigenic drift and animal reservoirs (Sharma et al., 2019). Transmission of 

both IAV and IBV occurs via coughing, sneezing, indirect transmission via 

contact with contaminated objects or inhalation of aerosols (Javanian et al., 

2021). 

IAV is a respiratory virus and causes symptoms such as fever, dry cough, 

body aches and rhinitis in humans with a symptom onset around 1-4 days 

after infection (Javanian et al., 2021; WHO, February 2025). Typically, 

infected individuals recover after 7 days, however, especially elderly 

individuals, children and immunocompromised have a high risk to develop 

severe symptoms and complications, which is a socioeconomic burden for 

society causing hospitalizations every year (Moghadami, 2017). Hence, 

seasonal vaccination of those individuals is a high priority, however, the 

coverage of a broad spectrum of influenza strains is a challenging endeavor 

(Javanian et al., 2021). 

1.1. Nomenclature of influenza A viruses 

Subtypes of IAV are distinguished via their HA and neuraminidase (NA) 

variants. There are 18 HA and 11 NA proteins, most of which circulate in 

aquatic birds. The most relevant subtypes to cause infections in humans 

are H1N1, H1N2, H3N2, H5N1, H5N6, H7N2, H7N4 and H7N9 (Goneau et 

al., 2018; Wu et al., 2014). The nomenclature of a specific strain follows the 

scheme: IAV / origin / location / (lab number) / isolation year / subtype. An 

example is the IAV strain of the subtype H2N9 that was isolated in 2019 

from a ruddy turnstone with the lab number 374 in Delaware 

(A/Ruddy/Turnstone/-Delaware/374/2019(H2N9)) (Bull World Health 
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Organ, 1980). 

1.2. Influenza A viruses throughout the 20th and 21st century 

IAV has caused four pandemics over the last 100 years. In the 20th century, 

pandemic outbreaks occurred in 1918, 1957 and 1968. The Spanish flu 

pandemic of 1918, which was caused by IAV subtype H1N1, is estimated to 

have caused 50 million deaths worldwide. High mortality was observed 

among younger adults and in individuals living in low-income countries. The 

Asian flu pandemic occurred in 1957, which was caused by the IAV H2N2 

subtype, where the reassorted hemagglutinin was from avian origin. The 

Hong Kong flu pandemic was caused by IAV H3N2 subtype and spread in 

1968. Interestingly, the neuraminidase of both the Asian flu and Hong Kong 

flu were shared between H3N2 and H2N2. IAV H1N1 subtype, which 

caused the Spanish flu, made again its way into headlines in 2009. The 

swine flu pandemic entailed reassorted segments of strains which had 

already circulated in swine for a decade. However, segments were 

determined to be of avian origin. Although it is difficult to predict which 

subtype will cause the next epidemic, it is worth mentioning that the 

subtypes H5Nx, H7Nx and H9N2 caused various outbreaks and endemic 

events in birds so far (Kuiken et al., 2023; Globig et al., 2018; Laurie & 

Rockman, 2021; Li et al., 2019; Lycett et al., 2019; McArthur, 2019; Editorial 

Lancet, 2018; Ungchusak et al., 2005). Furthermore, numbers of wild birds 

infected with the highly pathogenic H5N1 subtype, with the HA which was 

originally detected in 1996 in goose in China, are rising (Brüssow, 2024). 

1.3. Current circulating influenza A virus subtypes with pandemic 

potential 

Until now, IAV remains a global health concern. Latest reports from the 

WHO and Centers for Disease Control and Prevention (CDC) confirmed 

infection of dairy cows with the IAV subtype H5N1 in several states of the 

US followed by detection in humans (WHO, August 2024; CDC, February 

2025). Furthermore, the virus was also found in wild birds and cats 

(Burrough et al., 2024). Over the last few years, it has been estimated that 

about 300 million wild birds died due to IAV (United Nations, December 

2024). 
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The most recent human cases were reported in February 2025 (CDC, 

February 2025). A 2-years-old child got infected, most likely due to contact 

with an infected chicken, and died from a severe influenza virus A infection. 

(Khmer Times, February 2025). Previously further human cases were 

reported. For instance, the IAV subtype H5N2 was involved in the death of 

a man in Mexico, where the virus was circulating in poultry farms (RKI, 

November 2024). These reports highlight the relevance of IAV in terms of 

public health and the necessity to implement effective countermeasures, 

research and vigilance. Risk assessment should involve increased research 

on viral properties (susceptibility to antivirals, genomic characteristics, 

receptor binding, transmission in animal models), human population 

attributes (disease severity, antigenic relatedness, population immunity) 

and viral ecology and epidemiology (geographic distribution, infection in 

animals, human infection) (Harrington et al., 2021). 

1.4. Pandemic prevention strategies 

Future zoonosis should be prevented by innovative approaches of 

therapeutics and vaccines. Vaccines are the most effective 

countermeasures against newly emerging infectious diseases (Pollard & 

Bijker, 2021). For decades, a tremendous effort is being made by 

researchers all over the world to develop a universal flu vaccine. Besides, it 

is important to monitor the virus in both farm animals and wildlife, especially 

pigs and birds. Testing of poultry is routinely performed, and wild birds are 

surveilled based on risk for highly pathogenic avian influenza viruses 

(HPAIV) or tested once sick animals are identified. Additional pandemic 

prevention countermeasures include the surveillance of individuals in close 

contact with these animals, such as pig farmers, hunters and attendants of 

agricultural fairs. Moreover, environmental monitoring of wild water habitats, 

water supplies and wastewater could act as an early warning system and 

would help in predicting the evolutionary development of future strains 

(ECDC, October 2022; He et al., 2020). Furthermore, live-animal markets 

should be restricted to minimize the risk of interspecies transmission of 

novel and pathogenic influenza subtypes (ECDC, October 2022). 

Additionally, there are several countermeasures which could be 

implemented to mitigate the risk of pandemic and seasonal influenza. As 
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experienced during the COVID-19 pandemic, precautionary measures, 

including hand hygiene, respiratory etiquette, face masks, surface and 

object cleaning, increasing ventilation, isolation of sick individuals, school or 

workplace measures and closures, avoidance of crowding and reduced 

travelling dramatically decreased the cases of severe acute respiratory 

syndrome coronavirus type 2 (SARS-CoV-2) infections (WHO, September 

2019; Talic et al., 2021), but also decreased the cases of IAV and IBV 

infections in humans (Soo et al., 2020). 

1.5. Clinical presentation and treatment 

IAV infections cause fever, dry cough, body aches and nausea in infected 

humans. Severity of the disease and elevated risk for complications is seen 

in elderly, immunocompromised patients and children. Transmission of the 

virus occurs mainly via sneezing and coughing and symptoms onset occur 

typically 1-4 days after infection. In severe cases, antiviral treatment should 

be initiated within 48 hours after initial symptoms. Complications include 

primary viral pneumonia, secondary bacterial pneumonia, and non-

pulmonary related complications. A clinical presentation facilitates an 

accurate diagnosis of influenza. Over the last years, several tests to detect 

IAV were developed, including rapid tests, nucleic acid amplification via 

reverse transcription polymerase chain reaction (RT-PCR), 

hemagglutination assay and culturing (Eisfeld et al., 2014; Javanian et al., 

2021; K. Mehta et al., 2018; Moghadami, 2017). 

There are two major classes of therapeutics, namely NA inhibitors (e.g., 

Oseltamivir), which block viral cleavage activity of NA, and Adamantanes, 

which act on the ion channel M2. NA inhibitors are the preferred treatment 

of choice as influenza viruses became resistant to Adamantanes due to their 

rapid mutation rates (Javanian et al., 2021; K. Mehta et al., 2018; 

Moghadami, 2017; Raza & Ashraf, 2024). However, also resistance to NA 

inhibitors has been reported recently due to mutations in the enzyme’s 

active site. Interestingly, higher resistance rates against IAV treatment were 

observed in younger patients. Strikingly high resistance rates were 

observed in the 2008 and 2009 influenza seasons depending on 

geographical location, which emphasizes the potential selection of resistant 

strains and global spread (K. Mehta et al., 2018; Raza & Ashraf, 2024). NA 
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inhibitors are usually given to people with severe clinical manifestations or 

to high-risk individuals such as people over the age of 65, children, pregnant 

women, people with chronic diseases, immunocompromised or severely 

obese individuals. Notably, NA inhibitors can be taken as preventive 

measure after exposure (Javanian et al., 2021; K. Mehta et al., 2018). A 

therapeutic approach should follow as soon as possible after initial 

symptoms. Symptomatic treatment of severe cases takes place with non-

steroidal anti-inflammatory drugs (NSAID) and hydration (Javanian et al., 

2021; K. Mehta et al., 2018; Moghadami, 2017; Raza & Ashraf, 2024). The 

limited therapeutic approaches highlight the importance of developing 

effective vaccines against the virus. 

1.6. Structure of influenza A virus 

IAV belongs to the Orthomyxoviridae family and is a single-stranded (ss) 

RNA virus with a segmented RNA genome of negative polarity. It has an 

envelope with glycosylated surface proteins which are vital for its life cycle 

(see Figure 1). HA is required for binding to host cell receptors via sialic 

acid residues and endosomal fusion. Steric orientation of those residues 

determines host susceptibility. Notably, HA is cleaved by proteases into two 

subunits, HA1 and HA2, for activation. Besides, HA is the major target of 

neutralizing antibodies, which is acquired after both infection and 

vaccination (Bouvier & Palese, 2008; Cheung & Poon, 2007). Contrary, NA 

is responsible for cleavage of sialic acid residues, releasing newly formed 

viral particles. It also plays a role in virus internalization creating a rolling 

movement of viral particles on the cell surface increasing viral uptake. For 

optimal replication efficiency, NA and HA must be present in balanced 

numbers to each other (McAuley et al., 2019). The ion channel M2 

establishes ion flux for the pH dependent viral-host membrane fusion of HA 

(Cheung & Poon, 2007). 
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Figure 1: Structure of influenza A virus. IAV consists of a segmented genome, which is 

found within an enveloped virus, having two major proteins, HA and NA, on the surface. 

HA (red) is required for viral binding and fusion to the host cell, while NA (blue) is vital for 

cleavage of sialic acids to release newly formed viral particles. Ion channel M2 (yellow) is 

needed for generation of acidic pH within the virion required for conformational change of 

the matrix protein M1. M1 coats the viral genome, which is surrounded by the nucleoprotein 

(NP). Both proteins are necessary for viral uncoating. Created with BioRender.com 

1.7. Underlying mechanisms for rapid adaption of the virus 

In terms of IAV evolution, pig farms, where humans are in contact with 

increasingly large reservoirs, and globalization are factors, which contribute 

to the adaption of the virus on the human interface (Kessler et al., 2021; 

McArthur, 2019). The segmented genome of IAV is the underlying key 

concept for the pandemic potential of the virus. On the one hand, 

recombination of genomic segments between an avian and seasonal 

human strain creates a new subtype allowing spillover from bird and pig 

reservoirs to humans. This occurs when those two viruses infect the same 

host cell (antigenic shift). On the other hand, the high mutation rate of IAV 

enables antigenic drift of certain subtypes (see Figure 2) (Chan et al., 2021; 

Goneau et al., 2018). In addition, transmission of human strains to animals 

can lead again to the generation of novel strains and subsequent infection 

of humans (Nelson & Vincent, 2015). Adaption to the new host via point 

mutations could lead to greater concern following previous underestimation 

(He et al., 2020). 
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Figure 2: Evolution of IAV occurs via two main mechanisms: (a) Antigenic shift and 

antigenic drift (b). While antigenic drift represents the slow adaption of the virus, antigenic 

shift alters the virus rapidly and hence lays the foundation for zoonotic transmission. 

Adapted from (Krammer, 2018). Created with BioRender.com 

1.8. Hemagglutinin 

The surface protein, HA, is a trimer consisting of two subunits, which are 

both N-glycosylated (see Figure 3). HA1 is shaped like a head, while HA2 

is referred to as the stem domain. The receptor binding site of HA consists 

of three loops and one helix and is located on the HA1 subunit. As previously 

mentioned, HA binds via sialic acid residues to host cells, and the steric 
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configuration of those residues determines host susceptibility. While human 

IAV bind via α2,6-linked glycosidic bond, avian IAV bind via α2,3-linked 

sialic acids (Skehel & Wiley, 2000; Wilks et al., 2012; Wilson et al., 1981; 

Wu & Wilson, 2020). During viral entry, the polypeptide HA0 (75 kDa) is 

cleaved into the subunits HA1 (55 kDa) and HA2 (25 kDa) (Zhirnov et al., 

2002). HA1 binds to sialic acid residues and HA2 mediates endosomal 

fusion after conformational change triggered by the endosome’s acidic pH 

(Wang et al., 2015). HA of HPAIV are cleaved by furin in the Golgi apparatus 

of infected cells. HA of low pathogenic avian influenza viruses (LPAIV) can 

be cleaved via four different modes of action: I) extracellularly by soluble 

trypsin-like proteases such as plasmin, II) by serine proteases in the 

endosome of target cells, III) by transmembrane serin proteases on the way 

to the cell membrane of infected cells or IV) by transmembrane serin 

proteases on the surface of infected cells (Bertram et al., 2010). Since furin 

proteases are ubiquitous and the HA of HPAIV has a polybasic cleavage 

site, the virus can replicate readily in every tissue explaining its 

pathogenicity in birds. HA of LPAIV has only a monobasic cleavage site 

which is accessible to a limited number of proteases, residing in the 

respiratory and gastrointestinal tract, which limits infection (Bertram et al., 

2010). 

 

Figure 3: HA trimeric structure. Each monomer comprises of two subunits, namely HA1 

(gray) and HA2 (red). The polypeptide HA0 is cleaved into HA1 and HA2 for activation 

during the viral life cycle. The receptor binding site is located on the HA1 subunit. HA1 

resembles a globular head, while HA2 is considered as stem region (Source: SWISS-

MODEL, https://swissmodel.expasy.org/repository/uni-prot/P03436?template=7zj7.1.A&-

range=30-515, Biozentrum of the University of Basel and Swiss Institute of Bioinformatics). 
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1.9. Life cycle of IAV 

During the life cycle, IAV attaches to sialic acid residues of the host cell with 

its HA protein and enters via endocytosis (see Figure 4). Low pH of the 

endosome triggers the conformational change of HA, allowing fusion with 

the endosomal membrane and the activation of the ion channel activity of 

the M2 protein (Bouvier & Palese, 2008). A conserved region at the N-

terminus of the HA2 subunit, named fusion peptide, plays a key role for the 

fusion process, which ultimately interacts with the endosomal membrane by 

anchoring into the membrane after structural rearrangement (Cross et al., 

2009). After endosomal fusion, ribonuclear proteins (RNPs) are released 

into the cytoplasm and cellular proteins, guided by nuclear localization 

signals, transport RNPs into the nucleus. Viral RNA-dependent RNA 

polymerase (RdRp) synthesizes two positive-sense RNA strands - mRNA 

for protein synthesis and a complementary strand which is transcribed to 

negative-sense genomic RNA. Viral mRNA is then polyadenylated and the 

5’ cap snatched from the host cell before being exported to the cytoplasm 

and translated to proteins. The export is guided by viral proteins M1 and 

nuclear export protein (NEP). Proteins are synthesized on membrane-

bound ribosomes at the endoplasmic reticulum, folded and post-

translational modified in the Golgi apparatus. In the assembly phase, eight 

RNA segments are selectively packaged into each virion and newly formed 

viral particles are released at the cell membrane via budding. In this 

process, HA requires cleavage from sialic acid residues by NA activity 

(Bouvier & Palese, 2008). 
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Figure 4: The life cycle of IAV. IAV enters the host cell via attachment of HA to sialic acid 

residues and endocytosis. Fusion with the endosome mediates uncoating of viral genome 

which is transcribed and translated into new viral genome and proteins. Progeny virus is 

assembled and released via budding. Adapted from (Nuwarda et al., 2021). Created with 

BioRender.com 

2. Modified Vaccinia virus Ankara 

The here presented recombinant vaccines targeting IAV are based on the 

Modified Vaccinia virus Ankara. MVA is a well characterized vaccine strain, 

used as viral vector in vaccine development against emerging infections and 

offers established clinical safety. It is a non-replicating attenuated virus (in 

mammalian cells) possessing strong immunogenicity. A block in the 

morphogenesis allows for the expression of viral and foreign proteins, while 

being unable to replicate in mammalian cells (Gilbert, 2013; Kreijtz et al., 

2014; Volz & Sutter, 2017). 

2.1. History of MVA 

MVA is derived from the Vaccinia virus (VACV) strain Ankara, which was 

used as a smallpox vaccine in Turkey. This virus was cultivated on 

chorioallantois membranes of chicken eggs and was subsequently named 
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Chorioallantois Vaccinia Virus (CVA) (Herrlich & Mayr, 1954). CVA was then 

serially passaged on chicken embryo fibroblasts (CEF) and renamed to 

MVA after the 516th passage. Early testing demonstrated that MVA had lost 

the ability to induce strong cytopathic effects compared to its ancestor strain 

VACV which made it suitable for vaccine production (Herrlich & Mayr, 1954; 

Stickl & Hochstein-Mintzel, 1971). In fact, smaller lesions were observed 

compared to CVA after inoculation of chorioallantois membranes, but were 

similar to a variola or fowlpox inoculation, indicating a maintained 

immunogenicity. In one study, rabbits were inoculated with MVA which did 

not develop typical skin lesions (Mayr et al., 1975; Stickl & Hochstein-

Mintzel, 1971). In another study, mice received intracerebral injections with 

both MVA or CVA, however, only the MVA injected mice survived, whereas 

the CVA group died (Mayr et al., 1975; Stickl & Hochstein-Mintzel, 1971). 

Studies in macaques also revealed loss of virulence as intracranial injection 

of MVA did not cause a systemic disease in contrast to CVA (Stickl & 

Hochstein-Mintzel, 1971). MVA was further developed as safer smallpox 

vaccine and subsequently received market authorization in 1977 after 

successful clinical trials (Stickl et al., 1974). Between 1977 and 1980, the 

vaccine was administered to approximately 120,000 people before the 

smallpox vaccination program was stopped in Germany. No cases of the 

severe adverse events associated with conventional VACV vaccination 

were documented in the recipients of the MVA vaccine (Mahnel & Mayr, 

1994). 

2.2. Structure and characteristics of MVA 

MVA belongs to the family Poxviridae. The virus has a brick shaped 

envelope, which is about 240 – 300 nm in size and its DNA genome is about 

130 – 375 kb long (see Figure 5) (Damon, 2011; Moussatche & Condit, 

2015). MVA is a subspecies of Vaccinia virus and is a member of the genus 

Orthopoxviruses (ICTV, 2024). The capsid protects the genome from the 

external environment and the core wall is made of viral proteins, including 

A3, A4, A10, L4 and F17. Interestingly, lateral bodies, which are located 

between the core and first membrane are believed to take part in antiviral 

mechanisms. The virus is enveloped by up to two membranes (Damon, 

2011; Moussatche & Condit, 2015). Glycosylated proteins are embedded in 
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the outer membrane, while proteins of the inner membrane are not 

glycosylated (Modrow S. et al., 2021). 

 

Figure 5: Structure of Poxviruses. The genomic DNA is enclosed by viral enzymes and the 

core membrane, followed by two outer membranes. Lateral bodies are denoted in purple. 

Created with BioRender.com 

The documented genome of MVA, which was characterized from isolate 

MVA-F6 after the 572nd passage, is shown in Figure 6. As described above, 

the serial passaging of MVA on avian cells caused a strict attenuation. This 

resulted in large deleted regions (in total 30,000 bp), referred to as six major 

deletion sites (deletion site I to VI), and mutations in virus-host interaction 

genes. Host range genes define the tropism of viruses. Interestingly, the 

host range gene C7L is conserved, whereas K1L was lost during the serial 

passages. Both genes are vital for late gene expression. Due to the strict 

attenuation, MVA fails to replicate in cells of mammalian origin (Volz & 

Sutter, 2017; Antoine et al., 1998; Backes et al., 2010; Meyer et al., 1991; 

Werden et al., 2008). Hence, MVA is considered a non-replicating 

attenuated DNA virus suitable for human application. It was discovered that 

protein and DNA synthesis remained unimpaired, as the life cycle is blocked 

at the step of virion assembly. MVA also lacks many immune evasion factors 

and interference with host defense mechanisms is hampered (Volz & Sutter, 

2017). Studies of immunoregulatory pathways showed that MVA induced 

chemotaxis, migration of leukocytes to site of infection and NF-κβ activation 

(Lehmann et al., 2009). Overall, MVA regulatory proteins activate induction 

of apoptosis, interferons, and inflammatory cytokines at an early stage (Volz 

& Sutter, 2017). Notably, MVA elicits a T-helper (Th) 1 skewed immune 

response, with interleukin (IL)-6 and tumor necrosis factor alpha (TNF-α) 

being the major cytokines involved (Ramírez et al., 2000). Upon 

intramuscular (IM) immunization, MVA infects not only myocytes but also 
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antigen-presenting cells, possibly contributing to its excellent 

immunogenicity (Altenburg et al., 2017). Infection of dendritic cells prompts 

cytokine production, activation of costimulatory molecules for T cell 

stimulation and cell death (Döring et al., 2021). 

 

Figure 6: Schematic representation of the MVA genome. MVA, after 572nd passages of 

CVA on CEF, harbors six major deletion sites as denoted in the picture. Key characteristic 

of its attenuation is its replication deficiency on mammalian cells. Adapted from (Volz & 

Sutter, 2017). 

2.3. Life cycle of MVA 

The various stages of MVA’s life cycle are illustrated in Figure 7. MVA’s 

entry into host cells depends in which form the virus is present. The first 

mechanism of action refers to the intracellular mature virus (IMV), also 

named mature virus (MV), which is enveloped by one membrane. IMV 

enters via fusion or endocytosis followed by endosome fusion. The second 

mechanism of actions refers to the extracellular enveloped virus (EEV), also 

named  extracellular virus (EV), which possesses two membranes. EEV 

enters via membrane shedding and direct fusion. In the next step, the core 

is transported via microtubules into the cytoplasm for uncoating. DNA is 

then transcribed into mRNA by a viral DNA-dependent RNA poly-

merase (DdRp). Early transcribed genes are essential for DNA replication 

and virus-host interaction factors, while intermediate genes are required for 

transcription factors of late genes, which are translated into viral proteins 

and enzymes. Subsequently, progeny virions are formed in virus factories 

within the cytoplasm (Greseth & Traktman, 2022; Moss, 2006; Roberts & 

Smith, 2008). 
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Figure 7: Life cycle of MVA in mammalian cells. Expression and translation of early, 

intermediate and late proteins is unimpaired. Replication is blocked at the step of virion 

assembly. Adapted from ViralZone, https://viralzone.expasy.org/4399, Swiss Institute of 

Bioinformatics. 

Next steps in the viral life cycle do not occur in cells of mammalian origin  

but in chicken cells (see Figure 8). Proteins are cleaved and packed 

together with DNA to form infectious IMVs. IMVs can be released via cell 

lysis. If not released, virions are transported for wrapping in two 

membranes, which originate from endosomal or trans-Golgi cisterna. Viral 

proteins play a crucial role in the wrapping process. Although their exact 

role is not yet fully understood, all of them are either incorporated into the 

membrane or associated with membrane wrapping (Greseth & Traktman, 

2022; Roberts & Smith, 2008). For instance, F13 is associated with 

phospholipase activity (Husain & Moss, 2002). The intracellular enveloped 
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virus (IEV) is then transported to the cell periphery and crosses the actin 

cortex before the outer IEV membrane can fuse with the plasma membrane. 

Actin polymerization leads the now called cell-associated enveloped virus 

(CEV), which is the cell-retained version of EEVs, to infect neighboring cells, 

and are formed by the exocytosis of IEVs. EEVs are capable of infecting 

distant cells, resulting in comet-shaped plaque formation on a cell 

monolayer. Primary plaques are accompanied by a comet tail formed by 

secondary plaques. EEVs are the main route of virus spread and relatively 

resistant to neutralizing antibodies and the complement system (Greseth & 

Traktman, 2022; Roberts & Smith, 2008). 

 

Figure 8: Life cycle of MVA on chicken cells. Expression and translation of early, 

intermediate and late proteins is followed by virion assembly. (Source: ViralZone, 

https://viralzone.expasy.org/4399, Swiss Institute of Bioinformatics) 
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2.4. MVA as a versatile vaccine platform 

After MVA’s use as a smallpox vaccine in Germany, MVA was tested as a 

eukaryotic cloning vector that could be used to express heterologous genes 

(Volz & Sutter, 2017). For example, Sutter and Moss exploited MVA’s non-

replicating characteristic to deliver foreign sequences that were introduced 

into deletion site III, leading to the induction of antibody and cytotoxic T-cell 

responses in mice (Sutter & Moss, 1992; Sutter et al., 1994). MVA’s loss of 

virus-host interaction factors makes it an interesting platform to study 

Vaccinia virus regulators involved in host cell tropism, inflammatory 

response and immunogenicity (Volz & Sutter, 2017). MVA has also been 

used for research and vaccine development against malaria (Schneider et 

al., 1998), AIDS (Abaitua et al., 2006), tuberculosis (Goonetilleke et al., 

2003), West Nile fever (Volz et al., 2016), Middle East Respiratory 

Syndrome (MERS) (Song et al., 2013), COVID-19 (Tscherne et al., 2021) 

and Ebola (Tapia et al., 2016). For example, studies in mice, immunized 

with MVA delivering SARS-CoV- spike (S) protein, protected mice against 

SARS-CoV-2 infection, accompanied by the induction of a strong cellular 

and humoral immune response (Bisht et al., 2004; Chen et al., 2005; 

Tscherne et al., 2021). Similarly, MERS-CoV-S was delivered by MVA in 

mice and camels, inducing secretion of neutralizing antibody (Alharbi et al., 

2022; Song et al., 2013). Noteworthy, concerns about using smallpox as 

biological weapon have been raised. Fortunately, MVA entails superior 

characteristics as preventive vaccine and post exposure immunization in 

case of re-emergence of smallpox, as it is well-tolerated in individuals with 

immunodeficiencies or skin diseases (Henderson et al., 1999; Rotz et al., 

2002; Volz & Sutter, 2017). 

MVA is also being used as vaccine platform against poorly addressed 

respiratory viruses such as parainfluenza virus (PIV) 3 and human 

respiratory syncytial virus (RSV). For both viruses, experimental vaccines 

were developed, which yielded in protection in animal models (Durbin et al., 

1999; Durbin et al., 1998; Wyatt et al., 1996). Particularly, recombinant MVA 

delivering fusion or hemagglutinin-neuraminidase proteins of parainfluenza 

virus 3, elicited high levels of virus-specific antibodies, while the candidate 

vaccine against hemagglutinin-neuraminidase reduced viral loads more 
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efficiently upon challenge. Both vaccines protected from disease in a 

macaque model (Durbin et al., 1999; Durbin et al., 1998). MVA was also 

utilized to address Nipah disease. In one study, MVA was used to deliver 

the Nipah glycoprotein G, and a strong cellular immune response was 

established after immunization of type I interferon receptor-deficient 

(IFNAR−/−) mice (Kalodimou et al., 2019). In addition, MVA-based vaccines 

against Tick-borne encephalitis virus (TBEV) were used in a heterologous 

approach. Pre-membrane (prM) and envelope (E) proteins of TBEV were 

delivered by MVA and induced full protection of mice. The titer of induced 

virus-neutralizing antibodies was similar compared to the inactivated virus 

vaccine FSME-IMMUN® (Kubinski et al., 2023).  

A more recent example of MVA as a successful vaccine is its use against 

Mpox, formerly known as monkeypox, which was addressed with Imvanex 

(also known as Imvamune or Jynneos)  (EMA, 2013). A systematic review 

assessed vaccine effectiveness with real-world data (Mason et al., 2024). 

Pre-exposure prophylaxis achieved a vaccine effectiveness ranging from 

35% to 86% after prime-boost immunization. Post-exposure prophylaxis of 

two studies amounted to 78% and 89% vaccine effectiveness with a prime 

only immunization. The vaccine was reported to also reduce Mpox related 

hospitalization and severity of clinical presentation.  

MVA is not only used for vaccine development against infectious diseases, 

but also as a cancer therapeutic. For instance, one study by Drexler and 

colleagues elicited a cytotoxic T-cell response directed against melanoma 

(Drexler et al., 1999). Another study revealed the use of MVA to deliver the 

suicide gene FCU1 to cancer cells, which lead to the production of an 

enzyme capable of converting the prodrug 5-fluorocytosine. 5-

fluorocytosine suppressed the tumor growth more potent than an 

adenovirus-based equivalent (Erbs et al., 2008). Recombinant MVAs can 

also be used to target nasopharyngeal carcinoma by delivering the Epstein-

Barr virus latent membrane protein 2A. In a preclinical study, a strong 

cellular and humoral immune response against the Epstein-Barr virus latent 

membrane protein 2A was elicited, resulting in the killing of tumor cells (Sun 

et al., 2025). Another oncolytic study showed that MVA replicates in tumor 

cells with lower expression of the zinc finger antiviral protein and reduced 
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tumors (Li et al., 2025). 

2.5. Advantages over alternative vaccine technologies 

Two MVA-based vaccines received marketing authorization namely the pox 

vaccine Imvanex (EMA, 2013) and the Ebola vaccine Mvabea (EMA, 2020). 

Another four candidates (MVA/HIV62B, MVA-NSmut, TherVacB, CMV-

MVA Triplex) are being tested in clinical studies (NCT02852005; 

NCT01701336; NCT06513286; NCT06075745), which highlights that MVA 

is appropriate for use as vaccine platform. 

MVA-based vaccines are genetically stable, highly immunogenic and 

therefore do not require adjuvants (Volz & Sutter, 2017). In addition, MVA 

offers a high safety profile. In one clinical study, participants were monitored 

up to 180 days and no severe or serious adverse events were reported 

(Koch et al., 2020). Pain, swelling, induration, headaches, fatigue and 

malaise were the most common side effects and disappeared quickly 

without complications or long-term sequelae. Compatibility with 

comorbidities is another clinical advantage of the platform. MVA was 

administered to high-risk groups including immunocompromised 

individuals, in which no severe adverse events were reported (Kennedy & 

Greenberg, 2009). In other clinical studies, local reactions were the most 

frequently reported conditions (Vollmar et al., 2006; von Krempelhuber et 

al., 2010).  

Another advantage is that MVA represents a non-replicating viral vector, 

eliminating the risk of vaccination illness (Robert-Guroff, 2007). 

Furthermore, the nature of MVA allows a multivalent approach by delivering 

different viral proteins at the same time. Delivery of homologous antigens 

was already demonstrated with an MVA-based vaccine against Epstein-

Barr virus with five entry glycoproteins, which had superior neutralizing 

antibody activity to a monovalent approach (Escalante et al., 2024).  

In another study, a heterologous MVA-based vaccine against TBEV with the 

prM and E performed as good as an inactivated virus vaccine in terms of 

antibody-mediated protection (Kubinski et al., 2023). Compared to 

adenoviral vectors, for which vector immunity is reported, hindering antigen 

delivery (Sakurai et al., 2022), vector immunity to MVA does not diminish 
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vaccine efficacy of subsequent MVA-based vaccination under optimal 

conditions (Altenburg et al., 2018). However, cellular immunity can be 

dampened. This should be taken into consideration together with the 

knowledge of the correlate of protection for the corresponding pathogen 

when designing MVA-based vaccines. 

Unlike conventional live-attenuated or inactivated influenza vaccines, MVA 

can be handled at biosafety level (BSL) 1 conditions (Altenburg et al., 2014), 

which facilitates vaccine development and production. In contrast to mRNA-

based vaccines, MVA is superior in handling of vaccine stocks due to its 

stability (Rheinbaben et al., 2007; Crommelin et al., 2021; Uddin & Roni, 

2021). As a study exemplifies, it can be stored for 12 months at 

temperatures above the freezing point, for 6 h up to 40°C and potency upon 

freeze-thawing cycles, agitation or temperature variations is maintained 

(Capelle et al., 2018). Unsophisticated delivery of MVA is another 

advantage over other technologies involving mRNA. Formulation of mRNA 

vaccines must address various properties of mRNA. mRNA is relatively 

unstable, readily degraded and quite large, hindering the passage of the 

plasma membrane (Wadhwa et al., 2020). In contrast, MVA-based vaccines 

allow to deliver the antigen by simply infecting host cells. 

Here, we aimed to establish a repertoire of IAV-HA vaccines against the 

potential pandemic IAV subtypes H2N2, H2N9 and H5N8. We first aimed to 

generate a series of candidate vaccines and to characterize them in vitro 

using standardized quality control procedures. Furthermore, we aimed to 

test the candidate vaccines in vivo, to explore the humoral immune 

responses and to identify potential human H2 and H5-specific T cell 

epitopes using humanized HLA-A2.1-/HLA-DR1-transgenic H-2 class I-

/class II-knockout mice.
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IV. OBJECTIVES 

Although there are effective vaccines available against IAV, the emergence 

of new reassorted subtypes with the ability to cause severe diseases in 

human and birds, makes it necessary to adapt the vaccines on a regular 

basis. The aim of this thesis was to develop novel MVA-based candidate 

vaccines against IAV targeting HA proteins of the subtypes H2N2, H2N9 

and H5N8. This study describes the following milestones on the way to 

develop the new candidate vaccines MVA-IAV-H2R, expressing HA from 

subtype A/Ruddy/Turnstone/Delaware/-374/2019(H2N9), MVA-IAV-H2S, 

expressing HA from subtype A/Singapore/1/1957(H2N2) and MVA-IAV-

H5G, expressing HA from subtype A/seal/Germany-SH/AI05379/2021-

(H5N8): 

(i) Design and generation of recombinant MVA delivering full-

length IAV-HA antigens (MVA-IAV-H2R, MVA-IAV-H2S and 

MVA-IAV-H5G) 

(ii) In vitro characterization of recombinant MVA-IAV vaccines 

following standardized quality control procedures: 

a. Genetic stability and integrity 

b. Unimpaired protein expression 

c. Replicative capacity 

(iii) In vivo characterization of recombinant MVA-IAV candidate 

vaccines in regard to the induction of adaptive immune 

responses in humanized HLA-A2.1-/HLA-DR1-transgenic H-2 

class I-/class II-knockout mice: 

a. Immunization experiments 

b. Determination of IAV-specific CD8+ and CD4+ T cell 

 responses 

c. Humoral immune responses against IAV by determining 

binding antibody responses
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V. MATERIALS 

1. Plasmids 

Table 1: Expression and Shuttle plasmids  

Plasmid Company 

pEX-K248-H2Ruddy Eurofins Genomics GmbH 

(Ebersberg, Germany) 

pEX-K248-H2Singapore Eurofins Genomics GmbH 

(Ebersberg, Germany) 

pEX-K248-H5Germany Eurofins Genomics GmbH 

(Ebersberg, Germany) 

pIIIsynIIred LMU 

pIIIsynIIred-IAV- A/Ruddy/Turnstone/-

Delaware/374/2019(H2N9) (pSynII-red-H2R) 

LMU 

pIIIsynIIred-IAV- A/Singapore/f1/1957(H2N2) 

(pSynII-red-H2S) 

LMU 

pIIIsynIIred-IAV- A/seal/Germany-SH/AI05379/-

2021(H5N8) (pSynII-red-H5G) 

LMU 

2. Oligonucleotides 

Table 2: Oligonucleotides used for PCR analysis. 

Name Sequence (5’→3’) PCR 

III-3´ (forward) GTACCGGCATCTCTAGCAGT Del-III 

III-5´ (reverse) TGACGAGCTTCCGAGTTCC Del-III 

MVA-Del I for CTTTCGCAGCATAAGTAGTATGTC Six major deletion 

MVA-Del I rev CATTACCGCTTCATTCTTATATTC Six major deletion 

MVA-Del II for GGGTAAAATTGTAGCATCATATACC Six major deletion 

MVA-Del II rev AAAGCTTTCTCTCTAGCAAAGATG Six major deletion 

MVA-Del III for GATGAGTGTAGATGCTGTTATTTTG Six major deletion 

MVA-Del III rev GCAGCTAAAAGAATAATGGAATTG Six major deletion 

MVA-Del IV for AGATAGTGGAAGATACAACTGTTACG Six major deletion 

MVA-Del IV rev TCTCTATCGGTGAGATACAAATACC Six major deletion 

MVA-Del V for CGTGTATAACATCTTTGATAGAATCAG Six major deletion 

MVA-Del V rev AACATAGCGGTCTACTAATTGATTT Six major deletion 

MVA-Del VI for CTACAGGTTCTGGTTCTTTATCCT Six major deletion 

MVA-Del VI rev CACGGTCAATTAACTATAGCTCTG Six major deletion 
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C7L for ATGGGTATACAGCACGAA C7L 

C7L rev CATGGACTCATAATCTCT C7L 

H5-Germany for 1 GAAAAAACACACAACGGGAAG insert 

H5-Germany rev 1 TGCCCCACAGTATCAAGAG insert 

H5-Germany for 2 AAACCCAACCACCTACATTTC insert 

H5-Germany rev 2 TTCACTCCGCTTATTTCTTCTC insert 

H2-Ruddy for 1 TCAATCCCTGAGATAGCGAC insert 

H2-Ruddy rev 1 AACACATCCAGAAAGAAATCCC insert 

H2-Ruddy for 2 GCCAACAATTCCACAGAAAAAG insert 

H2-Ruddy rev 2 TGATGATACCCATACCAGCC insert 

H2-Singapore for CTCATTCTCCTGTTCACAGC insert 

H2-Singapore rev CCATACCAACCATCAACCATTC insert 

3. Antibodies 

3.1. Primary antibodies 

Table 3: Primary antibodies used for Western blot (WB), immunofluorescence staining (IF) 

and intracellular cytokine staining (ICS) listed with catalogue numbers (Cat. No.). 

Name Cat. No. Company Method 

Polyclonal Rabbit 

anti-Influenza A 

Virus H2 

LS-C486849 LifeSpan BioSciences 

(Seattle, Washington) 

IF (1:2000), 

WB (1:2000) 

Influenza A H5N8 

HA Polyclonal 

PA5-81709 Thermo Fisher Scientific 

(Waltham, Massachusetts) 

IF (1 µg/ml) 

Vaccinia Virus 

(Lister Strain) rabbit 

polyclonal antibody 

BP1076 OriGene Technologies 

(Rockville, Maryland) 

PFU titration (2 

– 2.5 µg/ml) 

Anti-hemagglutinin 

antibody, Influenza 

A virus H5N8 

antibody, clone 

7H6C 

MABF2811 Merck Millipore (Burlington, 

Massachusetts) 

WB (1:2000) 

PE/Cyanine 7 anti-

mouse CD3 

antibody 

100220 Biolegend (San Diego, 

California) 

ICS (2 µg/ml) 

Brilliant Violet 

421TM anti-mouse 

CD4 antibody 

100443 Biolegend (San Diego, 

California) 

ICS (1:600) 

Alexa Fluor® 488 

anti-mouse CD8a 

100723 Biolegend (San Diego, 

California) 

ICS (1.25 µg/ml) 
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antibody 

TruStain FcXTM 

(anti-mouse 

CD16/32) antibody 

101320 Biolegend (San Diego, 

California) 

ICS (1 µg/ml) 

APC anti-mouse 

IFN-ɣ antibody 

505810 Biolegend (San Diego, 

California) 

ICS (0.67 µg/ml) 

PE anti-mouse 

TNF-α antibody 

506306 Biolegend (San Diego, 

California) 

ICS (0.67 µg/ml) 

3.2. Secondary antibodies 

Table 4: Secondary antibodies used for Western blot (WB), immunofluorescence stain-

ing (IF) and intracellular cytokine staining (ICS) listed with catalogue numbers (Cat. No.). 

Name Cat. No. Company Method 

Goat anti-rabbit IgG 

(H+L) highly cross-

adsorbed 

secondary 

antibody, Alexa 

FluorTM 488 

A11034 Thermo Fisher Scientific 

(Waltham, Massachusetts) 

IF (2 µg/ml) 

Peroxidase 

AffiniPureTM goat 

anti-rabbit IgG 

(H+L) 

111-035-144 Jackson ImmunoResearch 

(West Grove, 

Pennsylvania) 

PFU titration 

(0.16 µg/ml) 

Anti-rabbit IgG, 

HRP-linked 

antibody 

7074 Cell Signaling Technology 

(Danvers, Massachusetts) 

WB (1:5000), 

ELISA (1:5000) 

Polyclonal goat 

anti-mouse, 

conjugated with 

HRP 

P0447 Agilent (Santa Clara, 

California) 

WB (1:2000) 

Goat anti-mouse 

IgG (H+L) 

Secondary 

antibody, HRP 

62-6520 Thermo Fisher Scientific 

(Waltham, Massachusetts) 

ELISA (0.5 µg/ml) 
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4. Peptides 

Table 5: Selected HA A/Singapore/1/1957(H2N2) specific overlapping peptides. 

Peptide ID Amino acid sequence Pools 

HA H2-S p1 MAIIYLILLFTAVRG H2S-P1 

HA H2-S p2 YLILLFTAVRGDQIC H2S-P1 

HA H2-S p3 LFTAVRGDQICIGYH H2S-P1 

HA H2-S p4 GTYVSVGTSTLNKRS H2S-P7 

HA H2-S p5 TRPKVNGLGSRMEFS H2S-P1 

HA H2-S p6 VNGLGSRMEFSWTLL H2S-P1 

HA H2-S p7 GSRMEFSWTLLDMWD H2S-P1 

HA H2-S p8 EFSWTLLDMWDTINF H2S-P1 

HA H2-S p9 TLLDMWDTINFESTG H2S-P1 

HA H2-S p10 MWDTINFESTGNLIA H2S-P1 

HA H2-S p11 INFESTGNLIAPEYG H2S-P1 

HA H2-S p12 HPLTIGECPKYVKSE H2S-P1 

HA H2-S p13 IGECPKYVKSEKLVL H2S-P1 

HA H2-S p14 PKYVKSEKLVLATGL H2S-P1 

HA H2-S p15 KSEKLVLATGLRNVP H2S-P2, H2S-P8 

HA H2-S p16 EKMNTQFEAVGKEFS H2S-P2 

HA H2-S p17 TQFEAVGKEFSNLER H2S-P2 

HA H2-S p18 AVGKEFSNLERRLEN H2S-P2 

HA H2-S p19 EFSNLERRLENLNKK H2S-P2 

HA H2-S p20 LDVWTYNAELLVLME H2S-P2 

HA H2-S p21 TYNAELLVLMENERT H2S-P2 

HA H2-S p22 ELLVLMENERTLDFH H2S-P3 

HA H2-S p23 LMENERTLDFHDSNV H2S-P3 

HA H2-S p24 ERTLDFHDSNVKNLY H2S-P3 

HA H2-S p25 DFHDSNVKNLYDKVR H2S-P3 

HA H2-S p26 IKGVKLSSMGVYQIL H2S-P3 

HA H2-S p27 KLSSMGVYQILAIYA H2S-P3 

HA H2-S p28 VAGSLSLAIMMAGIS H2S-P3 

HA H2-S p29 LSLAIMMAGISFWMC H2S-P3 

HA H2-S p30 IMMAGISFWMCSNGS H2S-P3 
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Table 6: Selected HA A/Ruddy/Turnstone/Delaware/-374/2019(H2N9), specific 

overlapping peptides. 

Peptide ID Amino acid sequence Pools 

HA H2-R p1 MTITFLILLFTVVKG H2R-P1 

HA H2-R p2 FLILLFTVVKGDQIC H2R-P1 

HA H2-R p3 LFTVVKGDQICIGYH H2R-P1 

HA H2-R p4 ECDRLLSVPEWSYIV H2R-P1 

HA H2-R p5 LLSVPEWSYIVEKEN H2R-P1 

HA H2-R p6 PEWSYIVEKENPVNG H2R-P1 

HA H2-R p7 YIVEKENPVNGLCYP H2R-P1 

HA H2-R p8 KENPVNGLCYPGSFN H2R-P1 

HA H2-R p9 QRTLYQNVGAYVSVG H2R-P8 

HA H2-R p10 GAYVSVGTSTLNKRS H2R-P8 

HA H2-R p11 TRPKVNGQGGRMEFS H2R-P1 

HA H2-R p12 VNGQGGRMEFSWTLL H2R-P1 

HA H2-R p13 GGRMEFSWTLLETWD H2R-P1 

HA H2-R p14 EFSWTLLETWDVINF H2R-P1 

HA H2-R p15 TLLETWDVINFESTG H2R-P1 

HA H2-R p16 TWDVINFESTGNLIV H2R-P1 

HA H2-R p17 INFESTGNLIVPEYG H2R-P2 

HA H2-R p18 STGNLIVPEYGFKIS H2R-P2, H2R-P8 

HA H2-R p19 LIVPEYGFKISKRGS H2R-P2 

HA H2-R p20 FHNIHPLTIGECPKY H2R-P2 

HA H2-R p21 HPLTIGECPKYVKSD H2R-P2 

HA H2-R p22 IGECPKYVKSDRLVL H2R-P2 

HA H2-R p23 PKYVKSDRLVLATGL H2R-P2 

HA H2-R p24 KSDRLVLATGLRNVP H2R-P2 

HA H2-R p25 TQKAVDGITNKVNSV H2R-P2 

HA H2-R p26 VDGITNKVNSVIEKM H2R-P2 

HA H2-R p27 EKMNTQFEAVGKEFN H2R-P2 

HA H2-R p28 TQFEAVGKEFNNLER H2R-P2 

HA H2-R p29 AVGKEFNNLERRLEN H2R-P2 

HA H2-R p30 EFNNLERRLENLNKK H2R-P3 

HA H2-R p31 LDVWTYNAELLILME H2R-P3 

HA H2-R p32 TYNAELLILMENERT H2R-P3 

HA H2-R p33 ELLILMENERTLDYH H2R-P3 

HA H2-R p34 LMENERTLDYHDSNV H2R-P3 

HA H2-R p35 ERTLDYHDSNVRNLY H2R-P3 

HA H2-R p36 DYHDSNVRNLYDKVR H2R-P3 

HA H2-R p37 IKGVKLSNMGVYQIL H2R-P3 
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HA H2-R p38 KLSNMGVYQILAIYA H2R-P3 

HA H2-R p39 IYATVAGSLSLAIMI H2R-P3 

HA H2-R p40 VAGSLSLAIMIAGIS H2R-P3 

HA H2-R p41 LSLAIMIAGISFWMC H2R-P3 

HA H2-R p42 IMIAGISFWMCSNGS H2R-P3 

 

Table 7:  Selected HA A/Ruddy/Turnstone/Delaware/-374/2019(H2N9), and 

A/Singapore/1/1957(H2N2) specific overlapping peptides, which are shared between the 

two subtypes. 

Peptide ID Amino acid sequence Pools 

HA H2-S+R p1 NNSTEKVDTILERNV H2S-P4, H2R-P4 

HA H2-S+R p2 EKVDTILERNVTVTH H2S-P4, H2R-P4 

HA H2-S+R p3 TILERNVTVTHAKDI H2S-P4, H2R-P4 

HA H2-S+R p4 RNVTVTHAKDILEKT H2S-P4, H2R-P4 

HA H2-S+R p5 LGNPECDRLLSVPEW H2S-P4, H2R-P4 

HA H2-S+R p6 TSGEQMLIIWGVHHP H2S-P4, H2R-P4 

HA H2-S+R p7 EYGFKISKRGSSGIM H2S-P4, H2R-P4 

HA H2-S+R p8 LVLATGLRNVPQIES H2S-P4, H2R-P4 

HA H2-S+R p9 TGLRNVPQIESRGLF H2S-P4, H2R-P4 

HA H2-S+R p10 NVPQIESRGLFGAIA H2S-P4, H2R-P4 

HA H2-S+R p11 IESRGLFGAIAGFIE H2S-P4, H2R-P4 

HA H2-S+R p12 GLFGAIAGFIEGGWQ H2S-P5, H2R-P5 

HA H2-S+R p13 AIAGFIEGGWQGMVD H2S-P5, H2R-P5 

HA H2-S+R p14 NSVIEKMNTQFEAVG H2S-P5, H2R-P5 

HA H2-S+R p15 LERRLENLNKKMEDG H2S-P5, H2R-P5 

HA H2-S+R p16 LENLNKKMEDGFLDV H2S-P5, H2R-P5 

HA H2-S+R p17 NKKMEDGFLDVWTYN H2S-P5, H2R-P5 

HA H2-S+R p18 EDGFLDVWTYNAELL H2S-P5, H2R-P5 

HA H2-S+R p19 QILAIYATVAGSLSL H2S-P5, H2S-P9, 

H2R-P5, H2R-P9 

HA H2-S+R p20 GISFWMCSNGSLQCR H2S-P5, H2R-P5 
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Table 8: Selected HA A/seal/Germany-SH/AI05379/2021-(H5N8): specific overlapping 

peptides. 

Peptide ID Amino acid sequence Pools 

HA H5-G p1 MKNIVLLLAIVSLVK H5G-P1 

HA H5-G p2 VLLLAIVSLVKSDQI H5G-P1 

HA H5-G p3 AIVSLVKSDQICIGY H5G-P1 

HA H5-G p5 TEQVDTIMEKNVTVT H5G-P1 

HA H5-G p6 DTIMEKNVTVTHAQD H5G-P1 

HA H5-G p7 EKNVTVTHAQDILEK H5G-P1 

HA H5-G p8 PMCDEFIRVPEWSYI H5G-P1 

HA H5-G p9 EFIRVPEWSYIVERA H5G-P1 

HA H5-G p10 VPEWSYIVERANPAN H5G-P1 

HA H5-G p11 SYIVERANPANDLCY H5G-P1 

HA H5-G p12 ERANPANDLCYPGSL H5G-P1 

HA H5-G p13 NPTTYISVGTSTLNQ H5G-P2 

HA H5-G p14 YISVGTSTLNQRLVP H5G-P2 

HA H5-G p15 GTSTLNQRLVPKIAT H5G-P2 

HA H5-G p16 LNQRLVPKIATRSQV H5G-P2 

HA H5-G p17 SQVNGQRGRMDFFWT H5G-P2 

HA H5-G p18 GQRGRMDFFWTILKP H5G-P2 

HA H5-G p19 RMDFFWTILKPDDAI H5G-P2 

HA H5-G p20 FWTILKPDDAIHFES H5G-P2 

HA H5-G p21 MPFHNIHPLTIGECP H5G-P2 

HA H5-G p22 NIHPLTIGECPKYVK H5G-P2 

HA H5-G p23 LTIGECPKYVKSNKL H5G-P3 

HA H5-G p24 ECPKYVKSNKLVLAT H5G-P3 

HA H5-G p25 PLRERRRKRGLFGAI H5G-P3 

HA H5-G p26 RRRKRGLFGAIAGFI H5G-P3 

HA H5-G p27 RGLFGAIAGFIEGGW H5G-P3 

HA H5-G p28 GFIEGGWQGMVDGWY H5G-P3 

HA H5-G p29 ADKESTQKAIDGVTN H5G-P3 

HA H5-G p30 STQKAIDGVTNKVNS H5G-P3 

HA H5-G p31 AIDGVTNKVNSIIDK H5G-P3 

HA H5-G p32 VTNKVNSIIDKMNTQ H5G-P3 

HA H5-G p33 VNSIIDKMNTQFEAV H5G-P4 

HA H5-G p34 IDKMNTQFEAVGREF H5G-P4 

HA H5-G p35 NTQFEAVGREFNNLE H5G-P4 

HA H5-G p36 RIENLNKKMEDGFLD H5G-P4 

HA H5-G p37 LNKKMEDGFLDVWTY H5G-P4 

HA H5-G p38 MEDGFLDVWTYNAEL H5G-P4 
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HA H5-G p39 FLDVWTYNAELLVLM H5G-P4 

HA H5-G p40 WTYNAELLVLMENER H5G-P4 

HA H5-G p41 AELLVLMENERTLDF H5G-P4 

HA H5-G p42 VLMENERTLDFHDSN H5G-P4 

HA H5-G p43 NERTLDFHDSNVKNL H5G-P5 

HA H5-G p44 LDFHDSNVKNLYDKV H5G-P5 

HA H5-G p45 VKLESIGTYQILSIY H5G-P5 

HA H5-G p46 SIGTYQILSIYSTAA H5G-P5 

HA H5-G p47 YQILSIYSTAASSLA H5G-P5 

HA H5-G p48 SIYSTAASSLALAIM H5G-P5 

HA H5-G p49 TAASSLALAIMMAGL H5G-P5 

HA H5-G p50 SLALAIMMAGLSLWM H5G-P5 

HA H5-G p51 AIMMAGLSLWMCSNG H5G-P5 

HA H5-G p52 AGLSLWMCSNGSLQC H5G-P5 

 

Table 9: HA A/Ruddy/Turnstone/Delaware/-374/2019(H2N9), and A/Singa-

pore/1/1957(H2N2) specific peptides, which were predicted for MHC binding using the 

Immune Epitope Database. 

Name Subtype MHC 

Allele 

Position Amino acid 

sequence 

Pool 

HA H2-S p43 H2N2 HLA-

A*02:01 

HA5-13 YLILLFTAV H2S-P6 

HA H2-S p44 H2N2 HLA-

A*02:01 

HA245-253 TLLDMWDTI H2S-P6 

HA H2-S p45 H2N2 HLA-

A*02:01 

HA440-448 VLMENERTL H2S-P6 

HA H2-S p46 H2N2 HLA-

A*02:01 

HA542-550 MMAGISFW

M 

H2S-P6 

HA H2-R p47 H2N9 HLA-

A*02:01 

HA5-13 FLILLFTVV H2R-P6 

HA H2-R p48 H2N9 HLA-

A*02:01 

HA440-448 ILMENERTL H2R-P6 

HA H2-R p49 H2N9 HLA-

A*02:01 

HA525-533 QILAIYATV H2R-P6 

HA H2-S+R 

p50 

H2N2+ H2N9 HLA-

A*02:01 

HA33-41 TILERNVTV H2S-P7, 

H2R-P7 

HA H2-S+R 

p51 

H2N2 + 

N2N9 

HLA-

A*02:01 

HA326-334 VLATGLRNV H2S-P7, 

H2R-P7 

HA H2-S+R 

p52 

H2N2+ H2N9 HLA-

A*02:01 

HA398-406 KMNTQFEA

V 

H2S-P7, 

H2R-P7 
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HA H2-S+R 

p53 

H2N2+ H2N9 HLA-

A*02:01 

HA423-431 KMEDGFLD

V 

H2S-P7, 

H2R-P7 

HA H2-S+R 

p54 

H2N2+ H2N9 HLA-

A*02:01 

HA428-436 FLDVWTYN

A 

H2S-P7, 

H2R-P7 

HA H2-S+R 

p55 

H2N2+ H2N9 HLA-

A*02:01 

HA457-466 NLYDKVRM

QL 

H2S-P7, 

H2R-P7 

HA H2-S+R 

p56 

H2N2+ H2N9 HLA-

A*02:01 

HA525-533 QILAIYATV H2S-P7, 

H2R-P7 

HA H2-S p57 H2N2 HLA-

DRB1*01:

01 

HA7-21 ILLFTAVRG

DQICIG 

H2S-P8, 

H2R-P8 

HA H2-S p58 H2N2 HLA-

DRB1*01:

01 

HA208-222 VGTYVSVG

TSTLNKR 

H2S-P8, 

H2R-P8 

HA H2-S p59 H2N2 HLA-

DRB1*01:

01 

HA259-273 GNLIAPEYG

FKISKR 

H2S-P8, 

H2R-P8 

HA H2-S p60 H2N2 HLA-

DRB1*01:

01 

HA301-315 TTLPFHNVH

PLTIGE 

H2S-P8, 

H2R-P8 

HA H2-S p61 H2N2 HLA-

DRB1*01:

01 

HA322-336 SEKLVLATG

LRNVPQ 

H2S-P8, 

H2R-P8 

HA H2-S p62 H2N2 HLA-

DRB1*01:

01 

HA436-450 AELLVLMEN

ERTLDF 

H2S-P8, 

H2R-P8 

HA H2-S-R 

p63 

H2N2 HLA-

DRB1*01:

01 

HA522-536 GVYQILAIYA

TVAGS 

H2S-P9, 

H2R-P9 
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Table 10: HA A/seal/Germany-SH/AI05379/2021-(H5N8) specific peptides, which were 

predicted for MHC binding using the Immune Epitope Database. 

Peptide ID MHC Allele Position Amino acid 

sequence 

Pool 

HA H5-G p54 HLA-A*02:01 HA6-14 LLLAIVSLV H5G-P6 

HA H5-G p55 HLA-A*02:01 HA34-42 TIMEKNVTV H5G-P6 

HA H5-G p56 HLA-A*02:01 HA403-411 KMNTQFEAV H5G-P6 

HA H5-G p57 HLA-A*02:01 HA433-441 FLDVWTYNA H5G-P6 

HA H5-G p58 HLA-A*02:01 HA304-313 SMPFHNIHPL H5G-P7 

HA H5-G p59 HLA-A*02:01 HA428-436 KMEDGFLDV H5G-P7 

HA H5-G p60 HLA-A*02:01 HA445-453 VLMENERTL H5G-P7 

HA H5-G p61 HLA-A*02:01 HA541-549 SLALAIMMA H5G-P7 

HA H5-G p62 HLA-A*02:01 HA543-551 ALAIMMAGL H5G-P7 

HA H5-G p63 HLA-DRB1*01:01 HA92-106 WSYIVERANPANDLC H5G-P8 

HA H5-G p64 HLA-DRB1*01:01 HA211-225 TTYISVGTSTLNQRL H5G-P8 

HA H5-G p65 HLA-DRB1*01:01 HA261-275 GNFIAPEYAYKIVKK H5G-P8 

HA H5-G p66 HLA-DRB1*01:01 HA303-317 SSMPFHNIHPLTIGE H5G-P8 

HA H5-G p67 HLA-DRB1*01:01 HA324-338 SNKLVLATGLRNSPL H5G-P8 

HA H5-G p68 HLA-DRB1*01:01 HA185-199 REDLLILWGIHHSNN H5G-P9 

HA H5-G p69 HLA-DRB1*01:01 HA526-540 IGTYQILSIYSTAAS H5G-P9 

 

The VACV-specific peptide A6(L)(6-14) VLYDEFVTI by Thermo Fisher 

Scientific (Waltham, Massachusetts) served as control. 

5. Proteins 

Table 11: Recombinant HA proteins of the subtypes H1N1, H2N2 and H5N8 were used for 

cross-reactivity assays and are listed with catalogue numbers (Cat. No.). 

Protein Cat. No. Company 

recombinant IAV-H1 11684-V08H Sino Biological (Beijing, China) 

recombinant IAV-H2 40119-V08B Sino Biological (Beijing, China) 

recombinant IAV-H5 40932-V08B1 Sino Biological (Beijing, China) 
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VI. METHODS 

1. Cell culture 

1.1. Cultivation and passaging of cells 

Primary chicken embryonic fibroblast (CEF) cells were prepared from 11-

days old chicken embryos (SPF eggs, VALO, Cuxhaven, Germany) 

following established protocols (Kremer et al., 2012; Tscherne et al., 2025). 

In brief, SPF eggs were opened with scissors without damaging the embryo. 

Head, legs and organs were removed from the embryo and the torso was 

washed with DPBS. Homogenization was conducted by pressing the torso 

through a 24 ml syringe. The tissue was then trypsinized with 100 ml 0.25% 

Trypsin-EDTA under constant stirring at 37°C for 10 min. The cell 

suspension was filtered through gauze and centrifuged in 50 ml falcon tubes 

at 1,800 g and 4°C for 10 min. Subsequently, the supernatant was discarded 

and the pellet was resuspended in 10 ml cell culture medium, which was 

Minimum Essential Medium Eagle (MEM) containing 10% heat-inactivated 

FBS and 1% MEM non-essential amino acid solution. 80 ml of the mixture 

was filtered again and 1 ml of the mixture and 29 ml of cell culture medium 

were added to a T175 cell culture flask. After incubation for 24 h at 37°C 

and 5% CO2, cell monolayers were confluent. For subculturing, cells were 

washed with in-house produced PBS and incubated with 0.25% Trypsin-

EDTA solution for detachment. Cell suspension was subsequently added to 

fresh cell culture medium (1:1) to inactivate enzymatic activity of Trypsin. 

Finally, cell suspension was added in required volumes to cell culture 

medium and transferred to a cell culture flask or cell culture plates. For 

infection experiments, cell culture medium was supplemented with 2% heat-

inactivated fetal bovine serum (FBS) and 1% MEM non-essential amino acid 

solution. 

DF-1 cells (ATCC® CRL-12203™) were cultured in VP-SFM medium 

containing 2% heat-inactivated FBS and 2% L-glutamine. For subculturing, 

cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) and 

incubated with TrypLETM Select for detachment. Cell suspension was 

subsequently added to fresh cell culture medium (1:1) to inactivate 
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enzymatic activity of Trypsin. Finally, cell suspension was added in required 

volumes to cell culture medium and transferred to a cell culture flask or cell 

culture plates. For infection experiments, cell culture medium was 

supplemented with 2% glutamine only. 

Vero cells (ATCC CCL-81) and human HaCaT cells (CLS Cell Lines Service 

GmbH, Eppelheim, Germany) were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) with high glucose containing 10% heat-inactivated FBS 

and 1% MEM non-essential amino acid solution and 1% HEPES solution. 

Cells were cultured at 37°C and 5% CO2. For subculturing, cells were 

washed with in-house produced PBS and incubated with 0.25% Trypsin-

EDTA solution for detachment. Cell suspension was subsequently added to 

fresh cell culture medium (1:1) to inactivate enzymatic activity of Trypsin. 

Finally, cell suspension was added in required volumes to cell culture 

medium and transferred to a cell culture flask or cell culture plates. For 

infection experiments, cell culture medium was supplemented with 2% heat-

inactivated FBS, 1% MEM non-essential amino acid solution and 1% 

HEPES solution. 

1.2. Freezing and thawing of cells 

Cells were subcultured in T175 cell culture flasks before freezing. One flask 

of confluent cells was sufficient for 2 cryovials. Cells were trypsinized and 

centrifuged at 1,500 rpm for 5 min. Afterwards, the cell pellet was 

resuspended in freezing medium. Cell suspensions were distributed to pre-

chilled cryovials at a volume of 1 ml each. The vials were then immediately 

frozen at -80°C in a freezing container before they were transferred to the 

liquid nitrogen tank the next day. A single vial was thawed to check for 

viability. 

For thawing, cells were taken from the liquid nitrogen tank and thawed by 

putting the vial in a warm water bath immediately. Cells were slowly added 

to a 50 ml falcon tube pre-filled with 10 ml medium. Centrifugation followed 

at 1,000 rpm for 5 min. In the next step, the supernatant was discarded, and 

the cell pellet was resuspended in 20 ml cell culture medium. Finally, cell 

suspension was transferred to a T75 cell culture flask for culturing at 37°C 

and 5% CO2. 
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2. Generation of recombinant MVA-IAV-HA vaccines 

2.1. Construction of plasmids 

Encoding sequences of full-length hemagglutinin (HA) proteins from IAV 

subtypes H2N2 (A/Singapore/1/1957; Genbank accession No.: 

ACF54477.1), H2N9 (A/Ruddy/Turnstone/Dela-ware/374/2019; Genbank 

accession No.: QHC83179.1) and H5N8 (A/seal/Germany-SH/-

AI05379/2021; Isolate-ID: EPI_ISL_4805936) were modified in-silico by 

removing runs of cytosine or guanine and signals for Vaccinia virus (VACV)-

specific early transcription termination. Expression of recombinant IAV-HA 

proteins was placed under transcriptional control of the VACV-specific late 

promoter PsynII (Kubinski et al., 2023; Tscherne et al., 2025). cDNA was 

synthesized by gene synthesis and subsequently cloned into the MVA 

transfer plasmid pIIIsynIIred. Therefore, plasmids containing the 

synthesized HA sequences (pEX-K248-H2Ruddy, pEX-K248-H2Singapore 

and pEX-K248-H5Germany) and the above-described shuttle plasmids 

were digested with restriction enzymes BamHI, NotI and XhoI, 

HindIII (H2N9) SalI, HindIII (H2N2) or BamHI, NotI (H5N8) at 37°C. 

Fragments were separated by electrophoresis on an agarose gel. The 

required sequences were cut under UV-light and subsequently extracted 

using the NucleoSpin Gel and PCR-Clean-up kit. Thereafter, ligation of the 

fragment with the vector followed in a ratio 3:1, while a vector alone, the 

fragment alone and water were used as controls. Ligase was added before 

incubation at 16°C overnight followed. MVA transfer plasmids pIIIsynIIred-

IAV-A/Ruddy/Turnstone/Delaware/374/2019(H2N9) (pSynII-red-H2R), 

pIIIsynIIred-IAV-A/Singapore/1/1957(H2N2) (pSynIIred-H2S) and 

pIIIsynIIred-IAV-A/seal/Germany-SH/AI05379/2021(H5N8 (pSynIIred-H5G) 

were obtained. 

For transformation, 10-beta competent E. coli (high efficiency) were thawed 

on ice before 1 µl of ligation reaction were added. After 30 min incubation 

on ice, heat shock transformation was carried out at 42°C for 50 sec. The 

mixture was shortly cooled on ice and subsequently, LB-medium was 

added. Incubation for 1 h at 37°C on a shaker followed. Subsequently, 

bacteria were centrifuged at 2,500 rpm for 5 min, the supernatant was 

discarded and the pellet was resuspended in 100 µl LB medium. Bacteria 
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were streaked on agar plates containing Ampicillin or Kanamycin and 

incubated overnight at 37°C. 

LB-medium with Ampicillin or Kanamycin was added to tubes and bacterial 

colonies were picked with a pipet tip. The tip was then transferred to a tube 

with LB-medium plus Ampicillin or Kanamycin and tubes were put on a 

shaker at 37°C overnight. On the next day, resuspended bacteria were 

transferred to centrifuge tubes and plasmid DNA was extracted with the 

NucleoSpin® Plasmid Mini kit according to the manufacturer’s manual. 

Restriction digestion followed to control expected plasmid sizes. Two 

positive picked colonies were chosen and amplified in Erlenmeyer flasks 

containing 120 ml LB-medium with Ampicillin or Kanamycin shaking 

overnight at 37°C. In the end, plasmid DNA was again extracted with the 

NucleoBond® Xtra Midi kit and underwent control digestion. 

2.2. Generation of recombinant MVA-IAV-HA vaccines 

Recombinant MVA vector viruses were generated following established 

protocols as published recently (Kremer et al., 2012; Tscherne et al., 2025). 

In brief, monolayers of 90% confluent CEF or DF-1 cells were grown in six-

well tissue culture plates and infected with parental MVAp11GFP (Tscherne 

et al., 2024) and transfected with MVA transfer plasmids pSynIIred-H2R, 

pSynIIred-H2S or pSynIIred-H5G using X-tremeGENE HP DNA 

Transfection Reagent according to the manufacturer’s manual. 48 hours 

post infection (hpi), cell cultures were collected and used to re-infect CEF 

or DF-1 cells to obtain recombinant MVA-IAV viruses. Viral suspensions 

were sonicated 3-times at 100% before further use. 

Recombinant MVA-IAV-H2R (MVA-H2R), MVA-IAV-H2S (MVA-H2S) and 

MVA-IAV-H5G (MVA-H5G) were isolated via plaque isolation by screening 

for transient co-expression of the red fluorescent marker gene mCherry 

using 24-well cell culture plates. Upon loss of mCherry by intragenomic 

recombination, colorless plaques were incubated for 96 h until a cytopathic 

effect (CPE) was observed in cell culture. Subsequently, inoculum was used 

to infect monolayers of DF-1 cells grown in 6-well cell culture plates. 

Inoculum was collected 48 hpi to re-infect monolayers of DF-1 cells grown 

in a cell culture flask T25 with 48 h of incubation. Analogue procedure was 
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subsequently applied for formats of T75 and T175. Monolayers of DF-1 

cells, grown in 20 T175 cell culture flasks, were inoculated with recombinant 

viruses and used to generate virus crude stock material by pooling the 

collected cell cultures and conducting ultracentrifugation for 3 h at 

15,000 rpm and 4°C. The supernatant was discarded and pellets were 

resuspended in 10 mmol TRIS-buffered saline (pH 7.4). Viral titers were 

obtained by titration on CEF cells, followed by counting of plaque-forming 

units (PFU) (Tscherne et al., 2025). 

To generate high titer vaccine preparations for in vitro characterization 

studies and in vivo immunizations studies in mice, recombinant MVA-IAV-

HA vector viruses were amplified on monolayers of CEF or DF-1 cells grown 

in 40-50 T175 cell culture flasks. Pooled virus-cell suspensions were then 

sonicated 3-times (15 s at 25%) with centrifugation steps (2,000 rpm, 4 min, 

4°C) in between. After each centrifugation step, the supernatant was 

collected and the sonication procedure was repeated after addition of TRIS-

buffered saline (pH 7.4) to the pellet. After the last centrifugation, the 

supernatant was collected, and the pellet was discarded. The pooled viral 

suspensions were slowly added to centrifugation beakers pre-filled with 

36% sucrose. Ultracentrifugation at 15,000 rpm and 4°C for 2 h followed. 

Afterwards, the supernatant was discarded, and pellet was resuspended in 

TRIS-buffered saline. Viral titers were obtained by titration on CEF, followed 

by counting plaque-forming units (PFU) (Tscherne et al., 2025). 

2.3. Determination of plaque-forming units 

For determination of plaque-forming units, CEF cells were grown in 6-well 

tissue culture plates. Virus stock was serially diluted in 10-fold dilution steps. 

Dilutions were then added to the wells in three biological replicates with 

each two technical replicates. After 2 h incubation at 37°C, inoculum was 

replaced with fresh medium. Incubation followed at 37°C for 48 h. Next, 

medium was discarded and cells were fixed with ice-cold Acetone/Meth-

anol (1:1) for 5 min at room temperature. After removal of the fixative, plates 

were let dried. Subsequently, cells were blocked with PBS/3% FBS for 1 h 

at room temperature or at 4°C overnight. Anti-Vaccinia antibody (1:2000) 

diluted in PBS/3% FBS was used as primary antibody. Plates were 

incubated for 1 h, gently rocking. Cells were then washed three times with 
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PBS, before peroxidase-conjugated goat anti-rabbit IgG (0.16 µg/ml) was 

added as secondary antibody. After 1 h incubation, cells were washed twice 

with PBS. At last, KPL TrueBlueTM Peroxidase Substrate was added to stain 

for plaque-forming units. Plaque-forming units were counted for each serial 

dilution and the mean of the replicates was determined. Each dilution step 

corresponds to a decimal power of the virus titer. 

3. In vitro characterization of recombinant MVA-IAV-HA 

vaccines 

3.1. Polymerase chain reaction (PCR) 

For DNA extraction, a commercially available NucleoSpin® Blood QuickPure 

kit was used following the manuals instructions. Genetic identity and stability 

of the MVA-IAV-HA candidate vaccines were examined by polymerase 

chain reaction (PCR) of extracted viral DNA using Taq DNA Polymerase 

following the manufacturer’s instructions. The used oligonucleotide 

sequences for PCR are listed in Table 2. A 1% agarose gel was prepared 

by dissolving agarose in 1x TAE electrophoresis buffer. One kb DNA ladder 

served as reference and samples were supplemented with purple loading 

dye prior to loading 3 µl on the gel. Electrophoresis was performed at 50 V 

for ~ 1 h and gels were subsequently analyzed with the ChemiDoc™ MP 

Imaging System. 

3.2. Low multiplicity of infection (MOI) passage 

Genetic stability of recombinant MVA-IAV-HA vaccines was examined by 

passaging the viruses on DF-1 cells at low MOI (multiplicity of infection). 

Therefore, monolayers of cells grown in 6-well cell culture plates were 

inoculated with the recombinant MVA candidate vaccines at MOI of 0.05 in 

triplicates. Incubation for 48 h at 37°C followed. All replicates were collected 

and serial diluted in 10-fold dilution steps to a final dilution of 1:1000 for 

reinoculation of fresh seeded DF-1 cells. Analogue procedure followed to a 

total of five passages. Finally, triplicates from passage 1 and 5 were 

analyzed by PCR targeting all six major deletion sites to confirm genetic 

stability. 
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3.3. Immunofluorescence staining of recombinant proteins 

Vero cells grown in 6-well tissue culture plates on cover slips were infected 

at MOI of 0.5 with recombinant MVA-H2R, MVA-H2S and MVA-H5G. 

Incubation at 37°C for 16-24 h followed. Then, cells were fixed for 10 min 

with 4% paraformaldehyde on ice and permeabilization was conducted with 

0.5% Triton X-100 dissolved in PBS. After an additional washing step with 

PBS, cells were blocked 30 min with 0.5% bovine serum albumin (BSA) 

dissolved in PBS. Subsequently, cells were incubated with primary 

antibodies directed against IAV-H2 (1:2000) or IAV-H5 (1 µg/ml) for 1 h at 

room temperature. After three washing steps with PBS, cells were incubated 

with a polyclonal goat anti-rabbit antibody conjugated with Alexa 488 

(2 µg/ml). Cells were washed twice with PBS. 4′,6-Diamidin-2-phenylindol 

(DAPI) solution was used to stain cell nuclei. Cover slips were transferred 

to an object slide and mounted with fluorescence mounting medium. 

Imaging was performed with the fluorescence microscope BZ-X700 in 100x 

magnification. 

3.4. Western blot (WB) analysis 

Unimpaired IAV-HA expression was tested by infecting Vero cells, grown in 

6-well tissue culture plates, at MOI of 5 with recombinant MVA-H2S, MVA-

H2R and MVA-H5G. At 0, 4, 8, 24 and 48 hpi, cell cultures were harvested 

and centrifuged for 1 min at 13,000 rpm and 4°C. The supernatants were 

discarded and cell pellets were washed with ice-cold PBS. Lysates were 

prepared by resuspending the pellets in 80 µl lysis buffer. After 30 min 

incubation on ice, centrifugation for 10 min at 13,000 rpm and 4°C followed. 

The supernatants, containing the extracted proteins, were stored at -80°C 

until further use. 

Furthermore, Peptide-N-Glycosidase F (PNGase F) was used for 

deglycosylation of expressed IAV-HA proteins. Deglycosylation was 

performed according to the manufacturer´s manual. To confirm unimpaired 

protein expression over time, protein concentration was determined with the 

Pierce™ Coomassie (Bradford) Protein-Assay-Kit following the 

manufacturer’s instructions. Protein separation was conducted by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with a 4-

20% gel. Transfer to a nitrocellulose membrane followed by electroblotting 
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using an in-house transfer buffer. Electroblotting was performed at 100 V 

for 1 h. Subsequently, membranes were blocked in blocking buffer for 1 h 

at room temperature. Membranes were incubated over night at 4°C with 

primary antibodies (diluted in blocking buffer), targeting recombinant IAV-

H2 or IAV-H5 diluted 1:2000 in 5% milk/PBS. Subsequently, blots were 

washed three times with PBS/0.05% Tween-20 before incubation with a 

secondary goat anti-rabbit horse radish peroxidase (HRP)-conjugated IgG 

antibody, or goat anti-mouse HRP-conjugated IgG antibody diluted 1:5000 

or 1:2000, respectively, in 5% milk/PBS followed for 1 h at room 

temperature. Afterwards, membranes were washed three times with 

PBS/0.05% Tween-20 and developed with SuperSignal® West Dura 

Extended Duration substrate. Finally, chemiluminescence was captured 

with the ChemiDoc™ MP Imaging System. 

3.5. Multiple step growth curve 

Replicative capacity of recombinant MVA-IAV-HA viruses was analyzed in 

multiple-step-growth experiments by inoculation of DF-1 or HaCaT cells 

grown in 6-well tissue culture plates. Therefore, cell lines were infected at 

MOI of 0.05 and cell suspensions were collected 0, 4, 8, 24, 48, and 72 hpi. 

Infectivity in the collected cell cultures was determined by counting plaque-

forming units (Tscherne et al., 2025). Anti-Vaccinia specific anti-

body (1:2000) was used as a primary antibody, while peroxidase-

conjugated goat anti-rabbit IgG  (0.16 µg/ml) was used as a secondary 

antibody. Subsequently, cells were washed three times with PBS and 

stained for plaques with KPL TrueBlueTM Peroxidase Substrate. Plaque-

forming units were counted analogue to section 2.3. (Determination of 

plaque-forming units). 

4. In vivo characterization of recombinant MVA-IAV-HA 

vaccines 

4.1. Vaccination experiments in mice 

Specific pathogen free 6 to 10- week-old HLA-A2.1-/HLA-DR1-transgenic 

H-2 class I-/class II-knockout mice (in-house bred) (Pajot et al., 2004) were 

kept in isolated cage units (IVCs) with free access to water and food. All 
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animal experiments were conducted in alignment with the European and 

national regulations for animal experimentation and Animal Welfare Act 

(European Directive 2010/63/EU; Animal Welfare Acts in Germany), 

approved by the government of Upper Bavaria (Munich, Germany; ROB-

55.2-2532.Vet.02-22-80). Mice were immunized twice over a 21-day interval 

with 107 PFU of recombinant MVA-H2S, MVA-H2R, MVA-H5G or non-

recombinant MVA (MVA), respectively, using the IM route. Blood samples 

were collected on days 18 and 35 post prime immunization and coagulated 

blood was centrifuged at 2,000 rpm for 20 min to separate the serum. Serum 

samples were stored at -80°C for further use. 

4.2. Peptide design, prediction and generation 

HA protein sequences of A/Singapore/1/1957 (H2N2) (GenBank ID: 

ACF54477.1), A/Ruddy/Turnstone/Delaware/374/2019 (H2N9) (GenBank 

ID: QHC83179.1) and A/seal/Germany-SH/AI05379/2021(H5N8) (GISAID 

ID: EPI_ISL_4805936) were obtained and potential immunogenic peptides 

were predicted using two strategies. For the first strategy, sets of 15mer 

peptides with 11mer overlap were designed from each of the above-

mentioned sequences. They were then analyzed in silico to determine if 

they contained T cell epitopes specific to the MHC class I allele HLA-

A*02:01 and the MHC class II allele HLA-DRB1*01:01. For the MHC class I 

prediction, the Immune Epitope Database (IEDB) tool “T Cell Prediction – 

Class I” was used, using the MHC-I binding and MHC-I processing methods 

(Dhanda et al., 2019; Reynisson et al., 2020; Yan et al., 2024) and a peptide 

length of 9-mer. Next, the results were screened for peptides with a 

maximum percentile rank of 5 and a maximum IC50 of 1000 nM. The 15-mer 

peptides that contained the top 9-mer peptides were then identified (see 

Table 5, 6 and 8). For the MHC class II prediction, the IEDB prediction tool 

“MHC-II Binding” was used, using the methods NetMHCIIpan 4.1 EL and 

NetMHCIIpan 4.1 BA (Nilsson et al., 2023; Reynisson et al., 2020; Dönnes 

& Kohlbacher, 2005) and a peptide length of 15-mer. The results were then 

screened for peptides with a maximum percentile rank of 15 and a maximum 

IC50 of 1000 nM. The most immunogenic 15-mer peptides were selected. 

Finally, the top overlapping peptides of the HA proteins of 

A/Singapore/1/1957 (H2N2) and A/Ruddy/Turnstone/Dela-ware/374/2019 
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(H2N9) were compared to identify those that were shared between the 

sequences (see Table 7). 

For the second strategy, the entire sequence of the above-mentioned HA 

proteins was analyzed in silico for HLA-A*02:01- and HLA-DRB1*01:01-

specific peptides. For the MHC class I prediction, the IEDB tool “T Cell 

Prediction – Class I” was used, using the same methods described above 

and peptide lengths of 8 to 11-mer (see Table 9-10). Next, results were 

screened for peptides with a maximum percentile rank of 5 and a maximum 

IC50 of 1000 nM. From this list, the top 10 peptides were selected. For the 

MHC class II prediction, IEBD prediction tool “MHC-II Binding” was used as 

described above. The results were then screened for peptides with a 

maximum percentile rank of 15 and a maximum IC50 of 1000 nM. The top 4-

7 peptides were selected. All peptides were synthesized by Thermo Fisher 

Scientific on a 1 mg scale with more than 50% purity. Subsequently, 

peptides were dissolved in either PBS or DMSO to a concentration of 

2 mg/ml and stored in aliquots at -20 oC. 

4.3. Preparation of splenocytes 

Whole spleens were isolated from euthanized mice and pressed through a 

70 µm strainer with the plunger of a syringe and cells were collected in 5 ml 

RPMI medium. Then, the strainer was rinsed with 5 ml RPMI-10. After 

centrifugation at 2,000 rpm for 5 min, supernatant was discarded and 5 ml 

Red Blood Cell Lysis Buffer was added to lyse red blood cells. After 5 min, 

the reaction was stopped with 5 ml RPMI. Centrifugation at 2,000 rpm for 

5 min followed. The supernatants were discarded and the white-brownish 

cell pellet was resuspended in 10 ml RPMI. Centrifugation at 2,000 rpm for 

5 min was conducted. The supernatants were discarded and the pellets 

were resuspended in 5 ml RPMI. Cells were counted for further use. 

4.4. T cell analysis by enzyme linked immuno spot assay (ELISpot) 

ELISpot assay was performed to measure IFN-γ-producing T cells in 

spleens of vaccinated mice. At day 35 post prime vaccination, mice were 

euthanized and splenocytes were isolated as described above. 

Subsequently, ELISPOT assay was conducted using the ELISpot Plus 

Mouse IFN-γ (ALP) kit following the manufacturer´s instructions. 2x105 
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splenocytes in 100 µl RPMI-10 were transferred into 96-well plates for 

stimulation with either individual peptides (2 µg/ml in RPMI-10) or pools of 

predicted (2 µg/ml per peptide in RPMI-10) or overlapping peptides (2 µg/ml 

per peptide in RPMI-10) (see Table 5-10). Non-stimulated cells, cells 

stimulated with phorbol myristate acetate (PMA) / ionomycin or with VACV-

specific peptide VLYDEFVTI A6(L)(6-14) served as controls. Cells were 

incubated for 48 h at 37°C and plates were stained according to the 

manufacturer´s manual. Subsequently, single spots were counted using the 

automated ELISpot plate reader Bioreader® 7000 V. 

4.5. T cell analysis by intracellular cytokine staining (ICS) 

Intracellular cytokine staining was performed with isolated splenocytes from 

immunized mice as described in previous studies (Kalodimou et al., 2019; 

Tscherne et al., 2021). In brief, 1x106 cells were plated into 96-well round 

bottom plates and restimulated with either individual peptides (8 µg/ml) or 

peptide pools (8 µg/ml per peptide) (see Table 9-10) diluted in RPMI-10. 

Cells stimulated with the VACV-specific peptide VLYDEFVTI A6(L)(6-14) or 

PMA/Ionomycin, and non-stimulated cells served as controls. Cells were 

stimulated for 2 h at 37°C, before the Golgi blocking agent Brefeldin A was 

added. Then, cells were stimulated for another 4 h at 37°C and 

subsequently stained extracellularly with anti-mouse CD3 phycoerythrin 

(PE)/Cy7 (2 µg/ml), anti-mouse CD4 Brillant Violet 421 (1:600), anti-mouse 

CD8α Alexa Fluor 488 (1.25 µg/ml), purified anti-mouse CD16/CD32 

(1 µg/ml) and Zombie aqua (1:1000). Afterwards, cells were fixed, 

permeabilized and stained intracellularly with anti-mouse IFN-γ 

allophycocyanin (APC) (0.67 µg/ml) and anti-mouse TNF-α PE (0.67 µg/ml). 

Data was acquired by using a flow cytometer and analyzed with the FlowJo 

software (version 10.10.0) by FlowJo LLC (Ashland, Oregon). 

4.6. Antigen-specific enzyme-linked immunosorbent assay 

(ELISA) 

IAV-HA specific IgG binding antibodies in the serum of prime-boost 

immunized mice were determined by ELISA. 96-well flat bottom ELISA 

plates were coated with 50 ng/well of recombinant IAV-H2 or IAV-H5 and 

incubated at 4°C overnight. On the next day, plates were blocked with 
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blocking buffer for 1 h at 37°C. In the next step, mouse sera were threefold 

serial diluted in dilution buffer, starting at a 1:100 dilution, and subsequently 

transferred to ELISA plates. After incubation for 1 h at 37°C, plates were 

washed three times with PBS supplemented with 0.05% Tween-20 and 

subsequently incubated with a HRP conjugated goat anti-mouse IgG (H+L) 

secondary antibody (0.5 µg/ml) diluted in dilution buffer for 1 h at 37°C. 

3′3′,5′5′-Tetramethylbenzidine (TMB) Liquid Substrate System for ELISA 

was added and the reaction was stopped after 5 min by adding Stop 

Reagent for TMB Substrate. Finally, the absorbance was measured at 

450 nm with a 620 nm reference wavelength using the Spark® plate reader. 

The cut off value was calculated by the mean 450 nm value of the MVA 

control group at a dilution of 1:100 plus 6 standard deviations (mean + 

6 SD). 

4.7. Statistical analysis 

Statistical analysis was performed using Prism 5 (version 5.04) by 

GraphPad Software Inc. (La Jolla, California). Unpaired two-tailed t-test was 

used for the ELISpot and ICS data. Optical density (OD) values of ELISA 

data were calculated as geometric means and Log2 transformed before one-

way ANOVA Tukey test was pursued. 

.
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VII. RESULTS 

1. Generation of recombinant MVA-IAV-HA candidate 

vaccines 

The encoding HA sequences from IAV subtypes A/Ruddy/Turnstone/Dela-

ware/374/2019(H2N9), A/Singapore/1/1957 (H2N2) and A/seal/Germany-

SH/AI05379/2021(H5N8) were used to construct the recombinant MVA-

IAV-HA candidate vaccines MVA-IAV-H2R (MVA-H2R), MVA-IAV-H2S 

(MVA-H2S) and MVA-IAV-H5G (MVA-H5G), respectively. Codon-

optimization of the sequences was done, including the removal of G/C runs 

and TTTTTNT regions on the genomic level. Furthermore, enzyme 

restrictions sites for enzymes NotI/BamHI and XhoI/HindIII (H2N9) 

SalI/HindIII (H2N2) or NotI/BamHI (H5N8) were added at the 5´ and 3´end 

of the sequences, respectively, for cloning into the MVA vector plasmid 

pIIIsynIIred. The cDNAs were placed under the transcriptional control of the 

Vaccinia virus-specific late PSynII promoter. The new generated plasmids, 

pSynIIred-H2R, pSynIIred-H2S and pSynIIred-H5G contain a resistance 

gene (AmpR), flank regions (flank-1 and flank-2) of MVA genomic DNA and 

the reporter gene mCherry (see Figure 9). Correct insertion of the HA 

sequences was confirmed by enzyme restriction digestions. 
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Figure 9: Plasmid map of MVA transfer plasmids pSynIIred-H2R (a), pSynIIred-H2S (b), 

and pSynIIred-H5G (c). The marker gene mCherry is depicted as red arrow and is under 

transcriptional control of the p11 promoter. The AmpR resistance gene (AmpR) is depicted 

in blue. The corresponding HA sequences are flanked by deletion site III (Del-III)-specific 

repeats for homologous recombination (depicted in orange) and are placed under the 

transcriptional control of PsynII promoter (small arrow depicted in light green). An additional 

flanking region (pink) allows for removal of mCherry by intragenomic recombination. 

Subsequent infection of DF-1 cells with MVA-p11GFP, followed by 

transfection with either pSynIIred-H2R, pSynIIred-H2S or pSynIIred-H5G 

yielded in recombinant MVA-H2R, MVA-H2S and MVA-H5G, respectively. 
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The HA sequences were inserted into the MVA genome of non-recombinant 

MVA by homologous recombination, based on homologous flanking regions 

in both the plasmids and non-recombinant MVA (see Figure 10). The red 

marker gene mCherry was used to identify recombinant viruses and allowed 

discrimination from non-recombinant MVA-p11GFP, which expressed the 

green fluorescent protein (GFP) as marker. After several passages on DF-1 

cells, mCherry was removed from the MVA genomes by intragenomic 

recombination, enabled by repeats of the flanking region. Recombinant 

MVA-IAV-HA candidate vaccines were amplified to high-titer virus stocks for 

in vitro and in vivo characterization. 

 

Figure 10: Construction of recombinant MVA-IAV-HA viruses. Schematic diagram of the 

MVA genome with the major deletion site I to VI. The coding sequence of IAV-HA (subtypes 

H2N2, H2N9 or H5N8) were inserted into deletion III by homologous recombination, under 

transcriptional control of the VACV-specific late PsynII promoter. Repetitive sequences 

were designed to remove the marker gene mCherry during plaque purification by 

intragenomic recombination. Created with BioRender.com 

2. In vitro characterization of recombinant MVA viruses 

delivering IAV-HA antigens 

2.1. Genetic characterization and stability of recombinant MVA-

IAV-HA 

PCR analysis of isolated viral DNA was conducted using oligonucleotide 

primers targeting deletion site III within the MVA genome (see Figure 11, 

Table 2) to confirm genetic stability and integrity of the newly generated 
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MVA-IAV-HA candidate vaccines. Correct insertion of the target HA 

antigens was confirmed by detecting one prominent band of about 2.8 kb 

(Figure 11 a-c; first lanes). In addition, correct removal of the marker gene 

mCherry during plaque passages and virus amplification was confirmed by 

comparing amplicon sizes obtained for the MVA transfer plasmids pSynII-

IAV-HA (pSynIIred-H2R, pSynIIred-H2S, pSynIIred-H5G) (Figure 11 a-c; 

second lanes) and the recombinant MVA-IAV-HA constructs. In the transfer 

plasmids the mCherry marker gene is still present, resulting in an amplified 

size of ~3.5 kb compared to the ~2.8 kb obtained for the MVA-IAV-HA 

constructs (MVA-H2R, MVA-H2S, MVA-H5G). Furthermore, the absence of 

non-recombinant MVA in the MVA-IAV-HA vaccines was confirmed by the 

absence of the empty MVA backbone specific 0.762 kb PCR product 

(Figure 11 a-c; lanes 1 vs 3). 

 

Figure 11: Genetic integrity of recombinant MVA-H2R (a), MVA-H2S (b) and MVA-H5G 

(c). Genomic viral DNA was analyzed by PCR using oligonucleotide primers specific for 

deletion site III of MVA. A 1 kb DNA ladder served as size reference. 

Genetic stability of the MVA backbone genome was confirmed by 

performing a PCR with oligonucleotide sequences targeting all six major 

deletion sites (see Figure 12, Table 2). Primer pairs were designed to bind 

to regions within deletion sites I to VI, yielding a ladder pattern specific for 

MVA (Figure 12 a-c; lanes 1, 2, 4 – 6). Specifically, PCR products migrated 

with sizes of 0.291 kb for Del-I, ~ 0.354 kb for Del-II, ~ 0.447 kb for Del-IV, 

~ 0.502 kb for Del-V, ~ 0.702 kb for Del-VI. PCR products which migrated 

at sizes ~ 2.5 kb were observed for deletion III (Figure 12 a-c; lanes 3), 

suggesting incorporation of the HA target sequences into the MVA genome. 
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Figure 12: Genetic integrity of the six major deletions sites of recombinant MVA-H2R (a), 

MVA-H2S (b) and MVA-H5G (c). Primer pairs targeted specific regions within deletion 

sites I-VI. A 1 kb DNA ladder serves as size reference. An MVA-specific ladder pattern was 

observed except for deletion III, where the corresponding HA sequence was incorporated. 

Identity of the inserted HA sequences was evaluated by PCR with designed 

primer pairs, which bound to a specific part of the HA inserts (see Figure 

13, Table 2). A specific band at 1.029 kb for MVA-H2R, 1.076 kb for MVA-

H2S and 0.421 kb for MVA-H5G (Figure 13 a-c; lane 1) was observed. The 

same sizes of amplicons were detected for the corresponding MVA transfer 

plasmids pSynII-H2R, pSynII-H2S and pSynII-H5G. While PCR analysis 

with Del-III specific primer pairs detected only the presence of a foreign 

sequence, the here shown results confirm integration of the HA sequences 

specific for each subtype into the MVA genome. No band was detected for 

non-recombinant MVA (Figure 13 a-c; lane 3). 

 

Figure 13: PCR analysis confirming identity of inserted target genes. A 1 kb DNA ladder 

served as size reference. Expected sizes (indicated with an arrow) according to the plasmid 

maps were observed for the corresponding recombinant candidate vaccines MVA-H2R (a), 

MVA-H2S (b), MVA-H5G (c). 
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The presence of the C7L gene, which is required for unimpaired late viral 

gene expression (Backes et al., 2010), was examined using PCR analysis 

with primer pairs targeting the C7L gene locus (see Figure 14, Table 2). A 

band with ~ 0.447 kb in size was observed for all candidate vaccines 

(Figure 14 a-c; lanes 1), which matched the size of the amplified region for 

non-recombinant MVA (Figure 14 a-c; lane 2), thus, confirming stability of 

the C7L gene during plaque purification and virus amplification. 

 

Figure 14: Genetic stability of the C7L gene was confirmed with specific oligonucleotide 

sequences targeting the C7L gene locus. A 1 kb DNA ladder served as size reference. The 

VACV-specific gene was detected for the candidate vaccines MVA-H2R (a), MVA-H2S (b), 

MVA-H5G (c), confirming stability of the C7L gene locus. 

Maintained genetic stability of the inserted sequences and identity of the 

MVA backbone was examined by a PCR targeting the six major deletion 

sites (see Table 2) after five passages of the recombinant MVA-IAV-HA 

viruses on DF-1 cells at a low MOI (see Figure 15). Low MOI allowed for 

extensive replication during the passages. Cell cultures were collected after 

passages 1 and 5 and PCR of isolated DNA was conducted, using the same 

primer pairs as described before. An MVA-specific ladder pattern (Figure 

15 a-f; lanes 1, 2, 4 – 6) and a band with 2.5 kb in size (Figure 15 a-f; lane 

3) was detected for both passages 1 (Figure 15 a–c) and 5 (see Figure 15 

d–f) for MVA-H2R (Figure 15 a, d), MVA-H2S (Figure 15 b, e) and MVA-

H5G (Figure 15 c, f). This confirmed stability of the incorporated sequences 

and the MVA backbone even after five passages at a low MOI, which is 

relevant for production of recombinant MVA-IAV-HA viruses at industrial 

scale. 
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Figure 15: Genetic stability of MVA-H2R (a, d), MVA-H2S (b, e) and MVA-H5G (c, f) 

candidate vaccines following serial passages at low MOI. DF-1 cells were inoculated at 

MOI of 0.05 and cell cultures were collected 48 hpi. Then, virus was used to re-infect DF-1 

cells at MOI of 0.05 and the same procedure was repeated another 4 passages. PCR 

analysis with primers targeting all six major deletion sites of MVA was carried out from 

passages 1 (a-c) and 5 (d-f). A 1 kb DNA ladder served as size reference. A band at 

~2.5 kb in size was observed for deletion site III, which served as insertion site for the HA 

sequences. In addition, a characteristic ladder pattern was observed after passages 1 and 

5 for deletion sites I, II, IV, V and VI with amplicon sizes of 0.291 kb, 0.354 kb, 0.447 kb, 

0.502 kb and 0.702 kb, respectively. 

2.2. Characterization of recombinant HA proteins 

To examine the unimpaired expression of recombinant IAV-HA, staining of 

MVA-IAV-HA -infected Vero cells was performed with H2 or H5-subtype 

specific primary antibodies, and a secondary antibody conjugated with 

Alexa 488 (green fluorescent signal) (see Figure 16). Green foci were 

observed in cells infected with recombinant MVA-H2R (Figure 16 a; first 

row), MVA-H2S (Figure 16 b; first row) and MVA-H5G (Figure 16 c; first 

row) but no signal was detected in neither non-recombinant MVA infected 

(Figure 16 a-c; second row) nor uninfected cells (Figure 16 a-c; third row) 

(negative controls). Cell nuclei were counterstained with DAPI. 
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Figure 16: Detection of recombinant IAV-HA expressed by MVA-H2R (a), MVA-H2S (b) 

and MVA-H5G (c) using immunofluorescence analysis. Vero cells were infected at MOI 

of 0.5 and incubated for 16-24 h. Permeabilized cells were stained with H2 or H5 subtype-

specific antibodies and a secondary antibody which was conjugated with Alexa-Fluor 488. 

DAPI was used to counterstain cell nuclei. The Figure depicts green-fluorescent staining 

for the MVA-H2R, MVA-H2S and MVA-H5G candidate vaccine, but neither for MVA-

infected (MVA) nor for uninfected cells (Mock). 

Additionally, unimpaired expression of HA was detected by Western blot 

analysis. Lysates from MVA-H2R, MVA-H2S or MVA-H5G-infected Vero 
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cells were analyzed 24 hpi (see Figure 17). The highly glycosylated HA 

revealed one prominent band which migrated with a molecular mass of 

~ 76 kDa (Figure 17 a–c; first lane).Treatment of the HA proteins with 

peptide-N-glycosidase F (PNGase F) revealed the deglycosylated form 

which migrated at ~63 kDa for IAV-H2R (Figure 17 a; second lane) and 

IAV-H2S (Figure 17 b; second lane) and ~64 kDa for IAV-H5G (Figure 17 

c; second lane). No H2 or H5 specific staining was observed in MVA-

infected and uninfected cells. In the next approach, MVA-IAV-HA infected 

cells were harvested at 0, 4, 8, 24, and 48 hpi (see Figure 18) and analyzed 

using Western blotting. As crude stock material was used for infection, 

protein was already detectable at 0 hpi, however, the amount of HA proteins 

increased over time in MVA-H2R, MVA-H2S and MVA-H5G infected cells. 

 

Figure 17: Detection of recombinant IAV-HA expressed by MVA-H2R (a), MVA-H2S (b) 

and MVA-H5G (c) using Western blot analysis. Vero cells were infected at a MOI of 5 and 

cell cultures were collected at 24 hpi. Non-infected cells (Mock) and cells infected with non-

recombinant MVA (MVA) served as controls. Furthermore, PNGase F was used for 

deglycosylation. Polypeptides in cell lysates were separated by SDS-PAGE and stained 

with H2 or H5 subtype- specific antibodies, revealing prominent bands that migrated with 

molecular masses of ~76 kDa (glycosylated) or ~63 and ~64 kDa (deglycosylated). 
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Figure 18: Protein expression over time was examined by Western blot analysis. Vero cells 

were infected at MOI of 5 with recombinant MVA-H2R (a), MVA-H2S (b) or MVA-H5G (c) 

and cell cultures were collected at 0, 4, 8, 24 and 48 hpi. Non-infected cells (Mock) and 

cells infected with non-recombinant MVA (MVA) served as controls. Polypeptides in cell 

lysates were separated by SDS-PAGE and stained with H2 or H5 specific antibodies 

confirming increased protein expression over time. A protein standard for kDa served as 

size reference. 

2.3. Replicative capacity of recombinant MVA-IAV-HA viruses 

Importantly, MVA and MVA-based vaccines are attenuated to chicken cells 

and are not replicating in cells of human origin. To proof, whether the 

insertion of the HA gene sequences negatively impact the replicative 

deficiency on human cells, a multi-step growth curve analysis was 

performed on human HaCaT cells. Furthermore, to proof the suitability of 

the recombinant MVA-IAV-HA vaccines for clinical use, replicative capacity 

on DF-1 producer cells was evaluated in comparison to non-recombinant 
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MVA. DF-1 and HaCaT cell lines were infected with recombinant MVA or 

non-recombinant MVA and cell cultures were collected at 0, 4, 8, 24, 48 and 

72 hpi (see Figure 19). Infectivity in the collected cell cultures were 

determined by counting plaque-forming units, which confirmed the 

replicative capacity of recombinant MVA-H2R (Figure 19 a), MVA-H2S 

(Figure 19 b) and MVA-H5G (Figure 19 c) in DF-1 cells and the replicative 

deficiency in human cells. Viral titers were comparable to non-recombinant 

MVA (black dashed lines) for both cell lines. 

 

Figure 19: Multi-step growth curve analysis of MVA-H2R (a, beige), MVA-H2S (b, cyan) 

and MVA-H5G (c, purple) relative to non-recombinant MVA (MVA, black) in DF-1 and 

HaCaT cells. Cells were infected at a MOI of 0.05 and cell cultures were collected at 0, 4, 

8, 24, 48 and 72 hpi. Re-titration was done on CEF cells using an anti-VACV specific 

antibody for staining plaques. Plaque-forming units (PFU) per ml are plotted against 

indicated timepoints. All three experimental vaccines replicated efficiently in chicken DF-1 

cell line  but failed to replicate in the human HaCaT cell line. 

3. Immunogenicity testing of the candidate vaccines 

MVA-H2R, MVA-H2S and MVA-H5G 

3.1. Immunization schedule 

In vitro quality control procedures verified identity, stability and replicative 

capacity of recombinant MVA-IAV-HA vaccines. Next, in vivo 

characterization was carried out in a mouse model to study the immune 

responses of the candidate vaccines. For immunogenicity testing of our 

candidate vaccines, HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class II-

knockout mice, which possess HLA molecules of a human phenotype, were 

chosen to extrapolate results for future testing in humans. A prime-boost 

immunization scheme was chosen as depicted in Figure 20 using 107 PFU 
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for MVA-H2R, MVA-H2S or MVA-H5G for both prime and booster 

immunization. The booster immunization was carried out 21 days after the 

prime immunization. Blood samples were taken on days 18 and 35, while 

spleens were isolated on day 35. 

 

Figure 20: Prime-boost immunization scheme. Groups of HLA-A2.1-/HLA-DR1-transgenic 

H-2 class I-/class II-knockout mice (n=5-6) were IM immunized with 107 PFU of 

recombinant MVA-H2R, MVA-H2S, MVA-H5G or non-recombinant MVA (MVA) over a 21-

day interval. Mice were euthanized on day 35 post prime immunization and splenocytes 

were isolated to assess IAV-HA specific cellular immune responses. Blood samples were 

taken on days 18 and 35 to assess IAV-HA specific binding antibody responses. Created 

with BioRender.com, 

To explore safety and tolerability of the recombinant MVA-IAV-HA vaccines, 

immunized mice were monitored daily over the course of the experiment  for 

body weight changes and signs of illnesses (see Figure 21). No 

abnormalities were observed, suggesting that all three candidate vaccines 

were well-tolerated. Additionally, mice were scored using predefined 

parameters for physical appearance, behavior and clinical evaluation to 

assess their well-being. No signs of side effects or disease were detected. 
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Figure 21: Representation of percentual daily body weight changes of mice after prime-

boost vaccination with MVA-H2R (beige), MVA-H2S (cyan) and MVA–H5G (purple). Mice 

vaccinated with non-recombinant MVA (MVA, black) served as control. Body weights were 

measured daily as represented by each datapoint. The dashed line at 80% body weight 

change represents the maximum tolerated body weight loss of 20%. When body weight 

decreased below this limit, the mice had to be euthanized. Overall, body weights remained 

constant over the course of the trial. None of the mice showed neither side effects nor signs 

of illness. 

3.2. Determination of cellular immune responses 

3.2.1. Peptide prediction 

As only limited information of T cell epitope specificities for all three HA 

sequences were available, in silico analysis was performed to predict 

potential binding epitope regions within the HA sequences. 

The in silico analysis yielded in a list of potential epitope regions specific for 

MHC-I and MHC-II binding (see Table 5, 6 and 8). The procedure is 

specified in the methods section (chapter 4.2.). To narrow down the list, 

binding peptides were further sorted according to parameters influencing 

binding affinity and antigen processing. Those peptides shared sequences 

for both experiments and are shown in Table 12 and 13. For MHC-I alleles, 

median percentile values ranged between 0.09% and 0.76%. Values 

between 0.61% and 7.2%. IC50 values between 4.49 nM and 115.68 nM. 

For MHC-II alleles, MHC-II binding rank values ranged between 0.11% and 
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7.2%. IC50 values between 5.37 nM and 25.96 nM. The smaller the values, 

the better the predicted binding. 

Table 12: Shared peptide sequences between ELISpot and ICS analysis used for epitope 

prediction of IAV-H2 and IAV-H5. For MHC-I epitopes the median percentile and IC50 are 

listed. The smaller the values, the better the predicted binding. 

 

  

Name Amino acid 

sequence 

Pool Median 

percentile 

[%] 

IC50 

[nM] 

HA H2-S p1 YLILLFTAV H2S-P6 0.28 16.26 

HA H2-S p2 TLLDMWDTI H2S-P6 0.54 57.35 

HA H2-S p3 VLMENERTL H2S-P6 0.47 115.68 

HA H2-S p4 MMAGISFWM H2S-P6 0.3 5.23 

HA H2-R p5 FLILLFTVV H2R-P6 0.76 66.88 

HA H2-R p6 ILMENERTL H2R-P6 0.31 67.7 

HA H2-R p7 QILAIYATV H2R-P6 0.76 68.28 

HA H2-S+R p8 TILERNVTV H2S-P7, H2R-P7 0.35 80.89 

HA H2-S+R p9 VLATGLRNV H2S-P7, H2R-P7 0.17 28.17 

HA H2-S+R p10 KMNTQFEAV H2S-P7, H2R-P7 0.24 29.95 

HA H2-S+R p11 KMEDGFLDV H2S-P7, H2R-P7 0.43 66.84 

HA H2-S+R p12 FLDVWTYNA H2S-P7, H2R-P7 0.09 4.49 

HA H2-S+R p13 NLYDKVRMQL H2S-P7, H2R-P7 0.39 91.8 

HA H2-S+R p14 QILAIYATV H2S-P7, H2R-P7 0.76 68.28 

HA H5-G p1 VLLLAIVSL H5G-P6 0.35 62.16 

HA H5-G p2 LLLAIVSLV H5G-P6 0.16 8.03 

HA H5-G p3 TIMEKNVTV H5G-P6 0.12 24.28 

HA H5-G p4 KMNTQFEAV H5G-P6 0.24 29.95 

HA H5-G p5 FLDVWTYNA H5G-P6 0.09 4.49 

HA H5-G p6 SMPFHNIHPL H5G-P7 0.88 40.37 

HA H5-G p7 KMEDGFLDV H5G-P7 0.43 66.84 

HA H5-G p8 VLMENERTL H5G-P7 0.47 115.68 

HA H5-G p9 SLALAIMMA H5G-P7 0.65 90.24 

HA H5-G p10 ALAIMMAGL H5G-P7 0.63 51.01 
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Table 13: Shared peptide sequences between ELISpot and ICS analysis used for epitope 

prediction of IAV-H2 and IAV-H5. For MHC-II epitopes the binding rank and IC50 are listed. 

The smaller the values, the better the predicted binding. 

3.2.2. HA-specific CD4+ and CD8+ T cell responses 

HA-antigen specific cellular immune responses (CD8+ and CD4+) after 

prime-boost immunization were tested with the recombinant MVA candidate 

vaccines (MVA-H2R, MVA-H2S, MVA-H5G) in HLA-A2.1-/HLA-DR1-

transgenic H-2 class I-/class II-knockout mice. Subsequently, splenocytes 

from MVA-H2R, MVA-H2S and MVA-H5G immunized mice were collected 

for restimulation with nine pools of overlapping or predicted peptides (see 

Table 5–10), followed by ELISpot and ICS analysis (see Figure 22–24). For 

IAV-H2R and IAV-H2S, which both are based on IAV subtype H2, four out 

of nine pools contained shared peptide sequences. 

Stimulation of anti-HA specific IFN-ɣ+ T cells was observed (H2R-P8) for 

MVA-H2R with pool 8 (H2R-P8) with mean numbers of 21.04 ± 5.71 IFN-ɣ 

spot-forming cells (SFC) in splenocytes (Figure 22 a). This result was 

confirmed by ICS following flow cytometry analysis. A robust CD4+, but not 

CD8+, T cell response was observed with mean values of 0.508 ± 0.075% 

IFN-ɣ+ T cells (Figure 22 b) after re-stimulation with pool 8 (H2R-P8). When 

Name Amino acid 

sequence 

Pool IC50 

[nM] 

MHC-II 

binding 

rank [%] 

HA H2-S p15 ILLFTAVRGDQICIG H2S-P8, H2R-P8 10.41 7.1 

HA H2-S p16 VGTYVSVGTSTLNKR H2S-P8, H2R-P8 9.92 0.92 

HA H2-S p17 GNLIAPEYGFKISKR H2S-P8, H2R-P8 17.39 0.61 

HA H2-S p18 TTLPFHNVHPLTIGE H2S-P8, H2R-P8 18.83 1.7 

HA H2-S p19 SEKLVLATGLRNVPQ H2S-P8, H2R-P8 9.43 2.5 

HA H2-S p20 AELLVLMENERTLDF H2S-P8, H2R-P8 - 7.2 

HA H2-S-R p21 GVYQILAIYATVAGS H2S-P9, H2R-P9 - 4.3 

HA H5-G p11 WSYIVERANPANDLC H5G-P8 5.37 0.11 

HA H5-G p12 TTYISVGTSTLNQRL H5G-P8 11.29 4.9 

HA H5-G p13 GNFIAPEYAYKIVKK H5G-P8 12.32 0.48 

HA H5-G p14 SSMPFHNIHPLTIGE H5G-P8 13.75 0.87 

HA H5-G p15 SNKLVLATGLRNSPL H5G-P8 8.86 3.4 

HA H5-G p16 REDLLILWGIHHSNN H5G-P9 25.96 5.5 

HA H5-G p17 IGTYQILSIYSTAAS H5G-P9 11.14 5.5 
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screening for CD8+ T cell responses following re-stimulation with selected 

peptide pools (H2R+S-P4, H2R+S-P5, H2R+S-P7, H2R+S-P9), containing 

peptide sequences shared between H2N9 and H2N2 HAs, only low levels 

of IFN-ɣ+ CD8+ T cells were observed after re-stimulation with pool H2R+S-

P7, with mean values of 0.087 ± 0.027% IFN-ɣ+ CD8+ T cells (Figure 22 c). 

In addition, an upregulation of anti-HA specific IFN-ɣ+ and TNF-α+ T cells 

was identified by ICS following flow cytometry after re-stimulation of 

splenocytes with pool 8 (H2R-P8) (Figure 22 d-f). Substantial numbers of 

IFN-ɣ+ CD4+ T cells showed a co-expression of TNF-α, with mean values of 

80.908 ± 3.047%. 
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Figure 22: Activation of IAV specific CD4+ and CD8+ T cell response after prime-boost 

immunization with MVA-H2R. Groups of HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class 

II-knockout mice (n=6) were immunized twice over a 21-day interval with 107 PFU MVA-

H2R (beige) using the IM route. Mice vaccinated with non-recombinant MVA (black) served 

as controls. Splenocytes were isolated on day 35 post prime immunization (14 days after 

the boost immunization) and stimulated with pools of peptides and T cell activation was 

measured by ELISpot (a) and IFN-ɣ and TNF-α ICS plus FACS analysis (b - f). (a) IFN-γ 

SFCs measured by ELISPOT assay. Graph shows the IFN-γ SFCs in splenocytes. (b) IFN-

γ producing CD8+ T cells measured by FACS analysis. Graphs show the frequency and 

absolute number of IFN-γ CD4+ T cells. (c) IFN-γ producing CD4+ T cells measured by 

FACS analysis. Graphs show the frequency and absolute number of IFN-γ CD4+ T cells. 

(d, e) IFN-γ and TNF-α producing CD4+ T cells measured by FACS analysis. Graphs show 

the frequency and absolute number of IFN-γ+ TNF-α+ CD4+ T cells. (f) Cytokine profile of 

H2R-P8 stimulated CD4+ T cells. Graph shows the mean frequency of IFN-γ-TNF-α+ (grey), 

IFN-γ+TNF-α- (beige), and IFN-γ+TNF-α+ (blue) cells within the positive CD4+ T cell 

population. Mean values with standard error are displayed. Statistical analysis was 

performed with an unpaired two-tailed t-test. * p < 0.05. 

Stimulation of anti-HA specific IFN-ɣ+ T cells was observed for pool 8 

(H2S-P8) for MVA-HSR with mean numbers of 13.75 ± 4.793 IFN-ɣ spot-

forming cells (SFC) in splenocytes (Figure 23 a). This result was confirmed 

by ICS. A robust CD4+ skewed T cell response was observed with mean 

values of 0.196 ± 0.065% IFN-ɣ+ T cells (Figure 23 b) after restimulation 

with pool 8 (H2S-P8). When screening for CD8+ T cell responses following 

selected peptide pools (H2R+S-P4, H2R+S-P5, H2R+S-P7, H2R+S-P9), 

only low levels of IFN-ɣ+ CD8+ T cells were observed after re-stimulation 

with pool H2R+S-P7, with mean values of 0.048 ± 0.015% IFN-ɣ+ CD8+ T 
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cells (Figure 23 c). In addition, an upregulation of anti-HA specific IFN-ɣ+ 

and TNF-α+ T cells was identified by ICS (Figure 23 d-f). Substantial 

numbers of IFN-ɣ+ CD4+ T cells showed a co-expression of TNF-α, with 

mean values of 90.370 ± 2.747%. 

 

Figure 23: Activation of IAV specific CD4+ and CD8+ T cell response after prime-boost 

immunization with MVA-H2S. Groups of HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class 

II-knockout mice (n=5) were immunized twice over a 21-day interval with 107 PFU MVA-

H2S (cyan) using the IM route. Mice vaccinated with non-recombinant MVA (black) served 

as controls. Splenocytes were isolated on day 35 post prime immunization (14 days after 

the boost immunization) and stimulated with pools of peptides and T cell activation was 

measured by ELISpot (a) and IFN-ɣ and TNF-α ICS plus FACS analysis (b - f). (a) IFN-γ 

SFCs measured by ELISPOT assay. Graph shows the IFN-γ SFCs in splenocytes. (b) IFN-

γ producing CD8+ T cells measured by FACS analysis. Graphs show the frequency and 

absolute number of IFN-γ CD4+ T cells. (c) IFN-γ producing CD4+ T cells measured by 

FACS analysis. Graphs show the frequency and absolute number of IFN-γ CD4+ T cells. 

(d, e) IFN-γ and TNF-α producing CD4+ T cells measured by FACS analysis. Graphs show 

the frequency and absolute number of IFN-γ+ TNF-α+ CD4+ T cells. (f) Cytokine profile of 

H2S-P8 stimulated CD4+ T cells. Graph shows the mean frequency of IFN-γ-TNF-α+ (grey), 

IFN-γ+TNF-α- (beige), and IFN-γ+TNF-α+ (blue) cells within the positive CD4+ T cell 

population. Mean values with standard error are displayed. Statistical analysis was 

performed with an unpaired two-tailed t-test. * p < 0.05. 

Stimulation of anti-HA specific IFN-ɣ+ T cells was observed for pool 8 

(H5G-P8) for MVA-H5G with mean numbers of 145.6 ± 37.78 IFN-ɣ spot-

forming cells (SFC) in splenocytes (Figure 24 a). This result was confirmed 

by ICS. A robust CD4+ skewed T cell response was observed with mean 

values of 0.135 ± 0.026% IFN-ɣ+ T cells (Figure 24 b) after restimulation 
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with pool 8 (H5G-P8) with mean values of 0.064 ± 0.026% IFN-ɣ+ CD8+ T 

cells (Figure 24 c). When screening for CD8+ T cell responses following 

selected peptide pools (H5G-P6, H5G-P7, H5G-P8, H5G-P9), only low 

levels of IFN-ɣ+ CD8+ T cells were observed after re-stimulation (Figure 

24 c). In addition, an upregulation of anti-HA specific IFN-ɣ+ and TNF-α+ T 

cells were identified by ICS (Figure 24 d-f). Substantial numbers of IFN-ɣ+ 

CD4+ T cells showed a co-expression of TNF-α, with mean values of 

73.170 ± 4.793%. 

 

Figure 24: Activation of IAV specific CD4+ and CD8+ T cell response after prime-boost 

immunization with MVA-H5G. Groups of HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class 

II-knockout mice (n=6) were immunized twice over a 21-day interval with 107 PFU MVA-

H5G (purple) using the IM route. Mice vaccinated with non-recombinant MVA (black) 

served as controls. Splenocytes were isolated on day 35 post prime immunization (14 days 

after the boost immunization) and stimulated with pools of peptides and T cell activation 

was measured by ELISpot (a) and IFN-ɣ and TNF-α ICS plus FACS analysis (b - f). (a) 

IFN-γ SFCs measured by ELISPOT assay. Graph shows the IFN-γ SFCs in splenocytes. 

(b) IFN-γ producing CD8+ T cells measured by FACS analysis. Graphs show the frequency 

and absolute number of IFN-γ CD4+ T cells. (c) IFN-γ producing CD4+ T cells measured by 

FACS analysis. Graphs show the frequency and absolute number of IFN-γ CD4+ T cells. 

(d, e) IFN-γ and TNF-α producing CD4+ T cells measured by FACS analysis. Graphs show 

the frequency and absolute number of IFN-γ+ TNF-α+ CD4+ T cells. (f) Cytokine profile of 

H5G-P8 stimulated CD4+ T cells. Graph shows the mean frequency of IFN-γ-TNF-α+ (grey), 

IFN-γ+TNF-α- (beige), and IFN-γ+TNF-α+ (blue) cells within the positive CD4+ T cell 

population. Mean values with standard error are displayed. Statistical analysis was 

performed with an unpaired two-tailed t-test. * p < 0.05. 
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3.2.3. MVA specific CD8+ T cell responses 

In addition, we determined the MVA vector-specific T cell response using 

the MVA-specific immunodominant CD8+ T cell epitope A6(L)6-14 (see 

Figure 25). A6L is a virion core protein required for membrane formation 

(Meng et al., 2012; Meng et al., 2007). Prime-boost immunizations with 

MVA-H2R, MVA-H2S and MVA-H5G induced substantial levels of A6(L)6-14 

epitope-specific T cells with mean values of 22.708 ± 8.976 IFN-ɣ SFC, 28.0 

± 13.945 IFN-ɣ SFC and 146.667 ± 43.294 IFN-ɣ SFC (Figure 25 a-c). Mice 

immunized with non-recombinant MVA showed mean values of 26.250 ± 

7.115 IFN-ɣ SFC, 41.042 ± 15.477 IFN-ɣ SFC and 122.500 ± 39.879 IFN-ɣ 

SFC. ICS revealed values of 0.570 ± 0.222% IFN-γ+, 0.204 ± 0.051% IFN-

γ+ and 0.200 ± 0.045% IFN-γ+ CD8+ T cells in the spleen (Figure 25 d–f). 

Mice immunized with non-recombinant MVA showed mean values of 0.252 

± 0.084% IFN-γ+, 0.257 ± 0.055% IFN-γ+ and 0.111 ± 0.063% IFN-γ+ CD8+ 

T cells. A high proportion of IFN-γ+ CD8+ T cells also co-expressed TNF-α 

(Figure 25 j–l) with 85.314 ± 5.416% for MVA-H2R, 85.710 ± 9.676% for 

MVA-H2S and 69.299 ± 4.128% for MVA-H5G. Values for non-recombinant 

MVA amounted to 67.115 ± 12.520%, 67.895 ± 7.933% and 74.630 ± 

9.884% IFN-γ+ TNF-α+ CD8+ T cells. 
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Figure 25: Induction of MVA-specific CD8+ T cell responses upon prime-boost 

immunization with MVA-H2R, MVA-H2S and MVA-H5G. Groups of HLA-A2.1-/HLA-DR1-

transgenic H-2 class I-/class II-knockout mice were immunized twice over a 21-day interval 

with 107 PFU MVA-H2R (beige), MVA-H2S (cyan) and MVA-H5G (purple) using the IM 

route. Mice immunized with non-recombinant MVA served as control. Splenocytes were 

isolated on day 35 post prime immunization (14 days post boost immunization) and re-

stimulated with the HLA-I restricted MVA-specific peptide A6(L)6-14. Measurement was 

performed by IFN-γ ELISPOT assay (a-c) and IFN-γ and TNF-α ICS plus FACS analysis 

(d–l). (a-c) IFN-γ SFCs measured by ELISPOT assay. Graphs show the IFN-γ SFCs in 

splenocytes. (d-f) IFN-γ producing CD8+ T cells measured by FACS analysis. Graphs show 

the frequency of IFN-γ CD8+ T cells. (g-i) IFN-γ producing CD8+ T cells measured by FACS 

analysis. Graphs show the absolute number of IFN-γ CD8+ T cells. (j-l) Cytokine profile of 

CD8+ T cells co-expressing IFN-γ and TNF-α. Mean values with standard error are 

displayed. Statistical analysis was performed with an unpaired two-tailed t-test. * p < 0.05. 
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3.3. HA-specific antibody responses 

To evaluate the HA-antigen specific humoral immune response upon 

immunizations with MVA-H2R, MVA-H2S and MVA-H5G, HLA-A2.1-/HLA-

DR1-transgenic H-2 class I-/class II-knockout mice were immunized twice 

with 107 PFU of the candidate vaccines over a 21-day interval. On day 18 

post prime immunization and 14 days after the booster immunization, serum 

was collected and subsequently analyzed by ELISA (see Figure 26). Serum 

samples from vaccinated mice were tested for serum IgG antibodies using 

full-length HA proteins as antigen. The recombinant protein used for MVA-

H2R and MVA-H2S was based on the A/Guiyang/1/1957 (H2N2) subtype, 

while the protein for MVA-H5G was based on the A/Astrakhan/3212/2020 

(H5N8) subtype. A single immunization led to seroconversion in 1/6 MVA-

H2R immunized, 4/4 MVA-H2S immunized and 5/6 MVA-H5G immunized 

mice, with mean titers of <1:100 (Figure 26 a), <1:200 (Figure 26 a) and 

<1:784 (Figure 26 b), respectively. The booster immunization led to the 

seroconversion in all MVA-H2S immunized and MVA-H5G immunized mice 

with mean titers of <1:1380 and <1:1900 respectively, whereas only 4/6 

MVA-H2R immunized mice seroconverted with a mean titer of <1:100. 

 

Figure 26: HA-antigen specific humoral immune response induced upon prime-boost 

immunization of HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class II-knockout with MVA-

H2R, MVA-H2S and MVA-H5G. Groups of mice (n=5-6) were immunized twice with 107 

PFU of MVA-H2R (beige), MVA-H2S (cyan) and MVA-H5G (purple) over a 21-day interval 

using the IM route. Mice immunized with non-recombinant MVA (black) served as controls. 

Serum samples were collected on day 18 post prime immunization (prime) and day 14 post 

booster immunization (prime-boost) and tested for HA-specific IgG titers by ELISA. Titers 

are displayed in 2-log scale and the limit of detection (LoD) is indicated as dotted line. Mean 

values with standard error are displayed. Statistical analysis was performed with a one-

way ANOVA Tukey test. * p < 0.05. 
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To evaluate the HA-antigen cross-reactive humoral immune response upon 

immunizations with MVA-H2R, MVA-H2S and MVA-H5G, HLA-A2.1-/HLA-

DR1-transgenic H-2 class I-/class II-knockout mice were immunized twice 

with 107 PFU of the candidate vaccines over a 21-day interval. 14 days after 

the booster immunization, serum was collected and subsequently analyzed 

by ELISA (see Figure 27). Serum samples from vaccinated mice were 

tested for serum IgG antibodies using full-length HA proteins as coating 

antigen. Sera from MVA-H2R and MVA-H2S vaccinated mice were probed 

against the A/Astrakhan/3212/2020 (H5N8) HA recombinant protein, while 

sera from MVA-H5G vaccinated mice were probed against the 

A/Guiyang/1/1957 (H2N2) HA recombinant protein. Cross-reactive 

antibodies were observed in 0/6 MVA-H2R immunized, 4/5 MVA-H2S 

immunized and 0/6 MVA-H5G immunized mice, with mean titers of <1:100 

(Figure 27 a), <1:120 (Figure 27 a) and <1:100 (Figure 27 b), respectively. 

Additionally, sera from all three candidate vaccines were probed against the 

A/Puerto Rico/8/1934 (H1N1) HA recombinant protein. For the H1N1 

recombinant protein, no cross-reactivity was observed for any candidate 

vaccine (Figure 27 c). 
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Figure 27: Cross-reactive HA-antigen humoral immune response induced upon prime-

boost immunization of HLA-A2.1-/HLA-DR1-transgenic H-2 class I-/class II-knockout with 

MVA-H2R, MVA-H2S and MVA-H5G. Groups of mice (n=5-6) were immunized twice with 

107 PFU MVA-H2R (beige), MVA-H2S (cyan) and MVA-H5G (purple) over a 21-day interval 

using the IM route. Mice immunized with non-recombinant MVA (black) served as controls. 

Serum samples were collected on day 14 post booster immunization (prime-boost) and 

tested for HA-cross-reactive IgG titers by ELISA. (a) Cross-reactivity against the H5N8 

recombinant protein. (b) Cross-reactivity against the H2N2 recombinant protein. (c) Cross-

reactivity against the H1N1 recombinant protein. Titers are displayed in 2-log scale and the 

limit of detection (LoD) is indicated as dotted line. Mean values with standard error are 

displayed. Statistical analysis was performed with a one-way ANOVA Tukey test. * p < 

0.05. 
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VIII. DISCUSSION 

History has shown that the H2 subtype was involved in major pandemics, 

and it still circulates in wildlife. This highlights the importance of considering 

effective countermeasures against this subtype for pandemic preparedness 

(Jones et al., 2014; Kessler et al., 2021). Furthermore, outbreaks from the 

past including both human and avian cases highlight the concern for the 

H5N1, H5N5, H5N6 and H5N8 subtypes (Beigel et al., 2005; Globig et al., 

2018; He et al., 2020; Kessler et al., 2021; King et al., 2021; Kuiken et al., 

2023; Li et al., 2019; Postel et al., 2022; The Lancet Infectious, 2014; 

Ungchusak et al., 2005; Wang et al., 2012). Latest cases of global H5N1 

infections as reported by the CDC (CDC, February 2025), emphasize our 

efforts to generate a safe and effective vaccine. Although the risk of a 

pandemic scenario involving the current circulating H5N1 strain is estimated 

as low by the RKI (RKI, November 2024) and WHO (WHO, March 2025), 

these events of transmission and cases should act as an example of how 

probable a future influenza pandemic is. Due to the high mutation rate, it is 

unlikely to precisely determine which IAV strain will cause the next influenza 

pandemic. Thus, broadly reactive and rationally designed vaccines are 

necessary for pandemic preparedness. 

We successfully generated and characterized MVA-IAV candidate vaccines 

targeting the HA protein of different circulating IAV subtypes. On the genetic 

level, correct insertion of the genes of interest was confirmed by PCRs 

targeting deletion site III of the MVA backbone genome and the inserted 

genes themselves. Beyond that, stable insertion was demonstrated by 

multiple passages at low MOI on DF-1 cells. On the protein level, 

unimpaired expression of the antigens was confirmed by Western blot 

analysis and immunofluorescence staining. Replication deficiency was 

demonstrated in human cells, while comparable titers to non-recombinant 

MVA were observed for cells of avian origin. In humanized HLA-A2.1-/HLA-

DR1-transgenic H-2 class I-/class II-knockout mice, all three candidate 

vaccines elicited a strong systemic cellular and humoral immune response 

using a prime-boost immunization schedule. Furthermore, the vaccines 

were well-tolerated in mice. All of which support their suitability for further 
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clinical testing in humans. 

MVA as vaccine platform against influenza 

MVA is utilized as a tool for basic research, e.g., studying VACV host 

regulators K1L and C7L (Gillard et al., 1986; Perkus et al., 1990) or the 

importance of the VACV interleukin-1β receptor protein to dampen host 

defense mechanisms (Alcamí & Smith, 1992; Spriggs et al., 1992). MVA 

can be also used to target cancers such as melanoma (Drexler et al., 1999) 

or nasopharyngeal carcinoma (Sun et al., 2025). Furthermore, MVA can be 

exploited as vaccine platform, entailing favorable characteristics. One 

important feature is its use under BSL-1 conditions (Altenburg et al., 2014). 

Its genetic stability, high immunogenicity and safe use in 

immunocompromised are further features for the MVA vaccine (Volz & 

Sutter, 2017).  

Considering MVA as vaccine platform against IAV, the feasibility to 

incorporate multiple antigens of interest is another advantage (Altenburg et 

al., 2014; Powell et al., 2013; Volz & Sutter, 2017). For example, a 

combination of HA, NA and M1 might be of interest. All these proteins play 

a significant role in the life cycle of IAV as highlighted in the literature review, 

and a vaccine targeting several important proteins at once would most likely 

increase its efficacy. One could also think of inserting HA sequences from 

different influenza virus strains into one MVA backbone virus, thus, 

enhancing protection against multiple strains by using only one vaccine 

preparation. This application would be feasible for both seasonal 

vaccination and pandemic events. 

Regarding pandemic vaccines, MVA offers suitability of large-scale 

manufacturing in both developed and developing countries. Compared to 

mRNA-based vaccines, it simplifies vaccine supply as higher temperatures 

do not harm the integrity and stability of the viral vector vaccine and no 

adjuvants are required (Crommelin et al., 2021; Robert-Guroff, 2007; Uddin 

& Roni, 2021; Volz & Sutter, 2017; Wadhwa et al., 2020). An advantage 

over adenoviral vectors is that vaccine efficacy is largely not diminished by 

vector immunity as outlined in the literature review (Altenburg et al., 2018). 

However, MVA-based vaccination regimens usually require a second 

immunization to establish sufficient titers of neutralizing antibodies 
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(Raadsen et al., 2025). Another drawback is the labor-extensive in vitro 

characterization required as some foreign gene products can suppress 

MVA’s replication which may cause outgrowth of non-expressing mutants 

(Wyatt et al., 2009). 

Several examples in the vaccine landscape strengthen the use of MVA as 

platform. For instance, the MVA-based vaccine Jynneos/Imvanex against 

Mpox underpin its safety and efficacy with real-world data (EMA, 2013; 

Duffy et al., 2022; Nave et al., 2023). Furthermore, there is an MVA-based 

vaccine licensed for human use against Ebola (Mvabea) which is used as 

booster immunization after a prime immunization with an adenoviral based 

vaccine (Zabdeno). For this vaccine, MVA delivers proteins of four different 

virus strains of the Filoviridae family (Zaire ebolavirus, Sudan ebolavirus, 

Taï Forest ebolavirus, Marburg marburgvirus) and both in preclinical and 

clinical studies, robust humoral and cellular immunity was elicited (EMA, 

2020; Choi et al., 2024; Rostad et al., 2024; Valayer et al., 2025; 

Wiedemann et al., 2024). The pipeline of MVA-based vaccines is supplied 

by experimental vaccines in preclinical evaluation. Examples include 

experimental MVA-based vaccines designated against Nipah virus 

(Kalodimou et al., 2019) and SARS-CoV-2 (Tscherne et al., 2021). 

Around 15 MVA-based candidate vaccines have entered clinical trials 

(ClinicalTrials.gov), after confirming their immunogenicity in preclinical small 

animal models and non-human primates. For instance, a HIV vaccine 

(MVA/HIV62B) was evaluated in a phase 1 clinical study (NCT02852005). 

The induction of both a cellular and humoral immune response was 

observed, while no severe adverse events were reported. In one phase 2a 

clinical study with recombinant MVA-NP+M1, T cell responses increased 

significantly, and duration of virus shedding was reduced among study 

participants who developed influenza upon infection with 

IAV (NCT00993083). An MVA-based booster vaccine against hepatitis C 

(MVA-NSmut) has also been tested in a phase 1 clinical study 

(NCT01296451). Recent entries indicate that an MVA vaccine (Triplex) will 

be clinically assessed to cure acute lymphoblastic leukemia in a phase 

1b/2a clinical trial (NCT06735690), hepatitis B (TherVacB) in a phase 1b/2a 

clinical trial (NCT06513286) or cytomegalovirus in transplantations (CMV-
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MVA Triplex) in a phase 2 clinical trial (NCT06075745).  

Until recently, licensed vaccines against seasonal flu were quadrivalent 

vaccines comprising the two lineages A(H1N1) and A(H3N2) plus the two 

lineages B/Victoria and B/Yamagata which were updated annually with 

seasonal strains (CDC, September 2024). Notably, transition to trivalent 

vaccines is pursued as the Yamagata strain displays no longer a public 

health threat as COVID-19 pandemic measures ceased its circulation (EMA, 

March 2024; CDC, March 2024). By now, seven vaccines against IAV 

intended for pandemic response use received marketing authorization. 

Although different technologies are used for these licensed vaccines, all of 

them are targeted against the H5N1 or the H5N8 subtypes (PEI, March 

2025). This demonstrates the need of vaccines targeting H5Nx for the 

pandemic repository and simultaneously the lack of vaccines against other 

subtypes on the market such as H2Nx. 

Influenza A virus host interactions and implications for vaccine 

induced immune response 

HA of IAV binds via sialic acid residues to the host cell as outlined in the 

introduction (Bouvier & Palese, 2008; Cheung & Poon, 2007). As this step 

is critical for infectivity, inhibition of this process is desired to avoid infection 

and therefore, HA is preferentially used for vaccine design.  

Although NA also plays a role in endocytosis of virions, NA mainly cleaves 

the HA-sialic acid interaction at the release stage, which is the very last step 

in the life cycle of the virus (McAuley et al., 2019). The M2 ion channel is 

required to generate pH-dependent uncoating of viral particles involving M1 

matrix protein (Cheung & Poon, 2007). Thus, all these viral proteins are 

interesting targets for vaccine development as interference with processes 

in the replication cycle of IAV would render the virus ineffective to infect host 

cells. Choosing M2 or M1 as antigen in vaccination would also diminish 

challenges resulting from antigenic drift, as these proteins are highly 

conserved (Chan et al., 2021; Goneau et al., 2018).  

In our approach, we delivered the HA antigen of the three IAV subtypes 

H2N2, H2N8 and H5N8 by MVA. HA in particular is known to be a major 

target for neutralizing antibodies, which implicates that vaccination should 
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result in eliciting a humoral immune response (Cheung & Poon, 2007). 

Furthermore, after IAV infection, B cells are activated for antibody secretion 

(Chan et al., 2021; Crowe, 2017). Consequently, establishment of humoral 

immune response is substantial for vaccine development. Immunization 

experiments with our candidate vaccines yielded in upregulation of  binding 

antibody responses, which was confirmed by elevated levels of IgG 

antibodies directed against the HA. The increase of antibody titers after the 

second immunization suggests a prime-boost regimen for further clinical 

evaluation. In addition, T cell memory is expected to be boosted by a second 

dose (Capone et al., 2020). Furthermore, emergence of novel strains leads 

to immune incompetence due to a lack of pre-existing immunity and 

consequently, vaccine efficacy is reduced (Krammer et al., 2018). Thus, 

immunological memory is also crucial to benefit from strong and long-lasting 

protection in terms of humoral and cellular immunity. Investigation of 

memory cells including memory B cells could reveal insights for long lasting 

immunity but would have gone beyond the scope of our study. This will 

become interesting when universal protection is plausible as it would also 

reduce vaccination frequency of seasonal influenza.  

Ideally, vaccines should be able to induce not only a humoral, but also a 

cellular mediated immune response. T cells play a significant role in immune 

response upon IAV infection and could contribute to universal influenza 

vaccines due to recognition of more conserved regions of HA or NA (Grant 

et al., 2014; Terrier et al., 2021). Both cytotoxic T cells and T helper cells, 

which support B cell responses, are involved in elimination of influenza 

infections (Mosmann et al., 2024). We confirmed this in our preclinical study, 

identifying at least one pool of overlapping or predicted peptides for each 

vaccine, which stimulated cellular immune responses above the 

background. CD4+ cells, rather than CD8+ T cells, were preferably activated, 

indicating establishment of a complex immune response involving helper T 

cells, which are as well required for B cell activation and priming of CD8+ 

cells. Interestingly, the peptide pool 8 for HA-H2R and HA-H2S, which 

induced a strong T cell response after re-stimulation of splenocytes, 

contained six peptides (HA H2-S p15, HA H2-S p16, HA H2-S p17, HA H2-

S p18, HA H2-S p19, HA H2-S p20), all of which presented via MHC-II 
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correlating with a CD4+ T cell response. Compared to other peptides with 

IC50 values even above 100 nM, IC50 values for those peptides were lower 

(< 20 nM), which demonstrates a high binding affinity for the MHC-II allele. 

For the identified peptide pool 8 comprising HA-H5G epitopes all the 

included peptides (HA H5-G p11, HA H5-G p12, HA H5-G p13, HA H5-G 

p14, HA H5-G p15) correspond to MHC-II alleles and IC50 values were even 

lower with the maximum of 13.75 nM. Again, our prediction parameters 

aligned with the observed immune response. One could speculate that the 

frequency of CD4+ T cells was higher to initiate B cell proliferation and 

amplifying CD8+ population as fast as possible, which would align with the 

literature (Chan et al., 2021). One could attempt to enhance CD8+ T cell 

response by co-delivery of the cytokines IFN-γ or IL-12 as shown in another 

study (Abaitua et al., 2006). In this study BALB/c mice were immunized with 

a recombinant MVA-based vaccine, delivering the envelope antigen of HIV-

1 and either IFN-γ or IL-12, which led to an improved CD8+ T cell response. 

In the next step, single peptide identification could be carried out by ELISpot 

to determine specific epitopes which elicit immune response. 

Upon IAV infection, the human innate immune response is activated as a 

first line of defense. Toll-like receptors (TLR) recognize foreign viral 

components, which are called pathogen associated molecular patterns 

(PAMPs), and upon activation, important pathways, including the type-I 

interferon pathways are activated to eliminate the pathogen. Double-

stranded RNA (dsRNA) may serve as PAMP, leading to the activation of 

downstream factors of the type-I interferon pathway, resulting in the 

transcription of cytokines, such as type I and type III interferons. 

Consequently, leukocytes such as neutrophils, which are activated by the 

cytokines, limit IAV infection (Chan et al., 2021; Guillot et al., 2005). 

Interestingly, breast-fed infants suffering from influenza have elevated 

production of interferons which causes activation of innate antiviral 

mechanisms (Crowe, 1998). It was also shown that proinflammatory 

interleukins are released by activation of the NOD-like receptor family pyrin 

domain containing 3 (NLRP3) inflammasome. Most important interleukins 

involved are TNF-α, IL-6, IL-1β and interferons (Chan et al., 2021; Guillot et 

al., 2005). Thus, an upregulation of proinflammatory cytokines by vaccines 
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is a desired feature. We observed elevated levels of TNF-α and IFN-ɣ at 14 

days after the booster immunization. Co-secretion of IFN-ɣ and TNF-α 

highlights the robust induction of antiviral mechanisms of the immune 

system, which can act directly as apoptotic signal against infected cells or 

indirectly as stimuli for T cell immune responses, orchestrating the T cell 

pool and recruitment of other immune cells (A. K. Mehta et al., 2018). 

Furthermore, TNF-α plays a substantial role in battling influenza infections 

(Seo & Webster, 2002). Influenza viruses can prevent IFN synthesis by 

production of a nonstructural protein. Interferons have anti-viral activity, 

recruit and activate natural killer cells, dendritic cells and alveolar 

macrophages. Influenza viruses have the capability to directly infect 

dendritic cells. Those cells play a substantial role in IAV infection by 

presentation of antigens to B- and T cells within the lymph node and hence 

priming of immune cells (Chan et al., 2021; Crowe, 2017). 

Upon infection with IAV, T cells are activated by dendritic cells. Among them 

are cytotoxic T cells, but also CD4+ T cells, which can be subdivided into 

Th1 and Th2 cells. Th1 cells act proinflammatory, enhance phagocytosis 

and activate CD8+ T cells, while Th2 cells regulate B cells. Th1 response is 

favored for vaccine development against influenza viruses but 

accomplishing that depends on the vaccine technology (Chan et al., 2021). 

The induction of a robust cellular immunity is therefore a considerable 

correlate for vaccine immunogenicity and protection. Another factor which 

influences IAV vaccines is the concept of antigenic imprinting, which means 

that antibody responses tend towards the first antigen encountered, 

dampening vaccine efficacy. This should be considered for vaccination of 

immunological immature young children since it could alter immune 

responses against IAV for future exposure (Chan et al., 2021). Additionally, 

immunocompromised individuals, risk factors and comorbidities are factors 

which should be considered for vaccine development.  

Differences in immune responses due to sex, (e.g., men develop fewer 

neutralizing antibodies to modern vaccines) and individuum (HLA 

polymorphism) further complicate efforts to improve vaccines against 

influenza (Chan et al., 2021). Another issue which should be taken into 

consideration is immunosenescence, the gradual deterioration of the 
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immune system when aging, which reduces both vaccine efficacy (Goodwin 

et al., 2006) and duration of protection (Castilla et al., 2013; Kang et al., 

2004; Young et al., 2017). Remarkably, innate immunity can be trained 

which addresses vulnerable individuals like the elderly (Chan et al., 2021). 

In this respect, a better outcome was observed for COVID-19 patients, when 

they were previously vaccinated against influenza (Fink et al., 2020). 

Similarly, Bacillus Calmette-Guérin (BCG) vaccination against tuberculosis 

proved beneficial in patients with influenza (Leentjens et al., 2015). Further 

research needs to be conducted on this topic. Altogether, virus-host 

interactions should spur the development of future vaccines against 

influenza. 

Challenges of making effective influenza vaccines 

As recently reported, the numbers of influenza cases in poultry farms in 

Europe and cattle stock in the US have increased, indicating increased risk 

of zoonotic transmission in the long term (EFSA, December 2024). 

Globalization and increasing world population facilitate evolution and 

spread of the virus. Additionally, reports showed that more and more wild 

birds are infected with highly pathogenic avian influenza throughout the 

summer period in Europe (EFSA, October 2022). Surveillance of migratory 

birds is hence of significance (King et al., 2021). Hygiene standards and 

veterinary measures alone will certainly not be sufficient to avoid a future 

influenza outbreak. Reports indicate that there is an increased risk of a 

future swine flu pandemic, as pre-existing immunity is lacking and a certain 

H1N1 strain replicates efficiently in human airway cells (Le Sage et al., 

2024). Data collected from China highlighted high risk of infection with 

influenza virus among swine workers (Borkenhagen et al., 2020). Taken 

together, findings propose the necessity of effective influenza vaccines and 

cross-protection. In addition, farming regulations, public health efforts and 

not only therapeutic but also prophylactic efforts by industry and academia 

are indispensable to address pandemic influenza. 

The efficacy of influenza vaccines and how to increase it, is an unresolved 

issue. A systematic review and meta-analysis found a vaccine effectiveness 

among 15- to 64-year-old individuals of 39.3 to 55.4% in randomized-

controlled trials, depending on the match between the vaccine and 
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circulating strain (Martins et al., 2023). Values for test-negative study 

designs, were even lower (35.1 – 45.1%), urging the development of next-

generational vaccines. Another study examined data from 14 flu seasons 

and found vaccine effectiveness values ranging from 19 to 60% (CDC, 

August 2024). A further meta-analysis revealed a pooled vaccine 

effectiveness of only 41.4% with higher or lower values for specific influenza 

strains (Guo et al., 2024). Notably, vaccine effectiveness decreased with 

age, suggesting higher vaccine effectiveness is required especially for risk 

groups like the elderly. Another study calculated a vaccine effectiveness of 

44% among hospitalizations due to influenza A of the 2022/23 season in the 

US (Tenforde et al., 2024). 

IAV is a respiratory virus with the upper airways being the main side of 

infection. To generate effective vaccines, one might to consider the 

induction of a strong and robust mucosal and sterilizing immunity, 

associated with the upregulation of secretory IgA antibody responses and 

the maturation of tissue-resident T and B cells. (van Riet et al., 2012). 

Sterilizing immunity for optimal protection from disease would be desirable, 

preventing the virus from infecting epithelial cells in the upper and lower 

airways. This could be achieved by intranasal vaccine formulations. The 

FDA has already approved a live-attenuated flu vaccine, which is 

administered intranasally via spray formulation. However, as it is a live-

attenuated vaccine, pregnant women cannot receive this vaccine (Heida et 

al., 2023). Our candidate vaccines were administered only via the IM route, 

so we did not measure mucosal immune responses. Apart from that, IgG is 

essential for neutralizing the virus after infection, and therefore, vaccination 

aims to increase the IgG titers for a more rapid response upon viral entry 

(Pollard & Bijker, 2021; van Riet et al., 2012). However, further studies might 

include the administration via the intranasal route, as other studies 

confirmed the capability of MVA-based vaccines to induce a strong mucosal 

immune response when administered via the mucosal route (Bošnjak et al., 

2021; Endt et al., 2022). 

Vaccine effectiveness could be further addressed with a universal vaccine, 

which protects against a broad spectrum of influenza strains. However, 

rapid mutation of the virus due to high error rate and no proof-reading ability 
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of the viral RNA-dependent RNA-polymerase contradicts the development 

of universal flu vaccines (Goneau et al., 2018). Our cross-reactivity studies 

propose a higher chance of cross-reactive antibody responses the closer 

related the strains are. H2N9 was isolated in 2019, whereas H2N2 and the 

recombinant H2 protein used for ELISA are based on sequences from 1957. 

In fact, sequence alignment showed 99% identity of the H2N2 strain with 

the H2 recombinant protein, whereas H2N9 shared 84% of its sequence 

with the recombinant protein. H5N8 and recombinant H5 protein used for 

ELISA aligned with a percentage of 99%. The positive signal of sera from 

MVA-H2S immunized mice for IAV-H5 protein suggests a similar sequence 

to the IAV-H5 protein. Alignment resulted in homology of both IAV-H2 

strains with the H5 protein of 73%. A mutated antibody binding site in the 

H2N9 hemagglutinin could explain the positive signal of the sera from MVA-

H2S immunized mice. Hence, a universal vaccine against influenza A 

remains a challenge. Further rational approaches should be pursued by trial 

and error. Multivalent vaccines beyond HA - as supported by the literature 

(Nachbagauer & Palese, 2020), adjuvants and alternative routes of 

administration could be of interest. Internal proteins do not induce 

neutralizing antibodies. However, integration of those could establish 

cellular immunity which might be beneficial for universal coverage (Wiersma 

et al., 2015). MVA as a platform offers optimal prerequisites for the 

incorporation of multiple antigens (Altenburg et al., 2014). Universal 

vaccines should ideally also target the stalk region of HA, as the stalk region 

is highly conserved among different subtypes (Lim et al., 2024; Wu & 

Wilson, 2020). Interestingly, the pools tested for HA-H2R and HA-H2S 

comprised peptides with sequences majorly aligning with the head region of 

HA (HA8-21, HA208-222, HA259-273, HA301-315, HA321-336). We suggest that 

multivalent vaccines should comprise of epitopes from both head and stalk 

region of hemagglutinin as described in the literature (Wiersma et al., 2015; 

Wu & Wilson, 2020). Focusing on the conserved stalk region alone, should 

be avoided as this would result in detriments of antibody titers (Steel et al., 

2010). In this respect, vaccines which also elicit T cell responses are the 

preferential choice. One possibility to increase immunogenicity of stalk 

directed antibodies is to incorporate chimeric HA, which nonetheless 

requires further investigation (Isakova-Sivak & Rudenko, 2022). Finally, 
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studies of novel vaccine technologies like nanotechnology and microneedle 

patches await a complete evaluation compared to conventional vaccine 

technologies (Pollard & Bijker, 2021; Rouphael et al., 2017). A meta-

analysis could shed more light on the consensus of different vaccine 

technologies regarding a universal flu vaccine (Wang et al., 2022). 

Another hurdle for influenza vaccines is the production in embryonated 

eggs, which is not only expensive, but also more labor intensive compared 

to production on cell lines (Buckland, 2015). As shown in the literature, 

Madin-Darby Canine Kidney (MDCK) cells are superior for vaccine 

production in a pandemic scenario (Hamamoto et al., 2013; Kim et al., 

2018). A benefit of our MVA-based vaccines is that they can be 

manufactured in bioreactors with cell suspension of the avian cell lines, e.g., 

AGE1.CR.pIX or EB66® (Gränicher et al., 2021) (Cottingham & Carroll, 

2013; Jordan et al., 2009) (Léon et al., 2016). Furthermore, influenza strain 

isolation and propagation for subsequent vaccine production is time-

consuming in a pandemic scenario. Especially, if the strain is highly 

pathogenic, consuming manufacturing capacity or adding complications 

due to biosafety (Harrington et al., 2021). This is fully circumvented with our 

MVA platform. 

The study here described faced limitations. In fact, we did not measure the 

capability of our recombinant MVA-IAV vaccines to induce neutralizing 

antibody responses as work with live influenza viruses were not feasible in 

our BSL-2 facility. In natural infection, antibodies neutralize the virus in 

various mechanisms of action (Crowe, 1998). Aggregation of viral particles 

before attachment is one of them. Antibodies can also block the receptor-

binding domain hindering attachment. Binding of antibodies to other parts 

of HA conveys block in entry. Post-attachment inhibition of viral uncoating 

is also feasible. Binding to viral proteins of newly formed virions is another 

possible mechanism which inhibits budding from host cells. Neutralization 

can be aided by other molecules and cells, e.g., by the complement. For 

example, phagocytic cells can take up Fc receptor ɣ-mediated antigen-

antibody immune complexes. Antibody-dependent cell-mediated 

cytotoxicity, where, e.g., natural killer cells, guided by antibodies, destroy 

the infected cell, is a further mechanism of neutralization (Crowe, 1998). 
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Moreover, there is multiple evidence that maternal antibodies have an 

inhibitory effect on immune responses to influenza infection and influenza 

candidate vaccines by suppressing antibody responses (Crowe, 1998). The 

use of nucleoside-modified mRNA encapsulated in lipid nanoparticles is a 

promising strategy to avoid inhibitory effects of maternal antibodies on 

vaccination as explored in one study (Willis et al., 2020). In this study, 

BALB/c and C57BL/6 mice pups had long-lived germinal centers and a 

strong antibody response after vaccination. The second limitation of this 

study was the lack of protective activity investigation. Therefore, animal 

models are immunized with the candidate vaccines and subsequently 

inoculated with the live IAV virus to verify if animals were protected from 

disease. Finally, determination of mucosal IgA was not pursued as this 

would have gone beyond the scope of our study. This can be achieved by 

intranasal application of the candidate vaccines for subsequent detection of 

secretory IgA as previously outlined. 

Future perspective 

Influenza A virus is still a challenge as it needs to be addressed by seasonal 

vaccination. Moreover, circulation of IAV in animals and human population 

gives rise to zoonotic transmission and future pandemics. Hence, influenza 

A virus is a global public health issue causing disease and deaths. 

Additionally, it is a burden to national healthcare systems and causes 

economic damage to our society. Efforts need to be undertaken by various 

stakeholders to diminish the overall impact of influenza A. 

The here described recombinant MVA viruses expressing HA from subtypes 

H2N9, H2N2 and H5N8 show promise as candidate vaccines against IAV, 

as the vaccines were genetically stable, and were well-tolerated upon 

vaccination. All three vaccines induced strong CD4+ and / or CD8+ T cell 

responses as well as high antibody responses after two immunizations. 

Future work would include a detailed analysis of the vaccines in a suitable 

challenge model to assess the protective capacity of the vaccines. 
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IX. ZUSAMMENFASSUNG 

Das Influenza-A-Virus stellt eine große Bedrohung für den Menschen dar 

und verursacht jährlich eine enorme Anzahl von Krankenhausaufenthalten 

und Todesfällen. Endemische und pandemische Ereignisse haben 

schwerwiegende Auswirkungen auf das Gesundheitssystem und führen 

gleichzeitig zu wirtschaftlichen Verlusten. Das wiederkehrende Auftreten 

von Influenza-A-Viren in Tierbeständen sowie die steigende Zahl humaner 

Fälle unterstreichen zudem die Bedeutung der Entwicklung wirksamer 

Impfstoffe und antiviraler Medikamente gegen das Influenza-A-Virus. Die 

schnelle Anpassungsfähigkeit von Influenza-A-Viren erschwert jedoch die 

Entwicklung wirksamer medizinischer Gegenmaßnahmen. 

In dieser Studie wird die Erzeugung und präklinische Charakterisierung von 

rekombinantem MVA beschrieben, welches das vollständige HA-Protein 

der IAV-Subtypen A/Ruddy/Turnstone/Delaware/374/-2019 (H2N9), 

A/Singapore/1/-1957 (H2N2) und A/seal/Germany-SH/AI05379/2021 

(H5N8) exprimiert. Die In-vitro-Charakterisierung der drei rekombinanten 

MVA-Impfstoffkandidaten nach etablierten Qualitätskontrollverfahren, 

einschließlich genetischer Integrität und Stabilität, Replikationsdefizit in 

humanen Zellen und unbeeinträchtigter Expression der HA-Antigene, 

lieferte vielversprechende Daten für präklinische Tests an Mäusen. HLA-

A2.1-/HLA-DR1-transgene H-2-Klasse-I-/Klasse-II-Knockout Mäuse lösten 

eine robuste HA-Antigen-spezifische CD4+- oder CD8+-T-Zell-Antwort aus. 

Darüber hinaus induzierten immunisierte Mäuse bereits nach einmaliger 

Immunisierung HA-Antigen-spezifische Serum-IgG-Antikörper, die nach der 

Auffrischungsimpfung erhöht werden konnten. Darüber hinaus wurden in 

den Seren H2N2-immunisierter Mäuse subtypübergreifende Serum-IgG-

Antikörper nachgewiesen.
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X. SUMMARY 

Influenza A virus is a major threat for humans, causing a tremendous 

number of hospitalizations and deaths each year. Endemic and pandemic 

events have severe impact on the healthcare system and simultaneously 

lead to economic loss. Furthermore, recurring emergence of influenza A 

viruses in animal stocks, in addition to the increasing number of human 

cases, highlight the importance to develop efficacious vaccines and 

antivirals against influenza A virus. However, the fast-adapting nature of 

influenza A viruses hampers the development of effective medical 

countermeasures. 

In this study, the generation and preclinical characterization of recombinant 

MVA expressing the full-length HA protein of IAV subtypes 

A/Ruddy/Turnstone/Delaware/374/-2019(H2N9), A/Singapore/1/-

1957(H2N2) and A/seal/Germany-SH/AI05379/2021(H5N8), is described. 

In vitro characterization of the three recombinant MVA candidate vaccines 

following well-established quality control procedures, including genetic 

integrity and stability, replicative deficiency in human cells, in combination 

with an unimpaired expression of the HA-antigens, revealed promising data 

for preclinical testing in mice. HLA-A2.1-/HLA-DR1-transgenic H-2 class I-

/class II-knockout mice elicited a robust HA-antigen specific CD4+ or CD8+ 

T cell response. Furthermore, immunized mice induced HA-antigen specific 

serum IgG antibodies even after a single immunization, which could be 

increased after the booster immunization. In addition, cross-subtype 

specific serum IgG antibodies were detected in the sera of H2N2 immunized 

mice. 
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XII. APPENDIX 

Table A1: Consumables. 

Product Catalogue 

Number 

Company 

15 ml tube 62.554.002 Sarstedt (Nümbrecht, Germany) 

24 ml syringe 8300054666 Covetrus (Portland, Maine) 

50 ml tube 62.547.254 Sarstedt (Nümbrecht, Germany) 

70 µm strainer Falcon® 352350 Corning (Corning, New York) 

96-well flat bottom ELISA 

plates Nun MaxiSorp 

442404 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Cover slips (Menzel) - Thermo Fisher Scientific (Waltham, 

Massachusetts) 

ELISA plate lids 264122 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Filter tip 10 µl 70.3020.255 Sarstedt (Nümbrecht, Germany) 

Filter tip 100 µl 70.3030.255 Sarstedt (Nümbrecht, Germany) 

Filter tip 1000 µl 70.3050.275 Sarstedt (Nümbrecht, Germany) 

Filter tip 20 µl 70.760.213 Sarstedt (Nümbrecht, Germany) 

Filter tip 200 µl 70.3031.255 Sarstedt (Nümbrecht, Germany) 

Flow cytometry plate lids 82.1584 Sarstedt (Nümbrecht, Germany) 

Flow cytometry plates 82.1582 Sarstedt (Nümbrecht, Germany) 

Flow cytometry tubes 55.1579 Sarstedt (Nümbrecht, Germany) 

Micro tube 1.5 ml 72.690.001 Sarstedt (Nümbrecht, Germany) 

Micro tube 2 ml 72.695.500 Sarstedt (Nümbrecht, Germany) 

Microscope slides 7695001 Th. Geyer (Renningen, Germany)  

Multidispense Combitips® 0030089685 Eppendorf (Hamburg, Germany) 

PCR-tubes 8-strip 72.991.002 Sarstedt (Nümbrecht, Germany) 

Serological pipette 10 ml 86.1254.001 Sarstedt (Nümbrecht, Germany) 

Serological pipette 25 ml 86.1685.001 Sarstedt (Nümbrecht, Germany) 

Serological pipette 5 ml 86.1253.001 Sarstedt (Nümbrecht, Germany) 

Tissue culture 24-well plate 83.3922 Sarstedt (Nümbrecht, Germany) 

Tissue culture 6- well plate 83.3920 Sarstedt (Nümbrecht, Germany) 

Tissue culture 96-well plate 83.3924 Sarstedt (Nümbrecht, Germany) 

Tissue culture flask T175 83.3912 Sarstedt (Nümbrecht, Germany) 

Tissue culture flask T25 83.3910 Sarstedt (Nümbrecht, Germany) 

Tissue culture flask T75 83.911 Sarstedt (Nümbrecht, Germany) 
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Table A2: Laboratory equipment. 

Instrument Company 

Avanti® J-26 XP Centrifuge Beckman Coulter (Brea, California) 

BDK-SK biological safety cabinet BDK Luft- und Reinraumtechnik GmbH 

(Sonnenbühl, Germany) 

BS48 biological safety cabinet Tecniplast (Buguggiate, Italy) 

ChemiDoc™ MP Imaging System Bio-Rad (Hercules, California) 

ELISpot plate reader Bioreader® 7000 V BIOSYS Scientific Devices GmbH (Karben, 

Germany) 

Fluorescence microscope BZ-X700 Keyence (Osaka, Japan) 

Galaxy 170 S incubator New Brunswick Scientific Co., Inc. (Edison, 

New Jersey) 

HD 2200 ultrasonic homogenizator 

system 

Bandelin Sonopuls (Berlin, Germany) 

Hera Cell incubator Heraeus (Hanau, Germany) 

Liquid nitrogen tank Locator 6 Plus Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Mastercycler nexus X2 Eppendorf (Hamburg, Germany) 

Mini Trans blot System Bio-Rad (Hercules, California) 

Mini-Protean Tetra System Bio-Rad (Hercules, California) 

Mupid One electrophoresis system Nippon Genetics Co., Ltd. (Tokyo, Japan) 

NovoCyte Quanteon flow cytometer Agilent Technologies (Santa Clara, 

California) 

OptimaTM LE-80K Ultracentrifuge Beckman Coulter (Brea, California) 

PowerPac Basic Bio-Rad (Hercules, California) 

Scanlaf Mars biological safety cabinet LaboGene (Lynge, Denmark) 

Spark® multimodal plate reader Tecan Group Ltd. (Männedorf, Switzerland) 

 

Table A3: Commercial kits. 

Kit Company 

ELISpot Plus Mouse IFN-γ (ALP) kit Mabtech AB (Nacka Strand, Sweden) 

NucleoBond® Xtra Midi kit Macherey-Nagel (Düren, Germany) 

NucleoSpin® Blood QuickPure kit Macherey-Nagel (Düren, Germany) 

NucleoSpin® Gel and PCR-Clean-up 

kit 

Macherey-Nagel (Düren, Germany) 

NucleoSpin® Plasmid kit Macherey-Nagel (Düren, Germany) 

Pierce™ Coomassie (Bradford) 

Protein-Assay-Kit 

Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Plasmid DNA extraction kit Macherey-Nagel (Düren, Germany) 
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Table A4: Reagents used in the experiments. 

Reagent Cat. No. Company 

1 kb DNA ladder N3232 New England Biolabs (Ipswich, 

Massachusetts) 

3′3′,5′5′-Tetramethyl-

benzidine (TMB) Liquid 

Substrate System 

T0440 Sigma-Aldrich (St. Louis, Missouri) 

4% formaldehyde T359.1 Carl Roth (Karlsruhe, Germany) 

4′,6-Diamidin-2-

phenylindol (DAPI) 

solution 

R37606 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

10-beta competent E.coli 

bacteria 

- New England Biolabs (Ipswich, 

Massachusetts) 

Aceton 9780.1 Carl Roth (Karlsruhe, Germany) 

Agarose 840004 Biozym (Oldendorf, Germany) 

BamHI-HF R3136 New England Biolabs (Ipswich, 

Massachusetts) 

Bovine serum albumin 

(BSA) 

3737.3 Carl Roth (Karlsruhe, Germany) 

Brefeldin A Solution 

(1000X) 

420601 Biolegend (San Diego, California) 

Color Protein Standard P7719S New England Biolabs (Ipswich, 

Massachusetts) 

DMSO D8418 Sigma-Aldrich (St. Louis, Missouri) 

Dulbecco’s Modified 

Eagle’s Medium (DMEM) 

high glucose 

D5796 Sigma-Aldrich (St. Louis, Missouri) 

Dulbecco’s Phosphate 

Buffered Saline (DPBS) 

14190 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Fetal bovine serum (FBS) 10083-145 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

F0804 Sigma-Aldrich (St. Louis, Missouri) 

Fluorescence mounting 

medium 

S3023 Agilent (Santa Clara, California) 

Glycine A1067 ITW Reagents Panreac (Barcelona, 

Spain) 

HEPES solution H0887 Sigma-Aldrich (St. Louis, Missouri) 

HindIII-HF R3104 New England Biolabs (Ipswich, 

Massachusetts) 

Ionomycin I9657 Sigma-Aldrich (St. Louis, Missouri) 
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KCl 6781.3 Carl Roth (Karlsruhe, Germany) 

KH2PO4 3904.1 Carl Roth (Karlsruhe, Germany) 

KPL TrueBlueTM 

Peroxidase Substrate 

5510 SeraCare Life Sciences Inc. (Milford, 

Massachusetts) 

L-Glutamine solution G7513 Sigma-Aldrich (St. Louis, Missouri) 

MEM non-essential amino 

acid solution 

M7145 Sigma-Aldrich (St. Louis, Missouri) 

Methanol 9785.1 Carl Roth (Karlsruhe, Germany) 

Minimum Essential 

Medium Eagle 

M4655 Sigma-Aldrich (St. Louis, Missouri) 

NaCl 0601.1 / 

3957.1 

Carl-Roth GmbH (Karlsruhe, Germany) 

NaHPO4 X987.2 Carl Roth (Karlsruhe, Germany) 

Nitrocellulose membrane 10600002 Cytiva (Marlborough, Massachusetts) 

nonfat dried milk powder A0830 ITW Reagents Panreac (Barcelona, 

Spain) 

NotI-HF R3189 New England Biolabs (Ipswich, 

Massachusetts) 

Penicillin / Streptomycin P0781 Sigma-Aldrich (St. Louis, Missouri) 

PMA P1585 Sigma-Aldrich (St. Louis, Missouri) 

PNGase F P0704 New England Biolabs (Ipswich, 

Massachusetts) 

Protease inhibitor A32955 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Purple loading dye B7024A New England Biolabs (Ipswich, 

Massachusetts) 

Red Blood Cell Lysis 

Buffer  

R7757 Sigma-Aldrich (St. Louis, Missouri) 

ROTI®Fair tablet 1112.2 Carl Roth (Karlsruhe, Germany) 

RPMI 1640 R8758 Sigma-Aldrich (St. Louis, Missouri) 

SalI-HF R3138 New England Biolabs (Ipswich, 

Massachusetts) 

SDS CN30.3 Carl Roth (Karlsruhe, Germany) 

Stop Reagent for TMB 

Substrate 

S5814 Sigma-Aldrich (St. Louis, Missouri) 

Sucrose S1888 Sigma-Aldrich (St. Louis, Missouri) 

SuperSignal® West Dura 

Extended Duration 

substrate 

34075 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

TAE electrophoresis 

buffer 

B49 Thermo Fisher Scientific (Waltham, 

Massachusetts) 
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Taq DNA Polymerase, 

recombinant 

10342178 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

TRIS A1086 ITW Reagents Panreac (Barcelona, 

Spain) 

TRIS-buffered saline A1086 ITW Reagents Panreac (Barcelona, 

Spain) 

Triton X-100 93443 Sigma-Aldrich (St. Louis, Missouri) 

TrypLETM Select 12563 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Trypsin-EDTA 252000 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

Tween-20 A4974 ITW Reagents Panreac (Barcelona, 

Spain) 

VP-SFM medium 11681020 Thermo Fisher Scientific (Waltham, 

Massachusetts) 

XhoI R0146 New England Biolabs (Ipswich, 

Massachusetts) 

X-tremeGENE HP DNA 

Transfection Reagent 

06366244001 Roche (Basel, Switzerland) 

Zombie AquaTM Fixable 

Viability Kit 

423101 Biolegend (San Diego, California) 

 

Table A5: Stock solutions. 

Solution Preparation 

5x Running buffer (WB) 72.5 g Glycine 

15.2 g TRIS 

25 ml of 20% SDS 

Blocking buffer (ELISA) 1% BSA 

1 M sucrose 

in PBS 

Blocking buffer (WB) 5% nonfat dried milk powder 

0.05% Tween-20 

in PBS 

Dilution buffer (ELISA) 1% BSA 

in PBS 

Freezing medium 40% DMEM / VP-SFM (cell line specific) 

40% heat inactivated FBS 

20% DMSO 

LB agar 1.5 % agar in LB medium 

LB medium, pH7.5 5 g NaCl 
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5g yeast extract 

10 g Tryptone 

ad 1l demineralized H2O 

Lysis buffer (WB) 10 ml stock (1% Triton X-100, 25 mM TRIS, 1 M NaCl) 

1 tablet protease inhibitor 

PBS 2 g KCl 

2 g KH2PO4 

80 g NaCl 

11.5 g NaHPO4 

ad 1 l demineralized H2O 

PBS (ELISA) ROTI®Fair tablet 

in demineralized H2O 

RPMI-10 88% RPMI 1640 

10% FBS 

1% HEPES 

1% Penicillin/-Streptomycin 

Towbin buffer 24 g TRIS 

114,6 g Glycine 

Transfer buffer (WB) 80 ml Towbin buffer 

200 ml Methanol 

ad 1 l demineralized H2O 
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