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A modern approach to vaccine development 

Vaccination is one of the most important advancements in history; thanks to 
vaccines, the eradication of diseases that have plagued humanity for millennia or the 
swift defeat of a global pandemic are finally realistic prospects [1,2]. Ancient 
techniques have long been exploring the fascinating interaction between human 
health and microorganisms – even before anyone postulated their existence. Already 
since the mid-1500s, material from patients recovered from mild forms of smallpox 
was given to healthy individuals as protection from a more severe course of the 
disease, a practice known as variolation [3]. In the 18th century, what started as a 
simple observation – the apparent resistance of dairy workers from serious forms of 
smallpox – led a number of individuals, among which Edward Jenner, to study the 
protection conferred by the closely related, lowly pathogenic animal infection, the 
cowpox [4]. The empirical investigation of this principle resulted in the first 
vaccination (from the Latin word vacca, cow, referring to the bovine pathogen used 
for the immunization), and ultimately gave rise to the development of more 
sophisticated and safer vaccines. Vaccination is regarded as one of the most far-
reaching and cost-effective methods of medical intervention, due to its direct 
protection of immunized individuals as well as its indirect effect on the transmission 
of pathogens in the community [5]. The impact of vaccines on human longevity and 
global health in the last centuries has been estimated as secondary only to the 
availability of clean water [6,7]. 

Traditionally, vaccine development has been dominated by trial and error. Thanks to 
the increasing knowledge and insights into biological and immunological 
mechanisms, vaccines have been improved and their production perfectioned. Still, 
the development of vaccines is a long and complex process, often lasting more than 
a decade and with a success rate of as low as 6% [8]. A large number of vaccine 
candidates fails in the transition from pre-clinical to clinical stages, often due to the 
low predictive value of animal-based data for the immunogenicity of the vaccine in 
question in humans [9]. Nevertheless, animal-based readouts are still the gold 
standard in vaccine development. In addition to their use in the research phase, 
animal-based in vivo methods are also extensively employed during post-marketing 
surveillance for batch release testing of commercially marketed vaccines. While 
animal studies have contributed greatly to immunological research, growing 
evidence supports the need for a more rational vaccine design and assessment [10]. 
Systems vaccinology has led to the identification of vaccine-induced immune 
signatures and of correlates of protection [11–15], offering a comprehensive picture 
of the immune responses to vaccination [16,17]. The application of the knowledge 
derived from a systems biology approach to vaccine research and the use of novel 
omics techniques allow us to consider more relevant human-derived platforms as 
alternative to the current animal models [18]. 



Introduction 
 

11 
 

   

Chapter 1 

In this thesis, we aimed at developing in vitro assays suitable for analyzing the 
characteristics and assessing the consistency across batches of viral vaccine 
formulations. These methods should ultimately help select promising vaccine 
candidates, replace in vivo potency evaluation of existing vaccines and elucidate 
molecular mechanisms in the interaction between vaccines and human immune cells. 

This introduction will first summarize the mechanisms of action of viral vaccines in 
their interaction with the immune system, to then focus on the role of animal models 
in vaccine research and development, the shortcomings derived from their use and 
the possible alternatives. Furthermore, the vaccine models used in this thesis will be 
described and an outline of the various chapters will be presented. 
 

 

Vaccines: mechanism of action 

Prophylactic vaccines are most commonly described as substances that provide 
acquired immunity to infectious diseases – without causing the disease itself. 
Vaccines are traditionally prepared using the causative agent of the disease, such as 
bacteria or viruses, inactivated or adapted to be lowly pathogenic [6]. In this thesis, 
we will focus on viral vaccines. 

Empirical development methods – with little or no understanding of the 
immunological principles behind vaccination – have been successful for most 
vaccines [19]. Yet, the development of vaccines against certain pathogens (e.g. 
human immunodeficiency virus or respiratory syncytial virus) has so far been 
unsuccessful despite decades of effort, due to the pathogens’ evasion strategies or 
to complex antigen conformations [20,21]. To tackle vaccine development and 
assessment in a more rational way, it is necessary to understand the immunological 
mechanisms by which vaccines confer protective immunity. 

The hallmark of a successful vaccine is, from an immunological standpoint, its ability 
to trigger potent antigen-specific responses, that include the production of 
neutralizing antibodies – also referred to as humoral immunity – and/or the induction 
of cellular (T cell-based) immunity [22–24]. Antibodies prevent microbes from 
binding and infecting the host’s cells, as well as allow the opsonization and 
phagocytosis of the antibody-coated pathogen [25,26]. Cellular immunity is 
mediated by T lymphocytes that, once activated, recruit phagocytes to eliminate the 
pathogens, stimulate the proliferation of antibody-producing plasma cells and long-
lived memory cells, and – in the case of CD8+ T cells – differentiate into cytotoxic 
cells that kill microbe-harboring host cells [26]. 
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These are features of the adaptive immune response, a form of immunity that 
develops and adapts in response to infection or immunization, characterized by the 
specificity to the pathogen and the ability to establish an immune memory [27]. To 
develop an adaptive response, the immune system must first be activated; this action 
is performed by the innate immune system, capable of sensing pathogens and 
readily respond to their presence. 

The mechanisms underlying innate immunity are aspecific and not based on an 
immune memory; among them, the recognition of microbes by antigen-presenting 
cells (APCs) is one of the most important steps [28]. APCs, the ‘sentinels’ of the 
immune system, sense pathogens and cell damage through pattern recognition 
receptors (PRRs) that recognize pathogen- and damage-associated molecular 
patterns (PAMPs, conserved molecular structures found in microorganisms, and 
DAMPs, host-derived molecules released by damaged or dying cells) [29,30]. Several 
families of PRRs have evolved to sense a diverse range of microbes and their 
components. 

While not pathogenic, vaccines contain PAMPs that – together with DAMPs released 
by cells damaged in/by the injection – can initiate the induction of immune responses 
through the activation of APCs [31]. Depending on the formulation, vaccines can 
contain several PAMPs derived from the pathogen’s components [32]. For what 
concerns viral vaccines, the object of this thesis, various types of vaccines have been 
developed and they can be broadly categorized as whole virus particles, split or 
subunit vaccines and reassortant vaccines [33]. Whole inactivated vaccines – the kind 
investigated in the next chapters – are one of the most traditional types of vaccine, 
and are prepared using physicochemical treatments that impair virus replication. The 
composition of whole inactivated vaccines includes structural proteins and viral 
genome, which are sensed by the innate immune cells through several PRRs (Figure 
1). 

In addition to the pathogen-specific components, vaccines can include adjuvants – 
substances that can enhance or modulate the vaccine-induced immune response, 
such as aluminum salts [34]. All these components in a vaccine contribute to the 
induction of innate immune responses. The innate immune cells, once activated by 
PRR-triggering PAMPs and DAMPs, can initiate antigen presentation. This process, 
mediated by professional APCs and CD4+ T cells [35], ultimately results in the 
generation of the desired adaptive response (Figure 2). The nature of the responses 
elicited by a viral vaccine depends on several aspects, such as the antigen 
concentration, the specific type of components present in the formulation and the 
presence of adjuvants [36]. 
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Figure 1. Interaction of virus particles with innate immune cells. ① As virus particles bind 
to host receptors in the plasma membrane, they can be sensed by PRRs such as plasma 
membrane-bound Toll-like receptors (TLRs) [37]. ② Receptor binding is followed by the 
internalization through endocytosis [38–40]. ③ For a majority of animal viruses, entry into the 
cytosol is triggered by low pH (that for enveloped viruses induces membrane fusion) [41,42]. 
④ TLRs in the endosomal compartment are triggered by viral nucleic acids, which after 
uncoating can also activate cytosolic sensors such as RIG-I-, OAS-, AIM2- and NOD-like 
receptors (RLRs, OLRs, ALRs and NLRs) [43–52]. After triggering of any of these receptors a 
signaling cascade follows, with the engagement of receptor-specific adaptor proteins and 
kinases that culminates in the activation of transcription factors [53–55]. Once activated, these 
factors translocate to the nucleus to promote transcription of genes involved in different 
downstream responses [56–58]. Image created with BioRender. 
 

For the purpose of vaccine assessment, innate immune responses are relatively easy 
to study – as they require no prior encounter with the pathogen and are among the 
most conserved immunological features intra- and interspecies [59]. Additionally, the 
successful induction of an innate immune response has been shown to correlate with 
the potency of several vaccines [11,12,60]. Therefore, in the investigation of 
alternative methods to in vivo assays for viral vaccine testing, this thesis will focus on 
the early interactions of vaccine components with target cells and cells involved in 
innate immunity. In this introduction, we will first present the current vaccine 
evaluation strategies and then examine suitable alternative methods. 
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Figure 2. Vaccine-induced immune responses. ① PAMPs and DAMPs are sensed by 
antigen-presenting cells, which can be further stimulated by bystander cells (such as 
phagocytes) through the secretion of chemical signals, such as interferons (IFNs), chemokines 
and cytokines [32]. ② APCs become mature and activated, thus able to secrete chemical 
signals and express co-stimulatory molecules [61]. ③ Activated APCs migrate to the lymph 
node, where they present antigens to CD4+ T cells through a so-called immunological synapse 
[62]. Their interaction steers the differentiation of T cells towards various subtypes, that 
ultimately drive the generation and proliferation of plasma and memory B cells from B cells, 
and of effector and memory T cells from T cells [63]. Differentiated effector lymphocytes can 
migrate into the bloodstream, while pools of long-lived memory cells are differentiated and 
maintained to protect against future encounters with the pathogen [64]. Image created with 
BioRender. 
 

In vivo assays in vaccine development and production 

The development of a vaccine is a collaborative effort that involves public and private 
organizations, and includes basic, translational and clinical research stages [65]. Basic 
laboratory research focuses on the pathogen and its interaction with the host’s 
immune system. In this exploratory stage, proof-of-concept studies aim to identify 
natural or synthetic antigens that can ultimately serve as vaccine candidates. Basic 
research is also necessary for the development and assessment of reliable animal 
models. 

In the next phase, translational research uses cell- or tissue-culture systems and 
animal testing to evaluate the safety and immunogenicity of a vaccine candidate. 
This pre-clinical step includes the selection of adjuvants, the development and 
performance of in vitro or in vivo potency assays, the analysis of toxicity at various 
doses and the assessment of several animal models as in vivo readout systems. 
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This stage involves highly diverse and iterative research, in which candidate vaccine 
formulations are continually tested and improved. The outcome of these studies will 
potentially suggest specific responses to be expected in humans and safe starting 
doses for the next phase of development. Many vaccine candidates never progress 
past this stage as they fail to induce the desired immune response. 

Subsequent clinical studies aim to turn the outcomes of pre-clinical research into 
safe and effective products that will protect individuals and benefit public health. 
This stage is divided into 3 phases that test increasingly larger groups of people to 
assess the efficacy of the vaccine in the general (or target) population and to 
investigate possible rare side effects. Even once a vaccine is successfully developed, 
its assessment continues: post-licensure monitoring is in place to observe potential 
safety issues in the long term, as well as to ensure consistency in the quality during 
product manufacturing. At this stage, animal experiments are used to evaluate the 
potency and safety of newly produced batches. 

The road to a vaccine is a highly regulated, costly and (in non-pandemic times) long 
endeavor (Figure 3). Between the initial investigation of possible antigens in basic 
research stages and the release of a vaccine to the market, an operation costing 150-
450 million € and lasting – on average – more than 15 years takes place [65]. Scientific 
advances, such as those in immunology and systems biology, can reduce the time 
required to a certain extent. However, vaccine development remains a lengthy 
process, largely due to the steady increase of regulatory requirements for vaccines 
and to the challenging aspects of assessing and manufacturing complex 
formulations with multiple components [66]. 

 

Figure 3. The vaccine development process. Several vaccine candidates are identified in pre-
clinical research, but as they move along the clinical trials their number diminishes. The length 
of each phase is shown, together with the probability of a vaccine candidate to advance into 
the next stage. Adapted from GlaxoSmithKline and updated from Wong et al. [67]. 
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Animal tests are used, in the design and development of new vaccines, for analyzing 
the type and extent of the elicited immune responses, as well as for determining safe 
and effective routes and doses of administration [68]. Several readouts can be used 
as indicators of infection in challenged animals, such as pathogen recovery, clinical 
symptoms, morbidity and death. Moreover, the quality and magnitude of the 
induced immune response in immunized animals can be studied by evaluating 
antibody production, T cell responses and expression of relevant biomarkers 
identified during the basic research stage. 

Animal testing is also heavily employed during the production of already existing 
vaccines, with batch release safety and potency being the two main aspects requiring 
in vivo studies [69]. Safety testing ensures the lack of toxicity and the absence of 
extraneous agents that could induce adverse effects, whereas efficacy (assessed on 
the target species) or potency (evaluated based on an animal model) assays are used 
to determine the protective capacity of the vaccine. International guidelines (such as 
regulations from the European Medicine Agency and the Food and Drug 
Administration, Pharmacopoeia monographs and WHO documents) indicate the 
requirements vaccines need to meet in such tests. Generally, safety tests assess 
clinical manifestations of toxicity and/or contamination through injection of animals, 
followed by the observation of changes in weight, body temperature, or of signs of 
illness or virulence. 

Potency tests evaluate the immunological properties of a vaccine; this can be 
achieved indirectly or directly. Indirect tests, used for vaccines with neutralizing 
antibodies as correlate of protection, determine the potency through mixing of the 
sera from immunized animals with the pathogen. The mixtures are then transferred 
to a group of naïve animals, in which lethality, cytopathogenesis or clinical signs are 
assessed to estimate the potency. Indirect potency tests are frequently employed for 
veterinary vaccines, such as Clostridium toxoid vaccines [70]. For direct tests, a 
traditional immunization is performed followed by an (often lethal) challenge: the 
number of animals that survives is used to estimate the potency. This design is 
applied for widely used inactivated human vaccines, such as the Bordetella pertussis 
vaccine or the Tick-Borne Encephalitis vaccine [71,72]. 

In vivo testing is therefore a well-established and often mandatory practice in R&D, 
preclinical studies and routine monitoring of vaccines. In a 2019 report, it was 
estimated that about 10 million animals were used each year for scientific research 
across the 28 EU member states [73], 15% of which accounted for vaccine assessment 
in an earlier study [74]. However, the disputed relevance of animal models, the ethical 
issues and the economic burden associated with animal testing are increasingly 
highlighting the need to develop and validate in vitro assays to possibly replace in 
vivo tests. 
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The scientific relevance of animal models, among which mice are paramount, is 
questioned for several reasons: 

• The animals present immunological and genetic differences with humans. 
Well-known discrepancies between mice and humans include, among others, the 
ratio of leukocyte subsets, the expression of antimicrobial peptides and pattern 
recognition receptors, and the differentiation and polarization of T helper cells 
in adaptive immunity [75]. Even among primates, differences in the mounting of 
an innate immune response were found to be species-specific – particularly for 
viral response genes [76]. 

• The animal models are not always natural hosts to human pathogens. To 
circumvent this problem, transgenic models expressing receptors that allow the 
animals to be susceptible are sometimes developed. Alternatively, the pathogens 
are adapted to the animals, which are often more resistant than humans. Yet, 
such manipulations could increase the distance from the model to the real 
infection or immunization setting [77]. Even when a natural pathogen exists or 
the animal model is susceptible to a human microbe, the pathophysiology of the 
infection might differ, thus hindering extrapolation of data from animal-based 
studies for human-targeted vaccines [78]. 

• The models are not representative of a diverse and “dirty” reality. To allow 
for repeatable analyses of vaccine-specific responses, genetically homogeneous 
animals are kept in highly hygienic environments. These unnatural conditions 
influence their immune responses [79], and reduce the possibility to observe 
inter-individual variability [80]. Additionally, naïve animals can hardly reproduce 
the complexity of immune systems shaped by their immunological history such 
as those of humans [81]. 

Ethically, the use of in vivo tests is an issue due to the large numbers of animals often 
required – especially for lot release testing, mandatory for each newly produced 
batch. Additionally, pain and distress in animals are inherently present in lethal 
challenge assays or safety tests revealing the presence of residual active pathogens 
or of contaminants. 

Last but not least, animal-based tests are cumbersome and expensive: animal 
housing, husbandry and handling requires specific conditions as well as personnel 
training. A rough estimate for the use of animals in toxicity and safety assessments 
suggests costs of 620 million € in Europe per year [74]. 
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Moving away from animal testing: the 3R concept and 
the consistency approach 

In the vaccine industry and in regulatory agencies, four main drivers warrant the use 
of alternatives to animal-based tests: the animals’ welfare, the economic advantage 
in using in vitro assays, the scientific knowledge offered by more relevant platforms 
and technologies, and the compliance to regulatory guidelines [82]. 

The 3R concept aims at addressing these issues through: 

• Refinement: adoption of procedures that minimize the pain and distress and 
improve the welfare of the animals. 

• Reduction: use of strategies that reduce the number of animals needed per 
experiment. 

• Replacement: implementation of methods that exclude the need for animal 
experiments. 

Several 3R strategies are already defined and in use in the European Pharmacopoeia 
and vaccine industry (Table 1). 

Vaccines are complex formulations whose quality depends on a variety of factors, 
ranging from starting materials (such as media, cells, bacterial and viral seed lots) to 
equipment and manufacturing methods. Therefore, each batch produced is 
considered as a unique drug product, for which the quality must be verified. 

The standardization and optimization of the production process, together with the 
implementation of Good Manufacturing Practice (GMP) and Quality Assurance (QA) 
procedures [83], has led to significant improvements in vaccine quality [84]. At the 
same time, several non-animal methods have been developed and fine-tuned for the 
characterization of intermediate and final vaccine products. The combination of 
these elements allows the design of a lot-release strategy, called consistency 
approach, in which animal-based tests may only be needed for the first vaccine lots; 
once a product profile is set up, non-animal-based assays can be used to assess the 
conformity of the new batches to lots of proven safety and efficacy [85–87]. The 
successful application of this approach relies on the availability of suitable 
alternatives, such as analytical or cellular assays (Table 2). 
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Table 1. Use of alternative methods to in vivo safety and potency tests for vaccines. The 
alternative methods are accepted (“√”), partially substitutive (e.g. alongside in vivo methods), 
in validation (“ongoing”) or development. Adapted from [82]. 

 

 

  

Vaccine Type of test Alternative method Ph. Eur. Vaccine 
industry 

All vaccines 

Safety: 

• abnormal toxicity test 
• general safety test 
• adventitious agents 

test 

 

Omission 
Omission 
Replace in vivo test with 
molecular methods 

 

√ 
√ 
 
√ 

 

√ 
partial 
 
development 

Diphtheria 
Safety: 

specific toxicity 

VERO-cell based method at 
Drug Substance stage; 

removed test at Drug 
Product stage 

 
√ 

 
√ 

 
partial 

 
partial 

Pertussis 
Safety: 

specific toxicity 

CHO-cell based method at 
Drug Substance 

and Drug Product stage 

 
√ 

ongoing 

 
partial 

development 

Oral Polio 
Safety: 

neurovirulence 
Switch from non-human 
primate to transgenic mice 

 
√ 

 
√ 

Inactivated Polio 
Safety: 

inactivation 
Replacement primary 
monkey cells with cell line 

 
√ 

 
partial 

Inactivated Polio Potency Switch to in vitro √ partial 

Inactivated Rabies Potency Switch to in vitro √ development 

Inactivated Hep. A Potency Switch to in vitro √ √ 

Inactivated Hep. B Potency Switch to in vitro √ √ 

Inactivated H. 
influenzae Potency Switch to in vitro √ √ 

Human Papilloma Potency Switch to in vitro √ √ 

Diphtheria and 
Tetanus Potency 

Serology instead of lethal 
endpoints 

Use single dilution assay 

 
√ 

√ 

 
partial 

partial 
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Table 2. Examples of in vitro methods for the analysis of vaccines/antigens. The application of 
these tests in accordance to the consistency approach can replace, reduce or refine the use of 
animal-based methods. Adapted from [86]. 
 
 
 

 
 

Analytical methods allow the characterization and quantification of intermediate and 
final products [88]. Colorimetric and separation techniques (such as mass 
spectrometry, electrophoresis and chromatography) are used to measure the 
concentration of polysaccharides, proteins and nucleic acids. Immunochemical 
assays, such as ELISA and immunoblotting, can assess the presence, conformation 
and characteristics of the antigens. A limitation of many of these methods is that 
adjuvants present in the formulations can cause interference. In these cases, the 
analysis of adjuvanted vaccines requires a desorption step in which the adjuvant is 
removed, a process that can diminish the quantity or quality of the antigen [89]. 

Cellular methods include in vitro assays that can determine the immunological and 
adverse properties of a vaccine or antigen – without the use of animals [90]. These 
assays fall in two categories: (i) those assessing the activation of an innate immune 
response – through PRR stimulation, cytokine production or expression of co-
stimulatory molecules – and (ii) those evaluating the induction of an adaptive 
response – through evaluation of antibody production or of T cell functionality. 
Naturally, the complexity of the immune systems in an organism can hardly be 
replicated. However, the use of several in vitro modules allows us to mimic parts of 
the immune response and study their interaction following stimulation with the 
vaccine [90–97]. 
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Viral vaccine models 

In this thesis, we explored the applicability of in vitro immunochemical techniques 
and cell-based immunological assays for the assessment of viral vaccines in the 
development, production and batch release phases, using Tick-Borne Encephalitis 
vaccine and whole inactivated influenza vaccine as models. 

Tick-Borne Encephalitis 

Tick-borne encephalitis (TBE) is the most important tick-transmitted neurological 
disease in Central and Eastern European countries and in Russia. TBE has a biphasic 
course: first, an influenza-like stage arises, usually followed by an asymptomatic 
period. In 33% of the cases, the disease progresses due to the infection of the central 
nervous system, which can lead to long-term sequelae or even death [98–100]. TBE 
is caused by the tick borne encephalitis virus (TBEV), belonging to the Flaviviridae 
family and transmitted to humans predominantly by bites from infected ticks [101]. 
TBEV is an enveloped virus with 3 structural proteins, of which two are surface 
proteins: the large envelope protein E and the small membrane protein M. Inside the 
viral envelope is the nucleocapsid, which includes the capsid protein C and the viral 
genome, consisting of a single-stranded positive-sense RNA molecule of about 11 
kb [102] (Figure 4). 

In Europe and Asia, the 3 subtypes of the virus are reported to cause about 13.000 
human cases of TBE annually, although this number is probably underestimated 
[103]. No specific antiviral treatment is available to date, and active immunization is 
the most effective way to prevent the disease. In Europe, two vaccines are available: 
FSME-IMMUN (Pfizer) and Encepur (GlaxoSmithKline). They both contain an 
inactivated European subtype of TBEV: the Neudörfl strain for the FSME-IMMUN and 
the K23 strain for Encepur. Both vaccines confer cross-protection, preventing not 
only the disease by the European subtype but also by the other subtypes. The 
production method is the same for both vaccines: the virus is grown on primary 
chicken embryo fibroblasts, purified by centrifugation and ultrafiltration and 
inactivated by formaldehyde. The final formulation contains the adjuvant aluminum 
hydroxide [104]. For a complete vaccination, three doses are required. The TBE 
vaccine is an example of successful empirical vaccine design: its immunogenicity is 
proven by the near eradication of the disease in countries where mass vaccination 
was implemented [105,106]; yet, besides the induction of a humoral response, 
relatively little is known about how the vaccine interacts with the immune system 
[107]. This is in part due to the fact that the sensing of the live virus itself is poorly 
understood, with unclear involvement of the different PRRs [108,109]. 
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Currently, lot-release testing for the TBE vaccine requires extensive use of animal-
based assays, in particular of lethal challenge tests: 4-5 dilutions of each new vaccine 
batch are prepared and administered to groups of mice (minimum 6 animals per 
group), which are then challenged. The animals are observed for 3 weeks, and the 
number of mice that die in the period between 7 and 21 days after the challenge is 
recorded to calculate the potency of the vaccine; this must fall within a range defined 
by a reference batch of proven effectiveness. Even for the determination of the 
challenge dose, a large number of animals (at least 4 groups of 10 mice) is required 
[71]. The implementation of the consistency approach, involving several in vitro 
assays – including cell-based tests – would comply with the 3R concepts of 
replacement or reduction of animal-based testing. To do so, however, it is necessary 
to understand the interaction of the vaccine with cells of the innate immune system. 

 

Figure 4. Schematic structure of the tick-borne encephalitis virus. The main antigen 
consists of the envelope protein, which is involved in receptor binding (to candidate receptors 
laminin-binding protein and αVβ3 integrin), fusion with endosomal membranes and entry, 
resulting in the release of the genomic RNA into the cytosol [110,111]. The viral genome is 
proposed to trigger the activation of several PRRs [109]. Image created with BioRender. 
 

Influenza 

Influenza virus is responsible for acute respiratory epidemics, resulting in 290.000 to 
650.000 deaths annually worldwide, and occasional pandemics, associated with high 
mortality rates [112,113]. The virus belongs to the Orthomyxoviridae family, and 
presents a lipid envelope and a genome consisting of 8 single-stranded, negative-
sensed RNA segments (viral ribonucleoproteins, vRNPs). Transmission occurs by 
direct contact with infected secretions or contaminated surfaces, or inhalation of 
aerosols. The virus replicates in the upper respiratory tract, with epithelial cells being 
the main targets [114]. 
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Influenza viruses are divided in types A, B, C, and D; only A and B types infect humans, 
and the influenza A virus accounts for the majority of infections and the severest 
disease. Type A is furthermore classifiable in several subtypes, characterized by 
different combinations of the principal antigens, hemagglutinin (HA) and 
neuraminidase (NA), two membrane-bound glycoproteins [115]. The high mutation 
frequency of the virus accounts for the need of yearly vaccinations.  

Currently, influenza vaccine is available in two forms: an inactivated preparation and 
a live-attenuated influenza vaccine [116]. Several types of inactivated vaccines are 
produced: whole virus vaccines, split virus vaccines and subunit vaccines (Figure 5). 
Whole inactivated virus vaccines consist of virus culture subsequently inactivated by 
chemical agents or physical treatments. In split vaccines the virus has been disrupted 
by a detergent, while in subunit vaccines HA and NA have been further purified by 
removal of other viral components. Live-attenuated influenza vaccines, instead, are 
based on temperature-sensitive variant strains [117]. 

 

 

Figure 5. Influenza vaccine formulations. Influenza vaccines currently licensed are 
predominantly inactivated (whole, split or subunit) or live attenuated [118] (see text for detail). 
Image created with BioRender. 
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Contrary to TBEV, influenza virus has been studied for more than a century [119], and 
its interaction with the innate and adaptive immune system has been extensively 
investigated – resulting in tens of thousands of research articles, compared to (only) 
hundreds for TBEV. Yet again, some of the processes involved in influenza vaccine 
development and production are based on common practices instead of scientifically 
based analyses. Such is the case for a crucial step in influenza vaccine preparation, 
the chemical inactivation of virus particles: a systematic characterization of 
inactivation-induced modifications to the immunochemistry of the vaccine is yet to 
be presented. International guidelines specify the limits of concentration of the 
inactivating agents to be used, but leave the optimization of important parameters 
(whose effect on the inactivation process is unclear) to the manufacturers [120–122]. 
Analytical and cell-based assays could provide insights for influenza vaccine 
development and production, yielding more informative results than animal-based 
data alone. 
 

Outline of this thesis 

In this introduction, the main themes of this thesis were presented: the 
understanding of the vaccine-host interaction and its exploitation for the study, 
development and production of safer and more potent vaccines – without the use of 
animals. 

In the first three experimental chapters, we studied the responses of the human 
immune system to TBE vaccine formulations, whose mechanisms of interaction with 
the host remain unclear. 

In Chapter 2, we characterized the responses of primary human immune cells to 
adjuvanted and non-adjuvanted TBE vaccine formulations. Furthermore, we assessed 
the cell subsets responsible for vaccine sensing and the components of the TBE 
vaccine required to induce the observed responses. 

In Chapter 3, we applied the knowledge gained in Chapter 2 on the interaction 
between the TBE vaccine and human immune cells to develop a cell-based assay that 
could be used in a panel of in vitro methods to replace in vivo potency testing in a 
quality control setting. To do so, we first aimed to establish a suitable cellular 
platform, for which primary immune cells and cells derived from an immune cell line 
were considered and compared in their responses to the vaccine formulations. 
Secondly, we evaluated potential biomarkers for their ability to distinguish between 
high- and low-quality batches. Finally, the robustness and sensitivity of the assay 
were tested. 
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In Chapter 4, we used the optimized cellular platform described in Chapter 3 to 
further analyze the TBE vaccine-innate immune system interaction, with the objective 
of identifying molecular pathways and pattern recognition receptors involved in the 
sensing of the vaccine. Furthermore, to define components the integrity of which 
should be retained upon inactivation to preserve the immunogenicity of the 
preparation, we compared the innate responses to the replicating and the inactivated 
virus. 

In Chapter 5, we compared the properties of replicating and inactivated influenza 
virus in vitro to optimize the inactivation procedure for vaccine production. In this 
study, we assessed the effect of different inactivation methods on several influenza 
virus strains by characterizing the immunochemical properties of the viral particles. 

Lastly, in Chapter 6 the findings of this thesis are summarized and discussed in the 
context of vaccine development and implementation of the 3R approach, with the 
perspective of delivering improved vaccines and reducing the need of animal-based 
tests.  
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Abstract 

The tick-borne encephalitis virus (TBEV) causes different symptoms in humans, 
varying from asymptomatic infection to severe encephalitis and meningitis, 
suggesting a crucial role of the host immune system in determining the fate of the 
infection. There is a need to understand the mechanisms underpinning TBEV-host 
interactions leading to protective immunity. To this aim, we studied the response of 
human peripheral blood mononuclear cells (PBMCs) to the whole formaldehyde 
inactivated TBEV (I-TBEV), the drug substance in Encepur, one of the five 
commercially available vaccines. Immunophenotyping, transcriptome and cytokine 
profiling of PBMCs revealed that I-TBEV induces differentiation of a subpopulation 
of plasmacytoid dendritic cells (pDCs) that is specialized in type I interferon (IFN) 
production. In contrast, likely due to the presence of aluminum hydroxide, Encepur 
vaccine was a poor pDC stimulus. We demonstrated that I-TBEV-induced type I IFN, 
together with Interleukin 6 and BAFF, is critical for B cell differentiation to 
plasmablast, as measured by immunophenotyping and immunoglobulin production. 
Robust type I IFN secretion was induced by pDCs with the concerted action of both 
viral E glycoprotein and RNA. E glycoprotein neutralization or high temperature 
denaturation and inhibition of Toll-like receptor 7 signaling confirmed the 
importance of preserving the functional integrity of these key viral molecules during 
the inactivation procedure and manufacturing process to produce a vaccine able to 
stimulate strong immune responses.  

 

Keywords: Tick-borne encephalitis virus; TBE vaccine; peripheral blood mononuclear 
cells; pDC; B cells; IFN  
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Introduction 

Tick-borne encephalitis (TBE) is a severe neurological disease caused by tick-borne 
encephalitis virus (TBEV), a single-stranded, positive-sensed RNA virus belonging to 
the Flaviviridae family. Being poorly adapted to humans, TBEV can lead to a variety 
of clinical manifestations ranging from mild fever to severe neurological illness with 
a high risk for long-lasting sequelae and with high mortality rate [1]. Endemic 
throughout forested areas of Europe and Asia, TBEV is considered an emerging 
pathogen because of its expansion into new geographical regions and increased 
incidence of human infections [2]. TBEV is a zoonotic agent whose transmission cycle 
involves the Ixodes tick, that acts as both vector and reservoir, and small mammals 
(rodents or shrews) as reservoir and amplifying host, while humans are accidental 
hosts. Taxonomically, three subtypes of TBEV exist: the European (TBEV-Eu), the Far-
eastern (TBEV-FE) and the Siberian (TBEV-Sib) subtypes, which are all closely related 
both genetically and antigenically [3].Currently, there is no specific treatment for TBE, 
and it is therefore extremely important to prevent infection by vaccination [4]. Five 
licensed vaccines have been developed by formalin inactivation of different TBEV 
subtypes. In particular, two European vaccines are available: FSME-IMMUN (Pfizer, 
USA), prepared from the Neudoerfl strain of the European subtype [5], and Encepur 
(GSK), based on the Karlsruhe (K23) strain [6,7]. These vaccines have been used for 
more than 30 years and are highly effective in preventing TBE although a booster 
vaccination is foreseen after 3-5 years [5]. 

Despite TBE clinical importance, many aspects of TBEV infection and pathogenesis 
remain unclear. Therefore, investigating the human immune response to the virus is 
important to gain further understanding into treatment and prevention of the 
disease. As for other viral families and several flaviviruses, the innate host defense 
mostly depends on the antiviral activity of a heterogeneous group of cellular antiviral 
proteins that include virus sensors and intra- and extracellular signal mediators such 
as type I IFN [8]. Indeed, the IFN response is a fundamental part of the innate immune 
system due to its capacity to activate the expression of several genes, known as IFN-
stimulated genes (ISGs). These in turn interfere with the virus lifecycle at the level of 
transcription, translation, genome replication, assembly and exit, and stimulate 
subsequent adaptive immune responses [9,10]. The importance of this pathway for 
controlling flavivirus replication has been previously assessed by Lindqvist et al. in 
the CNS, where astrocytes mount a rapid IFN response to restrict viral spread [11]. 
Several studies further sustained the relevance of the IFN pathway by showing that, 
in different populations, predisposition to severe forms of TBE and susceptibility to 
TBEV-induced disease are associated with single nucleotide polymorphism and 
intronic polymorphism in IFN and ISGs [12–14]. Notwithstanding, for TBEV, the 
antiviral type I IFN response is not well characterized in humans, although this virus 
was used as model of infection in the first IFN studies [15]. 
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In the present study we focused on the interaction of human immune cells with the 
TBE vaccine, Encepur, as well as with the single components present in the final 
formulation of the product, including the inactivated, non-replicating TBEV. In 
particular, human peripheral blood mononuclear cells (PBMCs) or purified 
plasmacytoid dendritic cells (pDCs), main producers of type I IFN [16], were used to 
analyze both the innate and adaptive immune response against TBEV in an in vitro 
setting. In addition, the impact of viral RNA as well as TBEV E glycoprotein was 
studied to evaluate the contribution of these viral pathogen-associated molecular 
patterns to PBMC stimulation. Our results highlight the crosstalk between pDCs and 
B cells in mounting an anti-TBEV response in a type I IFN-dependent manner, and 
reveal a key role of TBEV molecules, namely the E glycoprotein and viral RNA, in 
activating pDCs and establishing the antiviral immune response. 
 

Materials and Methods 

Reagents 

The Toll-like receptor (TLR)7/8 antagonist, ODN 2087, was purchased from Miltenyi 
Biotech, (Bergisch Gladbach, Germany). Single-chain Fragment variable – Fragment 
crystallizable antibodies (scAb) specific for TBEV E glycoprotein, B7 and G7 clones, or 
non-specific as A10 clone were generated by Yumab (Braunschweig, Germany) and 
provided by GSK.  

Vaccine samples 

Encepur vaccine (GSK) is manufactured using the TBEV-Eu strain K23, that is 
inactivated with formaldehyde and then purified on sucrose gradient. The active drug 
substance of Encepur is the inactivated TBEV, herein named I-TBEV, whose content 
in a vaccine dose is 1.5 μg (3 μg/ml) [17,18]. The excipient matrix (herein named 
excipient), containing aluminum hydroxide, possesses physiochemical properties and 
chemical composition similar to the drug product but does not contain the I-TBEV, 
thus was used as vaccine control. A 2.1% low-endotoxin sucrose (Sigma-Aldrich, St. 
Louis, USA) solution was prepared in RPMI 1640 medium (BioWhittaker Europe, 
Verviers, Belgium) and used as control for I-TBEV (herein named sucrose). Where 
indicated, I-TBEV was altered by heat treatment at 42°C for 4 weeks or at 100°C for 
15 minutes.  

Isolation and stimulation of PBMCs and pDCs 

Istituto Superiore di Sanità Review Board approved the use of PBMCs from healthy 
volunteers (CE/13/387) for this study. No informed consent was given, since 
anonymous blood bags were kindly donated by the Blood Transfusion Service and 
Hematology department of Umberto I Hospital (Rome, Italy). 
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PBMCs were collected from healthy donors and isolated and cultured at 2x106/ml as 
described [19]. pDCs were purified from isolated PBMCs as previously described [20]. 
The purity of the recovered cells was greater than 95% as assessed by flow cytometry 
analysis with an anti-BDCA4 monoclonal Ab (Miltenyi biotech). Isolated pDC were 
plated at a density of 1x106/ml and, for each experimental condition, 1x105 pDC were 
used. For pDC or monocyte cell depletion, PBMCs were subjected to positive sorting 
using anti-BDCA-4 (CD304) or anti-CD14 conjugated magnetic microbeads (Miltenyi 
Biotech), respectively. The eluates, containing depleted populations, were collected. 
Whole PBMCs were stimulated with the 1:12.5 and 1:50 dilutions of Encepur and I-
TBEV corresponding to 0.24 µg/ml and 0.06 µg/ml of antigen, respectively. The same 
dilutions were used for the excipient and sucrose solution. The TLR7/8 ligand 
Resiquimod (R848, 5 µM, Invivogen San Diego, CA) was used as positive control. Cells 
were stimulated for the indicated time, supernatants collected, and RNA extracted 
for further analyses. Where indicated, cells were also pre-treated for 30 minutes at 
37 °C with 1 µM TLR 7/8 antagonist ODN 2087 (Miltenyi Biotech) prior to I-TBEV 
stimulation. Where specified, I-TBEV was incubated with scAb (0.15, 0.3 or 0.6 µg/ml) 
against TBEV for 30 minutes at 37 °C before PBMC treatment. 

Flow cytometric analysis  

Monoclonal Abs specific for CD14, CD19, CD38, CD27, PD-L1, CD80, CD86, IL-T7, 
HLA-DR, CD123 as well as IgG1 or IgG2a isotype controls were purchased from BD 
Biosciences (San Diego, CA, USA), BDCA2 from Biolegend (Fell, DE), BDCA4 from 
Miltenyi Biotech and IgM by Jackson Laboratories (Bar Harbour, Maine, USA). To 
establish viability of cells and to exclude dead cells from flow cytometry analysis 
Fixable Viability Dye eFluor780 (FvDye) (eBioscience, San Diego, CA, USA) was used 
as previously described [19]. Briefly, cells (105 for PBMCs and 5x104 for isolated pDCs) 
were incubated with monoclonal Abs at 4°C for 30 min and then fixed with 2% 
paraformaldehyde before analysis on a Gallios cytometer (Beckman Coulter). Data 
were analyzed by Kaluza software (Beckman Coulter). The expression of cell surface 
molecules was evaluated using the median fluorescence intensity (MFI) after 
subtraction of the values of the isotype Ab controls. Only cells present in the viable 
cell gate were considered for the analysis.  

Detection of cytokines, chemokines and immunoglobulins  

Supernatants from cell cultures were harvested after stimulation as described and 
stored at -80°C. The release of IFN-α (PBL assay science, NJ, USA), total IgM and IgG, 
(Bethyl Laboratories, Inc., Montgomery, TX, USA) and CXCL10 (R&D Systems, 
Minneapolis, MN, USA) was measured by specific ELISA kits. The production of 
Interleukin-8 (IL-8), IL-6 and Tumor Necrosis Factor-Alpha (TNF-α) was quantified by 
Cytometric Bead Assay (BD Biosciences, San Diego, CA, USA). 
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RNA purification and RT-qPCR 

RNA was isolated from PBMCs using TRIzol® Reagent (Invitrogen, Life Technologies) 
according to the manufacturer’s instructions. Reverse transcription and quantitative 
PCR assay were performed as previously described [21]. Primers used for IFNA 
(corresponding to the common sequence of the 12 IFN-α subtypes), IFNB1, 
Cytomegalovirus Induced Gene 5 (CIG5), Myxovirus Resistance Protein-1 (MxA), B-
Cell-Activating Factor (BAFF), TATA-Box Binding Protein (TBP) and Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH) were previously described [21–24], while 
those for B-Lymphocyte-Induced Maturation Protein 1 (BLIMP1) and X-Box-Binding 
Protein 1 (XBP1) were as follows: 

 
The expression of IFNL1, 2'-5'-oligoadenylate synthetase 1 (OAS1) and IFN 
Regulatory Factor (IRF) 7 was analyzed by specific TaqMan® assay (Thermofisher 
Scientific) and TaqMan Universal Master Mix II (Thermofisher Scientific) as previously 
described [25]. Transcript expression was normalized to the GAPDH or TBP level 
quantified by threshold cycle (Ct) by using the equation 2-ΔCt; the values are means 
± SD of triplicate determinations. 

Droplet digital polymerase chain reaction (ddPCR).  

Viral RNA was isolated from I-TBEV by QIAamp Viral RNA Mini Kit (Qiagen) following 
manufacturer’s instructions (except for the incubation period with the lysis buffer, 
which was extended to 1 h). The Primescript RT Reagent kit (Takara, Saint-Germain-
en-Laye, France) was used for the reverse transcription of the isolated RNA. 

The ddPCR was performed following the instructions of the manufacturer using 
ddPCR Supermix for Probes (no dUTP), a Droplet Generator, PCR Plate Sealer, 
Thermal Cycler with 96-Deep Well Reaction module and QX200 Droplet Digital PCR 
System (all Bio-Rad, Hercules, CA). TBEV-specific primers and probe used to amplify 
the viral RNA were previously described [26]. 

Statistical analysis 

Statistical analysis was performed using One-way Repeated-Measures ANOVA when 
three or more stimulation conditions are compared. The pairwise comparisons were 
carried out by the use of post-hoc approaches for multiple comparisons. A two-tailed 
paired Student’s t-test was used when only two stimulation conditions are compared. 
In all the cases above, a p value <0.05 was considered statistically significant.  

Gene Primer forward Primer reverse 

BLIMP1 TGCGGATATGACTCTGTGGA ACGTGTGCCCTTTGGTATGT 

XBP1 TCTGGCGGTATTGACTCTTC GAGAAAGGGAGGCTGGTAAG 
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Results 

Encepur vaccine and I-TBEV differentially promote cytokine and 
chemokine production in human PBMCs 

As cytokines and chemokines produced by innate immune cells play a key role in the 
first line of defense against viruses, we investigated whether the Encepur vaccine or 
its components would be able to stimulate in PBMCs the secretion of selected soluble 
immune mediators, namely IL-6, IL-8, IFN-α and CXCL10 (Fig. 1). Of note, the TBE 
vaccination status of the blood donors employed in the present study was unknown; 
however, given the absence of national recommendation and the low incidence of 
TBE in the Italy, it is highly unlikely that the donors had been previously exposed to 
the virus or the vaccine [27]. Encepur is composed by the non-replicating inactivated 
TBEV (I-TBEV) adsorbed on aluminum hydroxide in presence of sucrose as stabilizer. 
Accordingly, we compared the effects induced in PBMCs by Encepur and the single 
components, namely I-TBEV, excipient containing aluminum hydroxide and sucrose. 
After 24 hours of PBMCs stimulation, I-TBEV promoted high levels of IL-6, IFN-α and 
CXCL10 while Encepur stimulated only IL-8 secretion to a similar extent as the 
excipient, thus suggesting that the latter is the major inducer (Fig. 1 A-D). No 
significant modulations in cytokine and chemokine release were found in 
supernatants of sucrose-stimulated PBMCs. To understand whether this profile might 
be related to differences in cell viability, PBMCs were stained by FvDye to evaluate 
the percentage of the dead cells by flow cytometric analysis (Table S1). Although cell 
death was slightly higher in PBMCs treated for 24 hours with Encepur and excipient 
matrix compared to I-TBEV and sucrose, the majority of cells remained viable in all 
conditions, thus indicating that differences in cytokine and chemokine profile did not 
arise from discrepancies in cell viability. 

Given the well-characterized interference of aluminum hydroxide with the detection 
of soluble proteins [28], experiments were performed to evaluate whether this was 
occurring in our experimental system. The potential interfering effect of the excipient 
matrix was investigated by ELISA on IFN-α production, whose expression mirrored 
those of CXCL10 and IL-6. Having found that no technical interference was observed 
when excipient was also added to the IFN-α ELISA standard (data not shown), we 
then investigated whether a biological interference might occur during the in vitro 
stimulation of PBMCs with I-TBEV. Interestingly, when I-TBEV was used in 
combination with either Encepur or the excipient matrix, type I IFN release was 
strongly affected (Table S2). To investigate whether aluminum hydroxide could also 
interfere at transcriptional level we also studied gene expression of IFNA in the 
aforementioned conditions (Fig. 1E). qPCR analysis shows that Encepur stimulates 
only a modest IFNA expression after 24 hours, while with I-TBEV an increase in 
transcription was observed already after 4 hours and increased at 24 hours (Fig. 1E). 
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A similar expression profile was also found for IFNB, while IFNL1 showed slower 
kinetics of induction, being transcribed only at 24 hours (Fig. 1E). The expression of 
canonical ISGs, such as MxA and IRF-7, and others previously shown to be involved 
in the response against TBEV such as CIG5 (Viperin) and OAS1 [9,29,30], was then 
analyzed. In line with the IFN data, all the studied ISGs were induced by I-TBEV only 
(Fig. 1F). In an attempt to detect low copy numbers of MxA mRNA possibly induced 
by Encepur, highly sensitive digital PCR approach was applied. Yet, also in this case, 
no MxA expression could be detected (data not shown). 

 

Figure 1. Cytokine and chemokine release in PBMC cultures stimulated with Encepur and 
single vaccine components. PBMCs were stimulated for 4 and 24 hours with inactivated TBEV 
(I-TBEV), Encepur, excipient and sucrose (dilution 1:12.5 and 1:50) or left untreated (NS). The 
production of IL-6 (A), IL-8 (B), IFN-α (C) and CXCL10 (D) was tested by cytometric bead assay 
or ELISA in 24 hour-collected supernatants. The results shown were mean values ± SEM of 6 
independent experiments. P value for IL-6: *p= 0.003; **p= 0.008. For IL-8: *p= 0.04; **p= 0.02; 
***p= 0.02; ****p= 0.001. For IFN-α: *p= 0.002; **p= 0.03; ***p= 0.01. For CXCL10: *p= 0.01; 
**p= 0.04; ***p= 0.03. 

IFN-α 
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Figure 1 (continues from previous page). (E-F) 
Relative expression of IFNA, IFNB, IFNL1 (at 4 hours, 
grey bars and 24 hours, black bars) and of CIG5, MxA, 
OAS1 and IRF7 (at 24 hours) in PBMCs left untreated 
(NS) or stimulated with I-TBEV, Encepur, excipient and 
sucrose (dilution 1:12.5 and 1:50) was measured by 
qPCR analysis. All quantification data are normalized to 
GAPDH level by using the equation 2-ΔCt. The results 
shown were mean relative values ± SEM of 4 
independent experiments. P-values for IFNA: *p= 
0.005; **p= 0.02. P-values for IFNB: *p= 0.05; **p= 0.04. 
P-values for IFNL1*p= 0.002; **p= 0.001. P-values for 
CIG5: *p= 0.01; **p= 0.02. P-values for MxA: *p= 0.004; 
**p= 0.01; ***p= 0.009; ****p= 0.05. P-values for OAS1: 
*p= 0.001; **p=0.006. P-values for IRF-7: *p= 0.001; 
**p=0.006.  

4 h 
24 h 
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In vitro B cell differentiation and Ig production promoted by I-TBEV 
was absent in Encepur stimulation 

As an efficient viral vaccine should promote a robust Ab response that specifically 
recognizes and neutralizes pathogens, we evaluated B cell differentiation in our 
PBMC-based in vitro setting after a 10-day stimulation with Encepur and its 
components (Fig. 2A). The results showed that a dose-dependent increase in total 
IgM and IgG production was detected in I-TBEV-stimulated PBMCs, while only low 
release was found in response to Encepur and, as expected, to excipient and sucrose. 
In line with these data, flow cytometric analysis revealed that I-TBEV significantly 
increased the differentiation of both IgM+ and IgG/IgA+ producing 
CD19+CD27++CD38++ plasmablasts, while only a low stimulation occurred in 
response to Encepur (Fig. 2B and C and Table S3). 

Subsequently, the expression of BAFF, a cytokine contributing to B cell proliferation 
and differentiation, and of the two transcription factors BLIMP1 and XBP1, also 
playing a role in plasma cell differentiation, was analyzed following 1, 3, 7 and 10 
days of stimulation. Different kinetics of expression were observed with BAFF mRNA 
being detectable only in 1- and 3-day I-TBEV-stimulated PBMC cultures and BLIMP1 
and XBP1 being expressed only at 7 and 10 days. In contrast, no increase in 
expression of these genes was induced by Encepur, excipient matrix or sucrose. R848, 
a TLR7/8 ligand used as positive control of TLR-driven B cell differentiation, showed 
a similar expression pattern as that induced by I-TBEV (Fig. 2D). 

 

 

Figure 2. Ig production and B cell differentiation after PBMC stimulation with Encepur 
and the single vaccine components. (A) PBMCs were stimulated with R848 (5 µM), I-TBEV, 
Encepur, excipient and sucrose (dilution 1:12.5 and 1:50) or left untreated (NS). The production 
of total IgM and IgG was measured by ELISA in supernatants of PBMC cultures stimulated for 
10 days. The results shown were mean values ± SEM of 6 independent experiments for IgM 
and 4 independent experiments for IgG. P-values for IgM: *p= 0.01; **p= 0.04. P-value for IgG: 
*p= 0.03. (B) Representative dot plots of flow cytometry gating strategy. PBMC were firstly 
gated by forward (FSC) and side scatter (SSC), then CD19+ cells were further gated on live cells. 
Within the B cell population, plasmablasts were identified as CD27hiCD38hi expressing IgM or 
IgG/IgA. (C) The percentage of CD27hiCD38hi plasmablasts and IgM+ or IgG/IgA+ plasmablasts 
was assessed by cytofluorimetric analysis of PBMCs stimulated for 10 days with R848 (5 µM), 
I-TBEV, Encepur, excipient and sucrose (dilution 1:12.5) or left untreated (NS) as described in 
B. A representative experiment out of 5 independent experiments performed is shown. 
Numbers in the dot plots are the percentage of live-gated cells positive for 
CD19+CD27++CD38++ (upper panels). In the lower panels, the percentage of IgM+ or IgG/IgA+ 
plasmablasts is shown. 
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Figure 2 (continues from previous page). (D) Relative expression of BLIMP1, BAFF and XBP1 
in PBMCs left untreated (NS) or stimulated with R848 (5µM), I-TBEV, Encepur, excipient and 
sucrose (dilution 1:12.5) for 1, 3, 7 and 10 days was measured by qPCR analysis. All 
quantification data are normalized to TBP level by using the equation 2-ΔCt. The results shown 
were mean relative values ± SEM of 3 independent experiments. P-value for BLIMP1: *p= 0.03. 
P-value for XBP-1: *p= 0.03. 

 

TLR7 triggering is involved in pDC activation and type I IFN release by 
I-TBEV 

We next sought to identify other immune cells that can sense the presence of viral 
RNA via TLR7/8, namely monocytes and pDCs [30], and that can contribute to TLR7-
driven B cell-mediated immune response via IL-6, BAFF and IFN-α production [31,32]. 
To this aim, we compared the levels of IFN-α released in response to I-TBEV in total 
PBMCs and PBMCs depleted of either pDCs (PBMC-pDC) or monocytes (PBMC-Mo) 
(Fig. 3A). Increase in IFN-α levels was poorly induced in PBMC-pDC and moderately 
induced in PBMC-Mo, indicating pDCs and monocytes as the most prominent 
contributors of IFN-α in our system. 
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To verify the TLR7/8 involvement in TBEV-driven effects on innate immune response 
we used a synthetic antagonist (ODN 2087) – which specifically binds to and blocks 
TLR7/8 activity – in combination with the I-TBEV treatment. As shown in Figure 3B, 
the specific inhibition of TLR7/8 strongly reduced TBEV-driven production of type I 
IFN, thus confirming the crucial role of TBEV RNA in triggering innate immune 
responses through recognition by TLR7/8-mediated pathway. The results shown in 
Figure 3A-B prompted us to further investigate the response of isolated pDCs to I-
TBEV stimulation (Fig. 3C). As expected, I-TBEV promoted a robust production of IFN-
α in pDCs, which was significantly reduced in presence of ODN 2087, confirming that 
this cell type can sense I-TBEV via TLR7. Interestingly, flow cytometric analysis of co-
stimulatory/maturation-related (CD80, CD86, HLA-DR) and inhibitory (PD-L1, ILT7) 
markers as well as lineage-specific (BDCA2, BDCA4) molecules showed that I-TBEV 
induced a cell diversification preferentially towards a subpopulation specialized in 
type I IFN production (called P1-pDC, 41.22% of total BDCA4+ pDC) (Fig. 3D). 

This population was already described in other infection settings [31] and is 
characterized by the exclusive expression of PD-L1 (defining marker for P1-pDC) and 
absence of CD80 (Fig. 3D). The presence of the TLR7/8 inhibitor reduced the 
percentage of P1-pDC to a level similar to unstimulated cells (19.57%), while 
promoting the differentiation towards P2-pDC, a subset that expresses both PD-L1 
and CD80 and that has reduced ability to produce type I IFN but displays adaptive 
functions [31] (Fig. 3D). This phenotypic diversification was also supported by the 
exclusively increased expression of the maturation markers HLA-DR and CD86, 
besides CD80, in I-TBEV-treated pDCs exposed to TLR7/8 inhibitor. PDL1+ P1-pDC 
are instead characterized by lower levels of the inhibitory molecules BDCA2 and ILT7, 
known to dampen type I IFN release upon TLR-induced pDC activation [32,33] (Fig. 
3D, lower panels and Fig. S1). 

Another interesting piece of data, again in accordance with the stimulus-specific 
specialization of pDCs towards IFN-producing cells in the presence of I-TBEV, 
emerged from the analysis of the pro-inflammatory cytokines TNF-α and IL-6 in pDC 
culture supernatants (Fig. 3E-F). Both TNF-α and IL-6, factors normally released 
during DC maturation, are poorly induced by I-TBEV. Conversely, in the presence of 
TLR7/8 inhibitor, pDCs displayed the adaptive P2-pDC profile with strong release of 
these cytokines, thus suggesting that an autocrine or paracrine IFN-α response could 
control the pDC pro-inflammatory cytokine profile.  
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Figure 3. Identification and characterization of cell populations responsible for type I 
IFN production in PBMCs. (A) Total PBMCs or PBMCs depleted of either pDCs (PBMC-pDC) 
or monocytes (PBMC-Mo) were left untreated (NS) or stimulated with I-TBEV for 24 hours. The 
production of IFN-α was measured in culture supernatants by ELISA. The results shown were 
mean values ± SEM of 3 independent experiments. (B) IFN-α production was measured by 
ELISA after 24 hours in supernatants from untreated, R848-stimulated (5 µM) or I-TBEV-treated 
(1:12.5) PBMCs – alone or in combination with the TLR-7/8 inhibitor ODN 2087. The results 
shown were mean values ± SEM of 3 independent experiments. P-values for IFN-α: *p= 0.01; 
**p= 0.02. (C-F) Isolated pDCs were left untreated (NS) or stimulated for 24 hours with I-TBEV 
alone or in combination with the TLR-7/8 inhibitor ODN 2087. The production of IFN-α (C) 
was measured in culture supernatants by ELISA. The results shown are mean values ± SEM of 
3 independent experiments. P-values: *p= 0.02; **p= 0.02. (D) Isolated pDCs were stained with 
the indicated markers. A total of 50.000 cells were analyzed per sample by flow cytometry to 
identify the pDC subpopulations in BDCA4+ pDC. A representative pDC subpopulation profile 
out of 3 different experiments conducted separately is shown: P1-pDC (PD-L1+CD80-) 
indicated in red, P2-pDC (PD-L1+CD80+) in blue. 
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Figure 3 (continues from previous page). The production of TNF-α (E) and IL-6 (F) was 
tested by cytometric bead assay in 24 hour-collected supernatants. The results shown were 
mean values ± SEM of 3 independent experiments. P-values for TNF-α: *p= 0.03; **p= 0.006; 
***p= 0.002. P-values for IL-6: *p= 0.002; **p= 0.0001; ***p= 0.0001. 

 

I-TBEV-stimulated pDCs contribute to total IgM production 

IL-6 and IFN-α display synergistic action on the differentiation of B cells into Ig-
secreting plasma cells [34] and the type I IFN signature is associated with the 
production of neutralizing Ab after vaccination [35,36]. Thus, we evaluated the 
contribution of pDCs in mediating Ig production via IFN-α release in the context of 
in vitro I-TBEV stimulation (Fig. 4). 

PBMCs and PBMCs depleted of pDCs were cultured in presence of I-TBEV and after 
10 days of culture, supernatants were harvested. pDC depletion negatively affected 
I-TBEV capacity to promote IgM release (Fig. 4A), while IgG production was only 
slightly reduced (Fig. 4B). A similar Ab production profile was observed in R848-
treated cultures, thus supporting the hypothesis that that type I IFN released by pDCs 
contributes to TBEV-stimulated induction of IgM. A TBEV-specific Ab production was 
not detectable in this setting, most likely due to the fact that PBMCs were derived 
from TBEV naïve subjects (data not shown). 
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Figure 4. Ig production in PBMCs or PBMCs depleted of pDCs after stimulation with I-
TBEV. Total PBMCs or PBMCs depleted of pDCs (PBMC-pDC) were left untreated (NS) or 
stimulated with R848 (5 µM) and inactivated TBEV (I-TBEV) (dilution 1:12.5) for 10 days. The 
production of either total IgM (A) or IgG (B) was measured in culture supernatants by ELISA. 
The results shown were mean values ± SEM of 3 independent experiments. P-value for IgM: 
*p= 0.03; **p= 0.02. 

 

Heat-treated I-TBEV loses the capacity to stimulate IFN-α and Ig 
production 

In an attempt to identify the viral molecules involved in the interaction of I-TBEV with 
immune cells, we initially studied in PBMCs the effect of the molecular alteration 
generated by I-TBEV heat treatment on both antiviral response and total IgM and 
IgG production. To this end, I-TBEV was incubated for 15 minutes at 100°C or for 4 
weeks at 42°C. Altered I-TBEV preparations were used to stimulate PBMCs in 
comparison with the non-altered I-TBEV. By analyzing type I IFN signaling as readout 
for innate immunity, we observed that both temperature alteration protocols 
significantly impaired the capacity of I-TBEV to stimulate IFN-α secretion (Fig. 5A) 
and, accordingly, MxA gene expression (Fig. 5B) as well as the release of CXCL10, 
being both ISG (Fig. S2A). Well in line with these findings and with a reduced 
expression of IL-6 and BAFF transcripts (Fig S2B and S2C), total IgM and IgG 
production were strongly reduced in PBMCs stimulated with both preparations of 
heat-treated I-TBEV compared to I-TBEV (Fig. 5C). 

Overall, these data indicate that PBMCs can sense alterations of viral antigen induced 
by temperature and that antigen integrity is crucial for the stimulation of both innate 
and adaptive immunity. 
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With TBEV RNA being identified as a key molecule triggering both innate and 
humoral responses, we investigated whether the lack of IFN-α and Ig secretion in 
PBMCs stimulated with heat-treated I-TBEV could be ascribed to degradation of viral 
RNA. Digital PCR analysis was applied on I-TBEV preparations before and after heat 
treatment (Fig. 5D). Interestingly, no modification in viral RNA content among 
untreated or 100°C treated I-TBEV was observed, while a slight reduction occurred 
in 42°C altered I-TBEV. The reduced IFN-α and Ig production elicited by heat-altered 
I-TBEV in spite of the presence of intact viral RNA suggests that RNA molecules are 
necessary but not sufficient by themselves to trigger immune stimulation thus, 
implying that other viral factor(s) are needed to promote pDC and B cell stimulation. 

 

 

Figure 5. Type I IFN, MxA and Ig expression in PBMCs stimulated with I-TBEV altered by 
temperature. PBMCs were left untreated (NS) or stimulated with R848 (5 µM), I-TBEV (dilution 
1:12.5) and I-TBEV altered by treatment for 15 minutes at 100°C (I-TBEV ALT 100°C) or for 4 
weeks at 42 °C (I-TBEV ALT 42°C). (A) The production of IFN-α was measured by ELISA in 
culture supernatants collected after 24 hours. The results shown were mean values ± SEM of 
4 independent experiments. P-values: *p= 0.04. (B) Relative expression of MxA on 24 hours-
collected RNA samples was measured by qPCR analysis. All quantification data are normalized 
to the GAPDH level by using the equation 2−ΔCt. The results shown were mean relative values 
± SEM of 3 independent experiments. P-values: *p= 0.007; **p= 0.01. 
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Figure 5 (continues from previous page). (C) The levels of total IgM and IgG were measured 
by ELISA in culture supernatants collected after 10 days of stimulation. The results shown were 
mean values ± SEM of 3 independent experiments. P-values for IgM: *p= 0.02; **p= 0.03; 
***p= 0.04. P-value for IgG: *p= 0.03. (D) Viral RNA copy number was measured by digital PCR 
analysis on I-TBEV preparations before and after temperature treatment. The results shown 
were mean values ± SEM of 2 independent experiments. 

 

TBEV E glycoprotein is necessary to stimulate pDC and B cell responses  

Given the importance of E glycoprotein for the entry of viral particle into host cells 
[37], we sought to investigate how the neutralization of TBEV E glycoprotein with two 
specific scAb, namely G7 and B7, impacts on type I IFN and Ig release (Fig. 6). In 
addition, a scAb not specific for TBEV, A10, was used to provide a negative control 
not affecting the analyzed parameters. Interestingly, both G7 and B7 scAb drastically 
reduced in a dose-dependent manner the production of IFN-α, with G7 displaying a 
stronger activity than B7 (Fig. 6A). A similar effect was observed in isolated pDCs 
where the neutralization of TBEV E glycoprotein by G7 almost abolished IFN-α 
release (Fig. 6B). This inhibition also impacted the diversification of pDCs into PDL1+ 
IFN-producing P1 subset, completely reverted when E glycoprotein was neutralized 
(Fig. 6C and Fig. S3). Of note, TNF-α production was also drastically reduced when 
TBEV E glycoprotein was neutralized by G7 addition (Fig. 6D). Blocking of TBEV E 
glycoprotein by G7 also affected I-TBEV-dependent Ig production in PBMCs (Fig. 6E-
F), with a significant reduction particularly in IgM release (Fig. 6E). No changes were 
observed using the negative control A10 scAb. 
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Collectively, these data indicate that a cooperation between E glycoprotein and viral 
RNA acting in tandem is crucial for the activation of both anti-viral and humoral 
immune responses induced by TBEV: the E glycoprotein is necessary for binding of 
the virus to the cells allowing/facilitating virus entry and delivery of viral RNA 
molecules to the endosomal compartment for a proper TLR7 stimulation. 

 

 
Figure 6. Impact of TBEV E glycoprotein neutralization on IFN-α and Ig production. Total 
PBMCs or isolated pDCs were left untreated (NS) or stimulated with I-TBEV (dilution 1:12.5) 
alone or in combination either with two single-chain Ab (scAb) blocking TBEV E glycoprotein, 
B7 and G7 or with a scAb non-related to TBEV, A10 clone. Antibody concentrations are 
expressed in µg/ml. (A) The release of IFN-α was measured by ELISA in culture supernatants 
of total PBMCs left untreated (NS) or stimulated for 24 hours with I-TBEV alone or in 
combination either with B7 and G7 or with a non-related scAb A10 clone. The results shown 
were mean values ± standard error of the mean (SEM) of 3 independent experiments. P-values: 
*p= 0.04; **p=0.04; ***p=0.03; ****p= 0.04. (B-D) Isolated pDCs were left untreated (NS) or 
stimulated with I-TBEV alone or in combination either with G7 clone or with A10 clone for 24 
hours. The production of IFN-α (B) was measured by ELISA in culture supernatants. The results 
shown were mean values ± SEM of 3 independent experiments. 
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Figure 6 (continues from previous 
page). (C) pDCs were stained with the 
indicated markers. 50.000 cells were 
analyzed per sample by flow cytometry to 
evaluate the percentage of pDC 
subpopulations. A representative pDC 
subpopulation profile out of 3 different 
experiments conducted separately is 
shown: the P1-pDC (PD-L1+ CD80-) 
population is indicated in red while P2-
pDC (PD-L1+ CD80+) in blue. TNF-α 
production (D) was tested by cytometric 
bead assay in 24 hour-collected 
supernatants. The results shown were 
mean values ± SEM of 3 independent 
experiments. 
 

(E-F) IgM and IgG production was measured by ELISA in supernatants collected from PBMCs 
after 10 days of stimulation. The results are mean values ± SEM of 3 independent experiments 
for IgM and 2 independent experiments for IgG. P-values for IgM: *p= 0.0007; **p=0.03. P-
value for IgG: *p= 0.01. 
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Discussion  

Although vaccination against TBEV is generally considered effective and has 
decreased the incidence of the disease in endemic regions, TBE cases among 
vaccinated subjects have been reported [38–40], thus a better understanding of the 
immune response to the vaccine is critical for identifying reliable correlates of vaccine 
efficacy and key viral immuno-stimulatory molecules. Here, we investigated the 
impact of Encepur, one of the five vaccines currently available, and its single 
components on the stimulation of human PBMCs, where the majority of immune 
cells involved in pathogen recognition and control are present. Despite the 
experimental limitations in studying the formulated vaccine Encepur, likely due to its 
aluminum hydroxide content, we obtained important information on the viral 
components involved in immune cell stimulation when the inactivated virus (I-TBEV) 
was used to stimulate PBMC cultures. 

TBEV E glycoprotein and RNA were found to be crucial for the stimulation of target 
immune cells. Interestingly, previous reports showed that a similar dual stimulation 
of pDCs leading to type I IFN production occurs also with protein A, a surface protein 
from S. aureus, and bacterial DNA [41] as well as in response to whole inactivated 
influenza virus vaccine containing both viral protein and RNA [42]. Based on our data, 
we propose a model in which TBEV E glycoprotein is required for both receptor 
binding and fusion to host cell, thus allowing the viral RNA to reach the endosomal 
compartment for TLR7 stimulation. Given the high degree of amino acid similarity 
among the TBEV strains in the E protein (77–98%), especially in domain III (80–95%) 
[43,44], and being TLR7 a pattern recognition receptor that broadly recognizes single 
strand RNA structures, what we observed with the Karlsruhe (K23) strain, used in 
Encepur, likely also occurs with TBEV strains included in other vaccines.  

The importance of E proteins in TBEV and other flaviviruses has been well 
characterized in the last years [45], while the role of viral RNA in promoting anti-TBEV 
immune response has not been studied so far. Since TBEV is a single-stranded RNA 
virus, we hypothesized that TLR7-driven immunity could be stimulated by I-TBEV, 
that being inactivated by formaldehyde cannot form double stranded (ds)RNA 
structures targeting TLR3. In line with this hypothesis, in murine neurons TLR7 was 
shown to suppress replication of Langat virus (LGTV), a naturally attenuated member 
of TBEV serogroup [46]. Among human TLR7-expressing cells present in human 
PBMCs, pDCs and B cells are particularly responsive to TLR7 agonists, which induce 
important phenotypic and functional changes in these leukocyte populations [47,48]. 
Type I IFN-stimulated antiviral response and IgM and IgG production were 
investigated showing that both cell types were involved in the establishment of I-
TBEV-stimulated immune responses. 
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The analysis of B cell response in PBMCs of TBE vaccine-naïve healthy donors to the 
stimulation with Encepur and its components highlighted that I-TBEV significantly 
promotes B cell differentiation in Ab-producing plasmablasts and, in turn, total IgM 
and IgG production, while Encepur fails to do so in this in vitro setting. Nevertheless, 
anti-TBEV specific Ab could not be detected in our setting, likely due to lack of donor 
exposure to TBEV or to TBE vaccine and, thus, lack of virus-specific memory B cells – 
previously shown to respond more readily to TLR stimulation once the BCR has been 
triggered and the nucleic acid has obtained access to the endosome [49–52]. 
However, B cell differentiation was dependent on type I IFN induction and TLR7-
mediated recognition of viral RNA, which resulted in release of IgM. This was not 
surprising because type I IFN was previously shown to induce TLR7 expression in B 
cells, thereby sensitizing them for TLR7 ligands, which induced naïve B cell 
differentiation into unspecific IgM-secreting cells [52]. In the absence of TLR7 
stimulation and type I IFN, as was observed with Encepur stimulation, no IgM 
secretion was detectable. Since the treatment with the excipient was ineffective in 
modulating both total Ig production and plasmablast differentiation, we concluded 
that in our in vitro setting Al(OH)3, in spite of being used as potent enhancer of anti-
TBEV neutralizing Ab production in vivo [53], alters the B cell immunostimulatory 
effects of Encepur as compared to I-TBEV. Indeed, differently from in vivo 
administration where most antigens can be released from the surface of aluminum 
hydroxide-based adjuvants and rapidly leave the injection site, the presence of 
aluminum hydroxide in cell culture condition could mask important epitopes or 
structures of the antigen necessary for immune cell stimulation. Alternatively, 
aluminum hydroxide could exert inhibitory impact directly on B cell response or via 
a bystander effect on BAFF- or IL-6-producing cells, such as monocytes [22]. 

Conversely, I-TBEV was a strong inducer of CD19+CD27++CD38++ plasmablast 
differentiation via the induction of the transcription factor BLIMP1, and its target 
gene XBP1, and the induction of a favorable cytokine milieu, containing BAFF, IL-6 
and type I IFN. Interestingly, in addition to the well-characterized importance of IL-6 
and BAFF in sustaining B cell-mediated immunity [34,54–56], only recently type I IFN 
has been demonstrated through a systems biology approach to be predictive of an 
immune response in humans vaccinated with yellow fever vaccine YF-17D [57] or 
seasonal influenza vaccine [58]. Transcriptional profiling of total PBMCs from the 
vaccinated subjects showed the modulation of molecules involved in innate sensing 
of viruses as well as transcription factors that regulate type I IFN, thus indicating that 
processes related to innate immunity may have influenced the immunogenicity of 
either vaccine. By depleting PBMCs of pDCs – cells producing high levels of type I 
IFN in response to I-TBEV – a reduction of total Ig production was observed, likely 
conditioned also by the reduced type I IFN levels, in accordance with literature data 
showing the importance of synergistic action of pDC-released IL-6 and IFN-α/β for 
Ig-producing plasma cell differentiation [34]. 
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Moreover, the temperature alteration of I-TBEV likely affects the head to tail dimer 
structure of the native E glycoprotein [59], thus abrogating both expression of type I 
IFN, IL-6 and BAFF and also the stimulatory effects on B cells. Thus, these data are 
also in accordance with previous results showing that, in the presence of RNA 
containing immune-complexes, the pDC-B cell crosstalk leads to B cell expansion 
[60], and support the assumption that release of type I IFN by pDCs could be 
predictive of immunogenicity of vaccines, as influenza virus vaccine [42] and, in our 
case, of I-TBEV [61]. The possibility to monitor type I IFN may have also some 
relevance for setting up a cell-based platform to evaluate in vitro the potency of TBE 
vaccine batches, prior to the aluminum hydroxide adsorption, in order to identify 
low-quality non-compliant batches and, thus, reducing animal testing so far 
mandatory for vaccine batch release. These data could also provide important clues 
for the assessment of critical parameters, namely type I IFN release, that are still not 
well-characterized as putative host-target of viral vaccine. 

In addition, we found that TBEV induces also IFNL1 in human PBMCs mirroring what 
was observed in human medulloblastoma-derived neuronal cell line (DAOY) [9]. 
However, we do not know whether in our experimental model IFNL1 synergizes with 
type I IFN in controlling virus replication or if it acts to dampen the pro-inflammatory 
response [62]. Hence, our study shows that a native TBEV structure and, in particular, 
intact viral RNA and E glycoprotein are not only important for B cell response but 
also critical for pDC activation. In particular, the majority of I-TBEV-treated pDCs 
display a phenotypical diversification towards PD-L1high P1-pDC specialized in type I 
IFN production, showing innate-like specialization [31]. 

When in I-TBEV-treated cultures TLR7/8 signaling was inhibited by a specific 
oligodeoxynucleotide antagonist, pDCs changed their phenotype towards a PD-
L1+CD80+ P2-pDC, more specialized in adaptive function, T cell commitment and 
inflammatory cytokine production. Indeed, pDCs in presence of TLR7/8 inhibitor 
express high level of TNF-α which is known to cross-regulate with IFN-α production 
[63]. When TBEV E glycoprotein was blocked by G7, a specific blocking scAb, the high 
expression of PD-L1 observed in I-TBEV-treated pDCs completely reverted, however 
their phenotype did not turn into adaptive CD80+ P2-pDC indicating that with the 
inhibition of E glycoprotein signaling I-TBEV did not stimulate or activate at all pDCs, 
as instead was observed when TLR7/8 pathway was blocked. These data further 
support our vision that E glycoprotein is necessary to bind host cells allowing viral 
entry and triggering of immune responses. Probably, viral RNA molecules, via TLR7 
stimulation, are mainly responsible for innate functions in pDCs, while other viral 
structures may support the maturation process and adaptive immunity. 
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To our knowledge, here we described for the first time the ability of I-TBEV to 
stimulate pDCs and their role in initiating both antiviral and B cell-mediated immune 
responses via type I IFN production. The combined action of E glycoprotein and viral 
RNA is crucial for a successful pDC activation and type I IFN release, that together 
with TLR7 stimulation promote B cell responses. In order to properly stimulate naïve 
B cell differentiation during the primary vaccination, the TLR7/type I IFN axis needs 
to be preserved in case of a novel manufacturing process of inactivated vaccines or 
simpler vaccine formulation than the current whole inactivated TBEV-based vaccine 
used in this study. 
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Table S3. Percentage of cell subtypes. 

 

 

Figure S1. Phenotypic diversification of human pDCs induced by I-TBEV stimulation. 
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Figure S2. Effect of temperature-altered I-TBEV on CXCL10 and IL-6 production and 
BAFF expression.  

Figure S3. Impact of TBEV E glycoprotein neutralization on phenotypic diversification of 
pDCs. 
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Abstract 

Tick-borne encephalitis (TBE) virus causes a severe disease that can lead to 
permanent neurological complications. The whole inactivated TBE vaccine is highly 
effective, as proven by high seroconversion rates and near eradication of the disease 
in countries where vaccination programs have been implemented. TBE vaccine 
potency testing currently requires the use of in vivo methods that present issues of 
reproducibility as well as animal discomfort. As an alternative, public and private 
entities are currently exploring a batch-to-batch consistency approach which would 
demonstrate conformity of a newly produced vaccine batch with a batch of proven 
in vivo efficacy with respect to a range of in vitro measurable quality parameters. For 
the identification of a suitable cellular platform to be used in a panel of in vitro batch-
to-batch assessments for the TBE vaccine, we exposed human cell-based systems, 
both of primary origin and cell line-derived, to vaccine formulations of high and low 
quality. Following stimulation, cell responses were evaluated by assessing the 
expression of selected genes by qPCR. Our findings show that the expression of 
interferon-stimulated genes differed after treatment with non-adjuvanted vaccine 
batches of different quality in peripheral blood mononuclear cells (PBMCs) and in 
monocyte-derived dendritic cells, but not in monocyte-free PBMC suspensions nor 
in cell line-derived immune cells. These results indicate suitable platforms and 
potential biomarkers for a cell-based assay that, together with other immuno-
chemical analyses, could serve for batch-to-batch assessment of the TBE vaccine, 
reducing (and eventually replacing) in vivo methods for potency testing. 

 

Keywords: Tick-borne encephalitis virus; TBE vaccine; peripheral blood mononuclear 
cells; THP-1; interferon-stimulated genes; qPCR; in vitro  
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Introduction 

Tick-borne encephalitis virus (TBEV) is an arthropod-borne flavivirus endemic in 
forested areas across Europe and Asia, and the etiological agent of a neuroinvasive 
illness that can lead to severe long-term sequelae [1,2]. Approximately 13,000 TBEV-
related cases of human encephalitis and meningitis are reported annually worldwide 
[3,4]. Furthermore, the incidence of the disease has increased by more than 300% in 
Europe and Russia in the last 30 years, because of climate and socio-economical 
changes [5,6]. Existing TBE vaccines are highly immunogenic and provide at least 10 
years of antibody persistence [7] through the induction of envelope protein-directed 
antibodies and of TBEV-specific CD4+ T cells [8]. Endemic countries where vaccination 
measures have been implemented have seen a dramatic decline in the disease, with 
a rate of protection of over 95% [9]. 

Currently, several licensed TBE vaccines are available across central Europe, Russia 
and Asia. All consist of formalin-inactivated whole virus formulations, and differ in 
the viral strains and the excipients used [10]. The European vaccines FSME-IMMUN 
(Pfizer) and Encepur (GlaxoSmithKline) must undergo, before release, mandatory 
batch validation by means of in vivo potency testing, as stated by the European 
Pharmacopoeia [11]. Each newly produced batch is compared to a reference batch 
of proven quality by assessing the protection rate of immunized mice infected with 
a lethal viral dose. The procedure presents conspicuous disadvantages, from causing 
significant pain and distress to a large number of animals, to showing potency 
variations of up to 300% [12]. Additionally, the phylogenetic distance between 
laboratory animals and humans may limit the predictive value of such in vivo tests 
[13]. 

In the context of vaccine potency testing, a “consistency approach” has been 
proposed to replace, reduce or refine the use of animal tests. This approach designs 
a lot-release strategy in which in vivo tests may only be needed for the reference lots; 
in vitro assays can then be used to assess the conformity of new vaccine batches to 
earlier lots of proven safety and efficacy [14]. Nowadays, several in vitro techniques 
provide the opportunity of investigating the functional features of vaccines on 
models for innate or adaptive immune responses [15,16]. Antigen-presenting cells 
(APCs), as the sentinels of the immune system and main targets and vectors of TBEV 
during primary viremia [17], represent an ideal candidate platform for testing 
vaccine-induced innate immune responses. APCs and APC-like cell lines have been 
regularly used to analyze vaccine functions in vitro through multiparametric 
techniques [18–20], and have been shown to respond to vaccines in characteristic 
and vaccine-specific ways [21]. 
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In this study, we aimed to identify a cellular platform that could serve to reproducibly 
assess cellular responses induced by TBE vaccine batches. The cellular platform for 
such an assay should therefore satisfy two criteria: to display up- (or down-) 
regulation of biomarkers indicative of the vaccine quality - with distinctive responses 
to high-quality (conforming to product specification) and low-quality (non-
conforming) vaccine batches - and to respond in a reproducible manner. We 
assessed a human cell line-based system, advantageous for relying on a consistent 
source of cells not subject to donor-dependent variation, and a primary cell-based 
system, that preserves important in vivo properties [22]. The cell activation following 
treatment with TBE vaccine formulations was evaluated in THP-1-derived cells - as 
candidates for cell line-based APC models [23,24] - and in cryopreserved human 
peripheral blood mononuclear cells (PBMCs) and subpopulations derived from these 
cells.  

THP-1-derived cells did not demonstrate TBE vaccine-specific activation and thus 
proved unsuitable for our purposes. In contrast, primary cell-based platforms were 
able to respond specifically to the non-adjuvanted TBE vaccine through increased 
transcription of interferon-stimulated genes. Using selected interferon-stimulated 
genes (ISGs) as biomarkers in PBMCs, we were able to identify differential innate 
responses to conforming and non-conforming vaccine batches, in an assay that is 
highly sensitive to differences in the product formulation. Our results indicate that a 
primary cell-based system can successfully be included in an array of in vitro methods 
for the evaluation of the conformity of TBE vaccine batches. 
 

Materials and Methods 

Vaccines and virus 

Vaccine formulations. Non-adjuvanted TBE vaccine (“NAV”; 60 μg/mL protein) and 
the alum-adsorbed Encepur vaccine (“vaccine”; 3 μg/mL protein, 2 mg/mL aluminum 
hydroxide) were kindly provided by GlaxoSmithKline (GSK, Marburg, Germany). NAV, 
the antigen-containing fraction of the Encepur vaccine, consists of whole, formalin-
inactivated TBEV in a 42% sucrose solution – thus contains virions including structural 
proteins and viral genome. Encepur is prepared from NAV by dilution of the 
inactivated virus and addition of the adjuvant [12]. To produce non-conforming 
batches, NAV was heat-treated at 42°C for 4 weeks or at 100°C for 15 min in glass 
vials (“HT-NAV 42C” and “HT-NAV 100C”, respectively). A 42% low-endotoxin sucrose 
(Sigma-Aldrich, St. Louis, USA) solution in DMEM medium (Gibco, Life Technologies; 
Paisley, UK) was used as control (“matrix”) for NAV, per indications of GSK. A vaccine 
excipient solution was provided by GSK and used as vaccine control (“excipient”). 
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Culture and quantification of TBEV. Live Tick-Borne Encephalitis virus (strain Neudörfl 
H2J) was obtained from the European Virus Archive (Marseille, France). 300 μL of the 
virus seed (104 TCID50/mL) were expanded on Vero E6 cells (ATCC, Rockville, MD), 
grown in DMEM medium (Gibco) supplemented with 10% fetal calf serum (FCS; Life 
Science Production, Bedford, UK) and 1% penicillin/streptomycin (Gibco). The virus 
culture was performed over 21 days, transferring the cell culture supernatant from 
the inoculum in 0.3 * 106 cells to 1 * 106 cells, and then to 2.7 * 106 cells - on days 7 
and 14, respectively. The infectious particles in the supernatant were quantified by 
plaque assay on A549 cells (ATCC), highly susceptible to the virus cytopathic effect 
[25]. Briefly, monolayers of A549 cells cultured in 12-well culture plates were 
inoculated with 10-fold dilutions of TBEV-containing cell supernatants for 4 h at 37°C. 
The cells were overlaid with 2% agarose in 2X MEM medium and incubated for 4 
days at 37°C with 5% CO2. The cells were then fixed with 10% formaldehyde for 1 h, 
the overlay was discarded and the cells stained with crystal violet to visualize the 
plaques. The virus titers were expressed as plaque-forming units (PFU) per mL. 

Cellular platforms 

THP-1 cells. The human monocytic cell line THP-1 (ATCC) was grown in RPMI-1640 
medium (Gibco) supplemented with 10% FCS, 1% penicillin/streptomycin, 1mM 
sodium pyruvate (Gibco) and 50 μM β-mercaptoethanol (Gibco). The cells were either 
used as such or differentiated to a dendritic phenotype (medium supplemented with 
GM-CSF and interleukin-4 (IL-4) (both 1500 U/mL, ProsPec, Rehovot, Israel) added 
every 2 days over a period of 5 days), or a macrophage phenotype (medium 
supplemented with 100 nM phorbol 12-myristate 13-acetate (PMA, ThermoFisher 
Scientific, Waltham, USA) for 48 h, followed by 24 h in PMA-free culture medium). All 
cells were cultured at a density of 0.3 * 106 cells/mL in 24-well plates and incubated 
at 37°C, 5% CO2. 

PBMCs. Buffy coats were purchased from the Dutch blood bank (Sanquin, Groningen, 
The Netherlands) who had obtained consent of the donors to use the cells for 
scientific research. Peripheral blood mononuclear cells were isolated as previously 
described [21]. Briefly, buffy coats were mixed with RPMI-1640 and layered on Ficoll 
Paque (GE Healthcare, Uppsala, Sweden). After centrifugation, PBMC fractions were 
collected and red blood cells lysed with Ammonium-Chloride-Potassium (ACK) lysis 
buffer (ThermoFisher Scientific). PBMCs were then stored in cryopreservation 
medium (90% FCS, 10% DMSO) in liquid nitrogen until needed. PBMCs were thawed 
as previously described [21], and seeded at a density of 2 * 106 cells/mL in 24-well 
plates in RPMI-1640 supplemented with 10% FCS, 50 µM β-mercaptoethanol, and 
1% penicillin/streptomycin. Cells were incubated at 37°C, 5% CO2. 

Monocyte-derived dendritic cells. Monocytes differentiated from thawed PBMCs were 
isolated using an immunomagnetic negative selection kit (MagniSort Human pan-
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Monocyte Enrichment Kit, ThermoFisher Scientific). To obtain immature DCs, 
monocytes were seeded at a density of 1 * 106 cells/mL in 24-well plates and culture 
in medium supplemented with GM-CSF (450 U/mL) and IL-4 (500 U/mL). Fresh 
cytokines were added every 2 days over a period of 6 days. 

Cell stimulation 

Cells were stimulated for 24 or 48 h with the vaccine formulations (or their control 
solutions) at dilutions varying from 1:16 to 1:4000 (equivalent to concentrations from 
4 to 0.015 μg/mL for NAV and from 0.192 to 0.00075 μg/mL for the adjuvanted 
vaccine). Incubation with live TBEV was performed for 24 or 48 h at a multiplicity of 
infection (MOI) of 1, 5, or 10. The TLR7 stimulant Resiquimod (R848; 10 µg/mL; 
Invivogen, Toulouse, France) and human IFNα2a (1000 U/mL; ProsPec) were used as 
positive controls. 

Toxicity determination, surface marker staining and flow cytometry 
analysis 

To determine the effect of the treatments on cell viability, PBMCs and THP-1 cells 
were stained with Viability Fixable Dye (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Briefly, the cells were washed with PBS and resuspended in cold washing 
buffer (1× PBS supplemented with 2% FCS and 1 mM EDTA), then incubated for 15 
min at room temperature with the dye. Cells were then washed, fixed in 200 μL of 4% 
paraformaldehyde (Merck KGaA, Darmstadt, Germany) in PBS for 30 min, washed 
again and finally resuspended in 200 μL of washing buffer for flow cytometry analysis. 
In order to examine the expression levels of selected surface markers in THP-1 cells 
by flow cytometry analysis, APC-labeled recombinant anti-human antibodies (CD11c, 
CD14, CD32, CD299 and CD120c, all from Miltenyi Biotec) were used for staining 
according to the manufacturer’s instructions. All flow cytometry analyses were 
performed on a FACSVerse flow cytometer (BD Pharmingen, San Diego, CA, USA). 
Data were analyzed using the FlowJo software (Tree Star, Inc., Ashland, OR, USA). 

Cell lysis, RNA isolation and RT-qPCR 

To detect changes in the gene expression of stimulated cells, cell lysates of different 
cell subsets were collected and the mRNA levels of selected genes analyzed through 
RT-qPCR. 

Cell lysates. Non-adherent cells in culture supernatants were collected, centrifuged 
(300 g, 10 min) and lysed by adding 350 μL RLT buffer (Qiagen, Hilden, Germany) + 
1% β-mercaptoethanol. The adherent cells were lysed in-well. These lysates were 
then combined and stored at −20°C until further analysis. For what concerns the 
evaluation of gene expression in adherent vs non-adherent PBMC subsets, the 
lysates were instead kept separate. 
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RNA isolation and RT-qPCR. RNA isolation was performed using the RNeasy Mini Kit 
(Qiagen) following the instructions of the manufacturer. cDNA from the isolated RNA 
was generated using the Primescript RT Reagent kit (Takara, Saint-Germain-en-Laye, 
France) according to the manufacturer’s instructions. The cDNA was then analyzed 
by qPCR: the reaction [10 μL 2x ABsolute qPCR SYBR Green Mix (ThermoFisher 
Scientific), 1 μL 10 mM forward primer, 1 μL 10 mM reverse primer, 1.5 μL cDNA and 
6.5 μL H2O] was carried out for 10 minutes at 95⁰C, 40 cycles of 15 seconds at 95⁰C 
and 1 minute at 60⁰C in a CFX96 Touch Real-Time PCR Detection System (Biorad, 
Hercules, CA). The gene expression levels of the target genes were normalized 
against the housekeeping gene GAPDH and quantified relatively to the expression 
levels in non-treated cell cultures (primer sequences shown in Table S1). Data were 
analyzed according to the comparative Ct method [26] and are expressed as fold 
change. 

Statistical Analysis 

Significant differences between the responses to the vaccine formulations and to 
their respective negative controls were determined using the unpaired Student’s t-
test. Significant differences across multiple groups were determined using two-way 
ANOVA, applying correction for multiple testing. A p-value of p < 0.05 was 
considered significant and indicated by *; ** stand for 0.01 and *** for 0.001. 
Statistical analyses were performed with GraphPad Prism version 8.0 (GraphPad 
Software, San Diego, CA, USA). 
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Results 

THP-1 cells do not show specific responses to TBE vaccine formulations 

To develop an in vitro system suitable for assessing the conformity of batches in the 
context of commercial TBE vaccine production, we initially turned to THP-1 cells, a 
human monocytic cell line extensively used to study monocyte or macrophage 
functions [27]. We first determined the viability of THP-1 cells upon stimulation with 
TBE vaccine and non-adjuvanted vaccine (NAV), along with their respective negative 
controls - excipient and matrix (Fig. S1). Cells incubated for 24 hours with equal 
dilutions of vaccine or NAV (and their controls) showed a dose-dependent decrease 
in viability. The antigen concentrations at which vaccine and NAV were tolerated by 
the cells differed – likely due to the presence, in the former, of aluminum hydroxide. 
Even when used at final concentrations as low as 0.2 µg/mL (corresponding to the 
1:16 dilution), the vaccine (and the excipient) induced cell death in >30% of the cells. 
In contrast, NAV (and matrix) was well tolerated even at 5-10 times higher 
concentrations. 

To assess the activation of THP-1 cells by the treatments, the gene expression levels 
of TNF-α and IL-12p40 (indicators of an inflammatory response) and of MxA and 
ISG56 (antiviral genes; transcription of ISG56 has been shown to increase upon 
incubation with live TBEV [28]). While THP-1 cells responded to positive controls 
R848 and IFNα2a, the TBE vaccine and NAV did not induce stronger stimulation than 
their respective controls (Fig. S2A-D). Responses were also evaluated after a longer 
incubation period, yielding similar results (Fig. S3). When exposed to live virus, THP-
1 cells did however show increased expression of TNF-α, ISG56 and MxA (Fig. S4). 
Thus, while the cells do possess the receptor for the entry of TBEV and the machinery 
necessary for responding to the replicating virus, vaccine and NAV were unable to 
trigger these responses. 

To increase the cells’ sensitivity [29–31] and improve the specificity of the responses 
to the TBE vaccine, THP-1 cells were differentiated to dendritic-like (DC) and 
macrophage-like (MΦ) cells (Fig. S5) [23,31,32]. Yet, the responses remained not 
specific: no significant differences between the responses to NAV and matrix were 
found (Fig. S6A, B), nor between the vaccine and excipient (data not shown). From 
these results we concluded that, regardless of their differentiation status, THP-1 cells 
were not suitable for assessing TBE vaccine-induced responses based on the chosen 
markers. 
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Human PBMCs show NAV-specific upregulation of interferon-
stimulated genes 

As THP-1 cells proved to be an unsuitable platform for assessing TBE vaccine-
induced changes in expression of the selected genes, we next turned to primary 
immune cells. The viability of peripheral blood mononuclear cells (PBMCs), isolated 
from a healthy donor and cryopreserved, was evaluated after an incubation of 24 
hours with TBE vaccine and NAV. Of note, the TBE vaccination status of the donors 
in this study was unknown; however, given the absence of a governmental 
recommendation and the very low incidence of TBE in the Netherlands (with a total 
of only 12 cases reported so far), it is highly unlikely that the donors had been 
previously exposed to the virus or the vaccine [33]. Similar to the results obtained in 
THP-1 cells, the tolerability of the vaccine was lower than that of NAV for the same 
antigen content. The vaccine reduced the cell viability by more than 20% when used 
at concentrations higher than 0.012 µg/mL (corresponding to a 1:250 dilution), while 
NAV was well tolerated up to about 1 µg/mL (1:63 dilution in the cell suspension). 
On average, the primary cells exhibited a slightly higher loss in viability as compared 
to THP-1 cells undergoing the same treatment (Fig. S7). 

We next analyzed the effect of vaccine and NAV on the expression of the previously 
selected genes. The vaccine increased the expression levels of IL-12p40, TNF-α, and 
MxA considerably (Fig. 1). However, similarly strong effects were observed for the 
excipient, indicating that the responses were most likely due to the adjuvant rather 
than to the vaccine. In contrast, NAV did exert responses far exceeding those to the 
corresponding matrix control, indicated by a NAV-specific increase in expression 
levels of type I interferon-stimulated genes (ISG) such as ISG56, MxA (Fig. 1C, D) and 
Viperin (data not shown). In contrast, inflammatory responses were not consistently 
induced in a NAV-specific manner. Given the high toxicity – at high antigen 
concentrations – and non-specificity (at low concentrations) of the responses to the 
adjuvanted vaccine, our experiments hereafter focused on the responses induced by 
NAV. To verify the reproducibility of these findings, cryopreserved PBMCs isolated 
from 10 healthy donors were analyzed for their responses to NAV by RT-qPCR 
analysis of the candidate biomarkers ISG56 and MxA (Fig. 2A, B). Even though we 
observed donor-to-donor variability in the degree of cell activation, all donors 
displayed significantly higher ISG56 responses to NAV than to the matrix – with the 
exception of donor #3. Notably, cells from the unresponsive donor also showed 
absent or very limited activation by TLR ligands and IFNα2a, used as positive controls 
(Fig. S8). These results convinced us that, despite the inherent variability in the extent 
of responses, a platform based on cryopreserved primary PBMCs could be used to 
evaluate cell activation by the non-adjuvanted vaccine for tick-borne encephalitis. 
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Figure 1. Gene expression levels of human PBMCs from a healthy donor exposed to TBE 
vaccine or NAV. (A-D) After 24 h of incubation with the indicated stimuli, expression levels of 
IL-12p40, TNF-α, ISG56 and MxA were analyzed by RT-qPCR. Concentration of vaccine and 
NAV is indicated as the dilution factor (v/v) in the medium, and corresponds to 0.75, 3, 12, 48 
and 192 ng/mL for the vaccine and to 0.015, 0.06, 0.24, 1 and 4 μg/mL for NAV. Bars represent 
the mean fold change in gene expression as compared to the non-treated (NT) control +/− 
standard deviation of 3 independent experiments. Levels of significance: *: p ≤ 0.05; **: p ≤ 
0.01 and ***: p ≤ 0.001. 
 

In order to identify the most responsive subpopulation(s) of PBMCs, we assessed the 
upregulation of ISG56 in different cell subsets obtained from two of the pre-screened 
donors (donors #1, medium responder, and #7, high responder; Fig. 2C). First, we 
evaluated the activation of the adherent cells in the PBMC cultures. These cells, which 
largely consist of monocytes [34], displayed upregulated transcriptional levels of 
ISG56 in response to stimulation with NAV, similar to unfractionated PBMC cultures. 
Non-adherent cells present in the culture supernatant, on the other hand, did not 
show NAV-specific IFN responses. Differentiating PBMC-derived monocytes into DCs 
resulted in even stronger upregulation of ISG56 by NAV, compared to unfractionated 
PBMCs or adherent cells. Thus, the capability to respond to NAV resides in the 
myeloid rather than the lymphoid cell population. 
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Figure 2. Responses to non-adjuvanted TBE vaccine in human immune cells from 
multiple donors. (A, B) Expression levels of ISG56 and MxA in 10 donors following NAV (1:250 
v/v; 0.24 μg/mL) and matrix stimulation were analyzed by RT-qPCR. (C) Several cell subsets 
obtained from the PBMCs of donors #1 and #7 were stimulated with NAV (1:250 v/v; 0.24 
μg/mL) and matrix, and the expression levels of ISG56 were analyzed by RT-qPCR. Results 
represent the mean fold change in gene expression as compared to the non-treated control 
+/− standard deviation of 3 independent experiments. Levels of significance: ns: p > 0.05; *: p 
≤ 0.05; **: p ≤ 0.01 and ***: p ≤ 0.001. 

 

NAV-specific responses in primary cells are consistent across batches, 
distinctive of unaltered TBEV antigens and can be used in a highly 
sensitive assay 

We next aimed to determine whether the identified responses were consistent across 
different conforming batches of NAV, and whether the PBMC platform was 
sufficiently sensitive in distinguishing high- and low-quality TBE NAV batches.  
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Seven different batches of NAV induced almost identical levels of upregulation of 
ISG56 and MxA expression in PBMCs from two different donors, indicating high 
consistency of the in vitro responses to conforming products (Fig. 3A, B). We then 
artificially produced, from 4 NAV batches, ‘non-conforming’ batches using two 
different heat treatments, i.e. a 42˚C/4 weeks treatment and a 100˚C/15 min 
treatment, simulating poor NAV handling. These treatments are being investigated 
for their effect on the binding of TBE vaccine-specific antibodies to the antigens [35]. 
Exposure of PBMCs to heat-treated non-conforming NAV batches resulted in 
significantly reduced expression of ISG56 as compared to exposure to conforming 
batches. Changes in the expression of MxA followed a similar trend but were less 
consistent, with non-significant differences between the responses to some 
conforming and heat-treated batches. 

 
Figure 3. Expression of interferon-stimulated genes in human PBMCs treated with 
conforming and non-conforming NAV. Changes in gene expression of ISG56 (A) and MxA 
(B) in donor #4 and #9 following 24 h stimulation with conforming and non-conforming (heat-
treated) NAV batches (1:250 v/v; 0.24 μg/mL) were analyzed by RT-qPCR. NAV batches 1-7 
were used as conforming batches; batches 1-4 were also used to generate two sets of heat-
treated NAV (42°C/4 weeks, 100°C/15 min). Bars represent the mean fold change in gene 
expression as compared to the non-treated control +/− standard deviation of 4 independent 
experiments. Levels of significance: ns: p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01 and ***: p ≤ 0.001. 
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To evaluate the sensitivity of the PBMC platform in identifying differences between 
conforming and non-conforming batches, we created mixtures of the two 
formulations at varying ratios. As a non-conforming formulation, for this assay we 
used a naturally aged (24 months) batch that elicited poor antiviral responses in 
PBMCs of a highly responsive donor (#2), to more closely mimic normally occurring 
non-potent batches. The changes in gene expression of ISG56 show that, at a very 
low concentration (0.06 μg/mL, corresponding to a 1:4000 dilution v/v), the NAV-
induced responses increase linearly with the percentage of conforming batch present 
in the mixtures (Fig. 4). Similar results were obtained assessing the expression of 
CXCL10 (a chemokine found to be upregulated upon stimulation with live TBEV or 
NAV stimulation [28,36]), which was however not evaluated across multiple donors 
and batches. The responses to mixtures with less than 100% conforming NAV 
content were all significantly different to those obtained with the optimal formulation 
(Table S2 and S3). These promising results, if confirmed across multiple donors, could 
deliver an assay able to identify losses of active compound as low as 20%. 
 

 

Figure 4. Responses in PBMCs treated with mixtures of conforming and non-conforming 
NAV. (A, B) Changes in the gene expression of ISG56 and CXCL10 in cells from donor #2 
following 24 h stimulation with mixtures of conforming and non-conforming (naturally aged) 
NAV batches (1:4000 v/v; 0.06 μg/mL) were analyzed by RT-qPCR. % indicates the ratio of 
conforming to non-conforming batch mixture (i.e. 40% = 40% conforming NAV, 60% non-
conforming NAV). Bars represent the mean fold change in gene expression as compared to 
the non-treated control +/− standard deviation of 3 independent experiments.  
 

In conclusion, using the expression of ISG56 as readout, the PBMC-based in vitro 
system here presented responds in a consistent way to multiple conforming NAV 
batches and across multiple (responsive) donors, showing significantly reduced 
responses to non-conforming batches. 
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Discussion 

In this study, we aimed to identify a cellular platform that could be used for assessing 
the conformity of TBE vaccine batches in vitro. We assessed several cell-based 
systems for their capacity to discriminate between altered and non-altered TBEV 
antigens, and to display low variability in their responses. Using RT-qPCR analysis, 
we showed that human peripheral blood mononuclear cells (PBMCs) stimulated with 
non-adjuvanted TBE vaccine (NAV) displayed changes in the expression of several 
ISGs, which were: 1) donor-independent in their upregulation, 2) consistent across 
different batches and 3) significantly (in the case of ISG56) lower in magnitude after 
stimulation with non-conforming batches. These results support the suitability of a 
PBMC-based system for the comparative evaluation of TBE NAV batches in vitro. 

In vitro cell-based systems have been studied extensively for the purpose of vaccine 
assessment, and proposed as a valid replacement method for in vivo potency tests 
[18,21,37–41]. Most of these systems use cell lines, such as MUTZ-3 and THP-1, to 
achieve high reproducibility of the results, a desirable characteristic in a quality 
control setting. Due to earlier discouraging results with MUTZ-3 cells [21], here we 
focused on THP-1 cells as a cell line-based platform for the assessment of vaccine 
batches. These cells have long been used as an in vitro macrophage model and can 
also be differentiated to a DC-like phenotype [31,42–45]. Yet, despite our efforts in 
exploring a variety of stimulation and differentiation conditions, we could not identify 
any TBE vaccine-specific responses in THP-1 cells. The cell line was, however, able to 
display antiviral responses after incubation with live TBEV. Indeed, previous studies 
showed that THP-1 cells are permissive to infection with the virus, but mount lower 
responses to live TBEV than other in vitro platforms [46,47]. Thus, while being a 
valuable antigen-presenting cell model, THP-1 cells appear to be a weak platform for 
investigating live or inactivated TBEV. 

The inability to exert vaccine-specific responses in THP-1 cells prompted us to turn 
to PBMCs as primary cell platform for vaccine screening. We showed that PBMCs, 
frozen immediately after isolation and preserved in liquid nitrogen for extended 
times, after thawing readily responded to exposure to NAV by upregulation of ISG56 
and MxA expression. In a vaccine screening setting, cryopreserved PBMCs are much 
more convenient than freshly isolated ones, as they do not present the disadvantages 
of limited and time-restricted availability or repeated isolation. Contrasting results 
have been reported regarding the effects of cryopreservation on primary cells’ 
responses, with some studies showing retainment of functionality and population 
frequency [48,49] and others indicating differences in cytokine production and gene 
expression [50,51]. 
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Thus, responses identified in freshly-isolated cells should be validated when using 
cryopreserved PBMCs, with particular attention to the cell subset(s) necessary for the 
designed assay. In a head-to-head comparison of monocyte-derived DCs 
differentiated from fresh or frozen PBMCs, Tapia-Calle et al. indicated that 
cryopreservation does not affect the cells’ ability to respond consistently to vaccine 
candidates [21]. The retained functionality of monocytes in cryopreserved PBMCs 
proved to be essential for our assay, as the activation induced by NAV was found to 
be dependent on the responses of the myeloid cell fraction. Cryopreserved PBMCs 
are therefore an advantageous and reliable platform for the in vitro test here 
described. 

A possible problem of using a primary cell-based platform is inter-individual 
variability. In our study, we found that while the responses to the non-adjuvanted 
vaccine differed quantitatively among donors, the changes in expression of ISGs were 
qualitatively consistent and significant compared to non-treated or matrix-treated 
cells. The presence of non-responding donors (in our case, 1 out of the 10 we 
screened) can be an issue when assessing vaccine responses in vitro. However, non-
responders can be identified by the lack of cell activation upon treatment with 
pattern recognition receptor ligands. For using a PBMC-based assay in an industrial 
setting – which requires quantitatively consistent results – donor cells could be pre-
screened, selected based on their responsiveness to reference compounds (such as 
LPS and IFN) and to reference vaccine batches, and then cryopreserved. To further 
mitigate donor-dependent variability, pooling of PBMCs from several donors could 
be implemented, as it has been shown to reduce inter-assay variation in other in vitro 
assays [52,53]. The data presented shows that, among the biomarkers investigated, 
ISG56 performed best with respect to specificity and sensitivity. Further analyses 
focusing on CXCL10 or other interferon-stimulated genes (e.g. ISG15 and ISG54, 
highly upregulated in response to live TBEV [54]) might reveal more promising 
markers for this purpose. 

Our results demonstrate the ability of TBE NAV batches to consistently induce the 
transcription of selected interferon-stimulated genes in human primary cells. Indeed, 
pathway enrichment analysis of microarray data has shown that type I IFN-related 
genes are common early markers in PBMCs stimulated with several viral vaccines 
[55]. In contrast, selected inflammatory markers were not associated with the 
response to NAV, which was unexpected as pro-inflammatory cytokines are often 
upregulated in PBMCs stimulated with whole inactivated vaccines [20,56]. As the 
molecular mechanisms involved in cell activation by TBEV (live or inactivated) are still 
poorly understood [57], the described PBMC platform could be a valuable tool for 
the identification of relevant immune pathways. 
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A limitation of our in vitro system is that it could only assess the quality of the non-
adjuvanted vaccine, and not that of the final vaccine product. The evaluation of the 
adjuvanted TBE vaccine by the PBMC-based platform proved to be unfeasible due to 
the low concentration of viral antigens and, more importantly, the high alum content 
in the adjuvanted formulation. While the adjuvant is safe for human use [58], a 
considerable amount of evidence indicates that aluminum can interfere with in vitro 
assays, and that the toxicity of aluminum hydroxide in cell-based assays can affect 
the viability of the cellular platform [59–62]. Our results show that the PBMC-based 
system could not tolerate the adjuvanted formulation at antigen concentrations 
required for vaccine-specific responses. WHO guidelines indicate that, for nonclinical 
and initial clinical evaluation of aluminum-adjuvanted vaccines, the potency 
assessment may require multiple tests, including potency tests prior to adsorption 
with the adjuvant [63]. The assay here described could therefore be used to evaluate 
the quality of the TBEV antigen in the pre-adsorption product, thereby allowing 
identification of inferior batches for commercial purpose but also for process 
performance qualification before they enter expensive and ethically problematic 
animal testing. 

The importance of cell-based approaches for the quality control of established 
vaccines has been emphasized in recent years by various international organizations 
[64–66]. The concerted efforts of many research groups and consortia (e.g. VAC2VAC, 
a collaborative research project funded by the Innovative Medicine Initiative) has 
resulted in several studies examining replacement, reduction and refinement (3Rs) 
principles in the context of vaccine production [37,40,67]. Indeed, there is growing 
scientific evidence that 3Rs strategies are applicable in vaccine development, 
evaluation and release. The consistency approach facilitates this transition, as it 
designs a lot testing strategy that requires animal tests only for the profile definition 
of the reference product. Then, verification of the conformity between the newly 
produced and the reference batches could be performed through several in vitro 
assays [68]. In this context, our assay could be included in a panel of in vitro analyses 
[35] which can eventually replace animal testing for batch release control. 
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Supplementary data 

 

Table S1. Primer list for the genes assessed through RT-qPCR. 

 

  

Gene Forward Reverse Source 

IL-12p40 CTGCCCAGAGCAAGATGTGTC CATTTCTCCAGGGGCATCCG Own design 

TNF-α ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC Rajput et al., 
MolCanTher (2013) 

ISG56 CCTGGAGTACTATGAGCGGGC TGGGTGCCTAAGGACCTTGTC Holzinger et al., JVirol 
(2007) 

MxA TTCAGCACCTGATGGCCTATC TGGATGATCAAAGGGATGTGG Holzinger et al., JVirol 
(2007) 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA Abubaker et al., PLOS 
One (2013) 
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Figure S1. Viability of vaccine-stimulated THP-1 cells. THP-1 cells were assessed for their 
viability following 24 h incubation with TBE vaccine or non-adjuvanted TBE vaccine (and their 
respective controls, excipient and matrix) by flow cytometry using a Viability Fixable Dye. 
Concentration of vaccine and NAV is indicated as the dilution factor (v/v) in the medium, and 
corresponds to 3, 12, 48 and 192 ng/mL for the vaccine and to 0.06, 0.24, 1 and 4 μg/mL for 
the NAV. Results represent the mean percentage of viable cells +/− standard deviation of 4 
independent experiments.  
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Figure S2. Gene expression levels in THP-1 cells exposed to TBE final vaccine or non-
adjuvanted vaccine (NAV). (A-D) THP-1 cells were exposed to the indicated stimuli for 24 h 
and expression levels of 4 genes representative of inflammatory and antiviral responses (IL-
12p40, TNF-α, ISG56 and MxA) were analyzed by reverse transcription polymerase chain 
reaction (RT-qPCR). Concentration of vaccine and NAV is indicated as the dilution factor (v/v) 
in the medium, and corresponds to 3, 12, 48 and 192 ng/mL for the vaccine and to 0.06, 0.24, 
1 and 4 μg/mL for the NAV. Bars represent the mean fold change in gene expression as 
compared to the non-treated (NT) control +/− standard deviation of 4 independent 
experiments. 
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Figure S3. Gene expression levels of THP-1 cells following 24 h stimulation. Expression 
levels of IL-12p40, ISG56 and MxA were analyzed by RT-qPCR following 48 h incubation with 
the indicated stimuli. Concentrations of vaccine and NAV are indicated as the dilution factor 
(v/v) in the medium, and corresponds to 0.06 and 0.24 μg/mL. Bars represent the mean fold 
change in gene expression as compared to the non-treated control +/− standard deviation of 
3 independent experiments. Pastel-colored bars represent the responses to positive controls 
and NAV, grey bars to the matrix. 

 

 
Figure S4. Gene expression levels of THP-1 cells stimulated with live TBEV. Expression 
levels of IL-12p40, TNF-α, MxA and ISG56 were analyzed by RT-qPCR following 24 and 48 h 
incubation with live TBEV at different multiplicities of infection (MOI). Bars represent the mean 
fold change in gene expression as compared to the non-treated control +/− standard 
deviation of 3 independent experiments. 
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Figure S5. Differentiation of THP-1 cells. THP-1 cells were differentiated to DC-like and MΦ-
like cells and differentiation was assessed via flow cytometry by analyzing the expression of 
the surface markers associated with the DC-or MΦ-like phenotype. The graph depicts the 
mean percentages of positive cells for the different markers +/− standard deviation of 3 
independent experiments. 
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Figure S6 (in previous page). Gene expression levels of NAV-stimulated dendritic-like 
and macrophage-like THP-1 cells. (A, B). Differentiated THP-1 cells were exposed to the 
indicated stimuli for 24 h and expression levels IL-12p40, TNF-α, ISG56 and MxA were analyzed 
by RT-qPCR following 24 h incubation with the cell treatments.Concentration of NAV is 
indicated as the dilution factor (v/v) in the medium, where 1:1000, 1:250, 1:63 and 1:16 
correspond to 0.06, 0.24, 1 and 4 μg/mL. Bars represent the mean fold change in gene 
expression as compared to the non-treated control +/− standard deviation of 3 independent 
experiments. Pastel-colored bars represent the responses to positive controls and NAV, grey 
bars to the matrix. 

 

 

Figure S7. Viability of TBE vaccine-stimulated human PBMCs. Cells were assessed for their 
viability following 24h incubation with TBE vaccine or NAV (and their respective negative 
controls, excipient and matrix) by flow cytometry. Concentration of vaccine and NAV is 
indicated as the dilution factor (v/v) in the medium, and corresponds to 0.75, 3, 12, 48 and 192 
ng/mL for the vaccine and to 0.015, 0.06, 0.24, 1 and 4 μg/mL for the NAV. Results represent 
the mean percentage of viable cells +/− standard deviation of 3 independent experiments. 
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Figure S8. Gene expression levels in PBMCs stimulated with positive controls. PBMCs 
from a non-responder (donor 3) and a responder (donor 7) were analyzed for changes in 
expressions of IL-12p40 and ISG56 by RT-qPCR, following 24 h incubation with the positive 
controls R848, LPS and IFNα2a. Bars represent the mean fold change in gene expression as 
compared to the non-treated (NT) control +/− standard deviation of 3 independent 
experiments.Supplementary Table 2. Tukey’s multiple comparisons test for assessing the 
sensitivity of the assay using ISG56 as biomarker. 

  

NT
R84

8
LPS

IFNα
2a NT

R84
8

LPS

IFNα
2a

0.1

1

10

100

1000
Fo

ld
 c

ha
ng

e
IL-12p40
ISG56Donor 3 Donor 7



 

100 
 

   

Ch
ap

te
r 3

 

Table S2. Tukey’s multiple comparisons test for assessing the sensitivity of the assay 
using ISG56 as biomarker. 

 

 

 

Tukey's multiple 
comparisons test Mean Diff. 95,00% CI of diff. Significant? Summary Adjusted P Value 

NT vs. 0% -2 -8,418 to 4,418 No ns 0,9194 

NT vs. 20% -6,74 -13,16 to -0,3222 Yes * 0,0374 

NT vs. 40% -12,5 -18,92 to -6,085 Yes *** 0,0003 

NT vs. 60% -16,43 -22,85 to -10,01 Yes **** <0,0001 

NT vs. 80% -25,25 -31,67 to -18,83 Yes **** <0,0001 

NT vs. 100% -32,03 -38,44 to -25,61 Yes **** <0,0001 

0% vs. 20% -4,74 -11,16 to 1,678 No ns 0,2127 

0% vs. 40% -10,5 -16,92 to -4,085 Yes ** 0,0014 

0% vs. 60% -14,43 -20,85 to -8,012 Yes **** <0,0001 

0% vs. 80% -23,25 -29,67 to -16,83 Yes **** <0,0001 

0% vs. 100% -30,03 -36,44 to -23,61 Yes **** <0,0001 

20% vs. 40% -5,763 -12,18 to 0,6545 No ns 0,0896 

20% vs. 60% -9,69 -16,11 to -3,272 Yes ** 0,0027 

20% vs. 80% -18,51 -24,93 to -12,09 Yes **** <0,0001 

20% vs. 100% -25,29 -31,70 to -18,87 Yes **** <0,0001 

40% vs. 60% -3,927 -10,34 to 2,491 No ns 0,3891 

40% vs. 80% -12,75 -19,16 to -6,329 Yes *** 0,0002 

40% vs. 100% -19,52 -25,94 to -13,11 Yes **** <0,0001 

60% vs. 80% -8,82 -15,24 to -2,402 Yes ** 0,0057 

60% vs. 100% -15,6 -22,01 to -9,179 Yes **** <0,0001 

80% vs. 100% -6,777 -13,19 to -0,3588 Yes * 0,0361 
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Table S3. Tukey’s multiple comparisons test for assessing the sensitivity of the assay 
using CXCL10 as biomarker. 

 

 

 

Tukey's multiple 
comparisons test Mean Diff. 95,00% CI of diff. Significant? Summary Adjusted P Value 

NT vs. 0% -7,617 -38,01 to 22,78 No ns 0,9696 

NT vs. 20% -31,10 -61,49 to -0,7025 Yes * 0,0437 

NT vs. 40% -55,08 -85,48 to -24,69 Yes *** 0,0005 

NT vs. 60% -87,05 -117,4 to -56,66 Yes **** <0,0001 

NT vs. 80% -129,8 -160,2 to -99,42 Yes **** <0,0001 

NT vs. 100% -184,9 -215,3 to -154,5 Yes **** <0,0001 

0% vs. 20% -23,48 -53,87 to 6,914 No ns 0,1782 

0% vs. 40% -47,47 -77,86 to -17,07 Yes ** 0,0020 

0% vs. 60% -79,44 -109,8 to -49,04 Yes **** <0,0001 

0% vs. 80% -122,2 -152,6 to -91,81 Yes **** <0,0001 

0% vs. 100% -177,3 -207,6 to -146,9 Yes **** <0,0001 

20% vs. 40% -23,99 -54,38 to 6,408 No ns 0,1632 

20% vs. 60% -55,96 -86,35 to -25,56 Yes *** 0,0005 

20% vs. 80% -98,72 -129,1 to -68,33 Yes **** <0,0001 

20% vs. 100% -153,8 -184,2 to -123,4 Yes **** <0,0001 

40% vs. 60% -31,97 -62,36 to -1,576 Yes * 0,0370 

40% vs. 80% -74,73 -105,1 to -44,34 Yes **** <0,0001 

40% vs. 100% -129,8 -160,2 to -99,39 Yes **** <0,0001 

60% vs. 80% -42,76 -73,16 to -12,37 Yes ** 0,0048 

60% vs. 100% -97,82 -128,2 to -67,42 Yes **** <0,0001 

80% vs. 100% -55,05 -85,45 to -24,66 Yes *** 0,0005 
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Abstract 

Tick-borne encephalitis virus (TBEV) causes an inflammation of the central nervous 
system. The disease can be effectively prevented by whole inactivated virus vaccines. 
Here, we investigated the innate immune profile induced in vitro by the main 
component of the vaccines, inactivated TBEV (I-TBEV), to gain insights into the 
mechanism of action of the TBE vaccine as compared to the live virus. To this end, 
we exposed human peripheral blood mononuclear cells (PBMCs) to inactivated and 
live TBEV and assessed cell responses by RNA sequencing. Both inactivated and live 
TBEV induced an interferon-dominated gene signature, and an increase in the 
expression of RIG-I-like receptors (RLRs). Using pathway inhibitors, we assessed the 
involvement of pattern recognition receptors in the sensing of inactivated or live 
TBEV. Only inhibition of the RLR signaling pathway suppressed the downstream 
cascade induced by I-TBEV, while responses to the replicating virus were impacted 
by the inhibition of both RIG-I-like and Toll-like receptors. Our results show that 
inactivated and live TBEV induced predominantly an interferon response in our in 
vitro PBMC platform, and indicate RLRs as the main pattern recognition receptors 
involved in I-TBEV sensing. These insights could be useful for the quality control of 
TBE vaccine batches and provide guidance for the design of other viral vaccines. 

 

Keywords: Tick-borne encephalitis virus; TBE vaccine; peripheral blood mononuclear 
cells; RNA sequencing; interferon; RIG-I; TLR  
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Introduction 

Tick-borne encephalitis is an inflammation of the central nervous system caused by 
the tick-borne encephalitis virus (TBEV), a flavivirus endemic in parts of Europe and 
Asia [1]. The virus is responsible for thousands of cases of human encephalitis every 
year, and its incidence in Western Europe has been growing in the past decades [2,3]. 
Currently, there are no specific treatments for TBE, but inactivated virus vaccines 
containing aluminum hydroxide as adjuvant are available and effectively prevent 
infection [4]. Their use has led to successful containment of the disease in countries 
with high vaccination coverage [5]. 

In our previous studies, we showed that the main component of the vaccines – 
chemically inactivated TBEV (I-TBEV) – induces interferon (IFN) responses in 
peripheral blood mononuclear cells (PBMCs) and plasmacytoid dendritic cells (pDCs), 
as well as B cell activation [6]. Moreover, the I-TBEV-induced antiviral state correlated 
well with the quality of the formulation, as non-conforming (heat-treated) I-TBEV 
failed to activate PBMCs to a similar degree as the conforming (high quality) I-TBEV 
[7]. While the development of adaptive responses has been investigated (showing 
the induction of envelope protein-directed antibodies and of TBEV-specific CD4+ T 
cells), a full picture of the innate immune responses induced by the TBE vaccine is 
yet to be presented [8]. A better overview of the molecular pathways involved could 
shed light on the mechanisms that contribute to a protective immune response, as 
well as delineate vaccine-induced innate immune functions associated with favorable 
vaccination outcome. 

Several studies have highlighted how the specific innate immune pathways activated 
by certain vaccine components, such as viral RNA, can determine the efficacy of a 
vaccine [9–11]. Our earlier results revealed an increase in the expression of IFN-
stimulated genes, but not of selected pro-inflammatory molecules, in I-TBEV-
stimulated cells [7]. Here, we aimed to fully characterize the innate immune signature 
and identify the molecular factors – specifically the pattern recognition receptors 
(PRRs) and immune signaling pathways – involved in the stimulation of human 
primary cells by I-TBEV. To this end, we exposed human PBMCs to I-TBEV (of high or 
low quality) or live TBEV and assessed the response by RNA sequencing. Our results 
show that TBEV (live or inactivated) induced a distinct interferon-dominated 
signature in PBMCs, while inflammatory responses were regulated in a highly 
selective manner. Using pathway-specific inhibitors and reporter cell lines, we 
demonstrated the involvement of RIG-I-like receptors (RLRs) in the initiation of the 
antiviral response for I-TBEV and live TBEV, with the latter being able to also trigger 
selected Toll-like receptors (TLRs). 
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This study brings new insights into the innate immune response elicited and the 
signaling pathways engaged by live TBEV and by the inactivated virus – the primary 
constituent of the TBE vaccine. 
 

Materials and Methods 

Vaccine and virus 

Vaccine formulations. K23 formalin-inactivated TBEV (“I-TBEV”; 60 μg/mL protein) 
was kindly provided by GlaxoSmithKline (GSK, Marburg, Germany). I-TBEV, the 
antigen-containing fraction of the Encepur vaccine, consists of whole, formalin-
inactivated TBEV in a 42% sucrose solution. To produce non-conforming batches, a 
strategy that has been shown to reduce binding by TBEV-specific antibodies [12] was 
followed: I-TBEV was heat-treated at 42°C for 4 weeks in glass vials (“HT I-TBEV”). A 
42% low-endotoxin sucrose (Sigma-Aldrich, St. Louis, USA) solution in DMEM 
medium (Gibco, Life Technologies; Paisley, UK) was used as control (“matrix”), per 
indications of GSK. 

Culture and quantification of TBEV. Live TBEV (strain Neudörfl H2J) was obtained from 
the European Virus Archive (Marseille, France). 300 μL of the virus seed (104 
TCID50/mL) were expanded on Vero E6 cells (ATCC, Rockville, MD) for 21 days, 
transferring the cell culture supernatant from the inoculum in 0.3 * 106 cells to 1 * 
106 cells, and then to 2.7 * 106 cells – on days 7 and 14, respectively. The infectious 
particles in the supernatant were quantified by plaque assay on A549 cells (ATCC) 
which are highly susceptible to the virus cytopathic effect [13]. Briefly, monolayers of 
A549 cells cultured in 12-well culture plates were inoculated with 10-fold dilutions 
of TBEV-containing cell supernatants for 4 h at 37°C. The cells were overlaid with 2% 
agarose in 2X MEM medium and incubated for 4 days at 37°C with 5% CO2. The cells 
were then fixed with 10% formaldehyde for 1 h, the overlay was discarded and the 
cells stained with crystal violet to visualize the plaques. The virus titers were 
expressed as plaque-forming units (PFU) per mL. 

Cells 

PBMCs. Buffy coats were purchased from the Dutch blood bank (Sanquin, Groningen, 
The Netherlands) who had obtained consent of the donors to use the cells for 
scientific research. It should be noted that the TBE vaccination status of the donors 
in this study was unknown; however, given the absence of a governmental 
recommendation and the very low incidence of TBE in the Netherlands (with a total 
of only 12 cases reported so far), it is highly unlikely that the donors had been 
previously exposed to the virus or the vaccine [14]. Peripheral blood mononuclear 
cells were isolated as previously described [15]. 
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Briefly, buffy coats were mixed with RPMI-1640 (Gibco, Life Technologies; Paisley, 
UK) and layered on Ficoll Paque (GE Healthcare, Uppsala, Sweden). After 
centrifugation, PBMC fractions were collected and red blood cells lysed with 
Ammonium-Chloride-Potassium (ACK) lysis buffer (ThermoFisher Scientific, 
Waltham, USA). PBMCs were then stored in cryopreservation medium (90% FCS, 10% 
DMSO) in liquid nitrogen until needed. For the experiments, PBMCs were thawed as 
previously described [15], and seeded at a density of 2 * 106 cells/mL in 24-well plates 
in RPMI-1640 supplemented with 10% fetal calf serum (FCS; Life Science Production, 
Bedford, UK), 50 µM β-mercaptoethanol, and 1% penicillin/streptomycin (all from 
Gibco). Cells were incubated at 37°C, 5% CO2. 

Reporter cells. HEK-Blue™ cells (InvivoGen, Toulouse, France) co-express PRRs and an 
NF-kB-inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene that 
can be monitored using the detection medium QUANTI-Blue™. Human HEK-Blue™ 
TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, TLR9, NOD2 cells (and parental Null1 and Null2 
cells) were cultured at 37 °C in 5% CO2 according to the manufacturer’s instructions. 
50.000 cells/well were plated in a 96-well plate and stimulated. After 48 h of 
incubation, 50 µl of supernatant were added to 150 µl of QUANTI-Blue™. After 30 min 
of incubation at 37 °C, the plates were read in an ELISA reader (630 nm). Results are 
expressed as relative activation of cells in comparison to the activation level obtained 
upon stimulation with 2.5 μg/mL of TNF-α (ProsPec, Rehovot, Israel), which was set 
as 100%. 

Cell stimulation 

PBMCs and reporter cell lines were stimulated for 24 or 48 h with I-TBEV, HT I-TBEV 
(or the matrix control) at dilutions from 1:4000 to 1:16 (equivalent to antigen 
concentrations from 0.015 – 4 μg/mL). Incubation with live TBEV was performed for 
24 or 48 h at a multiplicity of infection (MOI) from 1 to 100. 

Inhibitors. Amlexanox and BX795, inhibitors for TBK1/IKKε (kinases involved in the 
RLR pathway), and Pepinh-MYD, an inhibitor peptide for MyD88 (signal transducer 
for TLR pathways), were used to pre-treat the cells for 1 or 6 h at 37 °C in 5% CO2 
before subsequent stimulation with I-TBEV or positive controls. All inhibitors were 
purchased from Invitrogen, and used at a concentration of 50 µg/mL (Amlexanox), 2 
µM (BX795) and 10 µM (Pepinh-MYD). 

Positive controls. TLR7 ligand R848 (10 μg/mL) and poly(I:C)-HMW/LyoVec (0.5 
μg/mL) (both from Invitrogen) were used as controls to assess the stimulation of the 
cell platforms. 
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Cell lysis and RNA isolation 

To detect changes in the gene expression of stimulated cells, cell lysates of PBMCs 
were collected and the mRNA isolated for subsequent analysis by RT-qPCR or RNA 
sequencing. Cells were lysed by adding 350 μL RLT buffer (Qiagen, Hilden, Germany) 
+ 1% β-mercaptoethanol. The lysates were then stored at −20°C until further 
analysis. RNA isolation was performed using the RNeasy Mini Kit (Qiagen) following 
the instructions of the manufacturer. 

RT-qPCR 

cDNA from the isolated RNA was generated using the Primescript RT Reagent kit 
(Takara, Saint-Germain-en-Laye, France) according to the manufacturer’s 
instructions. The cDNA was then analyzed by qPCR: the reaction (10 μL 2x ABsolute 
qPCR SYBR® Green Mix (ThermoFisher Scientific), 1 μL 10 mM forward primer, 1 μL 
10 mM reverse primer, 1.5 μL cDNA and 6.5 μL H2O) was carried out for 10 minutes 
at 95⁰C, 40 cycles of 15 seconds at 95⁰C and 1 minute at 60⁰C in a CFX96 Touch Real-
Time PCR Detection System (Biorad, Hercules, CA). The gene expression levels of the 
target genes were normalized against the housekeeping gene GAPDH and 
quantified relatively to the expression levels in non-treated cell cultures (primer 
sequences shown in Table S1). Data were analyzed according to the comparative Ct 
method [16] and are expressed as fold change. 

RNA Sequencing 

Library preparation and next generation sequencing (NGS). All NGS experiments 
(performed on RNA isolated from PBMCs of a healthy donor) were conducted by 
QIAGEN Genomic Services, using the QIAseq UPX 3' Transcriptome Kit. Sequence 
reads were mapped to the human genome (version: hg38, annotation: NCBI RefSeq 
GRCh38.p11) using CLC Genomics Workbench (version 12.0.4) and CLC Genomics 
Server (version 11.0.3). This resulted in a table with gene count data for 54.362 genes 
and 24 samples. 

Data analysis. Gene count data were further analyzed in R statistical software (version 
3.6.2, www.r-project.org) using the following packages: DESeq2, limma, gplots, and 
rgl. Genes that had zero counts in all samples were considered unexpressed and 
discarded from further analysis. Gene count data were normalized using a variance 
stabilizing transformation (VST) on the remaining genes. Differentially expressed 
genes were selected by one-way ANOVA. p-values were corrected for multiple 
testing using the Benjamini-Hochberg False Discovery Rate (FDR). Genes were 
considered differentially expressed if they had an FDR ≤ 5% and a Fold Change (FC) 
≥ 2 (determined as the maximum vs minimum average group value across the 
groups). 

http://www.r-project.org/
http://www.r-project.org/
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Differences in gene expression compared to the control group were visualized by a 
heatmap combined with hierarchical clustering (using Euclidean distance and Ward.D 
linkage) as well as by Principal Component Analysis (PCA). Functional annotation and 
over-representation analysis of DEGs was carried out by using DAVID [17]. Additional 
functional analyses were conducted using the software packages Cytoscape plug-in 
ClueGO [18,19], Ingenuity Pathway Analysis (IPA, QIAGEN Inc. 
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) and 
Reactome [20]. 

Quantification of cytokines and chemokines 

Culture supernatants were harvested after 24 hours of PBMCs stimulation with I-
TBEV, HT I-TBEV, matrix (all diluted at 1:250 v/v) and live TBEV (MOI of 10) and stored 
at -80°C. The production of CXCL-10, MCP-1, and IL-8 was quantified by Cytometric 
Bead Assay (BD Biosciences, San Diego, CA, USA) according to manufacturer 
instructions. 

Statistical Analysis 

Statistically significant differences were determined using the unpaired Student’s t-
test. Statistically significant differences across multiple groups were determined 
using two-way ANOVA, applying correction for multiple testing. A p-value of p < 0.05 
was considered significant and indicated by *; ** stand for 0.01 and *** for 0.001. 
Statistical analyses were performed with GraphPad Prism version 8.0 (GraphPad 
Software, San Diego, CA, USA).  

https://www.qiagenbioinformatics.com/products/
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Results 

RNA-Seq identifies an I-TBEV-specific signature in human 
PBMCs 

We previously showed the importance of type I IFN in the establishment of TBE 
vaccine-induced immune response [6]. Here, we further investigated the molecular 
factors and pathways involved in the innate response to the TBE vaccine by analyzing 
the transcriptional profile induced by its main component, whole inactivated TBEV 
(I-TBEV), in PBMCs from a healthy donor. The PBMCs, isolated and kept in liquid 
nitrogen until use, were thawed and stimulated for 24 hours – unless otherwise 
specified – with high quality (conforming) I-TBEV, non-conforming (heat-treated) I-
TBEV (HT I-TBEV), matrix and live TBEV or left untreated. For each treatment group, 
5 replicates were included (except for the non-stimulated control group, consisting 
of 4 replicates), their RNA was extracted and RNA sequencing (RNA-Seq) was 
performed. Gene expression was quantified with sequencing reads mapped to the 
human genome. Variance-stabilizing normalized gene read counts were used to 
identify differentially expressed genes (DEGs) following treatment (see Materials and 
Methods). Two RNA-Seq analyses were conducted: one examining the responses in 
cells treated with I-TBEV, HT I-TBEV, matrix or not stimulated (Analysis 1, Figure 1 
and 2), and one comparing the transcription profiles of I-TBEV-treated, live TBEV-
treated and untreated cells (Analysis 2, Figure 3 and 4). We will first focus on the 
results from Analysis 1. 

Among the four treatment groups, 333 genes were considered differentially 
expressed based on the specified threshold level (fold change ≥ 2 and false discovery 
rate ≤ 5% for the average expression across the different groups). 264 genes (79.3%) 
were found to be upregulated upon I-TBEV treatment, and 69 (20.7%) were 
downregulated. Principal component analysis (PCA) of differentially expressed genes 
(Fig. 1A) showed a distinct profile for all I-TBEV samples, while samples in the matrix 
and HT I-TBEV groups clustered closer to the non-stimulated (control) group. Upon 
further selection of DEGs with a strong change in expression compared to the control 
group (minimal fold change of 2), 255 genes were found to be uniquely represented 
in the I-TBEV group; in the matrix and control groups, instead, only very few genes 
showed more than 2-fold changes in expression (Fig. 1B). A heatmap representation 
of the differences in expression of all 333 DEGs demonstrates that I-TBEV triggered 
stronger up- or downregulation of DEGs (compared to the non-stimulated cells) than 
treatments with HT I-TBEV or matrix (Fig. S1 for sample-specific responses, Fig. 1C 
for the average profile per treatment group). Interestingly, although HT I-TBEV 
induced a quantitatively weak response compared to treatment with I-TBEV, the 
profiles of up- and down-regulated genes were qualitatively similar for the two 
formulations. This was not the case for the matrix control. 
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Three main gene clusters were identified by hierarchical clustering (see below for 
detailed pathway analysis), and selected genes within each cluster were chosen for 
validation by RT-qPCR. Fold change in gene expression was assessed in 3 donors 
(including the donor used for RNA-Seq analysis, donor #1) (Fig. 1D). The RNA-Seq 
results were confirmed, as the RT-qPCR data for the three donors showed 
comparable I-TBEV-induced upregulation of the genes in the clusters A and B, and 
downregulation of genes in cluster C, despite the expected donor-dependent 
differences in the extent of responses. Thus, the responses identified in the NGS 
analysis were proven to be valid and not donor-specific. 

We also assessed, in PBMCs from 4 additional donors, the cell responses at the 
protein level after 24 h treatment with I-TBEV, HT I-TBEV, matrix and in untreated 
cells (Fig. S2). While not statistically significant, a trend became apparent in which 
cell incubation with I-TBEV resulted in increased MCP-1, IL-8 and CXCL10 production 
compared to non-stimulated and matrix-stimulated cells. HT I-TBEV treatment 
resulted in responses mostly below those to I-TBEV, however with donor-dependent 
variations. 

 

I-TBEV induces an interferon-dominated immune profile 

To identify the biological pathways and processes associated with I-TBEV stimulation, 
we performed functional enrichment analysis of the identified gene clusters using 
the Database for Annotation, Visualization and Integrated Discovery (DAVID) [17]. 
The top fifteen hits for each cluster are shown in Fig. 2. 

This analysis revealed that, within the clusters A and B (comprising DEGs strongly and 
mildly upregulated upon I-TBEV treatment, respectively), the most over-represented 
functions and pathways were Defense response to virus, Type I interferon signaling 
pathway, Interferon gamma-mediated signaling pathway and Innate immune 
response. With a lower, but still significant, p-value we found activation of the KEGG 
pathway RIG-I-like receptor signaling pathway in cluster A, that comprised 
differentially expressed genes such as RIG-I, MDA5, LGP2 and IRF7. Of note, genes 
such as MxA, ISG56, CXCL10 and Viperin – identified in our earlier studies [7] as 
potential biomarkers for assessing I-TBEV responses – were found in cluster A as 
some of the most strongly upregulated DEGs upon I-TBEV treatment, thus 
confirming their important role in the response to the TBE vaccine. The role of 
Viperin, ISG56 and CXCL10 in the context of TBEV infection has been previously 
highlighted, although not in primary cells [21,22]. 
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Figure 1. Transcriptional analysis of PBMCs stimulated with conforming and non-
conforming I-TBEV (Analysis 1). PBMCs from a healthy donor were stimulated for 24 h with 
inactivated TBEV (I-TBEV), heat-treated I-TBEV (HT I-TBEV) or sucrose matrix at a concentration 
of 0.24 µg/mL (or an equivalent volume for the matrix). After treatment, the cells were lysed 
and processed for RNA sequencing. (A) Principal component analysis based on differentially 
expressed genes (DEGs) showing relative (dis)similarity for the samples. (B) Venn diagram 
showing DEGs with a fold change (FC) >2 in expression between the different treatment 
groups and the control group. Outside the circles, the number of DEGs with a FC <2. (C) 
Heatmap representing the fold change of DEGs in the three treatment groups, normalized to 
the control group (set as FC=1). (D) Validation of selected genes identified by RNA-Seq 
through RT-qPCR. The fold change in PBMCs from 3 donors was analyzed in duplicate for each 
gene and treatment. Results are shown as heatmap (normalized to the expression in the non-
treated samples, set as FC=1), and compared to the RNA sequencing data. 
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In cluster B, the JAK-STAT cascade was identified as upregulated, with DEGs such as 
JAK2, STAT1, STAT2 and SOCS. The genes in cluster C, downregulated in PBMCs 
treated with I-TBEV, were enriched for processes associated with the Extracellular 
exosome, Extracellular space and Extracellular region. Additionally, many DEGs in this 
cluster were enriched for functions related to lipid metabolism, with GO terms such 
as Long-chain fatty acid transport, Fatty acid binding, Lipid metabolic process and Lipid 
catabolic process. Interestingly, the function Inflammatory response was found 
enriched for both cluster B and C: selected molecules involved with chemokine, 
cytokine and interleukin signaling were identified as upregulated (in cluster B) or 
downregulated (in cluster C) following treatment with I-TBEV. Thus, while activation 
of the IFN pathway was identified as an unequivocal signature induced by the main 
component of the vaccine, genes associated with the inflammatory response were 
regulated in a highly selective way. 

Figure 2. Top 15 GO terms and KEGG pathways identified in each cluster from Analysis 
1. Hierarchical clusters depicted in Fig. 1C were analyzed for functional enrichment. The bar 
shows the –log10 of the raw p-value. 
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Additional analysis performed using other enrichment tools, such as Cytoscape, 
Ingenuity Pathway Analysis and Reactome, identified similar pathways associated 
with the stimulation of PBMCs with I-TBEV, in particular its induction of IFN 
responses, upregulation of RLRs and downregulation of genes associated with lipid 
metabolism and selected inflammatory responses (Fig. S3-5). Overall, functional 
enrichment of differentially expressed genes in PBMCs treated with I-TBEV 
demonstrated an interferon-dominated immune profile, and indicated a role for 
cytosolic pattern recognition receptors belonging to the RIG-I-like family. 

 

PBMCs treated with I-TBEV and live TBEV share similar transcriptional 
profiles 

To compare the innate immune signature of cells treated with the inactivated TBEV 
to that of cells incubated with the live virus, a second RNA-Seq analysis was 
performed on the data from the control, I-TBEV- and live TBEV-treated groups. The 
transcriptional profile for the live virus group was assessed with cells incubated at a 
multiplicity of infection of 10 for 48 h, since our previous experiments indicated that 
an infection of 24 h induced minimal changes in the expression of IFN stimulated 
genes (ISGs) such as ISG56 (Fig. S6) and MxA (data not shown), earlier identified as 
potential biomarkers [7]. 

After discarding unexpressed and non-differentially expressed genes, 337 DEGs were 
obtained from the analysis of the control group, I-TBEV- and TBEV-treated cells. PCA 
for differentially expressed genes shows distinctive clustering of the three treatment 
groups (Fig. 3A). Stimulation with I-TBEV and virus mostly induced qualitatively 
comparable expression signatures, as can be observed in Fig. 3B: the DEGs showing 
similar regulation in both treatment groups accounted for 71.5% of the total, while 
28.5% of the genes showed opposite transcriptional signatures for I-TBEV- and live 
virus-treated cells. The heatmap representation in Fig. 3C displays the DEGs 
organized by hierarchical clustering, which identifies 5 major clusters: 3 include genes 
similarly up- (clusters C and E) or downregulated (cluster B) in both treatment groups, 
while 2 include DEGs that are downregulated in I-TBEV-treated cells and upregulated 
in live TBEV-treated cells (cluster A), or vice versa (cluster D). 

To validate these findings, and confirm that the differential profile induced by the 
live virus was not resulting from the extended incubation time, the expression of 
selected genes within each cluster was validated by RT-qPCR in PBMCs (from the 
aforementioned 3 donors) treated with I-TBEV or live TBEV for 24 h. The changes in 
gene expression, averaged for the 3 donors, are shown and compared to the results 
from the RNA sequencing (Fig 3D). The expression signature induced by the virus 
was confirmed, as the genes in each cluster showed a similar up- or downregulation 
as observed in the NGS results. 
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Figure 3. Transcriptional analysis of PBMCs stimulated with I-TBEV and live TBEV 
(Analysis 2). PBMCs from a healthy donor were stimulated for 24 h with inactivated TBEV (I-
TBEV) at a concentration of 0.24 µg/mL or 48 h with live TBEV at an MOI of 10. After treatment, 
the cells were lysed and processed for RNA sequencing. (A) Principal component analysis 
based on DEGs. (B) Representation of DEGs with distinct or overlapping change in expression 
in the I-TBEV and live TBEV treatment groups as compared to the control. In red the 
upregulated and in blue the downregulated genes. (C) Heatmap showing the FC of 
differentially expressed genes (DEGs) in the two treatment groups, normalized to the control 
group (set as FC=1) and hierarchically clustered. (D) Validation of RNA-Seq results by RT- 
qPCR. The fold change in PBMCs was analyzed in duplicate for each gene and treatment, and 
averaged for all 3 donors. Results are shown as heatmap and compared to the RNA sequencing 
data. 
 

Again, we evaluated the cytokine production in PBMCs from 4 donors in response to 
I-TBEV and live TBEV stimulation (Fig. S2). On average, production of IL-8 and CXCL10 
was increased with both treatments, while the protein level of MCP-1 appeared to 
be higher following incubation with the live virus (compared to inactivated TBEV) in 
all but one donor. 
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Functional enrichment analysis of the clusters was performed as previously 
described, and the top 7 hits for each cluster are shown in Fig. 4. Cluster A, that 
included genes downregulated following I-TBEV treatment and upregulated upon 
incubation with the live virus, comprises functions related to lipid metabolism, a 
process already identified in Analysis 1. Cluster B, including DEGs downregulated in 
both sample groups, shows enrichment of terms involved with RNA metabolism. 
Clusters C and E, both including genes upregulated in I-TBEV- and live virus-treated 
cells, show over-representation of pathways related to the antiviral and IFN response 
and RLR signaling. Cluster D, comprising DEGs upregulated upon treatment with I-
TBEV and downregulated by the live virus incubation, includes functions involved 
with the immune response. 

 

Figure 4. Top 7 GO terms and KEGG pathways identified in each cluster from Analysis 2. 
Hierarchical clusters depicted in Fig. 3C were analyzed for functional enrichment. The bar 
shows the –log10 of the raw p-value. 
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In summary, the analysis of DEGs identified in inactivated and live virus-treated 
PBMCs showed that the transcriptional profiles induced by the two treatments were 
mostly similar, with the exception of selected immune pathways (induced by the 
inactivated virus only) and of functions involved in the lipid metabolism (upregulated 
only upon incubation with the live virus). These differences may be ascribed to the 
intrinsic nature of the replicating virus, that acts to suppress certain immune 
responses [23] and to induce intracellular membrane rearrangements [24,25]. 
 

Inhibition of RLRs, but not of TLRs, reduces I-TBEV-induced responses 

To get further insight into the molecular cascade engaged by the TBE vaccine, we 
assessed the I-TBEV-induced cellular responses in the presence of inhibitors of 
downstream molecules in selected signaling pathways. Given the suggestion from 
the RNA sequencing data of the involvement of RIG-I-like receptors, we first assessed 
the expression of biomarkers associated with I-TBEV stimulation upon treatment with 
Amlexanox (“ALX”) and BX795 (“BX”), two specific inhibitors of the noncanonical IkB 
kinases IKKε and TANK-binding kinase 1 (TBK1) [26,27] downstream of RLRs [28]. 

The two inhibitors were both capable of suppressing the expression of ISGs such as 
ISG56 and CXCL10 in PBMCs from a healthy donor upon treatment with the positive 
control PolyI:C (Fig. 5B, C), thus proving their functionality at the conditions used. 
Additionally, ALX and BX did not induce off-target effects on the inflammatory 
pathway (assessed as IL12-p40 expression, Fig. 5A). ISG56 and CXCL10 have been 
indicated as potential biomarkers for monitoring cell responses to I-TBEV [7]. The 
presence of the inhibitors during stimulation with inactivated TBEV resulted in 
decreased expression of ISG56 in PBMCs from 3 donors, indicating the involvement 
of the RIG-I pathway in the transduction of I-TBEV-associated signal (Fig. 5B, G). At 
the conditions used, ALX imposed the strongest reduction, and the reduction was 
enhanced when both inhibitors were used in combination (Fig. 5G). The impact of 
ALX and BX on the expression of CXCL10 was even greater, as it resulted in abolished 
changes in expression (Fig. 5C). We also assessed the effect of the two inhibitors on 
the live TBEV-associated signaling; both ALX and BX affected the expression of ISG56 
and, more prominently, of CXCL10 (Fig. 5B, C). 

Next, we sought to analyze the possible involvement of TLRs, as the whole-
inactivated virus contains intact viral RNA reported to stimulate pDCs through TLR7/8 
activation [6]. To do so, we used a MyD88 inhibitor peptide, Pepinh-MYD, interfering 
with the transduction of the respective TLR signaling cascade [29]. First, we 
monitored the expression of IL12-p40 following incubation of the cells with Pepinh-
MYD or its aspecific control peptide. Expression of IL12-p40 was previously found to 
be upregulated in PBMCs upon treatment with the TLR7/8 agonist R848 [7,30–32]. 
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RT-qPCR analysis confirmed the functionality of Pepinh-MYD, as the expression of 
IL12-p40 was reduced in R848-stimulated cells that had been pre-incubated with the 
inhibitor, but not with the control peptide (Fig. 5D). We then focused on the 
inhibitor’s effect on I-TBEV-stimulated cells: the expression of ISG56, normally 
upregulated by I-TBEV treatment, was not affected by the pre-incubation of PBMCs 
from 3 healthy donors with Pepinh-MYD and its peptide control (Fig. 5G). Expression 
of CXCL10 was affected by both Pepinh-MYD and the peptide control, pointing to 
an unspecific effect (Fig. 5F). The upregulation of ISG56 and CXCL10 upon incubation 
with the live virus was instead affected only by pre-treatment of the cells with Pepinh-
MYD but not the peptide control pointing to involvement of the MyD88 pathway in 
signaling by live TBEV (Fig. 5E,F).  

 

  



Analysis of TBE vaccine-associated pathways in vitro 
 

119 
 

   

Chapter 4 

Figure 5 (in previous page). Gene expression levels in PBMCs stimulated with I-TBEV or 
live TBEV in the presence of inhibitors. (A-F) PBMCs from a healthy donor were pre-
incubated with RLR inhibitors (ALX, BX) for 1 h (A-C) or with MyD88 inhibitor (Pepinh-MYD) 
and its peptide control (Control) for 6 h (D-F). Afterwards, the cells were treated for 24 h with 
Poly I:C (0.5 μg/mL), R848 (10 μg/mL), I-TBEV (0.24 µg/mL) or live virus (MOI 10). Following 
stimulation, the cells were lysed and changes in gene expression were analyzed by RT-qPCR. 
Results are from 3 replicates. (G) PBMCs from 3 healthy donors were pre-incubated with RLR 
inhibitors (ALX, BX) for 1 h or with MyD88 inhibitor (Pepinh-MYD) and its peptide control 
(Control) for 6 h. Afterwards, the cells were treated for 24 h with I-TBEV (0.24 µg/mL), or left 
untreated. Following stimulation, the cells were lysed and changes in gene expression were 
analyzed by RT-qPCR. Bars represent the average value and dots the individual value per 
donor. Levels of significance: ns: p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01 and ***: p ≤ 0.001. 

 

TLR and NOD reporter cells do not respond to I-TBEV, but can be 
activated by live TBEV  

To further assess the involvement of selected PRRs in the sensing of the TBE vaccine 
we turned to HEK Blue™ cells, human cells engineered to express a reporter construct 
upon ligand binding to various PRRs (individually expressed in each cell line). The 
cells were incubated for 48 h with increasing concentrations of I-TBEV or its matrix 
control, and their level of stimulation is reported as percentage of activation of the 
cells compared to the response to a fixed amount of TNF-α (set as 100% activation). 
While the different HEK Blue™ cell lines responded to their specific TLR and NOD2 
ligands (data not shown), none of the receptors was triggered specifically by I-TBEV 
(Fig. 6A). The production of the reporter protein, found only at the highest 
concentration of I-TBEV used, was also induced by the same dose of sucrose-
containing matrix solution alone, and, more importantly, the activation of the NF-κB 
pathway was also observed in the parental ‘Null’ cell line lacking all PRRs. 
Interestingly, when incubated with the replicating virus, TLR3, 7, 8 and NOD2-
expressing cells did show the expression of the reporter protein in a dose-dependent 
manner (Fig. 6B). Thus, while some receptors could be activated by the live TBEV, the 
inactivated virus was unable to trigger PRR-specific responses in any of the reporter 
cells. 
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Figure 6. Activation of HEK Blue reporter cells by I-TBEV and live TBEV. (A) HEK Blue cells 
were stimulated with the indicated amounts of I-TBEV for 48 h at different concentrations. 
Subsequently, supernatants were added to the detection medium for assessment of NF-κB-
induced production of the reporter protein. The stimulation of the cells is presented as 
percentage of activation relative to the activation achieved with 2.5 μg/mL of TNF-α (set as 
100%). Filled bars represent the responses to I-TBEV, empty bars responses to the matrix. (B) 
HEK Blue cells were stimulated with live TBEV virus for 48 h at the indicated multiplicity of 
infection (MOI), and activation was assessed as described above. N=3. 

  

I-TBEV 
matrix 
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Discussion 

In this study, we assessed the cell responses and pathways induced by I-TBEV, the 
main component of the TBE vaccine, and by the replicating virus in human primary 
cells and reporter cell lines. Our first aim was to extensively characterize the innate 
immune signature induced by I-TBEV in our human PBMC platform – in comparison 
to untreated as well as to low-quality I-TBEV- and live virus-treated cells. The second 
aim was to identify the receptors responsible for (I-)TBEV sensing. 

Addressing the first aim, we found that I-TBEV induced an interferon-dominated 
immune profile and upregulation of selected inflammatory genes. The low-quality 
formulation, HT I-TBEV, triggered a similar expression signature in quality, but with a 
much lower magnitude of responses. These findings are in line with previous studies 
on I-TBEV-induced responses [6,7]. Indeed, the induction of IFN responses has been 
identified as a common early signature of several vaccines [33]. Interestingly, selected 
genes involved in antigen presentation, interleukin signaling and interactions 
between lymphoid and non-lymphoid cells were underexpressed following 
treatment of PBMCs with I-TBEV. This downregulation of certain immune functions 
was for us unexpected, and in contrast with results from studies on whole inactivated 
influenza virus that found some of the same molecules upregulated in primary cells 
[15,34,35]. Thus, induction of selected inflammatory markers in vitro can be highly 
pathogen-specific. Nevertheless, the successful activation of an interferon cascade 
appears to be a general feature of promising vaccine candidates and was shown to 
correlate with favorable antibody titers [36,37] and T cell responses [38,39] in vivo. 

Comparing the immune profiles in cells incubated with live or inactivated TBEV, we 
observed that the live virus induced a transcriptional signature overlapping in large 
parts with that induced by I-TBEV – with the exception of replication-related genes 
distinctly regulated in live virus-treated cells. Similarities in immune responses to live 
and whole inactivated viruses were previously observed in other studies [34,35], but 
the signature identified is of course cell- and pathogen-specific. TBEV, as many other 
(flavi)viruses, tries to evade the immune system during infection through replication 
in membrane vesicles (hindering the activation of PRRs), inhibition of signaling 
cascades by non-structural proteins, and impairment of antigen-presenting cell 
(APC) maturation [21,40–43]. Downregulation of IFN production is restricted to the 
early stages of infection, and – as also evident in this study – interferon signaling has 
recovered after 24 hours [25,44]. However, suppression of certain functions is still 
ongoing at this timepoint. Downregulation in the expression of adhesion molecules 
was previously reported in TBEV-infected cells [45,46]; our results extend this finding 
also to cells incubated with the inactivated virus. The induction of membrane 
rearrangements appears instead to be specific for the replicating virus, as only live 
TBEV induced upregulation of cellular pathways involved in lipid metabolism. 
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Overall, given the induction of interferon responses by the inactivated virus to similar 
or higher levels than those found in live TBEV-treated cells, I-TBEV stands out as a 
potent vaccine component. 

After having established the distinctive transcriptional profile of (I-)TBEV-stimulated 
cells, we sought to determine which pattern recognition receptors, once triggered, 
led to the identified responses. Using inhibitors of downstream factors of PRRs, we 
demonstrated the involvement of RLRs in I-TBEV sensing in cryopreserved PBMCs. 
Inhibition of MyD88 – an adapter protein downstream of TLRs – did not affect the 
expression of I-TBEV-induced genes such as ISG56 and CXCL10, while inhibition of 
TBK1/IKKε – factors downstream of RLRs – halted the signaling cascade. Activation 
of RIG-I-like receptors is a predominant mechanism for cellular recognition of 
flaviviruses [47,48]; expression of RIG-I and MDA5 is enriched in human neural cells 
following TBEV infection [49], and inhibition of RLR signaling was found to suppress 
TBEV-induced interferon production [24,41,50]. RIG-I detects uncapped single-
stranded RNAs (ssRNAs) (with an exposed 5’-triphosphate group) and, together with 
MDA5, double stranded RNAs (dsRNAs) – both produced during viral replication [51]. 
As such, RLRs should not be triggered by the inactivated virus, since the viral genome 
is packaged only once mature and capped [52]. However, activation of RIG-I by 
panhandle RNA (a partially circularized structure) lacking a 5′-PPP moiety has been 
demonstrated for influenza A virus [53]. Given the presence of cyclization elements 
in TBEV (and other flaviviruses) RNA [54,55], we hypothesize that, after the uncoating 
of the (inactivated) virus, such structures are recognized by RIG-I in the cytosol.  

The role of the viral genome in the immunogenicity of I-TBEV was previously 
assessed in plasmacytoid dendritic cells (pDCs) derived from freshly isolated PBMCs, 
which were found to sense I-TBEV through TLR7/8 [6]. The discrepancy with the 
results described here could be explained by the fact that we used cryopreserved 
PBMCs for our study. Cryopreservation can alter the relative proportions of APCs [56] 
and decrease the amount of pDCs [57], or affect cell responses to TLR agonists 
[58,59]. In pDCs, the RIG-I pathway is dispensable for IFN production, while it is of 
crucial importance in other DCs and in non-dendritic cells [44]. Comparison of 
responses to I-TBEV in fresh and frozen-thawed PBMCs and in the presence of RLR 
and TLR inhibitors could confirm that distinct pathways are predominant in different 
cell subtypes. Overall, the contribution of the viral ssRNA to the activation of APCs is 
undoubtful. For influenza, it has been shown that vaccines containing the viral 
genome – able to activate endosomal ssRNA receptors [60] – induce stronger 
immune responses than formulations lacking it [15,34,61], presumably through the 
activation of more diverse molecular pathways. These considerations should 
therefore be taken into account during vaccine development, as also for TBEV the 
presence of the viral genome is shown to provide self-adjuvanting properties. 
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Our study provides new insights into how I-TBEV activates the innate immune system 
in vitro. However, it has to be realized that the TBE vaccine contains aluminum 
hydroxide as adjuvant, which by itself also affects the innate immune system [62–65]. 
Unfortunately, the responses to the final vaccine formulation could not be analyzed 
in our platform since the alum adjuvant appeared not to be compatible with viability 
of PBMCs [7]. Therefore, while some conclusions can be drawn from an I-TBEV-based 
analysis of the immune signature in human PBMCs, a complete picture of the in vitro 
responses to the final TBE vaccine can be achieved only once a platform that tolerates 
the adjuvanted formulation is found. 

As the scientific community strives to bring an effective SARS-CoV-2 vaccine to the 
market, the process of vaccine development and assessment receives now more than 
ever global attention. While vaccine potency and effectiveness can be assessed 
relatively easily, the knowledge of which host pathways should be activated for 
mounting a sufficient immune response is not yet solid. Especially in the case of 
‘difficult’ vaccines (for rapidly mutating pathogens, as well as for viruses and bacteria 
with complex interactions with the host’s immune system), the traditional “isolate, 
inactivate and inject” strategy might be inappropriate for vaccine development. Next 
generation sequencing techniques have been proposed as tools eventually enabling 
rational and directed vaccine design [66–68]. As such, the present study contributes 
to the growing evidence of their applicability for assessing the batch-to-batch 
consistency of vaccine products and for understanding the mechanisms of action of 
vaccines and vaccine candidates. 
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Supplementary data 

 

Table S1. Primer list for the genes assessed through RT-qPCR. 

 

  

Gene Forward Reverse Source 

IL12-p40 CTGCCCAGAGCAAGATGTGTC CATTTCTCCAGGGGCATCCG Own design 

ISG56 CCTGGAGTACTATGAGCGGGC TGGGTGCCTAAGGACCTTGTC Holzinger et al., JVirol 
(2007) 

CCL-8 GTTTCTGCAGCGCTTCTGTG TGGCTGAGCAAGTCCCTGA Ma et al., Exp Terap 
Med (2016) 

CXCL-10 TGAAATTATTCCTGCAAGCCAA CAGACATCTCTTCTCACCCTTCTTT Ma et al., Exp Terap 
Med (2016) 

STAT1 TGCAAATGCTGTATTCTTCTTTGG TATGCAGTGCCACGGAAAGC Zhang et al., Immunol 
(2009) 

IL4I1 GCTGAAGAAAGAAGAAACCCACC CCTAACTGCCACAGAAGGGA Own design 

CHI3L1 TGCCCTTGACCGCTCCTCTGTACC GAGCGTCACATCATTCCACTC Erdman et al., 
MalariaJ (2014) 

JAK2 TTCAGAAGCAGGCAACAGG TCTGTCATCGTAAGGCAGGC Warby et al., JVirol 
(2003) 

APOC1 TTCTGTCGATCGTCTTGGAA TCAGCTTATCCAAGGCACTG Ko et al., ThoracicCan 
(2014) 

CYBB TAGTGGGTCCCATGTTTCTGTATC ACATCACCACCTCATAGCTGAA Okura et al., JClin 
Immunol (2015) 

EIF4B GGCTGATGAAACGGATGACCT GGTCGATATTGGGTTCCCGA Nowak et al., 
EBioMedicine (2019) 

GBP4 CCGGCCTACAAATGACAAGC AGCCGCTTTCCAGTGACAAT Own design 

COL4A2-AS2 CTCTCAGGTCATGCCCATCC CTGAGTCCTGTGCACGTCTT Own design 

GPNMB TGCTGACTGTGAGACGAACC CACCAAGAGGGAGATCACAGT Own design 

BASP1 CAACTGGCTCCTCGCTCC TGAGCTTGCCTCCCATCTTG Own design 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA Abubaker et al., PLOS 
One (2013) 
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Figure S1. Transcriptional analysis of I-TBEV-treated PBMCs. Heatmap showing the fold 
change (FC) of differentially expressed genes (DEGs) in each sample, normalized to the control 
group.  

 
Figure S2. Cytokine production in PBMCs stimulated with conforming, non-conforming 
I-TBEV and live TBEV. PBMCs from 4 donors were stimulated with the indicated compounds 
for 24 h, after which the supernatants were collected and the cytokine concentration assessed 
by Cytometric Bead Assay. Bars represent the average value and dots the individual value per 
donor. 
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Figure S3. Functional analysis of DEGs identified by RNA-Seq on Cytoscape using the 
plug-in ClueGO. Functions of DEGs upregulated (A) and downregulated (B) by I-TBEV 
treatment. 

  

A 

B 
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Figure S4. Canonical pathways identified by functional analysis on IPA. Two canonical 
pathways associated with DEGs upregulated upon I-TBEV treatment are shown: “Role of RLRs 
in antiviral innate immunity” (A) and “Role of PKR in interferon induction and antiviral 
response” (B, next page). DEGs identified by the RNA-Seq are highlighted.  
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Figure S6. Upregulation of ISG56 in PBMCs incubated with live TBEV. Changes in gene 
expression following 24 or 48 h incubation with different multiplicities of infection (MOIs) of 
live virus were analyzed by RT-qPCR in PBMCs from a healthy donor. Results are from 3 
replicates. 
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Abstract 

The vast majority of commercially available inactivated influenza vaccines are 
produced from egg-grown or cell-grown live influenza virus. The first step in the 
production process is virus inactivation with β-propiolactone (BPL) or formaldehyde 
(FA). Recommendations for production of inactivated vaccines merely define the 
maximal concentration for both reagents, leaving the optimization of the process to 
the manufacturers. We assessed the effect of inactivation with BPL and FA on 5 
different influenza virus strains. The properties of the viral formulation, such as 
successful inactivation, preservation of hemagglutinin (HA) binding ability, fusion 
capacity and the potential to stimulate a Toll-like receptor 7 (TLR7) reporter cell line 
were then assessed and compared to the properties of the untreated virus. 
Inactivation with BPL resulted in undetectable infectivity levels, while FA-treated virus 
retained very low infectious titers. Hemagglutination and fusion ability were highly 
affected by those treatments that conferred higher inactivation, with BPL-treated 
virus binding and fusing at a lower degree compared to FA-inactivated samples. On 
the other hand, BPL-inactivated virus induced higher levels of activation of TLR7 than 
FA-inactivated virus. The alterations caused by BPL or FA treatments were virus strain 
dependent. This data shows that the inactivation procedures should be tailored on 
the virus strain, and that many other elements beside the concentration of the 
inactivating agent, such as incubation time and temperature, buffer and virus 
concentration, have to be defined to achieve a functional product. 

 

Keywords: β-propiolactone; formaldehyde; vaccine; influenza; inactivation  
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Introduction 

Influenza virus is a threatening pathogen, that causes significant morbidity and 
mortality worldwide. It is responsible each year for epidemics that cause millions of 
cases of severe illness, and it is also a threat because of its potential to cross species 
barriers and generate pandemics [1]. Vaccination is the most cost-effective strategy 
to prevent infection and severe outcomes [2]. Currently marketed influenza vaccines 
include live-attenuated vaccines, whole inactivated virus (WIV), split vaccines and 
subunit vaccines (which can be derived from viral particles or recombinant antigens) 
[3]. Live virus vaccines rely on attenuation; e.g. use of reassortant strains with the 
backbone of cold-adapted viruses, but equal (or comparable) immunogenicity. For 
all the other types of vaccines derived from whole viral particles, a crucial step in 
production is virus inactivation. The general concept behind the inactivation 
procedure, stated by international guidelines as provided by EMA, FDA, and WHO 
[4–6], is that the process must inhibit the replication of the virus without destroying 
its antigenicity. Thus, the inactivation process should cause minimum alteration of 
the main antigens, which for influenza virus are the viral surface glycoproteins 
hemagglutinin (HA) and neuraminidase (NA).  

Preparation of inactivated influenza vaccines is conventionally achieved by exposure 
of cell- or egg-derived live virus to beta-propiolactone (BPL) or formaldehyde (FA). 
BPL reacts readily with nucleophiles, resulting in alkylated and acylated products. 
According to older literature, nucleic acids are the main targets of these 
modifications, which comprise nicks and cross-links between RNA and viral proteins 
[7,8]. However, recent findings shed new light on the mechanism of BPL inactivation 
and show that it also alters viral proteins, resulting in loss of HA and NA functionality 
and fusion ability [9]. The stability of BPL is known to depend on the type of buffer 
and the pH of the mixture used, suggesting that the amount and nature of 
modifications in viral components will also be determined by these variables [10]. In 
the case of formaldehyde, viral inactivation is achieved by the alkylation of amino 
and sulphydrilic groups of proteins and purine bases [11]. As FA cross-links the viral 
proteins [12], the fusion ability of the virus can be affected. 

Since inactivation is a critical step during vaccine preparation, given that the 
manufacturing of not only WIV but also split and subunit vaccines depends on 
effective virus inactivation, the major pharmacopoeias specify quality standards for 
this process. Recommendations in international guidelines regarding inactivation 
are, however, quite vague, and the establishment of optimal conditions is left to the 
manufacturers. Specifications provided for the inactivation procedure include 
indications on the temperature of storage and the maximum amount of inactivating 
agents. 
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Nonetheless, the choice of variables such as the concentration of the virus at the 
time of inactivation, the buffer systems used to dilute the inactivators, the pH of the 
virus suspension, or the duration of the incubation with the agents remains yet 
unspecified. Furthermore, the guidelines are not clear about whether these 
parameters are to be optimized on the basis of the vaccine strain, the concentration 
of the virus or any other criterion. More precise guidelines would be desirable in 
order to prevent the receptor binding sites and epitopes in the vaccine from being 
destroyed during the inactivation process. Recent studies show that excessive 
inactivation with FA and BPL may cause unanticipated modifications to the vaccine 
antigens that result in diminished potency, lower hemagglutination titers and loss of 
NA activity [10,13–17]. This suggests that chemical inactivation might affect the 
protein conformation leading to a loss of immunogenicity of the antigenic epitopes 
of the key surface proteins.  
 

Materials and Methods 

Influenza A virus strains 

The strains used in this study were A/Puerto Rico/8/1934 H1N1 (PR8), A/New 
Caledonia/20/1999 H1N1 (NC), A/Perth/16/2009 H3N2 (H3), NIBRG-23 
A/turkey/Turkey/1/2005 H5N1 (H5), and NIBRG-268 A/Anhui/1/2013 H7N9 (H7); all 
vaccine strains with a PR8 backbone produced through classic reassortment (NC, H3) 
or recombinant technology (H5, H7). All seed viruses were obtained from the 
National Institute for Biological Standards and Controls, Potters Bar, United Kingdom 
and were propagated in 10 days old embryonated eggs. After inoculation of the virus 
and incubation for 72h, the allantoic fluid was harvested and clarified by low speed 
centrifugation, followed by two rounds of purifications of the virus on a sucrose 
gradient [18]. Protein and phospholipid determinations were performed on the 
purified virus using the Micro Lowry and the Bligh and Dyer method, respectively 
[19,20]. All virus preparations were used at a concentration of 0.5 nmol/µl of 
phospholipid for inactivation. The number of virus particles was calculated assuming 
that each virion contained about 100,000 phospholipid molecules. This number was 
derived using the reported composition (20-24% lipid) and dry weight (6x10-16 g) of 
influenza virions and a mean MW for lipids of 720 – 750 g/mol [21]. This calculation 
does not take into account a possible contamination of the virus preparations with 
exosomes which would also be assumed to contain lipids and would presumably co-
purify with virus on the sucrose gradient. However, the amount of exosomes is not 
expected to vary among the virus strains and is therefore neglected here. All 
procedures and dilutions were performed in HNE buffer (5 mM HEPES, 150 mM NaCl, 
0.1 mM EDTA, pH 7.4). 
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Inactivation protocols 

Three standard inactivation protocols were selected: in the first one, beta-
propiolactone 98% (Acros Organics, Geel, Belgium) was used at a final concentration 
of 0.1% v/v and inactivation was done by overnight incubation (BPL). In the second 
protocol, 37% formaldehyde was used at a final concentration of 0.01% v/v and 
incubation was for 48 h (FA-2). The third protocol also involved the use of 
formaldehyde at a final concentration of 0.01% v/v but incubation was done for 96 
h (FA-4). All incubations were performed at 4⁰C under constant stirring. After 
incubation with either BPL or FA, the preparations were dialyzed in 10,000 MWCO 
dialysis tubes against HEPES buffer overnight at 4⁰C to remove all traces of the 
chemicals. Again, protein and phospholipid determinations were performed on the 
dialyzed samples, and all samples were normalized to a concentration of 0.1 nmol/µl 
of phospholipids. 

Determination of residual infectivity 

Infectivity of both untreated and treated virus samples was tested by performing a 
TCID50 assay on MDCK cells. Briefly, confluent cultures of MDCK cells in 96-well 
plates were incubated with 100 μl of two-fold serial dilutions of virus or vaccine at 
an initial concentration of 0.1 nmol/µl of phospholipids at 37°C in 5% CO2 for 1h. 
Cells were then washed with PBS and incubated for 3 days at 37°C with 100 μl/well 
of EpiSerf medium (Gibco) supplemented with 4 μg/mL TPCK-treated trypsin. TCID50 
titers were calculated according to the trimmed Spearman–Karber method [22]. 

Hemagglutination assay 

Hemagglutination assays were performed using two-fold serial dilutions of culture 
supernatants in PBS in V-bottom plates (50 μl/well). Subsequently, 50 μl of 2% guinea 
pig red blood cells (Harlan, The Netherlands) were added to each well. The plates 
were incubated for 2h at room temperature and the hemagglutination or the 
absence of hemagglutination was determined visually for each well. 

Membrane fusion assays 

Membrane fusion was assessed by measuring leakage of hemoglobin during fusion 
of virus particles with erythrocytes [23]. Briefly, either guinea pig or chicken blood 
was diluted 1:5 with HNE buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA, pH 7.4). 
After centrifugation for 10 min at 1000 g, erythrocytes were removed from under the 
layer of peripheral blood mononuclear cells, washed once again with HNE buffer, 
counted and brought to a concentration of 4 × 107/100 μl. 
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Virus-induced hemolysis was measured by mixing either live virus or vaccines (1 nmol 
of phospholipid) with red blood cells (4x107) and fusion buffers of different pH 
values, ranging from 4.8 to 6.4 in a final volume of 1 ml. After 30 min of incubation 
at 37°C the suspension was centrifuged at 350 g for 10 min and absorbance of the 
supernatant was read at 540 nm. Autohemolysis (occurring in fusion buffers of 
different pH values in the absence of virus or vaccine) and maximal hemolysis (in 
water) were used to set 0% and 100% of hemolysis. Fusion was calculated as: 

% ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 100 ∗  
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒540 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒540 𝑎𝑎𝑎𝑎 𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒 𝑒𝑒𝑝𝑝
𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒540 −  𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒540 𝑎𝑎𝑎𝑎 𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒 𝑒𝑒𝑝𝑝  % 

 

Stimulation of HEK-Blue hTLR7 cells 

HEK-Blue TLR7 cells (Invivogen) co-express human TLR7 and an NF-kB-inducible 
secreted embryonic alkaline phosphatase (SEAP) reporter gene that can be 
monitored using the detection medium QUANTI-Blue™. HEK-Blue TLR7 and HEK-
Null1 (control, not expressing any TLRs) cells were cultured according to the 
manufacturer’s instructions. 50.000 cells/well were plated in a 96-well plate and 
stimulated with serial 2-fold dilutions of untreated (starting dilution 1:200 v/v) or 
inactivated (starting dilution 1:10 v/v) influenza virus. Initial concentration of stocks 
of live and inactivated virus was 0.1 nmol/µl of phospholipids. 

After 12 hours, 50 µl of supernatant were added to 150 µl of QUANTI Blue. After 1 
hour of incubation at 37°C, the plates were read in an ELISA reader (630 nm). Results 
are expressed as relative activation of cells, in comparison to the activation level 
obtained upon stimulation with 50 ng/ml of the TLR7 stimulant R848 (Invitrogen) 
[24]. 
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Results 

Residual infectivity after use of different inactivation methods 

In order to allow comparison of the effects of different inactivation processes, 
samples of different influenza virus strains (PR8, NC, H3, H5 and H7) were purified 
and diluted so that all the batches had the same virus concentration. Since the 
amount of contaminating ovalbumin might differ among different virus preparations, 
phospholipid content was chosen over protein content for quantification of virus 
particles. Each of the virus preparations at the desired concentration (0.5 nmol 
phospholipid/µl) was then divided in 10 independent batches: 3 of them were 
inactivated with BPL (BPL), 3 were inactivated with formaldehyde with 2 days 
incubation period (FA-2) and 3 others were also inactivated with formaldehyde, but 
with 4 days incubation period (FA-4). The last batch was kept untreated as a control. 

TCID50 assays on MDCK cells were performed in order to determine the number of 
infectious particles in the virus samples before and after inactivation. The initial 
infectivity of the virus strains differed substantially: PR8 showed particularly high 
infectivity resulting in a particle/TCID50 ratio of about 3, while infectivity of H5 was 
low (particle/TCID50 ratio: 2x106). Infectivity of the other strains was rather similar 
(particle/TCID50 ratios: between 1x104 and 6x104).  

After the inactivation process we observed that all treatments had reduced the virus 
titers by at least 5 logs. In case of BPL treated virus, PR8, H3 and H7 were found to 
have no residual particles in any of the 3 independently treated batches while one 
batch of NC and all 3 batches of H5 showed some (though very low) residual 
infectious particles (20-50 TCID50/ml).  

FA, irrespective of the incubation period, was unable to completely inactivate the 
virus samples. Residual titers varied from 40-900 TCID50/ml with NC showing the 
lowest and H7 showing the highest titers. In the case of PR8 and H5, we observed 
slightly improved reduction in the residual infectivity after longer incubation periods 
with FA, yet this effect was not observed for the other strains.  

 

Binding capability after inactivation 

Hemagglutinin is an important determinant of the infectivity of influenza A virus. 
Because the role of the hemagglutinin is to bind to the sialic acid receptors on the 
infected cell, we consider binding as a reflection of a functional protein and therefore 
of an antigen similar to the one found on the live virus. 
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Figure 1. Comparison of the effects of inactivation on the infectivity of different 
influenza virus strains. Sucrose gradient-purified virus preparations at a concentration of 0.5 
nmol/µl were treated with 0.1% BPL overnight (BPL) or with 0.01% FA for 2 days (FA-2) or for 
4 days (FA-4). Infectivity of live virus and vaccines was assessed by infection of MDCK cells. 
Two-fold serial dilutions of virus or vaccine starting at a concentration of 0.1 nmol/µl of 
phospholipids were added to the cells and removed after 1 hour. After 72h of incubation in a 
medium containing TPCK-trypsin, the supernatants were harvested and presence of virus was 
determined by hemagglutination assay. TCID50 was calculated as described previously [22]. 

 

Thus, we assessed the binding capacity of the viral hemagglutinin after the 
inactivation process. For untreated samples of the different virus strains the binding 
capacity in HAU/mL was rather similar: 6.4x105 for PR8, 8.4x104 for NC, 2.8x104 for 
H3, 2.67x105 for H5 and 8x104 for H7.  

For the inactivated samples the percentage of relative hemagglutinating capacity 
was calculated taking the obtained value of the untreated samples as 100%. As 
shown in Figure 2 all treatments caused a reduction in the binding capacity of the 
virus. After inactivation with BPL there was a complete loss of binding ability for PR8 
as well as for H7, consistent among all batches. For NC, two batches retained a 
minimal amount of binding ability. H3 and H5 were the strains that retained most of 
the binding ability after inactivation with BPL, consistent among the 3 batches (10%-
20%).  
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FA treatment had less effect on the hemagglutination ability of the virus strains than 
BPL, independent of the inactivation period. However, the effect of FA varied for the 
different virus strains. While PR8 lost almost its entire binding ability, NC retained 
most of its binding ability after inactivation with FA (80%). H3, H5 and H7 retained 
some of the binding ability (30%-50%) with some variation among the different 
batches. 

 

Figure 2. Effect of inactivation on hemagglutinating capacity. The hemagglutinating 
capacity of untreated and inactivated virus samples was determined by mixing in 96 well plates 
two-fold serial dilutions of virus and vaccines (starting from a concentration of 0.1nmol/µl of 
phospholipids) with guinea pig RBC at a final hematocrit of 2%. Relative hemagglutinating 
capacity was calculated by setting the hemagglutination of the untreated samples as 100%. 

 

Viral fusion ability 

Next to being responsible for binding of influenza virus to a target cell, HA also 
mediates fusion of the viral with the endosomal membrane during the infection 
process. Retaining this function after inactivation would be a further indication that 
HA is in its native state. Moreover, it has been reported that fusion-active whole 
inactivated virus vaccines are better inducers of type 1 interferons and allow better 
induction of CD8 T lymphocytes [25,26]. Fusion ability was measured by incubation 
of viral or vaccine particles (1 nmol of total phospholipids) with either guinea pig 
erythrocytes for PR8, NC and H3 or chicken erythrocytes for H5 and H7, following a 
protocol reported previously [23].  
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As shown in Figure 3, all viruses fused with the respective erythrocytes with final rates 
of fusion varying from 50% for H5 and H7 to 80% for PR8. The optimal pH for fusion 
was higher for PR8 (pH 5.5) than for the other virus strains (pH 5.1 or 4.8). BPL 
completely inhibited the fusion ability of the virus, except for H5 where some minimal 
fusion ability was retained (≈10%). In contrast, after FA inactivation, most of the virus 
particles retained some fusion ability. Only the fusion ability of H5 was severely 
affected by FA. For PR8, the inactivation process appeared to change the optimal 
fusion pH causing the inactivated samples to fuse at a lower pH. Also for H7, loss of 
fusion activity after FA treatment was more pronounced at higher than at lower pH. 
When comparing inactivation with FA for 2 days and 4 days, we noticed a further 
reduction in the fusion ability of the virus treated for 4 days. This was most noticeable 
for H3 and H7 where we saw a reduction of around 50% of the fusion ability of the 
samples inactivated for 4 days as compared to 2 days. 

 

 

Figure 3. Effect of inactivation procedures on fusion ability. Fusion ability was measured 
by incubation of viral or vaccine particles (1 nmol of total phospholipids) with either guinea 
pig RBC (A-C) or chicken RBC (D, E) followed by the addition of fusion buffer to reach the 
desired pH. After 30 minutes incubation, samples were centrifuged and the supernatants were 
collected. Samples were read at 520 nm on a spectrophotometer. Percentage of fusion was 
then calculated as described previously [23]. 
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TLR7 stimulation  

After infection, TLRs present on and in antigen-presenting cells of host cells sense 
the viral components; thus, they form an important constituent of the innate antiviral 
response [27]. In particular, TLR7 is the sensor for the single-stranded RNA present 
in live virus and whole inactivated vaccines; its activation is a good indicator of the 
ability of the virus to be internalized since the receptor is exclusively located on 
endosomal membranes [23,25]. In order to determine whether the inactivation 
procedure would affect the ability of the viruses to attach, fuse and activate TLR7 in 
the endolysosomal compartments, we stimulated HEK Blue TLR7 cells (expressing a 
reporter construct upon ligand binding to TLR7) with untreated and inactivated PR8, 
NC, H3, H5 or H7. Results are expressed as percentage of activation of the cells, 
compared to the response to a fixed amount of the TLR7 stimulant R848 (set as 100% 
activation). 

Stimulation of HEK Blue cells with untreated virus showed that the different strains 
varied largely in their ability to activate TLR7 and for the different virus optimal 
activation was observed at different dilutions (Fig. 4, left panels). Inactivation had 
marked effects on the ability of the viruses to stimulate TLR7. No activation was 
observed at dilutions found optimal for the different live viruses. For inactivated NC, 
H5, and H7 even at the lowest dilution of 1:10 no or very little activation of TLR7 was 
found while PR8 and H3 showed some activation at low dilutions. BPL inactivation 
generally preserved the ability to activate TLR7 somewhat better than FA. Thus, all 
inactivation protocols strongly reduced the ability of the viruses to stimulate TLR7; 
however, there were differences among the different virus strains. 

 

Discussion 

Inactivation is a crucial but ill-defined step in influenza vaccine preparation. We 
therefore intended to systematically assess the effect of common inactivation 
procedures on different phases of the interaction of inactivated virus particles with 
cells in vitro. To this end, we used 5 different virus strains in order to reveal possible 
strain-specific differences and performed the inactivation procedures for all viruses 
using a single buffer and the same virus concentration to eliminate possible variation, 
an approach also taken by others [9]. Our results show that, under the conditions 
used, BPL was quite efficient in inactivating the viral particles while formaldehyde, 
although reducing the infectious titer by 6-9 logs, was unable to completely abolish 
infectivity. All inactivation methods caused damage to the binding capacity of the 
viral particles, with BPL causing greater loss than FA. 
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Figure 4. Effect of inactivation on TLR7-mediated activation. HEK Blue TLR7 cells were 
stimulated with either untreated or inactivated virus at different 2-fold dilutions (1:200 to 
1:25600 for the untreated virus, 1:10 to 1:40 for inactivated viruses; starting concentration 0.1 
nmol/µl) for 12 hours. Subsequently, 50 µl of supernatant were added to 150 µl of detection 
medium, for assessment of NF-κB-induced production of the reporter protein. The stimulation 
of the cells was determined as percentage of activation, as compared to the activation 
achieved with 50 ng/ml of the TLR7 stimulant R848 (set as 100% activation). 
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 The ability of the virus to fuse with target membranes at low pH was especially 
affected by BPL treatment, while FA-treated virus still maintained some fusion ability. 
The stimulation of a TLR7 reporter cell line was also affected by the treatment, with 
FA inactivation leading to a greater loss of the ability to stimulate TLR7 than BPL 
inactivation. The magnitude of the effects caused by BPL or FA treatment appeared 
to be virus strain dependent, as different IAV strains were affected to varying degrees. 
From our results, it is clear that chemical inactivation impacts on various properties 
of influenza virus in a treatment dependent and strain dependent way. 

Our study revealed that BPL reduced the infectivity of PR8, H3 and H7 virus to 
undetectable levels. NC and H5 virus showed some (although very low) residual 
infectivity (Fig. 1) indicating that these two strains might be more resistant to 
inactivation with BPL. Previous studies show that BPL is capable of complete 
inactivation of influenza virus; however, the effectivity might vary depending on the 
incubation time and temperature. A review of the literature suggests that at a 
concentration of 0.1% BPL is able to completely inactivate the virus if incubation is 
performed for 6 to 18h at temperatures above 18°C (but below 37°C). However, if 
the same concentration of BPL is used but incubation is executed at 4°C like used in 
our study, an inactivation period ranging from 72h to a week is needed for complete 
loss of infectivity [28–30]. In contrast to BPL, FA was not able to completely inactivate 
influenza virus in our study. Again, there seem to be strain-specific differences in the 
sensitivity to FA since some strains were more effectively inactivated than others and 
for some strains (PR8, H5) inactivation improved with longer exposure times to FA 
while for other strains this was not the case. A variety of different methods for FA 
inactivation has been described in the literature [7,23,25,30–33]. These methods vary 
with respect to the exact experimental conditions used, including concentration and 
incubation time. In some cases, incomplete inactivation is reported, mostly occurring 
when the inactivation was performed at low temperature [34], as was done in this 
study. 

Inactivation procedures should not affect the immunological properties of the viral 
antigen. To determine the effects of the different inactivation protocols on the 
recognition of the virus by HA-specific antibodies, we tried to perform a single radial 
diffusion (SRID) assay on the virus samples before and after the inactivation 
procedure. However, the relatively low concentration of virus used for inactivation 
(chosen to allow optimal access of the inactivating agent to the viral proteins) was 
not suitable to render reliable readings. Yet, functional properties of the viral HA, 
namely binding to sialic acid residues on the target cell and mediating fusion of the 
viral and the endosomal membrane, are also indicative of a functional and unaltered 
protein. We therefore investigated the effects of the different inactivation protocols 
on hemagglutination and on hemolysis as surrogates for binding and fusion, 
respectively. 
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As all our observations are based on in vitro tests, the correlation with the different 
vaccine potencies in vivo should be explored in future experiments. The use of single 
radial immunodiffusion assay as an estimate for protection has been shown to 
correlate both with in vivo responses [35] and, more recently, with in vitro results of 
differently manufactured influenza vaccine [36]. However, while the SRID assay would 
have been an alternative method to measure HA integrity, it would have given 
information on antibody binding only. 

Binding as measured in a hemagglutination assay was strongly reduced by BPL 
inactivation, with only H3 and H5 retaining some binding ability. Fusion was even 
more deeply affected as all virus strains completely lost their ability to fuse after 
treatment with BPL. Virus binding to the target membrane is a prerequisite for fusion 
(at least as measured in the assay used). Thus, the loss of fusion ability was to be 
expected. Previous reports have shown that H1N1 and H3N2 viruses had reduced 
agglutination capacity following BPL treatments [7,9,15,17,37] - although in many 
cases the inactivation was performed at different temperatures, incubation times or 
concentrations than used in our experiments. For what concerns the effects of BPL 
on the fusion ability of IAV, some studies show that H1N1 and H3N2 strains were 
almost completely inhibited in their fusion ability at BPL concentrations ranging from 
0.025% to 0.08% [9,37]. However, Budimir et al. [23] managed to inactivate IAV with 
BPL and retain the fusion ability of the virus; yet, the temperature discrepancy with 
our methods could have led to the observed differences in virus alterations.  

As for the effect of FA on the binding ability, FA treated virus strains were still able 
to bind to erythrocytes though with reduced effectivity, except for the PR8 strain 
which almost completely lost its ability to agglutinate erythrocytes. Literature on the 
effect of FA on virus binding is contradictory. Studies report that FA inactivation 
damaged the binding ability of the virus at conditions (incubation time, 
concentration and temperature) similar to those tested in our work [14,30], while 
others found little effect of the FA treatment, though using different conditions as 
per the temperature at which the inactivation process was conducted [7,31]. All FA-
treated samples almost completely retained their fusion ability. Geeraedts et al. [25] 
and Budimir et al. [23] reported complete loss of fusion ability with FA treated virus, 
yet in these experiments IAV was deliberately treated with FA at extremely high 
concentration or prolonged exposure to inhibit their fusion ability. 

It has been previously reported that the magnitude and the phenotype of the 
immune response induced by WIV influenza vaccines are superior to those induced 
by split or subunit vaccines [32,33]. The higher immunogenicity of WIV could be 
largely attributed to activation of TLR7 by ssRNA present in the viral particles [38]. 
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Furthermore, since the stimulation of an endosomal Toll-like receptor depends on 
viral endocytosis (and thus on HA functionality) [39], the decreased stimulation of 
such a receptor can indicate possible modifications of the surface antigen induced 
by the inactivation procedure. We therefore investigated the effect of the different 
inactivation methods on TLR7 triggering. All inactivation procedures studied 
markedly reduced and often completely abolished TLR7 triggering, with effects of 
BPL inactivation being somewhat less severe than those of FA treatment. This was 
surprising considering that BPL is supposed to mainly affect nucleic acids while FA is 
supposed to mainly affect proteins [11]. Loss of TLR7 triggering did not necessarily 
correlate with loss of binding and was thus not only a result of fewer virus particles 
reaching the endosomal compartment. To our knowledge, the effect of virus 
inactivation on the capability of WIV to trigger TLR7 has not previously been studied. 
Earlier studies demonstrating that WIV is capable of activating TLR7 were performed 
using much higher virus concentrations (10 µg/ml viral protein as compared to about 
0.03 µg/ml used in this study) [25]. In these studies, effects of the inactivation 
procedure might therefore have been obscured. 

Several studies have reported the negative impact of chemical inactivation with BPL 
on virus characteristics; however, those studies have focused mainly on H1N1 strains. 
BPL was found to affect binding [7,31], fusion activity [9,37] and modify protein 
residues [10,40], in line with our findings. Though all the studies complied with the 
established guidelines with respect to BPL concentration (≤ 0.1%), they used different 
conditions with respect to buffer, virus concentration, incubation time and 
temperature, etc. This might explain variations in outcome among the different 
studies. One of the initial effects of BPL addition is a decrease in pH caused by 
hydrolysis of BPL to β-propionic acid and hydracrylic acid derivatives [25]; this could 
then lead to all the other observed undesirable consequences of BPL treatment on 
HA and NA functions. It is known that influenza virus strains vary in their sensitivity 
to low pH, with PR8 being one of the most labile strains [41,42]. Our findings 
corroborate these earlier observations. On the other hand, FA has been linked to 
incomplete inactivation which can cause outbreaks of virus infections upon 
vaccination; this was reported for several viruses, such as foot-and-mouth disease 
virus (FMDV) [43] and Venezuelan equine encephalitis virus (VEEV) [44]. It has also 
been shown that temperature is an important factor in virus inactivation by 
formaldehyde: Darnell et al. [45] reported that SARS-coronavirus could not be 
inactivated at a low temperature of 4°C even after 3 days of incubation. However, 
when using a higher temperature of 25 or 37°C, formaldehyde could inactivate most 
of the virus after 1 day. 
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Our results contribute to the increasing evidence that the inactivation protocols have 
to be adapted per virus strain and that many other important factors beyond the 
concentration of the inactivator itself, such as virus concentration, buffer, incubation 
time and temperature, have to be considered. Novel inactivation protocols, such as 
UV and gamma radiation [46] or the use of hydrogen peroxide [13], have already 
been mentioned in the literature but will need thorough testing and standardization 
before they can be employed in the context of influenza vaccine production. There 
are currently new emerging technologies to manufacture influenza vaccines that 
would not require an inactivation process, such as production of IAV proteins on in 
vitro cultures or peptides derived from IAV proteins, all showing promising results; 
yet, egg cultures are currently the cheapest and most efficient way to produce high 
amounts of vaccines in a relatively short amount of time. Therefore, until a new 
vaccine production method that can compete with the egg culture is developed, 
inactivation will be a standard procedure in vaccine manufacturing. Our results are 
therefore a call for the establishment of more detailed inactivation procedures for 
vaccine manufacturers, and for a search for different and more efficient inactivation 
methods to be included in the international guidelines. 
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Background 

As highlighted in Chapter 1, the development of vaccines is a complex process, 
traditionally dominated by trial and error [1]. Long and costly investigations, often 
including animal studies, are required. Many vaccine candidates fail to reach the final 
stages of development because the results obtained in animals are not translatable 
to humans [2]. In addition to their use in research towards new vaccines, in vivo 
methods are also heavily employed during batch surveillance of commercially 
available vaccines [3]. However, animal tests – despite being the standard evaluation 
method for many vaccines – suffer from large variability in the results [4]. The 
development of alternative methods is therefore necessary to obtain more consistent 
results and to decrease the ethical and economical burdens of animal studies [5,6]. 

Different types of in vitro assays can be used for the refinement, reduction or 
replacement of animal tests during vaccine development and production [7]. 
Analytical methods study the physico- and immunochemical properties of the 
vaccine candidate and its components, such as the antigens’ characteristics and 
functionality [8]. Cellular assays can instead be used to characterize the reaction of 
immune cells to the formulation [9]. In this thesis, both analytical and cell-based 
assays were used to evaluate different properties of two model viral vaccines for 
human use, tick-borne encephalitis (TBE) vaccine and influenza vaccine. 
 

Characterizing TBE vaccine-specific immune responses 

In Chapters 2-4, we aimed to study the interaction of human immune cells with the 
TBE vaccine. Additionally, we harnessed the knowledge gained in these studies to 
develop a cell-based assay that could contribute to the replacement of mandatory 
in vivo potency testing of TBE vaccine batches. The findings of these chapters are 
summarized in Figure 1. 

The knowledge on the immune responses to the TBE vaccine is currently limited to 
the induction of envelope protein-directed antibodies and of TBEV-specific CD4+ T 
cells [10–12]. Innate immune responses, that provide useful information on the 
mechanism of action of a vaccine and that can be easily evaluated for assessing the 
quality of the formulation, have not been characterized yet. In Chapter 2, we aimed 
to investigate the early responses of human immune cells to the TBE vaccine. Primary 
cells such as peripheral blood mononuclear cells (PBMCs), despite presenting donor-
dependent variability [13], are a versatile platform for the characterization of vaccine- 
or pathogen-associated responses [14–16]. 
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Figure 1. Graphical summary on the development, assessment and application of an in 
vitro system for the evaluation of the TBE vaccine. ❶ Using cell-based assays, we found 
that freshly isolated or cryopreserved PBMCs can respond consistently and specifically to I-
TBEV, but not to the adjuvanted TBE vaccine. ❷ THP-1-derived cells, instead, do not respond 
specifically to either formulation. ❸ In freshly isolated PBMCs, the surface protein and the 
viral genome (sensed via Toll-like receptor 7, red endosomal receptor in the figure) of I-TBEV 
stimulate IFN-producing plasmacytoid dendritic cells. IFN production induces differentiation 
of plasmablasts and increase in total antibodies production. ❹ Cryopreserved PBMCs can 
distinguish high- from low-quality I-TBEV batches, as they induce distinct expression levels of 
IFN-stimulated genes (ISGs). The expression of ISGs correlates with the percentage of high-
quality formulation in a mixed sample. ❺ Using the same platform, we characterized the 
innate responses in vitro to inactivated or live TBEV; both induce significant upregulation in 
the transcription of ISGs and of RIG-I-like receptor (RLR) genes, and a limited inflammatory 
response. In this platform, I-TBEV sensing involves RLRs (blue cytosolic receptor), while the live 
virus is sensed by Toll-like as well as RIG-I-like receptors. Image created with BioRender. 
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In this study, freshly isolated PBMCs were stimulated with the adjuvanted TBE vaccine 
and its primary component, formalin-inactivated TBEV (I-TBEV). The cellular 
responses were then studied in several cell subsets. 

Characterization of molecular markers and proteins expressed and produced by 
PBMCs revealed that I-TBEV induced type I interferon (IFN) responses, important 
mediators in immunity against live TBEV [17–19]. The I-TBEV-induced IFN-α 
production was found to be critical for the differentiation of B cells to plasmablasts. 
Additionally, stimulation with I-TBEV resulted in increased production of total IgG 
and IgM as compared to untreated cells. The adjuvanted vaccine formulation, on the 
other hand, was not able to induce upregulated expression or production of IFN and 
interferon-stimulated genes, nor increased plasmablast differentiation or total 
antibody production. Aluminum hydroxide, present in the adjuvanted vaccine as well 
as in the excipient, had an inhibitory effect on the induction of I-TBEV-associated 
responses and caused a decrease in cell viability. Indeed, Al(OH)3 is known to 
interfere with readouts in cellular assays, due to both its in vitro toxicity and antigen-
aggregating mechanism [20–23] – notwithstanding its proven safety and adjuvanting 
potency in humans [24,25]. Thus, the characterization of the cell responses to the TBE 
vaccine was further performed using the vaccine antigen-carrying component, I-
TBEV. 

After identifying the induction of type I interferon as characteristic of the response 
to I-TBEV, we aimed to pinpoint the cell population(s) involved in the signaling. 
Plasmacytoid dendritic cells (pDCs) were found to be in large part responsible for the 
I-TBEV-induced IFN-α production. Additionally, I-TBEV promoted the differentiation 
of a subpopulation of pDCs, P1-pDCs, previously shown to be highly specialized in 
interferon production following virus stimulation [26]. 

The immunostimulatory mechanism of I-TBEV was shown to require a functional 
surface protein, needed for cell binding and entry, and an intact viral genome, sensed 
upon internalization of the pathogen. In fact, antibody-mediated virus neutralization, 
denaturation of the glycoprotein or inhibition of the RNA-sensing Toll-like receptor 
7 (TLR7) all resulted in the abrogation of I-TBEV-induced production of IFN, cytokines 
and antibodies, and in the inhibition of cell differentiation. The important role of TLR7 
in flavivirus sensing was brought to light by previous in vivo studies, which found a 
link between TLR7 deficiency in animal models and increased replication of Langat 
virus (a naturally attenuated flavivirus in the TBEV serogroup) as well as of Japanese 
encephalitis virus (a mosquito-borne neurotropic flavivirus) [27,28]. Triggering of 
TLR7 in TBEV sensing has not been previously proven, but only postulated [18]; here, 
we show that this receptor is involved in the response of freshly isolated PBMCs to 
inactivated TBEV. Thus, the stimulating properties of the genomic RNA appear to be 
retained upon virus inactivation by formaldehyde. 
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These results highlight that the functional integrity of the E glycoprotein and of the 
viral genome are preserved during manufacturing of the TBE vaccine and are 
required for the induction of type I interferon, an important link between innate and 
adaptive immunity [29,30]. 
 

Establishing an in vitro evaluation system for the TBE 
vaccine 

As for other vaccines, the potency of the TBE vaccine is evaluated for each newly 
produced batch using a lethal challenge test on immunized mice [31]. Recently, 
several in vitro assays have been developed as alternatives to animal-based tests for 
the quality control of vaccines [9,15,32–36]. A strategy that could reduce the need of 
in vivo tests for vaccine batch release is the consistency approach: newly produced 
batches of a vaccine are compared to reference ones (of proven in vivo potency) to 
verify their conformity with respect to a series of quality attributes assessed in vitro 
[8]. In Chapter 3, we applied the knowledge gained in Chapter 2 to develop a cell-
based method for assessing the conformity of TBE vaccine batches with respect to 
the induction of innate immune responses. Together with other in vitro assays, this 
method could contribute to the reduction (or replacement) of in vivo potency tests 
for lot release [3]. The cellular platform for such an assay should display distinctive 
responses to high- and low-quality vaccine batches and, to be applicable in a quality 
control environment, should respond in a reproducible manner. 

Antigen-presenting cells (APCs), as the sentinels of the immune system and main 
targets of TBEV in the first stages of infection [37], are an interesting candidate 
platform for measuring quality-related biomarkers. We assessed two different APC-
like platforms: one cell line-based and one primary cell-based. Cell lines are 
advantageous as a consistent source of cells not subject to donor-dependent 
variation. In this study we used THP-1 cells, long used as a monocyte, macrophage 
and dendritic cell model [38–40]. Primary cells, on the other hand, are more closely 
representative of in vivo responses than cell lines [41], and were identified in Chapter 
2 as able to display I-TBEV-induced responses. Here, we used frozen-thawed PBMCs, 
which would be more convenient than freshly isolated cells in an industry setting. 

Using RT-qPCR as readout, we showed that the THP-1-derived platforms were 
unsuitable for our purposes, as the cells showed no vaccine-specific activation. Yet, 
THP-1 cells were able to generate an antiviral response after stimulation with live 
TBEV. Indeed, THP-1 cells are permissive to TBEV infection [42], but produce lower 
amounts of TBEV-induced chemokines than other cell lines [43]. The responses of 
THP-1 cells to I-TBEV, a less potent stimulus than the live virus, might therefore have 
been too low to reach the limit of detection. 
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Primary cell-based platforms, in contrast, were able to respond specifically to I-TBEV 
through increased transcription of interferon-stimulated genes (ISGs), in line with the 
results from our previous study. Unsurprisingly, also in this platform the presence of 
alum in the adjuvanted vaccine induced cytotoxicity; thus, we focused on assessing 
quality parameters in I-TBEV. 

Using the inactivated virus to stimulate PBMCs, we found that, in multiple donors, 
the expression of several ISGs was similarly induced by different (conforming) vaccine 
batches and differentially regulated in response to high- and low-quality batches. 
Additionally, we evaluated the sensitivity of the assay, and showed that it could 
distinguish between I-TBEV batches with differences in the formulation quality as low 
as 20%. 

These results support the suitability of a cell- (and specifically PBMC-) based platform 
for batch conformity testing of the non-adjuvanted TBE vaccine. Such a platform 
could be used for in-process control testing of vaccine batches, as well as for 
screening vaccine candidates during development [14,15,44–46]. 
 

Applying in vitro evaluation systems: analysis of TBE 
vaccine-associated pathways 

Applying the platform presented in Chapter 3, in Chapter 4 we aimed to further 
study the functions and pathways induced by I-TBEV. Additionally, we set out to 
compare differences in the response to replicating and inactivated virus, to analyze 
possible effects of the inactivation process on the immunogenicity of the vaccine. 

Using RNA sequencing, we assessed the innate immune responses of PBMCs to live 
and inactivated TBEV by analyzing the cells’ transcriptome. The results show that 
both stimuli induced a distinct interferon-dominated signature in PBMCs, confirming 
our previous findings on the important role of type I IFN in TBEV-associated 
responses and in line with data on common early immune signatures induced by 
several vaccines [17,47]. 

Inflammatory responses, on the other hand, were selectively regulated. After 
treatment of the PBMCs with (I-)TBEV, the JAK-STAT pathway was upregulated, while 
the expression of genes involved in interleukin signaling, antigen presentation and 
lymphoid–non-lymphoid cell interaction was downregulated. These results are in 
accordance with our earlier findings [48], but appear characteristic of the pathogen. 
Indeed, other whole inactivated vaccines (WIVs), such as those against influenza virus 
and respiratory syncytial virus, induce upregulation of some of the genes we found 
downregulated in (I-)TBEV-treated cells [44,49–51]. 
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After characterizing the downstream response of (I-)TBEV-stimulated PBMCs, we 
next focused on identifying the pattern recognition receptors (PRRs) involved in the 
transduction of the signal. RNA-Seq had identified, next to the characteristic IFN 
signature, an upregulation of cytoplasmic RIG-I-like receptors (RLRs) in cells 
stimulated with live or inactivated TBEV. Thus, we analyzed the involvement in (I-) 
TBEV sensing of RLRs – as well as of TLRs, prompted by the findings in Chapter 2. 
Using pathway-specific inhibitors and reporter cell lines, we demonstrated that RLRs 
are involved in the initiation of the antiviral response to I-TBEV and live TBEV. Indeed, 
activation of RLRs is known as a predominant mechanism in sensing flaviviruses 
[52,53]. TLR pathways were implicated in the induction of the antiviral response 
against live TBEV, but did not appear to be involved in the sensing of the inactivated 
virus in this study. This result is in apparent contrast with the TLR7 involvement 
identified in Chapter 2 in freshly isolated cells. However, the use of frozen-thawed 
PBMCs in Chapter 4 might explain these differences. 

Indeed, cryopreservation of PBMCs has been shown to affect the pDC population 
[54], identified in Chapter 2 as the primary source of I-TBEV-induced IFN-α. Further 
investigation corroborated the hypothesis of a detrimental effect of cryopreservation 
on pDC functionality, as a reduction by 75% of the I-TBEV-induced IFN-α was 
observed in PBMCs that have undergone the freezing and thawing process (Etna et 
al., unpublished results). Our working theory is therefore that pDCs, in which the RIG-
I pathway is dispensable for an IFN response [17], would preferably sense and 
respond to I-TBEV through the TLR7 pathway. Other myeloid cells, less affected by 
the cryopreservation process [55], could sense I-TBEV mainly through RLRs instead. 
The predominant role of RIG-I in I-TBEV sensing by myeloid cells other than pDCs 
would also explain the induction of the type I interferon response and of the JAK-
STAT pathways [56] and the unsuccessful activation of the THP-1 cells in Chapter 3, 
as these monocytic tumor cells show a much lower expression of this receptor 
compared to primary cells [57] and other cell lines [58]. 

Overall, Chapter 2 and 4 highlight the importance of PRR stimulation by the viral 
RNA for the induction of an immune response by the TBE vaccine. The immuno-
stimulating properties conferred by the presence of the viral genome in a vaccine are 
already known; for instance, influenza vaccines containing the viral RNA are more 
immunogenic than formulations lacking it [44,49,59]. In the absence of the viral 
genome (as in vaccines based on virus-like particles), TLR7 or RIG-I agonists have 
been proposed as adjuvants to enhance poorly immunogenic vaccine candidates 
[60–64]. While such an adjuvanting strategy is attractive from an immunogenic point 
of view, its implementation has been hindered by safety concerns [65]. The 
preservation of the viral genome during the production of whole inactivated vaccines 
is therefore paramount, as this feature provides important self-adjuvanting 
properties to the formulation.  
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Collectively, the data presented in Chapters 2-4 brings new insights into the innate 
response elicited and the signaling pathways engaged by live TBEV and by the 
inactivated virus – the primary constituent of the TBE vaccine. Additionally, the results 
obtained prove the applicability of the designed PBMC-based system for a variety of 
purposes, from mechanistic immunological studies (Chapter 2 and 4) to batch 
release testing (Chapter 3). 
 

Applying in vitro evaluation systems: analysis of 
inactivation-associated effects 

The data presented in the previous chapters underscored the importance of 
maintaining the structure and functionality of the viral particles and their 
components during the preparation of inactivated vaccines. The integrity of the viral 
proteins and genome can be affected by the inactivation process through the 
introduction of nicks or cross-links [66,67]. In Chapter 5, using immunochemical and 
cell-based methods, we assessed different inactivation procedures for their effect on 
the virions’ integrity and functionality – here with influenza as a model. 

In the case of influenza vaccines, all formulations derived from whole viral particles 
(with the exception of live-attenuated vaccines) share a virus inactivation step [68]. 
The concept behind the inactivation procedure is that the process must inhibit the 
replication of the virus without impacting on its antigenicity (for example by altering 
the vaccine antigens) [69–71]. Influenza inactivation is usually achieved by exposure 
of the live virus to β-propiolactone (BPL) or formaldehyde (FA), two common 
inactivating chemicals [72]. Pharmacopoeias specify the maximal concentration of 
these compounds to be used during the inactivation procedure; yet, the 
standardization of all other parameters is left to the manufacturers. Studies have 
shown that excessive inactivation with FA or BPL may cause alterations to the 
antigens that result in diminished functionality of the viral particles in the vaccine 
[73–78]. The effects of FA on the physicochemical properties of proteins are known 
[79], while BPL is traditionally thought to mainly affect nucleic acids [67,80]. However, 
recent studies have highlighted that BPL could have an effect on proteins as well 
[68,81]. 

In this study, we assessed the impact of the two inactivating agents on the 
immunochemical properties of the virus particles in several influenza virus strains, to 
provide insights for the improvement and harmonization of influenza vaccine 
production. Our results show that both BPL and FA caused alterations in the 
properties of the virions, as summarized in Table 1. Additionally, the magnitude of 
the effects caused by the treatments was found to be strain-dependent. 
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Table 1. Impact of different chemical inactivation methods on influenza virus infectivity, 
binding, fusion and TLR7 stimulation capacity. These properties were assessed in live and 
inactivated virus preparations and compared across several influenza virus strains. The number 
of symbols indicates the degree of efficacy (green checks) or of the detrimental effects on the 
virions (red arrows) of the inactivation treatments. 

 
Generally, BPL was more efficient in inactivating the viral particles than formaldehyde, 
as assessed by measuring the residual infectivity. This result was not unexpected, as 
low temperature FA-treatment was previously found to cause incomplete 
inactivation [82]. Following the particles’ interaction with cells, we then assessed the 
ability of the inactivated virus to bind to cell membranes (measured using the 
hemagglutinating properties of influenza virus [83]), to fuse in conditions of low pH 
[84] and to activate TLR7, a receptor present in the endosomal compartment, 
indicating successful cell entry [85]. Both BPL and FA impacted on the binding and 
fusion capacity of the viral particles, in accordance with previous studies [81,86,87]. 
In our head-to-head comparison, BPL caused greater loss of these properties than 
FA. The stimulation of a TLR7 reporter cell line was also affected by the inactivation 
treatments. In this case, the inactivation with FA impacted more on influenza-induced 
TLR7 activation than the BPL treatment. While we did not investigate the direct effect 
of the inactivating agents on the viral RNA, other studies showed that the FA 
inactivation procedure could affect the integrity of the genome [87–89]. However, 
the effects of an inactivating agent on the RNA-TLR7 interaction alone are difficult 
to estimate. Stimulation of an endosomal receptor presupposes binding and 
internalization of the virus, processes that can be affected by inactivation-induced 
protein alterations. 

In summary, this study shows that chemical inactivation impacts on various 
properties of influenza virus in a strain-dependent way, and that many other factors 
beyond the concentration of the inactivating agent itself – most prominently the 
temperature used during the inactivation process [72,82,90,91] – have to be 
considered. While subtle discrepancies in differently-inactivated viruses do not 
necessarily translate to significantly distinct safety and potency of the vaccine in vivo 
[92], it should be noted that a thorough investigation has not yet been presented. 
For such an analysis, this study describes relatively simple but highly informative 
methods that could be used in an in vitro vs in vivo evaluation to assess and 
ultimately select better inactivation strategies. 



 
 

170 
 

   

Ch
ap

te
r 6

 

In vitro vaccine evaluation systems: challenges and 
opportunities 

This thesis has presented a number of in vitro vaccine evaluation systems; a relevant 
question that remains to be addressed is for which applications can these methods 
actually be used, and at what stages of the vaccine development process. In vitro 
evaluation systems can in general be applied for different purposes: 

• Research on vaccines and vaccine-induced responses. 
In vitro methods can be used to study antigen conformation, alterations, 
vaccines’ mechanisms of action and relevant pathways. For analyses focused on 
the properties of the vaccine itself – such as antigen assembly, quantification and 
adsorption to the adjuvant – immunochemical methods are already extensively 
used as they provide a level of detail not achievable with animal studies [93–96]. 
The evaluation of vaccine-induced immune responses in vitro presents a 
different level of complexity, as the immune system responds to extraneous 
agents through dynamic interactions between several cell types and 
environments. Innate immune responses are relatively easily measurable, since 
they can be generated by individual cell types – in particular APCs. Cellular assays 
focused on the interaction of APCs with vaccines have identified selected 
pathogen-specific vaccine-induced responses [9,44,46,97,98]. Omics approaches 
have pushed this even further, allowing us to obtain a complete picture of the in 
vitro innate responses to a particular vaccine (as was done in Chapter 4) and to 
draw more general conclusions regarding vaccine-associated signatures [99–
103]. For what concerns the evaluation of adaptive responses (the induction of 
which is the actual goal of vaccination), the use of in vitro methods can prove 
more complicated. Adaptive responses necessitate cell interactions; antigen-
specific activation of B or T cell lymphocytes requires the presence of unique 
cells with a particular B- or T-cell receptor molecule [104,105]. Nevertheless, 
novel in vitro platforms for the evaluation of B and T cell responses are being 
developed [14,106], and will eventually allow prediction of adaptive responses 
upon vaccination, particularly when using systems based on several modules 
[107]. Thus, basic research on vaccines and vaccine-induced immune responses 
remains one of the major applications of immunochemical and cell-based in vitro 
methods. 
 

• Selection and comparison of promising vaccine candidates. 
Apart from their application in vaccine research, in vitro methods offer 
interesting possibilities for the pre-clinical development stage. In this phase, 
cellular methods are already in use – however mainly for toxicity assessments 
rather than efficacy determination, for which animal studies remain the go-to 
approach [108]. 
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The use of animal models has resulted in the identification of many vaccine 
candidates. Yet, a number of them did not perform adequately in subsequent 
clinical trials, calling into question the relevance of such animal models for the 
prediction of responses in humans [109,110]. Most notably, research into HIV 
vaccines has faced many setbacks, as more than 90 vaccine candidates that were 
successful in animal studies failed in humans [111]. This result is especially 
disappointing considering that for HIV vaccines the animal models often 
included non-human primates, expected to generate highly translational results. 
In hindsight, this turned out to be a dangerous assumption, as it led researchers 
to dismiss unsupportive in vitro data [112,113]. Therefore, the use of alternative 
methods for the determination of vaccine candidates’ efficacy should not be 
secondary but parallel – or even prior – to in vivo studies. The establishment of 
panels of assays could further improve the translational value of the in vitro 
results, by offering a comprehensive overview of the vaccine candidates and of 
the associated responses. The use of high-throughput techniques could further 
speed up this selection process [114]. In addition to their application in pre-
clinical development, in vitro methods can support the selection of the most 
promising vaccine candidates in the clinical phases through head-to-head 
comparisons of several candidates. 
 

• Assessment of the quality of commercial vaccines. 
As abundantly discussed, one of the most extensive uses of animals in the 
vaccine development and production environment lies in lot release testing 
[115]. Despite the fact that these in vivo tests have been used in quality control 
for several years, intrinsic issues pertaining the reproducibility of results from 
animal experiments can cause high variations [116]. In adherence to the 
consistency approach, in vitro testing systems can be used to replace, reduce or 
refine animal tests – thereby addressing scientific, economical and ethical 
concerns. In vitro assay can evaluate the vaccine quality and batch-to-batch 
consistency using different strategies. Immunochemical binding assays, allowing 
antigen quantification as a measure of vaccine efficacy, are in use in parallel to 
(or proposed as replacement of) in vivo assays for some human as well as 
veterinary vaccines [33,117–120]. While still not commonly used for the quality 
control of vaccines, several types of cell-based in vitro methods can assess the 
biological activity as relevant indication of the potency in vivo. Cellular assays 
developed to evaluate the quality or conformity of the formulation do so by 
measuring the production of vaccine-encoded genes, the cell responses to the 
vaccine or the vaccine-conferred in vitro protection [9,15,121–123]. A number of 
these alternative methods are in the process of being accepted and implemented 
by pharmacopeias, as the use of in vitro assays for the purpose of batch release 
testing of vaccines is being promoted by the scientific, industrial and regulatory 
communities alike [124].  
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Keeping these purposes in mind, the in vitro methods – and especially the cell-based 
assays – presented in this thesis can be re-evaluated with respect to their potential 
application. A summary of the conclusions drawn is shown in Table 2. 

For basic research on human vaccines, in vitro studies offer the possibility of testing 
the effect of the formulations on the target species’ cells – which, as previously 
discussed, can respond quite differently than what results from animal models might 
suggest. As shown in Chapters 2 and 4, the cell-based methods described allow the 
investigation of vaccine-associated innate responses. At the research stage of vaccine 
development, in vitro systems using primary cell platforms may provide more 
representative data than that obtained with cell lines. As shown in Chapter 3, 
immortalized cells might present different permissiveness and responsiveness to the 
pathogen in its live or inactivated form. 

Since basic research is often performed across several institutions, the methods and 
platforms need to be relatively universally available, simple and inexpensive. Such 
was the case for the assays employed in this thesis to study cytokine production, 
expression of genes and surface markers, and functionality of the virions. An example 
of basic research in which the PBMC-based assay described would be valuable is the 
in vitro investigation of the immunological basis of vaccine failure. Unsuccessful 
immunization following vaccination occurs most frequently in the elderly [125], and 
has been observed for viral vaccines against TBE, influenza, herpes zoster, hepatitis 
B, mumps and measles [126–131]. Analyzing immune cells from subjects in which the 
vaccine did not provide protection and comparing the induction of vaccine-
associated biomarkers between donors from different age groups may help unravel 
the mechanisms of immunosenescence, and could lead to improved immunization 
efficacy. 

Similarly to their application in vaccine research, the cell-based methods described 
can be employed in the pre-clinical and clinical phases. In parallel – or prior – to the 
in vivo studies performed to evaluate potency and safety, in vitro methods such as 
those presented in this thesis could systematically assess several formulations and 
expedite the selection of the most promising vaccine candidates. For assays 
monitoring the activation of immune cells, an initial investigation into the cellular 
responses occurring in the animal models following immunization should be 
performed to confirm the relevance of the potential biomarkers analyzed in vitro. 

Besides supporting the pre-clinical development phase, primary cell-based methods 
(such as those used in Chapters 2 and 3) can also be applied during the clinical stage: 
in particular, ex vivo analyses of the responses in immune cells from the vaccinated 
subjects can offer an in-depth characterization of the vaccines’ function in humans. 
These screenings are indeed becoming increasingly common during early clinical 
studies of new vaccines [132–135], as they provide a better understanding of the 
underlying immunization mechanism. 
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Table 2. Applicability of cellular platforms at the different stages of vaccine research, 
development and production. 3 green checks indicate that the platforms are already suitable 
and applicable. 2 or 1 checks indicate platforms that are not as suitable or that require further 
optimization (superscripts). A red cross indicates a platform unsuitable for the scope. 

 

The most difficult stage for the implementation of primary cell-based methods is 
arguably the batch release testing for commercial vaccines. In this phase more than 
in all the others, the system(s) used (be it animal models, cellular platforms or 
analytical methods) must be practical - due to the high frequency of testing – and as 
consistent as possible, to allow comparisons across multiple batches. So far, cell-
based assays are used only for toxicity assays, while immunochemical methods are 
accepted as alternatives for potency assessments [136,137]. As the interest in 
replacing (or at least reducing) animal testing is now increasing in all sectors involved 
in the vaccine industry, more and more cell-based assays are being developed for 
potency assessments [124]. The implementation of such methods for the evaluation 
of vaccine batches is therefore a question of when, not if. 

Yet, some cellular platforms present more challenges than others; primary cells are 
obviously less easily retrievable than cell lines, and, as shown in Chapter 3, can 
exhibit donor-specific responses – at the very least quantitatively. These hurdles can 
be overcome by bulk processing of PBMCs, which could be isolated, screened and 
selected all at once, thereby allowing consecutive use of consistent aliquots. 
Additionally, pooling of PBMCs from multiple donors could further increase their 
applicability by mitigating variations in responses [13,138]. PBMC pooling, however, 
would only be applicable for assessing the innate immune responses to a vaccine 
after short-term stimulation. Longer incubation might lead to allogeneic responses 
in cells from mixed donors [139], which would affect the assay readouts. 
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The solutions proposed can minimize the intrinsic problematics derived from using 
primary cells. However, for the purpose of ensuring batch-to-batch conformity, 
the consistency approach prescribes the use of in vitro assays not necessarily for 
predicting the potency in vivo, but for analyzing the consistency of vaccine batches 
based on quality attributes [8], which – once identified – could be assessed in the 
most convenient platform. Thus, the choice of platform does not have to favor the 
cells that preserve the most in vivo properties (such as PBMCs), but rather those that 
present the least complexity of usage and the highest reproducibility. Consequently, 
cell lines remain the most homogeneous platform for the purpose of vaccine batch 
assessment, and were our initial choice for the assay described in Chapter 3. If a cell 
line responsive to the vaccine is identified, the development and adoption of a cell 
line-based vaccine testing system would prove more feasible than the 
standardization of a primary cell platform. 

For the identification of such a cell line (and of potential readouts), primary cell-based 
assays can nevertheless be of help: once the pathways and receptors involved in the 
specific response to the vaccine are characterized (as was done in Chapters 2 and 
4), the candidate platforms could be efficiently screened and selected. In the case of 
the TBE vaccine, for example, a potential platform (other than the PBMC-based one) 
should possess functional RIG-I-like receptors and potent interferon responses. 
Some commercial cell lines with these characteristics are available and even include 
reporter constructs, which would allow fast and simple readouts [140,141]. If these 
commercial platforms were to present low sensitivity or non-responsiveness, 
transfecting the receptor of interest to create a custom-made stable cell line (an 
approach already taken for some toxicological assays [142]) could be considered. 
 

In vitro vaccine evaluation systems: future perspectives 

With the continuous advancements in bioinformatics and the steady decrease in cost 
of omics approaches, it is safe to predict that multiparametric analyses will become 
more and more common in the vaccinology field [143]. For basic research purposes, 
a more in-depth analysis into the cell-specific responses to a vaccine could be 
obtained through single-cell sequencing of in vitro vaccine-stimulated cells [144]. 
This method is similar to that described in Chapter 4 but offers the possibility of 
zooming in on the responses of individual cells to identify cell type-specific functions 
and pathways induced. Deconvolution methods, which can associate observations in 
bulk transcriptomics data (from unfractionated PBMCs) to specific immune subsets 
[145], can already partially address this task by inferring cell type proportions 
[146,147]. However, the profiling of cellular immune responses in individual subsets 
enables a highly detailed characterization of the vaccine-elicited cellular immunity, 
especially if combined with proteomics or metabolomics analysis [102]. Furthermore, 
single-cell sequencing could potentially suggest the most appropriate cell types for 
the development of cellular platforms to be used in subsequent batch release testing. 
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Besides advanced readout methods, several promising and increasingly 
sophisticated cellular platforms are being developed. These cell-based models try to 
replicate the complexity of the immune system, which exerts its response through an 
extensive range of organs, tissues and cell types with specialized functions. Complex 
systems (usually) present the disadvantage of being expensive and difficult to 
standardize across different laboratories. Yet, they may also provide an opportunity 
to overcome the necessarily reductionist approaches of conventional in vitro 
methods to the investigation of immune responses. 

The MIMIC® (modular immune in vitro construct) system represents one such an 
example. This system consists of several modules, that aim to predict the migration 
of APCs in peripheral tissues or the induction of naïve and recall B and T cell 
responses in lymphoid tissues using isolated PBMCs and tissue constructs [148]. An 
advantage of the MIMIC® system is that it offers the possibility to automate the 
testing process and evaluate the responses of a large number of donors 
simultaneously, features that favor its use in a pre-clinical development setting. A 
comparison of the immune responses in vivo, ex vivo and in the MIMIC®-based assay 
showed the suitability of the system to support vaccine development also during 
clinical studies [149]. In this study, the platform was in fact able to reflect age-
associated differences in vaccination-induced immunity, showing reduced influenza-
specific B and T cell responses in elderly donors that paralleled the in vivo antibody 
responses. 

Adding another layer of complexity are the three-dimensional systems using micro-
organoids and organ- or tissue-on-a-chip models [150,151]. Many of these platforms 
are being developed for cancer immunology research [152–154], but could very well 
be applied for the investigation of vaccine-associated responses. A recent work by 
Wagar et al. describes a functional organotypic system that recapitulates key 
germinal center features, including the production of antigen-specific antibodies, 
somatic hypermutation, plasmablast differentiation and class-switch recombination, 
allowing the investigation of adaptive immune responses upon vaccination in vitro 
using human cells [155]. 

These novel platforms and technologies have the potential of further improving our 
understanding of vaccine immunology. For the purpose of lot-to-lot testing of 
vaccines, however, they might prove difficult to harmonize across multiple vaccine 
manufacturing sites and contract research organizations, and complex to validate for 
the approval by health agencies. Simpler methods, such as those described in this 
thesis – not attempting to fully mimic the in vivo immune response, but evaluating 
(several) key aspects of vaccine quality – could in the near future advance the 
implementation of the consistency approach, eventually leading to a vaccine 
development and testing environment that is both more effective for humans and 
less painful to animals.  
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Samenvatting 

Vaccinatie is een van de belangrijkste ontdekkingen in de geschiedenis. Hiermee is 
het mogelijk geworden om ziekten die de mensheid al millennia lang teisteren uit te 
roeien. Het is een belangrijke methode bij het verslaan van de huidige pandemie. 
Vaccins zijn een relatief goedkope manier om personen te beschermen en de 
overdracht van pathogenen in de populatie verminderen. De ontwikkeling van 
vaccins is echter een complex proces dat grotendeels gebeurt met veel vallen en 
opstaan. Het vereist langdurig en kostbaar onderzoek, vaak in vivo: met dierproeven. 
Veel kandidaatvaccins falen in de laatste ontwikkelingsfase omdat het resultaat van 
dierproeven vaak niet op mensen van toepassing blijkt. Behalve bij de ontwikkeling 
van vaccins worden in vivo-methodes ook ingezet bij het batchgewijs testen van 
commercieel verkrijgbare vaccins. Het ontwikkelen van dierproefvrije methoden is 
niet alleen wenselijk om de ethische en economische lasten te verminderen, maar zal 
hopelijk ook leiden tot resultaten die gemakkelijker naar de mens kunnen worden 
vertaald. Verschillende in vitro-methoden zijn bruikbaar om het gebruik van 
dierproeven te verminderen of te vervangen. Er zijn analysemethoden waarmee de 
fysische en immunochemische eigenschappen van het kandidaat-vaccin kunnen 
worden bestudeerd. Ook de kenmerken en functionaliteit van componenten zoals 
antigenen worden inzichtelijk gemaakt. Cellulaire testen kunnen worden gebruikt om 
de reactie van het immuunsysteem op de formule te beoordelen. Hiermee kan de 
veiligheid en de potentie worden bepaald. Voor dit proefschrift zijn beide methoden 
gebruikt om de verschillende eigenschappen van twee virale modelvaccins voor 
menselijk gebruik te evalueren; het vaccin tegen Tekenencefalitis (Tick-borne 
encephalitis, TBE), en het influenzavaccin. 

In de Hoofdstukken 2-4 bestuderen we de interactie van menselijke immuuncellen 
met het TBE-vaccin. We hebben gebruik gemaakt van de kennis die in deze 
onderzoeken is opgedaan om cellulaire testen te ontwikkelen die de werkzaamheid 
van het TBE-vaccin kunnen evalueren zonder daarbij in vivo-methodes te gebruiken. 
In Hoofdstuk 2 onderzoeken we de reacties van humane immuuncellen op het TBE-
vaccin. Vers verkregen primaire immuuncellen - mononucleaire cellen uit perifeer 
bloed (PBMC’s) - werden gebruikt om de reactie van het aangeboren en humorale 
immuunsysteem op het vaccin te bestuderen. Het aangeboren immuunsysteem is 
aspecifiek en berust op de herkenning van moleculaire patronen die worden gedeeld 
door pathogenen. De humorale reacties bestaan uit de productie van antilichamen 
en zijn onderdeel van de adaptieve immuniteit dat alleen kan worden opgewekt na 
de activatie van het aangeboren immuunsysteem. In dit hoofdstuk worden beide 
immuunsystemen onderzocht na stimulatie van de cellen met verschillende TBE-
vaccinformules. Het TBE-vaccin wordt geproduceerd door het virus chemisch te 
inactiveren en adjuvans aluminiumhydroxide toe te voegen. Zowel het 
geïnactiveerde TBE virus (I-TBEV) als de formule met adjuvans is getest. 
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Karakterisering van moleculaire markers en eiwitten die tot expressie worden 
gebracht en geproduceerd door perifere mononucleaire bloedcellen (PBMC’s) lieten 
zien dat I-TBEV de productie van het antivirale signaal interferon (IFN) induceerde, 
maar dat dit niet bij het vaccin met adjuvans gebeurde. We toonden ook aan dat de 
I-TBEV geïnduceerde IFN productie cruciaal was voor de differentiatie van B-cellen 
tot plasmablasten, welke antilichamen kunnen produceren. Plasmacytoïde 
dendritische cellen (pDC’s) die gespecialiseerd zijn in de productie van IFN als reactie 
op virale infecties bleken grotendeels verantwoordelijk te zijn voor de door I-TBEV 
geïnduceerde IFN-productie. interferonsecretie werd geïnduceerd door pDC’s door 
gezamenlijke detectie van het E-glycoproteïne op het oppervlak van het 
geïnactiveerde virus en van viraal RNA. Neutralisatie of denaturatie bij hoge 
temperatuur van het glycoproteïne en remming van de RNA-sensing Toll-like 
receptor 7 (TLR-7) resulteerden in de opheffing van de door I-TBEV geïnduceerde 
productie van IFN, cytokinen en antilichamen, en celdifferentiatie. Deze resultaten 
laten zien dat het belangrijk is om de functionaliteit van deze moleculen tijdens het 
inactivatie- en productieproces te behouden, zodat het geproduceerde vaccin een 
sterke immuunrespons kan opwekken. 

Zodra de cellulaire respons op het TBE-vaccin (zowel met als zonder adjuvans) 
duidelijk waren, was ons volgende doel om een in vitro assay te ontwikkelen 
waarmee we zonder dierproeven de werkzaamheid van het vaccin konden 
vaststellen. Dit is beschreven in Hoofdstuk 3. Deze assay moest voldoen aan twee 
voorwaarden. Allereerst moest de methode kunnen aantonen of er een toename (of 
afname) van biomarkers is waarmee de werkzaamheid van het vaccin kan worden 
bepaald. Ook moest daarmee onderscheid gemaakt kunnen worden tussen 
vaccinbatches met een sterke werking (een adequaat vaccin) of zwakke werking 
(inadequaat vaccin). De tweede voorwaarde was dat de methode reproduceerbare 
resultaten zou geven. Antigeen-presenterende cellen (APC’s) zijn de wachtposten 
van het immuunsysteem en worden door TBEV aangevallen in de eerste fase van de 
infectie. Het zijn ideale kandidaten om de immuunrespons op vaccins te bestuderen. 
We hebben twee verschillende methodes onderzocht met cellen die op APC’s lijken. 
Een methode met een onstervelijke cellijn, en een methode met primaire cellen. Het 
voordeel van cellijnen is dat er een consistente bron van cellen is, waardoor er geen 
variatie is zoals bij donoren. Met primaire cellen kan echter een betere in vivo respons 
worden nagebootst. Wij maakten gebruik van ingevroren PBMC’s, wat handiger is bij 
gebruik op grote schaal. 

We hebben aangetoond dat de methodes met cellijnen niet geschikt waren omdat 
de cellen geen TBE-vaccinspecifieke activatie lieten zien. Bij de methodes met 
primaire cellen zagen we een specifieke reactie op I-TBEV door een toegenomen 
transcriptie van interferon-gestimuleerde genen (ISG’s). 
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We zagen dat de formule met adjuvans niet getest kon worden met op cellen 
gebaseerde methodes vanwege de aanwezigheid van aluminiumhydroxide. Na het 
stimuleren van PBMC’s met I-TBEV bekeken we de expressie van verschillende ISG’s 
en vonden dat deze regulatie van potentiële biomarkers anders was tussen adequate 
en inadequate vaccinbatches. Ook hebben we gekeken naar de gevoeligheid van de 
assay en hebben aangetoond dat er onderscheid gemaakt kon worden tussen 
batches met een verschil in werkzaamheid van slechts 20%. Deze resultaten 
ondersteunen de geschiktheid van een op PBMC gebaseerde methode voor het in 
vitro testen van de werkzaamheid van TBE-vaccin zonder adjuvans, en benadrukken 
opnieuw dat IFN een belangrijke rol speelt in de immuunrespons op het vaccin. 

Met de methode en de geoptimaliseerde condities ervan uit Hoofdstuk 3 om in vitro 
de werkzaamheid van het TBE-vaccin te testen, was ons doel in Hoofdstuk 4 om 
dieper onderzoek te doen naar de functies en routes die door I-TBEV worden 
geïnduceerd. Ook wilden we kijken naar het verschil in reactie op replicerend en 
geïnactiveerd virus, om eventuele effecten van het inactiveringsproces op de 
immunogeniteit van het vaccin te identificeren. Met RNA-sequencing 
karakteriseerden we het transcriptoom van de cellen. De resultaten lieten zien dat 
TBEV (levend of geïnactiveerd) een specifiek interferon-gedomineerd signaal in 
PBMC’s induceert, wat onze eerdere bevindingen van de belangrijke rol die dit 
antivirale signaal speelt in TBEV-geassocieerde reacties bevestigt. Ontstekings-
reacties daarentegen werden op een zeer specifieke manier gereguleerd. 
Routespecifieke remmers en reporter-cellijnen demonstreerden de betrokkenheid 
van RIG-I-like receptoren (RLR) bij het initiëren van de antivirale reactie op I-TBEV en 
levend TBEV. Al deze data samen geven inzicht in de aangeboren immuunrespons 
die wordt opgewekt en de signaleringsroutes die worden gebruikt door zowel het 
levende als het geïnactiveerde TBEV - het hoofdbestanddeel van het TBE-vaccin. 

In Hoofdstuk 5 hebben we gekeken naar de eigenschappen van een ander 
replicerend en geïnactiveerd virus: influenza. Door middel van immunochemische en 
cellulaire in vitro assays wilden we de inactivatieprocedure voor het produceren van 
influenzavaccin optimaliseren. Met uitzondering van levende verzwakte vaccins 
delen alle influenzavaccins met complete viruspartikels een cruciale stap tijdens het 
productieproces: de inactivatie van het virus. Het mechanisme achter de 
inactivatieprocedure zoals beschreven in internationale richtlijnen is dat het proces 
de replicatie van het virus moet remmen zonder verlies van potentie om een 
immuunrespons op te wekken. Daartoe moeten mogelijke veranderingen van de 
antigenen in het vaccin tot een minimum beperkt blijven. Inactiveren van influenza 
wordt meestal gedaan door het levende virus bloot te stellen aan β-propiolactone 
(BPL) of formaldehyde (FA), twee veelgebruikte chemicaliën voor inactivatie. 
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De richtlijnen geven alleen aan welke maximale concentratie van deze reagentia 
gebruikt mogen worden. Alle andere condities worden overgelaten aan de 
producenten. Studies hebben aangetoond dat overmatige inactivatie met FA of BPL 
ongewenste veranderingen van de antigenen kunnen veroorzaken, welke resulteren 
in een afgenomen functionaliteit van de viruspartikels. In dit onderzoek beoordelen 
we de impact van de inactivatiemethoden op de immunochemische eigenschappen 
van de viruspartikels van diverse influenzastammen, zodat we inzicht krijgen in hoe 
de productie van influenza vaccins kan worden verbeterd en geharmoniseerd. 

Onze resultaten lieten zien dat BPL en FA significante veranderingen aan de 
viruspartikels veroorzaken. BPL was efficiënter in het inactiveren van de viruspartikels 
dan FA, wat is vastgesteld door de infectiviteit na inactivatie te meten. 
Voortbordurend op de interactie tussen de partikels en cellen hebben we gekeken 
naar indicaties van een succesvolle opname door de cel, zoals het vermogen van het 
geïnactiveerde virus om te binden aan het celmembraan, om te fuseren bij een lage 
pH en het activeren van TLR7, een receptor dat aanwezig is in het endosomale 
compartiment. Zowel BPL als FA verminderden het vermogen om te binden en 
fuseren van de viruspartikels, waarbij BPL een groter verlies veroorzaakte dan FA. De 
stimulatie van een TLR7-cellijn was ook verminderd door het inactivatieproces; in dit 
geval had de inactivatie met FA meer invloed dan de BPL-behandeling. Het effect 
van de behandeling met BPL of FA was afhankelijk van de virusstam. Deze studie laat 
zien dat chemische inactivatie invloed heeft op verschillende eigenschappen van het 
influenza virus, afhankelijk van de stam, en dat er vele andere belangrijke factoren 
naast de concentratie van de inactivactivatiereagentia in acht moeten worden 
genomen. 

Ten slotte worden de bevindingen van dit proefschrift samengevat in Hoofdstuk 6 
en bediscussieerd in de context van vaccinontwikkeling en implementatie van de 3 
V’s: vervanging, vermindering en verfijning (in de Engelse tekst noemen we de 3 R’s: 
replacement, reduction and refinement), met het vooruitzicht om betere vaccins te 
produceren en de noodzaak van dierproeven te verminderen.  
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Riassunto 

La vaccinazione è una delle scoperte più importanti della storia: ha permesso 
l’eradicazione di malattie che hanno afflitto l’umanità per millenni, e ci aiuterà a 
sconfiggere l’attuale pandemia. I vaccini sono un metodo di intervento sanitario 
economicamente efficiente, poiché proteggono l’individuo che viene immunizzato e 
riducono la trasmissione di agenti patogeni nella comunità. Tuttavia, lo sviluppo dei 
vaccini è un processo complesso e tradizionalmente dominato da tentativi ed errori. 
Lunghe e costose indagini, che spesso includono studi sugli animali (in vivo), sono 
necessarie. Molti vaccini non riescono a raggiungere le fasi finali dello sviluppo 
poiché i risultati ottenuti sugli animali non sono rappresentativi per l’uomo. Oltre ad 
essere usati per la ricerca di nuovi vaccini, i metodi in vivo sono anche ampiamente 
impiegati per la sorveglianza dei lotti vaccinali rilasciati sul mercato, per i quali 
sicurezza ed efficacia devono essere verificate prima dell’emissione in commercio. I 
test sugli animali, nonostante siano il metodo di valutazione standard per molti 
vaccini, mostrano un’intrinseca variabilità nei risultati. Lo sviluppo di metodi 
alternativi è quindi non solo necessario per ridurre i problemi etici ed economici 
derivanti dai test su animali, ma anche per ottenere risultati più predittivi. Diversi tipi 
di saggi in vitro possono essere utilizzati per la riduzione o la sostituzione di metodi 
basati su animali: i metodi analitici studiano le proprietà fisico ed immunochimiche 
dei vaccini e dei loro componenti, mentre i saggi cellulari possono essere utilizzati 
per analizzare la reazione del sistema immunitario al vaccino. In questa tesi, entrambi 
i tipi di test sono stati utilizzati per valutare diversi aspetti di due vaccini virali per uso 
umano, il vaccino contro l’encefalite da zecca (TBE) e il vaccino contro l’influenza. 

Nei Capitoli 2-4, abbiamo mirato a studiare l'interazione delle cellule immunitarie 
umane con il vaccino TBE. Abbiamo inoltre sfruttato le conoscenze acquisite in questi 
studi per sviluppare saggi cellulari che potessero valutare l’efficacia del vaccino TBE 
senza l’uso di metodi in vivo. Nel Capitolo 2, cellule mononucleate isolate dal sangue 
periferico (PBMC) di soggetti sani sono state utilizzate per studiare l’induzione delle 
risposte immunitarie innate ed umorali da parte del vaccino. Le risposte innate sono 
aspecifiche e si basano sul riconoscimento di pattern molecolari conservati tra diversi 
patogeni. Le risposte umorali sono espletate attraverso la produzione di anticorpi e 
fanno invece parte dell’immunità adattativa, che può essere indotta solo dopo 
l’attivazione delle risposte innate. In questo capitolo, entrambi i tipi di risposte 
immunitarie sono state valutate in seguito alla stimolazione delle cellule con diverse 
formulazioni del vaccino TBE. Il vaccino TBE è prodotto inattivando chimicamente il 
virus e aggiungendo l’adiuvante idrossido di alluminio; in questo studio, sono state 
analizzate le risposte sia al virus inattivato (I-TBEV) che alla formulazione adiuvata. La 
caratterizzazione di marcatori molecolari e di proteine espressi e prodotti da PBMC 
ha rivelato che I-TBEV – ma non la formulazione contenente alluminio – induce la 
produzione del segnale antivirale interferone (IFN). 
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Abbiamo anche dimostrato che la produzione di IFN indotta da I-TBEV è necessaria 
per la differenziazione delle cellule B a plasmacellule, specializzate nella produzione 
di anticorpi. Lo studio ha inoltre rivelato che le cellule dendritiche plasmacitoidi 
(pDC), specializzate nella produzione di interferone in risposta alle infezioni virali, 
sono in gran parte responsabili della produzione di IFN indotta da I-TBEV. La 
neutralizzazione del virus (tramite anticorpi), la denaturazione delle proteine di 
superficie (tramite alta temperatura) e l’inibizione del recettore dell’RNA TLR7 
reprimono la produzione di IFN, citochine ed anticorpi e la differenziazione cellulare 
indotti da I-TBEV. Ciò evidenzia come l’integrità funzionale delle molecole virali 
debba essere conservata durante i processi di inattivazione e fabbricazione per 
ottenere un vaccino in grado di stimolare forti risposte immunitarie. 

Una volta identificate le risposte cellulari associate al vaccino TBE (non adiuvato), 
abbiamo mirato a sviluppare un saggio in vitro adatto per valutare l’efficacia del 
vaccino senza l’uso di animali – presentato nel Capitolo 3. Una piattaforma cellulare 
per tale saggio dovrebbe idealmente mostrare risposte distinte a lotti di vaccini di 
alta e bassa qualità, e rispondere in modo riproducibile. Le cellule presentanti 
l’antigene (APC), in quanto sentinelle del sistema immunitario innato e principali 
bersagli del TBEV nelle prime fasi dell’infezione, rappresentano una piattaforma 
ideale per testare le risposte immunitarie indotte dal vaccino. Abbiamo valutato due 
diverse piattaforme APC umane: una basata su linee tumorali immortalizzate e una 
basata su cellule primarie. Le linee cellulari sono vantaggiose come fonte costante di 
cellule non soggette a variazione dipendente da donatori. Le cellule primarie sono 
però più rappresentative delle risposte in vivo rispetto alle linee cellulari tumorali; in 
questo capitolo, abbiamo utilizzato un sistema basato su PBMC congelati dopo 
l’isolamento dal sangue – un sistema più conveniente per un utilizzo industriale. 
Abbiamo dimostrato che piattaforme APC derivanti da una linea cellulare monocitica 
non mostrano alcuna attivazione specifica in risposta al vaccino TBE. Al contrario, le 
piattaforme basate su cellule primarie sono in grado di rispondere specificamente ad 
I-TBEV mediante un aumento della trascrizione di geni stimolati dall’interferone (ISG). 
Analogamente alle nostre scoperte precedenti, abbiamo osservato che la 
formulazione adiuvata non è compatibile con i sistemi cellulari a causa della presenza 
di idrossido di alluminio. Usando I-TBEV per stimolare PBMC, abbiamo monitorato 
l’espressione di diversi ISG e abbiamo scoperto che questi potenziali biomarcatori 
sono regolati in modo differenziale in risposta a lotti di vaccini di alta e bassa qualità. 
Inoltre, abbiamo valutato la sensibilità del test, e dimostrato che è in grado di 
distinguere tra lotti con differenze di efficacia del 20%. 

Questi risultati supportano l’applicabilità di una piattaforma a base di PBMC per un 
test di efficacia in vitro del vaccino TBE non adiuvato, e dimostrano nuovamente che 
il segnale interferonico svolge un ruolo predominante nelle risposte immunitarie al 
vaccino. 
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Utilizzando la piattaforma e le condizioni ottimizzate nel Capitolo 3, nel Capitolo 4 
abbiamo mirato a studiare ulteriormente le funzioni ed i pathway indotti da I-TBEV. 
Inoltre, abbiamo confrontato le differenze nella risposta al virus vivo ed a quello 
inattivato, al fine di identificare possibili effetti del processo di inattivazione 
sull’immunogenicità del vaccino. Utilizzando il sequenziamento dell’RNA, abbiamo 
valutato le risposte immunitarie innate dei PBMC al TBEV vivo ed inattivato 
analizzando il trascrittoma delle cellule. I risultati mostrano che entrambi gli stimoli 
inducono una caratteritica risposta interferonica, confermando i nostri risultati 
precedenti. Le risposte infiammatorie, invece, sono regolate in modo altamente 
selettivo. Infine, tramite l’uso di inibitori e di linee cellulari, abbiamo dimostrato il 
coinvolgimento dei recettori citosolici di RNA RIG-I-like (RLRs) nell’inizio della 
risposta antivirale contro TBEV (inattivato e non). Collettivamente, i dati forniscono 
nuove informazioni sulla risposta immunitaria innata al virus vivo ed a quello 
inattivato – costituente primario del vaccino TBE. Nel complesso, i Capitoli 2 e 4 
evidenziano l'importanza della stimolazione di recettori dell'RNA virale 
nell'induzione di una risposta immunitaria da parte del vaccino TBE. La conservazione 
del genoma virale durante la produzione di vaccini inattivati è perciò fondamentale, 
in quanto questo elemento fornisce proprietà autoadiuvanti alla formulazione. 

Nel Capitolo 5 abbiamo confrontato le proprietà di un virus vivo ed inattivato, in 
questo caso usando come modello il virus influenzale. Utilizzando analisi 
immunochimiche e cellulari, abbiamo mirato ad ottimizzare la procedura di 
inattivazione per la produzione di vaccini antinfluenzali. Con l’eccezione dei vaccini 
vivi attenuati, tutti gli altri tipi di vaccini influenzali derivati da particelle virali intere 
condividono un passaggio cruciale durante la produzione, l’inattivazione. Il concetto 
alla base della procedura di inattivazione, come prescritto dalle linee guida 
internazionali, è che il processo inibisca la replicazione del virus senza influire sulla 
sua antigenicità; pertanto, l’inattivazione non dovrebbe causare un’alterazione degli 
antigeni presenti nel vaccino. L’inattivazione del virus dell’influenza si ottiene 
solitamente mediante l’esposizione a β-propiolattone (BPL) o formaldeide (FA), due 
comuni sostanze chimiche inattivanti. Le linee guida specificano, per questi agenti 
inattivanti, solo la concentrazione massima da utilizzare; la standardizzazione di tutti 
gli altri parametri è lasciata ai produttori. Numerosi studi hanno mostrano che 
un'eccessiva inattivazione con FA e BPL può causare alterazioni degli antigeni, che 
provocano una diminuita funzionalità delle particelle virali. 

In questo studio, abbiamo valutato l’impatto dei metodi di inattivazione sulle 
proprietà immunochimiche delle particelle virali in diversi ceppi influenzali. I nostri 
risultati mostrano che sia BPL che FA causano alterazioni significative nelle proprietà 
dei virioni influenzali. BPL è più efficiente nell’inattivare le particelle virali rispetto alla 
formaldeide. 
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Seguendo l’interazione delle particelle con le cellule, abbiamo quindi valutato la 
capacità del virus inattivato di legarsi alle membrane cellulari (sfruttando le proprietà 
emoagglutinanti del virus influenzale), di fondersi in condizioni di basso pH e di 
attivare il recettore endosomiale TLR7 (indicando l’avvenuto ingresso nelle cellule). 
Sia BPL che, in misura minore, FA riducono la capacità di legame e di fusione delle 
particelle virali. Anche la stimolazione di una linea cellulare reporter per TLR7 è 
influenzata dai trattamenti di inattivazione; in questo caso, l’inattivazione con FA ha 
un impatto maggiore sull’attivazione di TLR7 indotta dal virus rispetto al trattamento 
con BPL. Inoltre, gli effetti causati dal trattamento con BPL o FA variano tra diversi 
ceppi di influenza. Questo studio dimostra che l’inattivazione chimica ha effetti 
significativi e ceppo-specifici sulle proprietà del virus influenzale, ed indica che molti 
altri importanti fattori – al di là della concentrazione dell’agente inattivante – devono 
essere considerati in questo processo. 

In generale, i risultati presentati in questa tesi mostrano come i saggi in vitro possano 
offrire dettagliate informazioni sulle proprietà dei vaccini e sulle risposte da loro 
indotte, e come possano essere utilizzati per i test di efficacia necessari per rilasciare 
lotti di vaccini sul mercato. Metodi come quelli descritti potrebbero, nel prossimo 
futuro, portare ad un sistema di sviluppo e di produzione di vaccini più efficace per 
gli esseri umani e meno nocivo per gli animali.  
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were my office mate. Your persistence (and presence late at night!) often gave me 
the strength to keep going, and many of our scientific discussions lead to 
improvements in my projects. I am truly thankful for all the ‘venting hours’ between 
you, Amrita and I – followed by food and wine, of course! Our chats made me realize 
that we all experience the same challenges, and helped me stay sane when science 
was just not working. Denise, my other office mate – thanks for being a great person 
to talk to about personal life. I love your dark humor – and you are the best party 
companion! Ellen and Berit, you were awesome PhD mates, always up for a chat or 
a drink. You showed everybody how to plan and perform research effectively, while 
at the same time having fun and organizing countless social activities! I am grateful 
we got to spend these important years together. Shipeng, Milena and Darshak: in 
my eyes you all have just started… but time is a relative concept, and in reality you 
have already done some great science! Thanks for reminding me how exciting it is to 
be a researcher. 
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Cesar, your knowledge and experience were always helpful, but your funny side was 
also a great benefit to have in the lab! Andres, Vinit, Bram and Lennon – you guys 
brought a fun balance in this XX-dominated lab. Thanks for all the fun and for the 
help in the heavy lab duties! Baukje Nynke, Annemarie, Heidi and Gina: thanks for 
the help every time I asked you for it, en voor het zachte duwtje om af en toe naar 
het Nederlands over te schakelen! ���� 

To the people that have already left the lab for a while: as senior PhD students you 
set for everyone a great example of how to be an amazing researcher. Beto and 
Stephanie, your passion for science is contagious. Discussing with you annoying 
issues or new interesting findings was always a learning opportunity. Thank you also 
for always being up for some delicious spicy food! Liliana, you are such a 
knowledgeable researcher and interesting person. Thanks for showing me how 
humble but confident a scientist should be! Georgia, thank you for your fun-loving 
attitude and your helpful advices, on research and life in general. Julia, your goal-
driven character is impressive and taught me a lot at the start of my PhD. 

Groningen is quite the stretch compared to warm, sunny, messy Rome. Yet, thanks 
to some amazing people, I felt at home right away. Djamila, Rick and Samara, my 
Groningen (and a bit Berlin) family: I love you guys. Thanks for helping me and taking 
care of me whenever I needed it. I’m always happy to do the same! Yulia, Anna and 
Ann, my Ukrainian squad: together with Xabi, Fred and Aldy, you made my first year 
in Groningen amazing and unforgettable. I promise I’ll manage to see all of you in 
each of your home countries! Riccardo, il primo legame con l’Italia in questa terra di 
dighe e pecore. Grazie per continuare a condividere tutte le frustrazioni, i cibi schifosi, 
i memes, le parole assurde e (incredibile ma vero) i buoni motivi per rimanere qui! E 
agli amici italiani che mi sono venuti a trovare a Groningen: Javier, Monica, Mafalda, 
Francesca e Chiara: anche grazie a voi, l’Olanda è diventata un po’ più casa. 

Federica, la mia paranymph. Non siamo le italiane che si andrebbero a cercare 
connazionali all’estero – che cliché! And yet, ci siamo conosciute e abbiamo fatto le 
italiane ���� Tra lasagne e tiramisù, dal caffé semidecente rubato alla macchinetta non 
permessa al far mettere i cartelli contro i nostri schiamazzi... Grazie per aver salvato 
la lingua italiana dall’oblio del mio cervello, e per essere sempre dolce, disponibile, 
onesta, aperta… insomma grazie per essere arrivata a Groningen ed esser diventata 
mia amica! 

Lie, my Dutch paranymph. Who would have known we’d get here when we started 
as interns, huh? You were my first Dutch friend, and still now you’re one of the few 
that not only accepts but embraces my spontaneous – borderline spur-of-the-
moment – plans. You’re always ready to chat, discuss science, get on a flight, a train, 
a boat if I tell you it’s worth it! Thanks for making me feel at home in your country 
and for being so happy in exploring mine. 
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Lieve Sander. Zonder jouw vertrouwen in mij en jouw steun was ik niet zo ver 
gekomen. Bedankt voor je waardering van mijn dwaze kant, voor de zorg voor de 
onhandige kant, en dat je altijd weet hoe je me aan aan het lachen kunt maken. 
Bedankt dat je me niet hebt laten kiezen tussen mijn ambities en ons leven samen. 
Ik verheug mij op onze volgende avonturen (ook met Bietje!), en ik voel me gelukkig 
dat ik ze met jou kan delen. Dank je wel voor je geduld, je porren in m’n zij, je grapjes 
en je liefde. 

I also want to give extra credits to both Lie and Sander for taking care of the Dutch 
summary, making sure it was scientifically sound and understandable for a non-
expert audience. I am really grateful for your efforts, especially considering that you 
were not familiar with the subject (or even the field)! 

And to the Steenhuis family: thank you for being so supportive and caring – 
especially in these last months without my Italian family. Joke, Aaldrik, Camiel and 
Wieger – and now with the addition of Luiza and Sanne-Marije: I always enjoy our 
dinners, walks in forests, discussions about politics - and occasional ice-skating 
lessons! I feel very lucky to have you in my life here in the Netherlands. 

And finally, to my biggest supporters, my biggest fans – my family. Graziella e 
Ludovica, mia seconda mamma e mia sorella per scelta: grazie per essere venute qui 
e per fare di tutto per incontrarci ogni volta che sono a Roma. Ludovica, forse non 
te l’ho mai detto, ma il coraggio di diventare scienziata lo devo anche a te    Ormai 
conosci Groningen meglio di me... è tempo di esplorare nuove città! Sappi che in 
qualsiasi luogo del mondo mi trovi, c’è una camera, un lato del letto o un materassino 
pronto per te. A nonna, Michela, Alessandro, Emanuele, Orietta, Biagio, Giorgio, 
Lela e Adele: grazie per coccolarmi e viziarmi ogni volta che torno, facendomi sentire 
a casa e come se non mi fossi persa nulla. E infine alle persone che mi hanno resa chi 
sono e che farebbero di tutto per vedermi felice: mamma e papà, se sono qui e ho 
ottenuto ciò che voglio è soltanto grazie a voi e al vostro supporto incondizionato. 
Sappiate che ve ne sono infinitamente grata e che la nostra lontananza è solo 
geografica. L’amore che provo per voi supera questi miseri 1,666 km. 
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