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Abstract 

Vaccination remains the most effective strategy to prevent infectious diseases and 
mitigate their global impact. The rapid development of SARS-CoV-2 vaccines 
demonstrated the transformative potential of novel biotechnologies but also exposed 
challenges in production scalability, cold-chain logistics, antigen preservation, and 
rapid adaptation to emerging variants. Meanwhile, arboviral infections, particularly 
West Nile virus (WNV), have become persistent threats in Europe and beyond, driven 
by ecological changes and climate warming, albeit no effective human vaccine exists. 
High Hydrostatic Pressure (HHP) processing, widely used in the food industry for 
microbial inactivation and product preservation, represents a promising, chemical-
free viral inactivation method. Preliminary evidence indicates that pressure-induced 
structural alterations can suppress viral replication while preserving antigenic 
structures. However, systematic investigations into immunogenicity, antigen 
preservation, and thermostability of HHP-inactivated viral vaccines are still limited. 

This study aimed to develop and validate an HHP-based methodology for producing 
inactivated vaccines against SARS-CoV-2 and WNV. The specific objectives were to: 
(i) assess HHP inactivation efficacy on structurally distinct viruses; (ii) characterize 
morphological and antigenic modifications induced by pressure; (iii) evaluate 
immunogenicity in a murine model; and (iv) examine thermostability under storage 
conditions relevant to low-resource environments. The overarching goal was to 
establish HHP as a versatile platform for pandemic preparedness and control of 
endemic arboviruses. 

SARS-CoV-2 (B.1 and BQ.1.1 lineages) and WNV (lineages 1 and 2) were selected as 
representative models of pandemic and endemic threats. Viral stocks subjected to high 
hydrostatic pressure processing in an Avure system. Pressures between 400 and 600 
MPa were tested for 5-10 minutes, while heat inactivation was used as a control. 
Residual infectivity was assessed by endpoint titration and replication assays in Vero 
E6 cells, while morphological and antigenic integrity were evaluated through 
negative-staining electron microscopy and Western blotting, focusing on the main 
structural proteins of each virus. The immunogenicity of the SARS-CoV-2 vaccine 
candidates was evaluated in vivo in Swiss CD-1 mice, which received HHP- or heat-
inactivated preparations (10 µg of purified antigen) following a prime-boost regimen. 
Humoral responses were longitudinally evaluated over 53 days by ELISA, Western 
blot, and neutralization assays, while T-cell responses were evaluated at the final 



 

 

timepoint through IFN-γ ELISpot. Parametric and non-parametric statistics were used 
to address significant differences within and among groups. Thermostability was 
studied by storing inactivated viral preparations at 4 °C and 25 °C for up to 30 days, 
with antigenicity assessed periodically by Western blot.  

HHP demonstrated to inactivate SARS-CoV-2 and WNV while preserving critical 
antigenic determinants. For SARS-CoV-2, 400 MPa reduced infectivity but allowed 
residual replication; 500 MPa completely abolished infectivity while preserving virion 
morphology with moderate loss of spike definition. At 600 MPa, extensive collapse of 
virions was observed. Western blot confirmed retention of nucleocapsid and 
membrane protein reactivity across all HHP conditions, though spike antigenicity 
declined with increasing pressure. In vivo, HHP-inactivated SARS-CoV-2 vaccines 
induced robust humoral immunity. The 500 MPa group showed the highest and most 
sustained titers, accompanied by strong neutralizing activity. Epitope profiling 
revealed that HHP vaccines elicited a broader antibody repertoire targeting both S and 
N proteins, whereas heat inactivation induced mainly N-specific antibodies. T-cell 
activation was also robust in HHP immunization groups. Thermostability assays 
revealed that 500-MPa-inactivated SARS-CoV-2 preparation maintained antigenic 
integrity for at least 30 days at 4 °C and for up to 14 days at 25 °C, suggesting improved 
distribution potential without dependence on ultra-cold storage. For WNV, standard 
5-minute HHP treatments were insufficient for full inactivation, but 10-minute 
exposures achieved complete loss of infectivity. Electron microscopy revealed 
collapsed, amorphous particles, while Western blot confirmed preserved 
immunoreactivity of envelope, capsid, and NS1 proteins.  

This study demonstrates that high hydrostatic pressure is a versatile and effective 
approach for viral inactivation that preserves critical antigenic determinants while 
abolishing infectivity. Overall, HHP offers a promising technology for whole-virus 
vaccine development with applications extending from pandemic preparedness 
against rapidly evolving coronaviruses to endemic or imported arboviral threats. The 
approach offers advantages in scalability and distribution logistics, addressing global 
inequities in vaccine access. Future work should refine virus-specific protocols, expand 
testing to additional pathogens such as Dengue virus, whose expanding distribution 
underscores the urgent need for resilient vaccine technologies.  
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1. Introduction  
 

 

 

 

Vaccines represent one of the most powerful tools in medicine and public health, 
transforming once devastating and life-threatening diseases into preventable, often 
eradicated illnesses. From the historic eradication of smallpox to the ongoing efforts to 
control polio, vaccine development is the results of decades, if not centuries, of 
research and scientific debate, and the overcoming of technological challenges.  

In recent years, the COVID-19 pandemic brought the critical importance of vaccine 
development into sharp focus. In a matter of months, the urge to produce effective 
vaccine against COVID-19 has prompted laboratories around the world to engage in 
an unprecedentedly expeditious vaccine development effort in order to provide an 
effective prophylactic countermeasure to stem SARS-CoV-2 spread in the human 
population. All vaccines which have received authorization by international drug 
regulation agencies in the last year, have thus far proved to effectively reduce 
morbidity and mortality connected with the disease, with new technologies like 
mRNA vaccines rapidly moving from research benches to millions of arms across the 
globe, demonstrating both the power and potential of modern biotechnology.  

This extraordinarily rapid response was a stark demonstration to how far vaccine 
science has moved from the rudimentary beginnings of immunization centuries ago, 
but it also raised new questions about the future of vaccine technology, ongoing 
scientific, logistical, and ethical challenges, igniting the complex and evolving world 
of vaccine development and giving new momentum to the exploration of the scientific 
principles that guide the progress of vaccine science, ultimately aiming at the 
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development of safe and effective solutions through cutting-edge innovations poised 
to shape the next generation of immunizations. In a tight intersection between science 
and society, vaccines are not only medical achievements but also pivotal tools in public 
health strategy and their development balances optimism with the realities of scientific 
and global health challenges acting as powerful agents of social change. In this 
perspective, vaccines are inherently social tools, whose importance extends beyond 
science boundaries, deeply influencing societies, public health, collective 
responsibility and even global cooperation.   

The COVID-19 crisis exposed stark inequalities in healthcare infrastructures 
worldwide, with many low-income countries experiencing delayed or limited access 
to vaccines. This imbalance sparked urgent debates about vaccine nationalism versus 
global solidarity, raising ethical questions about equity, justice, and the right to health. 
Moreover, vaccine hesitancy during the pandemic, fueled by misinformation, political 
polarization, and historical mistrust in medical systems, demonstrated that scientific 
achievement alone is insufficient without effective public communication and 
engagement. The social contract implicit in vaccination relies on mutual responsibility: 
individuals protect not only themselves but also the wider community, especially the 
most vulnerable. Thus, vaccination becomes an expression of civic duty and social 
cohesion. 

As we confront current and future infectious threats, from resurgences of known 
diseases to novel pathogens, understanding the history, present, and future of vaccine 
development is more important than ever because the next great breakthrough could 
save millions of lives. 

 

1.1 Historical perspective of vaccine use in infectious diseases control: from early 
roots to the evolution of the “Public Health” concept towards global equity  

From an historical perspective, the development and deployment of vaccines is not 
merely a scientific achievement, but it is the result of a shift in the consideration and 
understanding of health, diseases, and the role of public institutions and of the 
collaborative responsibility in protecting collective health. In this perspective, the 
success of vaccination is deeply interconnected with the concept of collectiveness and 
sense of community.  
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The use of vaccines has ancient origins, predating the advent of medical science, as 
modernly intended, with the earliest forms of inoculation being traced back up to the 
10th century, when variolation practices were developed, laying the groundwork for 
future advancements in immunization. 

For what regards Western world, Edward Jenner experiments at the end of the 1700s 
on the inoculation with material from a cowpox sore and exposure to smallpox, led to 
world revolutionary first vaccine[1], not only from a medical perspective, but also for 
the profound impact it had on the understanding of diseases prevention. Yet, while 
Jenner's work laid the foundation for immunization, his efforts still represented the 
infancy of vaccination under a public health perspective[2]. 

A key watershed in the advancements of vaccine practices was germ theory, pioneered 
by Pasteur and Koch in the 19th century, which transformed the way diseases were 
understood and, by extension, how they could be prevented[3,4]. At a time when 
infectious diseases as cholera, tuberculosis, and typhoid fever were raging in an 
increasingly urbanized setting, vaccines became a critically important tool in building 
an organized and structured public health apparatus. Despite this, the 
interdependence between vaccine practices and public health policies was still at a 
primordial stage: while governments recognized the utility of vaccines, widespread 
vaccination campaigns were sporadic and often resisted by segments of the 
population, particularly in societies where public mistrust of medical interventions 
remained strong[5]. 

The so-called golden moment for vaccine development was represented by the 20th 
century, which saw the implementation of vaccines for some of the deadliest and most 
pervasive infectious diseases in human history: diphtheria, tetanus, pertussis, polio, 
measles, and mumps, among others. These advances were made possible by progress 
in the fields of microbiology and immunology, as well as biotechnology, but also to 
improved production techniques that allowed vaccines to be provided on a larger scale 
and with greater safety[6].  

The World Health Organization (WHO) foundation in 1948, marked the 
institutionalization of public health efforts formalizing a global approach to disease 
control, which emphasized the need for coordinated efforts in vaccination and disease 
prevention[7]. Mass vaccination campaigns gained more and more importance, 
leading to the introduction of routine immunizations, especially in young children[8]. 
From a perspective of comprehensive health and egalitarian access to prevention, the 
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Expanded Programme on Immunization (EPI), launched by the WHO in 1974, aimed 
at extending vaccination campaigns for basic immunization to children in low- and 
middle-income countries, addressing disparities in access that had previously been 
largely ignored[9]. 

At the end of the century, the WHO’s smallpox eradication campaign, began in 1967, 
with the global goal to eradicate smallpox best demonstrated the interdependence of 
vaccine development and deployment in mass vaccination, surveillance and outbreaks 
containment, which led to the total eradication of life-threatening diseases[10]. 
Thereby, smallpox, from one of the greatest threats to human health, became a symbol 
of the potential and strength of vaccines[11], showcasing not only the potential of 
vaccines to eliminate diseases but also the essential role of organized, global public 
health efforts in ensuring their effectiveness[12]. 

As the 21st century began, the epidemiological and global public health context became 
more complex, posing new challenges to vaccination practices. On the one hand, while 
vaccines had now reduced the burden represented by communicable diseases in the 
most developed countries, the interconnectedness brought by globalization led to the 
spread of once-distant diseases across borders, making global cooperation in disease 
containment more essential than ever[13]: SARS, MERS, and Ebola highlighted the 
ongoing need for vaccine innovation and robust public health systems[14]. On the 
other hand, increased globalization has resurfaced the pressing issue of developing 
countries and vaccine equity, surely one of the greatest health challenges of the 
century. While vaccines have been developed for many diseases, access to these life-
saving interventions has been uneven between wealthier countries and low-income 
countries, with profound implications for the latter, where the burden of these diseases 
is often the greatest[15]. Efforts such as the Global Alliance for Vaccines and 
Immunization (GAVI), established in 2000, have sought to address this imbalance by 
improving access to vaccines in the world's poorest countries, playing a critical role in 
expanding immunization coverage, particularly for children in order to make the 
benefits of vaccine developments universally shared[16]. 

The COVID-19 pandemic, which saw unprecedented efforts in vaccine development 
and distribution[17], has brought these issues into even sharper focus, with the 
“global” distribution of these vaccines marked by stark inequalities. While high-
income countries secured early access to vaccines, many low-income countries have 
been only marginally touched by immunization campaigns and faced delays in 
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obtaining sufficient doses for good population coverage, in what appeared to the eyes 
of many as mere paternalism[18]. This inequity not only resulted in preventable deaths 
but also prolonged the pandemic, as unvaccinated populations in one part of the world 
allowed the virus to continue spreading and mutating. This inequity has highlighted 
not only the moral imperative of vaccine distribution but also the practical reality that 
no country is safe from a pandemic unless all countries are, underscoring the need for 
a more equitable global public health system, where vaccines and other health 
interventions are accessible to all, regardless of geography or income[19]. 

Vaccines are not only a result of scientific research and discovery, but their history is 
deeply and reciprocally connected with public health, sense of collective duty and 
public global policies. From the eradication of smallpox, marking the first and greatest 
milestone of vaccines success, to the ongoing fight against COVID-19, passing through 
new emerging-but-still-poorly-understood pathogens, vaccines have been a critical 
and decisive tool in the control of infectious diseases. At the same time, the 
deployment and wide distribution of vaccines have depended upon the recognition of 
the collective nature of health and the sense of collective duty, which far transcend the 
borders of scientific development[20]. As the world faces new and emerging health 
threats, the interdependence of vaccines and public health will remain central to 
safeguarding global health across borders, highlighting how vaccine development is 
not just a national priority but also a global imperative that requires international 
cooperation and coordination. The challenge for the future will be to ensure that the 
benefits of vaccines are shared equitably and that public health systems are equipped 
to respond to the ever-changing landscape of infectious diseases[7]. 

As we continue to innovate in the field of immunization, it is essential to recognize 
that the success of vaccines relies not only on science but also on the strength of the 
societies they aim to protect. 

 

1.2 An overview of vaccine categories: live attenuated, inactivated, viral vectors, 
virus-like particles (VLP), recombinant protein, DNA and mRNA vaccines 

1.2.1 Live attenuated vaccines 

Live attenuated vaccines are produced from an avirulent strain of the viruses of 
interest, which as a result no longer cause disease in immunocompetent individuals 
but can nonetheless elicit an immune response akin to that elicited by its virulent 
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counterpart. Viral attenuation is achieved through several methods, including serial 
passage in non-human cells, by inducing temperature-sensitive mutations, or by 
genetic manipulation to delete or alter virulence factors. Live attenuated vaccines can 
elicit robust and long-lasting immunity and induce both humoral and cellular immune 
responses. Many preventable diseases are put under control through attenuated 
vaccines, such as measles, mumps, rubella, and varicella[21]. However, there are 
medical risks associated with live attenuated vaccines. Immunocompromised 
individuals may develop the disease from the attenuated pathogen, and there is also 
the rare possibility of reversion to a virulent form[22].  

The production of live attenuated vaccines is relatively cost-effective once the 
attenuation process is optimized, as they use well-established cell culture techniques. 
However, the high initial costs of developing a safe attenuated strain, along with the 
requirement for rigorous safety testing, make initial development expensive. In 
addition, their sensitivity to temperature fluctuations and the requirement of strict 
cold chain storage, complicates large-scale distribution, especially in developing 
countries where refrigeration infrastructure may be lacking[23]. 

1.2.2 Viral vector vaccines 

Viral vector vaccines rely on non-pathogenic or scarcely virulent virus, such as an 
adenovirus, engineered to encode genes for one or several antigens cloned into the 
vector backbone. Viral vectors can be engineered to be replication deficient (replication 
incompetent), while maintaining the ability to infect cells and express the encoded 
antigen. Replication-competent vectors are considered true infections akin to live-
attenuated vaccines. The vesicular stomatitis virus (VSV)-derived Ebola vaccine, 
encoding the Ebola surface glycoprotein, is an example of replication-competent 
vaccine[24].  Examples of replication deficient vaccine include the AstraZeneca 
COVID-19 vaccine[25,26], which uses a replication deficient chimpanzee adenovirus 
(ChAd) vector encoding surface spike glycoprotein. Other viruses used for the 
development of viral-based replication deficient vaccines include human adenovirus, 
Adeno-associated virus (AAV), modified vesicular stomatitis virus, modified vaccinia 
virus Ankara (MVA), poxvirus, and Newcastle disease virus (NDV)[27,28].  

Viral vector vaccines can induce both humoral and cellular immune responses, hence 
providing a broad immune protection. Moreover, because replication deficient vector 
viruses do not replicate in the body, they are considered safe for most individuals, 
although there is some concern about pre-existing immunity to the vector virus, which 
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may reduce the vaccine’s efficacy. This is especially problematic for vaccines using 
common human adenovirus vectors, as pre-existing immunity can neutralize the 
vector before it has a chance to deliver antigens[29]. 

From a production standpoint, viral vector vaccines are more complex to manufacture 
than live attenuated or inactivated vaccines because they require the growth of live 
viral vectors in cell culture systems[30]. This increases the cost and time involved in 
scaling up production. However, the manufacturing can be streamlined in a multistep 
process comprising of modular plug-and-play steps. Due to the versatility of the 
manufacturing platform viral vector vaccines can be easily deployed in the event of an 
epidemic or pandemic. Moreover, once these vaccines are produced, their storage 
requirements are more flexible than for other vaccines, typically requiring only 
refrigeration[31]. 

1.2.3 Recombinant protein vaccines 

Recombinant protein vaccines are created by producing viral proteins (antigens) using 
recombinant DNA technology. This involves inserting a gene encoding the antigen 
into a host cell (such as yeast, bacteria, or mammalian cells) and allowing the cells to 
produce large amounts of the antigen. The protein is then purified and used in the 
vaccine. Examples include the hepatitis B (HBV) vaccine and the human 
papillomavirus (HPV) vaccine. Recombinant protein vaccines are highly safe, as they 
do not contain live pathogens and cannot cause disease. They also elicit strong 
humoral immune responses, particularly when combined with adjuvants to enhance 
their immunogenicity. The main challenge with recombinant protein vaccines is that 
they typically elicit weaker cellular immune responses and may require multiple doses 
or boosters for long-lasting immunity. In addition, they often need to be combined 
with adjuvants to enhance the immune response, which can sometimes increase the 
risk of local or systemic reactions[32]. 

The production of recombinant protein vaccines is relatively cost-effective once the 
expression systems are optimized. Yeast and bacterial cells are inexpensive to grow 
and maintain, though the purification of the protein can be a costly and complex 
process. The scalability of recombinant protein vaccines is a major advantage, as they 
can be produced in large quantities without the need for biosafety containment, unlike 
live attenuated or inactivated vaccines[33]. 
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1.2.4 Virus-like Particles (VLPs) vaccines 

Virus-like particles (VLPs) are macromolecular assemblies designed to mimic the 
morphology of a native virus (e.g., size, shape, and surface epitopes). VLP-derived 
vaccines are typically manufactured in bioreactors following transfection of insect, 
yeast, bacterial, plant, or mammalian cells with one or multiple genetic constructs. It 
has been established that the constructs encode a minimum of two structural 
components of the original virus, thus enabling self-assembly into replication-
incompetent particles[34–37]. The immunogenicity of VLPs can be tuned during the 
design and manufacturing phases by means of chemical modifications of the surface, 
the addition of immunogenic/dominant peptides and/or adjuvants, or the choice of 
the VLP system[38,39]. This technology has been used to develop several licensed 
vaccines such as the human papillomavirus vaccine but has also been explored against 
Chikungunya, ZIKV, and SARS-CoV-2[40–42]. 

1.2.5 DNA and mRNA vaccines 

Nucleic acid vaccines use DNA or RNA molecules that encode for pathogen-specific 
antigenic proteins. The former use a plasmid as the vehicle for the genetic material, 
while the latter have mostly used encapsulation in lipid nanoparticles[43].  

When a DNA vaccine is administered, it is believed to transfect myocytes, 
keratinocytes, and tissue-resident APCs. Internalized DNA is translocated to the 
nucleus, where it is transcribed into mRNA. The mRNA is transported out of the 
nucleus, to the ribosomes responsible for synthesizing the desired antigen. This 
antigen undergoes processing and presentation to immune cells, thus eliciting a 
specific immune response[44]. Compared with the conventional inactivated, 
attenuated, and recombinant subunit vaccine platforms, DNA vaccines are faster, 
cheaper, and easier to manufacture. Despite positive clinical data, no DNA-based 
vaccine is licensed for human use, likely because generation of robust B and T cell 
responses with this platform requires at least a prime, and two-three booster 
administration. However, several DNA vaccines have been licensed for veterinary 
applications, e.g. West Nile virus in horses[45,46]. Safe and effective application of 
these vaccines in animals will likely be instrumental in providing proof-of-concept 
assisting in eventual application for clinical use in humans. 

Recent improvements in sequence engineering and codon optimization, as well as in 
capping strategies, in addition to the evolution of potent and relatively safe delivery 
systems such as lipid nanoparticles, have significantly advanced the development and 
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regulatory approval of mRNA-based vaccines. Their principle relies on introducing 
synthetic mRNA encoding a specific viral protein into human cells, where the mRNA 
is translated into the corresponding viral protein, which then elicits an immune 
response[47,48]. The production of mRNA vaccines involves synthesizing the mRNA 
molecule in vitro, followed by encapsulation in lipid nanoparticles to protect the 
mRNA and facilitate its entry into cells[49]. mRNA vaccines have demonstrated 
several advantages, particularly highlighted by the success of the Pfizer-BioNTech and 
Moderna COVID-19 vaccines[50,51]. They are highly effective, with a strong ability to 
induce both antibody and T-cell responses. Moreover, the mRNA platform allows for 
rapid design and production, making it highly adaptable for emerging infectious 
diseases. The long-term duration of immunity remains subject of ongoing research, 
although suggesting the necessity for periodic booster doses[52,53]. 

The mRNA platform does not require live pathogen culture, eliminating many 
biosafety concerns and reducing production times. Additionally, mRNA vaccine 
production can be rapidly scaled up to meet global demands. However, the 
requirement for ultra-cold storage increases distribution costs and presents logistical 
challenges for global distribution[54]. 

1.2.6 Inactivated vaccines: scientific bases of viral inactivation, definition and 
principle 

Inactivated vaccines consist of viruses or bacteria that have been inactivated using 
heat, chemicals (such as formaldehyde), or radiation[55]. This process ensures that the 
pathogen can no longer replicate or cause disease. However, it maintains the structural 
characteristics of major antigenic proteins, which are recognized by the immune 
system, eliciting a specific immune response[56]. One of the primary advantages of 
inactivated vaccines is their safety; since the pathogen cannot replicate, there is no risk 
of disease even in immunocompromised individuals. This safety profile makes 
inactivated vaccines, suitable for a broad population base. Inactivated vaccines 
generally produce weaker immune responses compared to live attenuated vaccines, 
require adjuvants, and often require multiple doses and booster shots to achieve and 
maintain protective immunity[57]. 

Despite the initial biosafety risk posed by culturing large quantities of the pathogen in 
the production facility for inactivation, inactivated vaccines have less strict storage 
requirements, often tolerating refrigeration rather than freezing, which enhances their 
logistical viability[58]. However, inactivated vaccines tend to require adjuvants 
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(immune-boosting substances) and booster doses, which adds to their overall long-
term cost[59]. Furthermore, maintaining large quantities of the pathogen in the 
production facility for inactivation poses biosafety risks. 

1.2.6.1 Traditional inactivation method: advantages and limits  

Chemical inactivation is one of the most commonly used methods in the production 
of inactivated vaccines and the two most widely used chemical agents for viral 
inactivation are formaldehyde and β-propiolactone (BPL)[60]. 

Formaldehyde is a well-established agent used to inactivate viruses by cross-linking 
proteins and nucleic acids, hampering adsorption and entrance into cells, 
notwithstanding maintaining the structure of viral surface proteins involved in the 
activation of the immune response. Formaldehyde has been used for decades in the 
production of vaccines such as the inactivated polio vaccine (IPV)[61,62] and the 
hepatitis A vaccine[60,63]. Formaldehyde is effective against a wide range of viruses, 
including both enveloped and non-enveloped viruses and is a relatively inexpensive 
chemical, making it suitable for large-scale production. One major limitation is that 
formaldehyde can induce modifications in viral proteins structure thereby reducing 
their immunogenicity; to mitigate this, precise control of concentration and exposure 
time is necessary during the inactivation process. Moreover, formaldehyde 
inactivation can be time-consuming, taking several days to ensure complete 
inactivation. 

Β-propiolactone is another chemical widely used for viral inactivation. It works by 
binding to nucleic acids and disrupting the viral genome while leaving proteins largely 
unaffected. BPL is commonly used in the production of rabies vaccines[64,65] and 
some influenza vaccines[57,66]. BPL has the advantage of being a rapid inactivating 
agent, often achieving complete viral inactivation in a matter of a few hours (the 
majority of inactivation protocols suggest an overnight incubation with BPL for 
complete inactivation). Unlike formaldehyde, it has minimal impact on the antigenic 
structures of the virus, helping preserve the vaccine’s immunogenicity. As a downside, 
BPL is extremely unstable and needs to be carefully handled, as it degrades into 
potentially toxic byproducts like β-hydroxypropionic acid at neutral pH, making its 
storage and handling more complicated[60,64]. 

Physical methods of viral inactivation rely on the application of heat to disrupt viral 
structures and replication. The most common physical method used in vaccine 
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production is heat inactivation, though other methods such as ultraviolet (UV) 
irradiation are also employed. 

Heat inactivation involves exposing the virus to high temperatures, typically between 
56 °C and 65 °C, for a specified period. This process denatures viral proteins and 
nucleic acids, rendering the virus non-infectious. Heat inactivation has been 
historically used in the production of vaccines such as the early influenza and yellow 
fever vaccines[67]. Heat inactivation is a straightforward and inexpensive method that 
does not require toxic and often carcinogenic chemical reagents and is relatively fast, 
with viral inactivation occurring within minutes to hours, depending on the 
temperature and virus. On the other hand, heat can denature the virus’s surface 
proteins, potentially compromising the vaccine’s immunogenicity. This means that the 
immune response elicited by a heat-inactivated vaccine may not be as robust or long-
lasting compared to chemically inactivated vaccines. Thus, precise control of 
temperature is critical to ensure complete inactivation without over-damaging the 
viral antigens[68]. 

UV irradiation is another physical method that inactivates viruses by causing damage 
to their nucleic acids, particularly through the formation of thymine dimers, which 
disrupt viral replication. This method has been explored in the development of 
experimental vaccines, although it is less commonly used in large-scale production. 
Like heat inactivation, UV irradiation is a non-chemical method, eliminating the need 
for potentially hazardous reagents and it can be performed quickly and can be scaled 
for industrial use with appropriate equipment[69]. As a disadvantage for the 
application of UV irradiation, UV light has limited penetration depth, meaning it may 
not be as effective at inactivating viruses in large volumes of liquid or in complex 
mixtures. Moreover, UV exposure can damage proteins, altering their structure and 
reducing the vaccine’s immunogenicity[70]. 

Radiation inactivation involves the use of ionizing radiation, such as gamma rays, to 
disrupt viral structures and inactivate the virus. This method is less commonly used 
for commercial vaccine production but has been explored in research settings for its 
potential to inactivate highly pathogenic viruses. Gamma irradiation, for example, 
works by inducing breaks in the viral nucleic acids, preventing replication. Unlike 
chemical methods, radiation does not involve the introduction of external substances, 
making it a cleaner process in terms of residuals. Gamma irradiation can penetrate 
deeply into liquids and solid materials, making it effective for large-scale inactivation 
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processes and it has a minimal impact on the virus’s surface proteins, helping to 
preserve immunogenicity[71]. On the other hand, gamma irradiation requires 
specialized equipment, which can be expensive to install and maintain, limiting its use 
to specific facilities with the necessary infrastructure. From the antigenicity standpoint, 
high doses of radiation can cause damage to viral proteins, which may reduce the 
vaccine’s effectiveness. Finding the right balance between effective inactivation and 
protein preservation is a key challenge[72]. 

1.2.6.2 Inactivation impact on antigen preservation and immunogenicity 

The choice of viral inactivation method directly impacts the safety and efficacy of 
inactivated vaccines. Chemical methods, such as formaldehyde and BPL, are well-
established and have been used for decades in vaccines with proven safety profiles. 
However, they require strict control to avoid incomplete inactivation, which could 
lead to the presence of infectious virus in the final product. Physical and radiation 
methods, while effective, often face challenges in preserving the immunogenicity of 
the virus, as excessive damage to viral proteins can reduce the vaccine’s ability to 
stimulate a strong immune response[73]. The success of an inactivated vaccine thus 
relies not only on its inactivation method but also on the meticulous balance between 
safety, production efficiency and immunogenicity. 

Chemical inactivation methods, such as formaldehyde and β-propiolactone, are 
widely used due to their effectiveness and established safety profiles, though they 
require precise control to avoid compromising immunogenicity. Physical methods, 
including heat and UV irradiation, offer alternatives, but they can negatively affect 
viral proteins if not carefully managed. Radiation methods, though less common, 
provide another route for viral inactivation. Each method has its own advantages and 
limitations, and the choice of technique depends on the specific virus, production 
capabilities, and the desired characteristics of the final vaccine product[73] in order to 
balance the need for complete viral inactivation with the preservation of 
immunogenicity[74]. 

1.2.6.3 Dynamics of immune responses to inactivated vaccines 

The immunogenicity of whole inactivated virus vaccines largely depends on their 
ability to induce both humoral and cellular immune responses[74].  

The humoral immune response is primarily mediated by B lymphocytes, which are 
responsible for producing antibodies that neutralize pathogens and mark them for 
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destruction by other immune cells. Upon vaccination with whole inactivated virus 
vaccines, the antigens of the inactivated pathogen are presented to the immune system, 
particularly to antigen-presenting cells (APCs) such as dendritic cells. These APCs 
process the antigens and present them on their surface to helper T cells (CD4+ T cells), 
which in turn activate B cells. The activation of B cells following vaccination with 
whole inactivated virus vaccines requires two signals. The first is the recognition of 
the antigen through the B cell receptor (BCR), which binds to the pathogen or its 
components. The second signal is provided by helper T cells through the engagement 
of the CD40 ligand on the T cell with the CD40 receptor on the B cell. This interaction 
induces B cell proliferation and differentiation into plasma cells, which are specialized 
for the production of antibodies[75]. Following this process, plasma cells begin to 
secrete large quantities of antibodies specific to the pathogen. In the case of whole 
inactivated virus vaccines, antibodies target surface proteins of the inactivated 
pathogen, such as viral envelope glycoproteins or bacterial surface polysaccharides. 
These antibodies play a critical role in neutralizing the pathogen by binding to it and 
preventing it from infecting host cells. Furthermore, antibodies can facilitate 
opsonization, where the pathogen is coated with antibodies, leading to enhanced 
phagocytosis by macrophages and neutrophils[75]. In addition to the production of 
plasma cells, the humoral response to whole inactivated virus vaccines generates 
memory B cells, which persist in the body long after the initial exposure to the vaccine 
antigen. Memory B cells enable a rapid and robust response upon subsequent 
exposure to the pathogen. Unlike naïve B cells, which require a longer time to produce 
antibodies, memory B cells can quickly proliferate and differentiate into plasma cells 
upon antigen re-encounter, providing long-lasting immunity[76]. 

While the humoral response plays a pivotal role in neutralizing extracellular 
pathogens, the cellular immune response is essential for eliminating intracellular 
pathogens such as viruses that have entered host cells. The cellular immune response 
is mainly mediated by T cells, which are divided into two major subsets: helper T cells 
(CD4+ T cells) and cytotoxic T cells (CD8+ T cells)[75]. 

CD4+ T cells play a key role in orchestrating the immune response to whole inactivated 
virus vaccines. After antigen uptake and processing by APCs, fragments of the 
pathogen are presented on major histocompatibility complex (MHC) class II 
molecules, which are recognized by CD4+ T cells. Upon activation, CD4+ T cells 
differentiate into various effector subsets, including TH1 and TH2. Each subset 
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secretes different cytokines that modulate the immune response. TH1 cells are 
essential for activating macrophages and enhancing their microbicidal activity, thus 
aiding in the clearance of pathogens. TH2 cells, on the other hand, support the humoral 
immune response by promoting B cell proliferation, differentiation, and antibody class 
switching[77]. 

In contrast to CD4+ T cells, CD8+ T cells are primarily responsible for directly killing 
infected cells. After vaccination with whole inactivated virus vaccines, some viral 
proteins may be taken up by APCs and presented on MHC class I molecules, which 
are recognized by CD8+ T cells. Once activated, CD8+ T cells differentiate into 
cytotoxic T lymphocytes (CTLs) that are capable of recognizing and destroying cells 
infected with the pathogen. Similar to B cells, T cells can also differentiate into memory 
cells after vaccination. Memory CD4+ and CD8+ T cells persist in the body and provide 
long-term protection by responding rapidly to subsequent infections. Memory T cells 
are classified into two main types: central memory T cells (T-CM), which reside in 
lymphoid tissues and are responsible for rapid proliferation upon antigen re-exposure, 
and effector memory T cells (T-EM), which circulate in peripheral tissues and can 
mount an immediate effector response[78]. The generation of memory T cells 
following whole inactivated virus vaccines administration contributes to long-lasting 
immunity and enhances the efficacy of booster vaccinations[79]. 

Whole inactivated virus vaccines have been demonstrated to primarily induce a 
humoral response, i.e., total antibody and neutralizing antibody responses, which 
closely correlate with vaccine efficacy and for whom correlates of protection have 
extensively been investigated[80]. Regarding T cell responses, TH1 or TH2 cell are only 
weakly induced by the primary vaccination and later enhanced substantially after the 
booster vaccine dose[81–83]. To address this limitation, adjuvants are often 
incorporated into whole inactivated virus formulations to enhance antigen 
presentation and promote a more balanced immune response[84]. However, it is 
important to note that inactivated virus vaccines may not always induce strong 
cellular immune responses compared to other vaccine platforms, such as live 
attenuated vaccines or viral vectors. The inability of whole inactivated virus vaccines 
to replicate within host cells limits the activation of CD8+ T cells, as cross-presentation 
is often less efficient than direct presentation of endogenous antigens[85,86]. Although 
whole inactivated virus vaccines typically induce a weaker CD8+ T cell response 
compared to other vaccine platforms, they can still promote the activation of CTLs 
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under certain conditions. The addition of adjuvants, such as alum or Toll-like receptor 
(TLR) agonists, can enhance the immunogenicity of whole inactivated virus vaccines 
by promoting the activation of APCs and facilitating cross-presentation of antigens on 
MHC class I molecules. This can lead to the generation of a more robust cellular 
immune response, which is particularly important for protection against intracellular 
pathogens[77,87]. 

1.2.6.4 Inactivated vaccines relevance in the context of public health  

The use of inactivated vaccines dates back to the early 20th century, with the first 
inactivated bacterial vaccine developed for cholera, followed by the first inactivated 
viral vaccine for polio[76]. Several inactivated pathogen-based vaccines are currently 
in use, targeting a variety of diseases. These include vaccines for poliovirus, hepatitis 
A, influenza, rabies, and Japanese encephalitis:  

• The inactivated poliovirus vaccine (IPV) was first developed by Jonas Salk in 
the 1950s. It contains three inactivated serotypes of the poliovirus and has 
played a pivotal role in the near eradication of polio globally. Unlike the oral 
polio vaccine (OPV), which contains live attenuated virus, IPV is administered 
intramuscularly or subcutaneously and does not pose the risk of vaccine-
derived poliovirus[88]. IPV remains an essential part of the global polio 
eradication initiative[89].  

• The hepatitis A virus (HAV) causes liver disease, and inactivated hepatitis A 
vaccines, such as Havrix and Vaqta, are highly effective in preventing infection. 
These vaccines are produced by growing the virus in cell culture and 
inactivating it with formaldehyde. Administered intramuscularly, these 
vaccines generate strong immune responses, and a two-dose schedule offers 
long-term protection[63,90]. 

• Influenza vaccines are produced annually to protect against seasonal influenza 
viruses. The most common form, the inactivated influenza vaccine (IIV), is 
typically administered via intramuscular injection. IIV provides protection 
against multiple strains of influenza, with its formulation adjusted annually 
based on predictions about circulating strains. While the efficacy of IIV varies 
from season to season, it remains a cornerstone of influenza prevention, 
particularly among the elderly, young children, and individuals with 
underlying health conditions[23,66]. 
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• Rabies is a viral disease that is almost universally fatal once symptoms appear. 
Inactivated rabies vaccines are essential for post-exposure prophylaxis (PEP) 
and are given to individuals at high risk of exposure, such as veterinarians and 
laboratory workers. The inactivated rabies virus is typically cultured in cell 
lines and then inactivated using β-propiolactone. The vaccine induces a strong 
immune response, especially when combined with rabies immunoglobulin in 
cases of potential exposure[64]. 

• Japanese encephalitis (JEV) is a mosquito-borne viral infection endemic to parts 
of Asia. The inactivated JEV vaccine, such as IXIARO, is widely used to prevent 
the disease in travelers and populations in endemic regions. It is derived from 
an inactivated strain of the virus, and like other inactivated vaccines, it requires 
a booster dose for long-term protection[91]. 

The COVID-19 pandemic has revitalized interest in inactivated virus vaccines. Several 
COVID-19 vaccines based on inactivated SARS-CoV-2 virus have been developed and 
used, particularly in countries such as China and India. Notable examples include the 
CoronaVac vaccine developed by Sinovac, BBIBP-CorV developed by Sinopharm, and 
BBV152 (Covaxin) developed by Bharat Biotech[50]. These vaccines have shown 
efficacy in preventing COVID-19 and have added to the global arsenal of tools to 
combat the pandemic. 

Characteristics of the vaccine platforms discussed above are briefly summarized in 
Table 1.  

Table 1. Comparative characteristics of different vaccine platforms. The table summarizes key attributes 
of vaccine types, including immunogenicity, booster requirements, antigen stability, and recommended 
storage conditions. Live attenuated vaccines generally elicit strong humoral and cellular responses with 
minimal booster needs but are sensitive to environmental conditions. Whole inactivated vaccines tend 
to elicit a moderate and mainly humoral response, often requiring adjuvants and multiple-doses 
regimens for long-lasting immunity; they are generally highly stable under refrigeration conditions. 
Subunit, virus-like particle (VLP), recombinant protein, DNA, mRNA, and viral vector vaccines vary in 
the balance of humoral and cellular immunity, the necessity for booster doses, stability of the antigen, 
and specific storage requirements, highlighting critical considerations for vaccine design, deployment, 
and long-term efficacy. 
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Vaccine type Immunogenicity Booster 
Requirement 

Antigen 
Stability 

Storage 
Conditions 

Live attenuated vaccines 

 

High; elicit both 
humoral and 
cellular immunity  

Often not 
required 

Sensitive to 
heat, light, 
and chemical 
agents 

Refrigeration 
at 2–8 °C 

Whole inactivated vaccines 

 

Moderate; 
primarily 
humoral 
response; 
adjuvants usually 
required 

Required; 
multiple 
doses for 
long-lasting 
immunity 

High stability; 
proteins may 
degrade if 
mishandled 

Refrigeration 
at 2–8 °C 

Virus-like particle (VLP) 
vaccines 

 

High; elicit both 
humoral and 
cellular immunity  

Often 
required for 
sustained 
protective 
titers 

Relatively 
stable 

Refrigeration 
at 2–8 °C; 
lyophilized 
formulations  

Recombinant protein 
vaccines 

 

Moderate; 
primarily 
humoral 
response; 
adjuvants often 
required 

Required; 
multiple 
doses needed 
for durable 
protection 

Good 
stability; 
susceptible to 
proteolytic 
degradation 
or 
denaturation 
if improperly 
formulated 

Refrigeration 
at 2–8 °C; 
lyophilized 
formulations 

DNA vaccines 

 

Variable; 
generally 
stronger cellular 
immunity; 
weaker humoral 
response  

Often 
required for 
robust 
protective 
titers 

Relatively 
stable; 
resistant to 
heat and 
enzymatic 
degradation 

Refrigeration 
at 2–8 °C or 
frozen for 
long-term 
storage 

mRNA vaccines 

 

High; elicit both 
humoral and 
cellular responses 

Often 
required; 
dosing 
regimen 
influences 
protection 

Unstable; 
sensitive to 
RNases and 
temperature 

Typically 
frozen at -80 
°C (-20 °C in 
some cases) 

Viral vector vaccines 

 

High; stimulate 
humoral and 
cellular 
responses; 
dependent on 
vector type 

May be 
required, 
especially if 
pre-existing 
anti-vector 
immunity 
exists 

Relatively 
stable; some 
vectors are 
sensitive to 
high 
temperatures 
 

Refrigeration 
at 2–8 °C; 
some require 
freezing for 
long-term 
storage 
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1.3 SARS-CoV-2: A critical case study   

At the end of December 2019, a series of cases of atypical pneumonia of probable 
infectious origin was notified in Wuhan (Hubei Province, China). The isolation of the 
pathogen confirmed the viral etiology of this febrile respiratory disease, identifying a 
new Coronavirus as the causative agent. Due to sequence homology with another 
Betacoronavirus of zoonotic origin, Severe Acute Respiratory Syndrome Coronavirus 
(SARS-CoV), the new virus has been renamed Severe Acute Respiratory Syndrome 2 
(SARS-CoV-2). The disease caused by this is known as Coronavirus Disease (COVID-
19 for short)[92–95].  

To date, SARS-CoV-2 is the third Coronavirus of zoonotic origin that in less than two 
decades has been able to cross the species barrier and infect humans, causing severe 
lung infections, along with the Severe Acute Respiratory Syndrome Coronavirus 
(SARS-CoV) and the Middle East Respiratory Syndrome Coronavirus (MERS-
CoV)[96,97]. Unlike other human coronaviruses, SARS-CoV, MERS-CoV and SARS-
CoV-2 have been widely documented to be much more pathogenic and lethal due to 
their tendency to infect the lower respiratory tract. The resulting lung damage and 
acute respiratory distress syndrome (ARDS), in addition to septic shock due to 
systemic extension of infection and abnormal activation of the immune response, can 
rapidly lead to multi-organ failure, with almost inevitably fatal outcomes[98,99].  

Despite some common characteristics shared by these three viruses, in particular with 
regard to the animal reservoir (all of them probably derive from bat 
coronaviruses[93,100–104]), the mechanism underlying their pathogenicity, the 
human-to-human transmission route and, at least to some extent, the range of partially 
overlapping clinical manifestations[105,106], the new Coronavirus has some unique 
characteristics (in particular remarkable transmissibility), which have allowed it to 
spread uncontrollably globally, regardless of the containment measures adopted. On 
March 11, 2020, the World Health Organization declared a state of pandemic. To date, 
more than 770 million confirmed cases and about 7.1 million deaths in more than 200 
countries are attributable to SARS-CoV-2 infection[107]. From this point, the pandemic 
increased exponentially, with unprecedented and far-reaching consequences on the 
social and economic level. The implementation of testing facilities, hospital wards 
dedicated to COVID-19 patients, the fast development of vaccines to stem SARS-CoV-
2 almost uncontrolled spread led to a slow but promising decrease in COVID-19 cases 
and deaths and led to the declaration of the end of the pandemic phase[108].  
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In the pandemic scenario, great concern was aroused by the continuous genetic 
evolution of SARS-CoV-2 which has been and still is responsible for the emergence of 
new variants bearing mutations that can contribute to the spread of the virus as well 
as the possible evasion of the immune response (both natural and vaccination-
induced). In particular, it was the accumulation of mutations in the gene coding for 
the Spike that caused great apprehension not only because this glycoprotein mediates 
the initial attack and entry of the virus into the cell[109], but also because it is the main 
target of neutralizing antibodies produced as a result of infection or vaccination[110].  

1.3.1 General overview  

Coronaviruses are a very diverse family of viruses belonging to the order Nidovirales, 
suborder Nidovirinae, family Coronaviridae. This includes the subfamily 
Orthocoronavirinae, which is divided into four genera (Alpha-, Beta-, Gamma- and 
Deltacoronavirus) based on their phylogenetic relationships and the structure of their 
genome. Alpha- and Betacoronaviruses infect mammals, including humans, while Delta- 
and Gammacoronaviruses have a wider host spectrum and are able to infect, in addition 
to mammals, also avian species. In both animal hosts and humans, they cause a broad 
spectrum of respiratory and gastrointestinal manifestations. All known human 
coronaviruses belong to the Alpha- and Betacoronavirus genera. HCoV-NL63 and -229E 
belong to the genus Alphacoronavirus; HCoV-OC43 and -HKU1, SARS-CoV and MERS-
CoV belong to the Betacoronavirus genus. Lineage A includes OC43 and HKU1; lineage 
B includes SARS-CoV and SARSr-CoV from bats. The C lineage includes MERS-CoV 
and several bat coronaviruses. Lineage D is represented solely by bat 
coronaviruses[111,112].  

Coronaviruses are enveloped viruses and, when observed under an electron 
microscope, have a rounded structure with a diameter of approximately 80 to 150 nm. 
A peculiar feature of these viruses, from which they derive their name, is the presence, 
on the envelope, of protrusions consisting of glycoprotein S (~ 150 kDa) organized into 
homotrimers, which together form a crown surrounding the virion. S-glycoprotein 
trimers are class I fusion proteins and are responsible for the interaction with the cell 
receptor and the subsequent internalization of the virion and therefore determine the 
host and tissue tropism of the virus, as well as its pathogenicity. The membrane 
protein, or M protein (~ 25-30 kDa), is the most abundant structural protein and plays 
a central role in the late stages of the viral replication cycle, in particular in the 
assembly of viral progeny and in their egress from the cell, also contributing to the 
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extracellular morphology of the virion. The envelope protein, or protein E, is a highly 
variable protein among coronaviruses, present in small amounts in the virion. Like the 
M protein, it intervenes in the assembly and release of the virus from the infected cell, 
but unlike this it is not strictly necessary for viral replication, even if it promotes 
pathogenesis. The nucleocapsid protein, or N protein, binds and stabilizes genomic 
RNA strands to form a helical-shaped ribonucleoprotein complex. The N protein also 
binds nsp3, a key component of the viral replication complex, and the M protein, thus 
promoting, by contiguity, the transcription of the viral genome and its subsequent 
packaging within the mature viral particle[113,114] (Figure 1a). 

The genome of SARS-CoV-2 (Figure 1b), like that of all coronaviruses, consists of a 
linear single strand RNA with positive polarity, ranging in size from 26 to 32 kb. Based 
on the characteristics of their genome, viruses belonging to the Coronaviridae family 
are attributable to class IV viruses, according to the Baltimore classification system.  
The genome has the structure and function of a messenger RNA so it has, at the 5' end, 
a cap of 7-methylguanosine, and, at the 3' end, a poly-A tail. At both ends there are 
untranslated sequences that contain cis-regulatory structures essential for genomic 
RNA translation and transcription[115,116]. The coronavirus genome comprises a total 
of 14 open reading frames (ORFs). At the 5' there is a large ORF, called ORF1ab, which 
overall occupies two thirds of the genome. ORF1ab encodes 16 non-structural proteins 
(nsp), which make up the RetroTranscription Complex (RTC) and are involved in the 
processes of transcription and modification of RNAs, including those responsible for 
proofreading and thus maintaining genome integrity. At the 3' of the genome there are 
the ORFs that code for the structural proteins mentioned above; these are produced by 
translation of a series of nested subgenomic mRNAs (sg mRNAs). Interspersed among 
the genes coding for structural proteins are a variable number of genes coding for 
accessory proteins, which are poorly conserved within the family and for which, in 
most cases, the function has not yet been well understood, although some are 
suspected to intervene as determinants of pathogenicity and modulators of the host's 
immune responses[116,117].  

1.3.1.1 Major antigenic sites and elicited responses  

For what regards humoral immune responses, the Spike glycoprotein is the major 
contributor in the activation of an effective antiviral response. Trimeric S glycoproteins 
(Figure 1c) are class I fusion proteins divided into two distinct functional domains, S1 
and S2. The N-terminal S1 subunit, exposed on the surface of the virion, contains the 
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receptor binding domain (RBD) whose function is to bind the membrane receptor of 
the target cell, thus determining the tropism and pathogenicity of the virus[118]. In 
addition to the RBD, the S1 subunit also contains an additional domain, referred to as 
the N-terminal domain (NTD). The membrane receptor used by SARS-CoV-2 is ACE2, 
the same recognized by SARS-CoV. The C-terminal subunit S2 contains the fusion 
peptide, which, by bringing the cell membrane and the viral envelope into close 
proximity, mediates their fusion. Activation of the fusogenic activity of the S2 subunit 
requires proteolytic cleavage of two specific sites. The first cleavage occurs at the level 
of the S1/S2 interface, specifically at the level of the peptide bond Arg685-Ser686, 
resulting in separation of the two domains, which remain non-covalently associated, 
and exposure of the S2 domain in a pre-fusion conformation. The second cleavage 
occurs at the level of the S2' site (peptide bond affected Arg815-Ser816), with exposure 
of the fusion peptide Ser816-Phe833 and profound conformational change of the 
glycoprotein, which is now competent for the fusion between the viral envelope and 
the cell membrane, resulting in the release of genomic RNA inside the host cell[119–
123]. Although the RBD domains of SARS-CoV and SARS-CoV-2 recognize the same 
membrane receptor, the study of the crystal structure of the SARS-CoV-2 RBD has 
highlighted small but important differences compared to the SARS-CoV counterpart, 
which determine the greatest binding affinity to the receptor (10 to 20 times 
greater)[124,125], but if we consider the spike as a whole, the affinity of SARS-CoV and 
SARS-CoV-2 for ACE2 is comparable[109,126]. These results might seem paradoxical 
and contradictory, but we must consider that the RBD is dynamic and can be in a so-
called "standing-up state", which allows binding to the receptor, or in a "lying-down 
state", which is not able to bind the receptor[127,128]. Cryo-electron microscopy 
studies have shown that the RBD of SARS-CoV is predominantly in the "standing-up 
state", while the RBD of SARS-CoV-2 is in the "lying-down state"[121,124]. Thus, 
despite the fact that the RBD of SARS-CoV-2 has a higher affinity for ACE2, it is less 
accessible. The result is that the binding affinity between spike and ACE2 is 
comparable for SARS-CoV and SARS-CoV-2. The advantage of having a less accessible 
RBD is greater protection against immune responses (a conformational masking 
mechanism also adopted by other viruses, such as HIV[129] and picornaviruses[130]). 
However, it is also true that this could compromise the recognition of the receptor and 
consequently the entry into the host cell[126].  
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Figure 1. Structural and genomic organization of a coronavirus. A. Schematic representation of the 
coronavirus virion, highlighting the spike (S) protein protruding from the viral envelope. The right 
panel illustrates the internal structure, including the single-stranded positive-sense RNA (ssRNA+) 
genome encapsidated by the nucleocapsid (N) protein, along with the envelope (E) and membrane (M) 
proteins. B. Genomic organization of the coronavirus. The 5' end encodes nonstructural proteins (nsps) 
within ORF1a and ORF1b, which are translated as polyproteins pp1a and pp1ab following a ribosomal 
frameshift. The 3' end encodes structural proteins (S, E, M, and N) and accessory proteins (ORF3a, ORF6, 
ORF7a, ORF7b, ORF8, and ORF10). C. Structural representation of the spike (S) protein. The left panel 
shows the membrane-anchored S protein divided into subunits S1 and S2. The right panel provides a 
detailed view of the spike protein, highlighting key functional domains, including the receptor-binding 
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domain (RBD) for ACE2 interaction, the N-terminal domain (NTD), the fusion protein region, and the 
transmembrane anchor with its intracellular tail. 

Given the importance of the interaction between the S glycoprotein and the ACE2 
membrane receptor for the replication cycle, this process is an important target for 
immune responses, especially for humoral adaptive ones. Considering the crucial role 
played in particular by the S1 subunit of the Spike protein in the very early stages of 
the viral replication cycle, it is the main target of the humoral immune response. In 
fact, it has been shown that neutralizing antibodies from convalescent patients can 
inhibit viral replication by directly interfering with the binding between RBD and 
ACE2 or by destabilizing the pre-fusion complex by binding to different epitopes[131]. 
Specifically, evaluating the neutralizing activity of convalescent sera, it was estimated 
that antibodies directed against RBD represent about 80-90% of total antibodies, while 
those directed against NTD represent a smaller percentage, varying between 5 and 
20%, but no less important in neutralizing the virus[110]. The reduced immunogenicity 
of NTD may be due to the N-terminal glycan coating[121,132,133]. The immune 
response represents a selective pressure to which the virus is subjected, which 
therefore favors the onset of mutations, both in RBD and NTD, which reduce or 
completely abrogate the ability of the specific antibodies produced during infection to 
recognize the epitopes against which they are directed. Most of the variants evolved 
during the pandemic have caused an important antigenic change and consequently 
have been responsible for a lower susceptibility to neutralization, as evidenced by the 
cases of reinfection that are increasingly being reported in literature[134].  

On the other hand, T cells also play several critical roles during SARS-CoV-2 infection, 
beyond their direct cytotoxic functions. CD4+ T cells are important for orchestrating 
the immune response, particularly by helping B cells produce neutralizing antibodies 
against the spike protein[135]. Without this T cell help, the antibody response may be 
weak or poorly sustained, which could lead to reinfection or incomplete viral 
clearance. Moreover, CD4+ T cells secrete cytokines such as interferon-gamma (IFN-
γ), which activate macrophages and enhance antiviral defenses[136]. CD8+ T cells, by 
recognizing and killing infected cells, limit the spread of the virus within the host. 
Studies have shown that individuals with robust CD8+ T cell responses tend to have 
faster viral clearance and less severe disease[137].  

The Spike protein is the most studied and immunologically significant target for T 
cells. Both CD4+ and CD8+ T cell responses are generated against the spike protein. 
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CD4+ T cells specific to the spike protein assist in the activation of B cells to produce 
neutralizing antibodies, while CD8+ T cells recognizing spike-derived peptides kill 
infected cells. Several studies have identified a range of T cell epitopes within the spike 
protein, some of which are conserved across different SARS-CoV-2 variants, making 
them valuable targets for vaccine development[136,138]. In contrast to the humoral 
immune response, in the cell-mediated one, the other structural proteins of SARS-CoV-
2 also contribute. The N protein, which is abundantly produced in infected cells and 
exposed on the plasma membrane, is another major target for CD8+ T cell responses, 
which have been shown to be crucial for viral clearance. Furthermore, T cell responses 
to the N protein tend to be broader and less affected by mutations in circulating 
variants compared to responses against the spike protein. Moreover, while not as 
immunodominant as the spike or nucleocapsid proteins, both M and E proteins can 
elicit T cell responses, suggesting that these proteins contribute to the overall T cell-
mediated immune response[138,139].  

The importance of T cell-mediated immunity in SARS-CoV-2 infection has significant 
implications for vaccine design. Most COVID-19 vaccines focus on generating 
neutralizing antibodies against the spike protein. However, the emergence of variants 
with mutations in the spike protein, such as Delta and Omicron, has raised concerns 
about vaccine efficacy, particularly in terms of antibody escape. T cell responses, by 
targeting multiple viral proteins beyond the spike, are less affected by these 
mutations[140,141]. Thus, incorporating additional viral proteins that elicit T cell 
responses may enhance vaccine efficacy, particularly in the face of emerging variants, 
making them a key component of long-lasting immunity[142]. In the context of whole 
inactivated virus vaccines, if, on the one hand they would be able to present to 
adaptive immunity the full array of viral proteins for B and T cell activation, all 
aforementioned limitations regarding the induction of a robust and effective T cell 
response must be taken into considerations.  

1.3.2 COVID-19 vaccines  

To date, 12 vaccines have received approval by the World Health Organization for 
global use. These are based on four different vaccine production platforms: inactivated 
virus vaccines (Sinopharm’s Covilo, Sinovac’s CoronaVac, and Bharat Biotech’s 
Covaxin), messenger RNA (mRNA) vaccines (Moderna’s Spikevax mRNA-1273 and 
Pfizer–BioNTech’s Comirnaty BNT162b2), non-replicating adenovirus vector–based 
vaccines (AstraZeneca’s Vaxzevria and Covishield ChAdOx1, Johnson & Johnson–
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Janssen’s Ad26.COV2.S and CanSino Convidecia), and protein subunit vaccines 
(Novavax’s Nuvaxovid, Covovax NVX-CoV2373 and SKYCovione). Other vaccines 
have been approved by other regulatory bodies and have been used or are still 
currently in use in different countries.  

Besides inactivated vaccines, which induce an immune response akin to natural 
infection, for other vaccine platforms the Spike has been target of great interest for the 
development of protective SARS-CoV-2 vaccines or for therapeutic mAbs[143]. The 
use of the spike protein for the development of the first monovalent vaccines based on 
the ancestral SARS-CoV-2 strain (Wuhan-Hu-1) represented a double-edged sword. 
While on the one hand the focus on the spike protein, or often only on particularly 
immunologically relevant domains, determined their initial success, guaranteeing the 
development of protective immunity against infection in a large portion of the 
population, on the other hand this approach succumbed to the incessant emergence of 
new variants[134], with antigenic characteristics that differed significantly from the 
ancestral strain used for vaccine development and therefore capable of immune 
escape. This has forced the initially authorized vaccines to be reformulated, making 
them bivalent vaccines, containing immunogenic epitopes of other variants (particular 
interest has been placed on the Delta and Omicron variants for their extraordinary 
escape capabilities)[144]. While the E, M, and N proteins are not primary targets for 
neutralizing antibodies, they have been demonstrated to immune modulation and 
may enhance the efficacy of multivalent vaccines, suggesting that future vaccine 
strategies should consider incorporating multiple structural proteins to elicit 
comprehensive and long-lasting immunity[83,145]. 

1.3.3 SARS-CoV-2 evolution, emergence of new variants, reinfections and 
vaccine breakthrough  

The mutations that arise in the genetic material constitute a natural by-product of viral 
replication: the main cause of the introduction of these random mutations is in fact the 
intrinsic error rate of the viral polymerase, which is therefore called error-prone. RNA 
viruses typically exhibit higher mutation rates than DNA viruses as they do not 
possess proofreading mechanisms. The absence of exonuclease activity increases the 
rate of point mutation of the genome making it impossible to correct errors during the 
replication process of the viral genome, consequently enormously increasing the 
overall load of random mutations, so much so that the concept of viral quasispecies 
has been introduced to describe the genetic heterogeneity of the viral population that 
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is formed.  consisting of the set of genetically distinct but closely related 
subpopulations generated around a consensus or master sequence. For RNA viruses, 
the error rate is at the limit of mutational tolerability (or “error threshold”) so that even 
small increases in the error rate cause what is called "mutational meltdown" or “error 
catastrophe”, in which due to the excessive number of mutations the viral fitness 
plummets, leading to the extinction of the viral species. While it may seem like a 
questionable evolutionary strategy, provided the viral population size is large enough, 
maintaining a high error rate allows RNA viruses to produce a myriad of potentially 
evolutionarily advantageous mutations in a very short time[146,147]. Focusing 
attention on the propensity to accumulate mutations as a driving force in viral 
evolution, however, tends to overlook the enormous cost of low replicative fidelity. 
Most of the mutations that arise have deleterious effects on viral fitness, and only a 
small minority will have a positive impact on the viral phenotype, conferring an 
advantage. These mutations can alter various aspects of the biology of the virus, 
including pathogenicity, infectivity, transmissibility and/or antigenicity. It is therefore 
tolerance to the mutational burden that determines the nature and extent of genetic 
diversity that can be maintained in the population. RNA viruses are therefore at an 
equilibrium point of replicative fidelity, and small changes in one direction or another 
can have detrimental effects on viral fitness[148].  

In the last few years, successive variants have displaced their predecessors through 
relatively minor genetic mutations, particularly in the spike glycoprotein (S) and other 
genes, raising concern of the scientific community not only for their greater 
transmissibility and virulence, but also for their ability to escape the antibody response 
induced by infection or vaccination. Many of these genetic variants have been 
classified under the umbrella definition of Variants of Concern, defined as variants 
which, compared to a reference isolate, have mutations with ascertained or suspected 
phenotypic consequences associated with changes with relevance to public health, 
such as increased transmissibility, increased virulence or change in the clinical 
presentation of the disease, decreased effectiveness of social and public health 
measures or diagnosis, vaccines or available therapies[149]. 

The emergence of SARS-CoV-2 variants has posed significant challenges to global 
vaccination efforts[150]. Studies have shown that variants carrying E484K, L452R, and 
multiple Omicron-related mutations exhibit decreased susceptibility to neutralization 
by antibodies induced by mRNA (Pfizer-BioNTech, Moderna), viral vector 
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(AstraZeneca, Johnson & Johnson), and inactivated virus vaccines (Sinopharm, 
Sinovac)[151–153]. This reduction led to an increased risk of breakthrough infections, 
particularly in individuals who have received only the primary vaccine series without 
booster doses[154–156]. 

The combination of viral evolution and waning immunity over time necessitated 
adaptation of vaccines and vaccine schedules to enhance protection in the face of an 
evolving landscape of SARS-CoV-2 variants. Studies indicated that booster doses with 
updated formulations, particularly bivalent mRNA vaccines targeting Omicron 
subvariants, improved neutralizing antibody responses against immune-evasive 
variants. However, the durability of this protection remains a subject of ongoing 
research[157]. 

The continuous evolution of SARS-CoV-2 highlights the need for dynamic vaccine 
strategies to maintain effective protection. While current vaccines still provide 
substantial defense against severe disease, the emergence of highly mutated variants 
underscores the importance of booster vaccinations, updated formulations, 
multivalent or pan-coronavirus designs, and novel immunization approaches to 
combat viral immune escape[158]. 

1.3.4 COVID-19 pandemic global vaccine effort: achievements and challenges   

A few months into the pandemic, it became clear that the only possible way to stem 
SARS-CoV-2 dissemination was to immunize as large a share of the population as 
possible and many research teams rose to the challenge to develop effective vaccine 
strategies in a collective global race against the virus. To date, 382 vaccines have been 
developed[159], but only 12 of these received approval for emergency use by World 
Health Organization[160]. A variety of platforms were used by the licensed vaccines 
(mRNA, viral vector, protein/peptide, and inactivated virus). Interestingly, new 
approaches, i.e. mRNA vaccines, which had been never tested against infectious 
disease before the pandemic, and much older technologies, such as whole inactivated 
vaccines, coexisted[161]. The efficacy of these different technologies was compared in 
terms of neutralizing and binding antibody titers and effectiveness in vitro; the 
findings indicate that compared to viral-vectors and inactivated virus vaccinations, 
there may be greater antibody responses to mRNA vaccines and the Novavax protein 
subunit vaccine[162]. Reported vaccine efficacies varied, ranging from 60% to 94%. 
However, due to variations in trial design, end point measurement, trial location, 
population studied, and prevalence of SARS-CoV-2 variants during the trial, it is not 
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feasible to conduct head-to-head comparisons between the various vaccine 
platforms[163,164]. Having multiple approaches to achieve the crucial end goal of an 
effective vaccine was pragmatically more important than delaying studies to enable 
direct comparisons to be made, which could have delayed vaccine rollout and thereby 
contribute to increased deaths, even though differences in the setup of the clinical trials 
make comparisons between vaccines more difficult. 

However, despite the effort, achieving global vaccine coverage remains a major 
hurdle; this is not just a matter of equity but is also an important part of the process to 
control the virus. The global distribution of COVID-19 vaccines has starkly highlighted 
the inequalities between industrialized nations and developing countries, particularly 
in Africa[165]. While vaccines became available at unprecedented speed in 2020, access 
to these lifesaving tools has been highly uneven[166,167]. High-income countries 
quickly secured large quantities of vaccines and began widespread immunization 
campaigns, while many low- and middle-income countries, especially in Africa, faced 
significant challenges in accessing sufficient doses. This disparity not only raises 
ethical concerns but also poses a global health risk, as unvaccinated populations 
remain vulnerable to new variants of the virus[168]. 

The World Health Organization suggested in 2021 that by the end of June 2022, at least 
70% of the world population should be completely vaccinated[169]. Since 70% was 
thought to be a reliable estimate of the herd immunity threshold, i.e. the bare minimum 
of COVID-19 vaccines that would permit disruption of the chain of transmissions, this 
goal was established to provide worldwide COVID-19 protection. Only high-income 
and upper-middle-income nations met that target. The comparison with the 70% 
vaccination coverage level is still instructive about the significant disparity in 
vaccination coverage across nations, despite the fact that COVID-19 herd immunity is 
now regarded as an elusive goal because of the ongoing emergence of new variants 
that evade infection-acquired and vaccination-acquired immunity[170]. 

As of mid-2024 (latest vaccination data update), vaccine coverage in most LMICs 
remains significantly lower than in industrialized countries (Figure 2). According to 
Our World in Data, only about 50% of the population in low-income countries had 
received at least one dose of a COVID-19 vaccine, compared to over 70% in high-
income countries. This vast disparity is most pronounced where logistical, economic, 
and political challenges have exacerbated the vaccine distribution gap, with staggering 
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examples from Burundi, where the percentage of the vaccinated population (with at 
least one dose) is below 1%, Yemen (2.75%) and Papua New Guinea (3.74%)[171].  
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Figure 1. Global Distribution of COVID-19 Vaccine Coverage as of August 12, 2024 [171]. A. Proportion 
of the population in each country that has received at least one dose of a COVID-19 vaccine, completed 
the first immunization protocol, or received boosters. B. Proportion of the population in each country 
that has received all doses prescribed in the vaccination protocol. C. Number of boosted doses 
administered in each country following the completion of the initial vaccination protocol. Countries are 
shaded according to vaccination coverage, with darker colors indicating higher percentages. Some 
regions lack data, represented in gray. The map highlights disparities in vaccine distribution, with 
higher coverage in North America, Europe, and parts of Asia, while lower rates are observed in several 
African nations.  

By jointly analyzing vaccine coverage (doses of vaccine doses received per % of 
population)[172], gross domestic product (GDP) per capita[173], and the total final 
supply of vaccines secured or expected through bilateral agreements, donations, 
international aid, and domestic procurement[174], strong positive correlation emerges 
between GDP per capita and vaccine coverage (Figure 3): countries with higher GDP 
levels are consistently positioned toward the upper-right of the chart, indicating both 
broader access to vaccines and higher administration rates. These nations, primarily 
in Europe, Oceania, and parts of the Americas and Asia, not only secured significantly 
larger vaccine stocks—as illustrated by the larger bubbles—but also succeeded in 
delivering them to a greater share of their populations. In contrast, countries with 
lower GDP per capita cluster in the lower-left quadrant, reflecting limited fiscal 
capacity, smaller secured supplies, and substantially lower vaccination rates. This 
pattern underscores how national income is a major determinant of both the ability to 
procure vaccines and the infrastructure necessary to distribute them effectively. 
Exceptions, such as certain Oceanic countries with moderate GDP but very high 
vaccine coverage, suggest the influence of targeted external support or efficient health 
governance, while isolated cases of high-income countries with moderate coverage 
may point to delays in rollout or public hesitancy. Overall, the data demonstrate a 
pronounced inequity in global vaccine distribution, tightly coupled to economic 
disparities, and underscore the critical need for mechanisms that ensure equitable 
access regardless of national income levels. 
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Figure 2. Relationship between COVID-19 vaccine coverage, GDP per capita, and total secured vaccine 
supply across countries. Each bubble represents a country, with its position indicating the percentage 
of the population vaccinated (x-axis) and GDP per capita (y-axis); bubble size reflects the total vaccine 
supply secured or expected as a percentage of the population, and colors denote continents. The chart 
reveals a clear positive correlation between GDP per capita and vaccine coverage: higher-income 
countries tend to secure larger vaccine supplies and achieve greater population coverage, while lower-
income countries remain concentrated in the lower-left quadrant, with limited access and 
administration capacity. This distribution highlights persistent global inequalities in vaccine availability 
and uptake, closely linked to economic resources[175]. 

Much of Africa’s access to vaccines has come through international aid, particularly 
through COVAX (Coordinated by Gavi, the Vaccine Alliance, the Coalition for 
Epidemic Preparedness Innovations (CEPI) and the WHO), which, moved by the 
motto “no one is safe, until everyone is safe” aimed to provide vaccines to low- and 
middle-income countries. However, COVAX has faced numerous challenges, 
including delays in vaccine deliveries and inadequate funding. The initiative initially 
set a goal to deliver 2 billion doses by the end of 2021, but it fell far short of that target, 
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primarily due to supply chain disruptions and wealthier countries prioritizing their 
own populations. Despite the missed target, the COVAX program has delivered nearly 
2 billion doses to 146 participating economies by December 31, 2023, contributing to 
the prevention of approximately 2.7 million deaths in low-income countries enrolled 
in the initiative[18,176].  

One of the primary factors contributing to low vaccination rates in Africa was the 
limited supply of vaccines[177]. Early in the pandemic, high-income countries 
dominated the global vaccine market, securing the majority of available doses through 
advance purchase agreements with manufacturers. As a result, many African 
countries were left without access to sufficient vaccine doses in the critical first year of 
vaccine rollouts[166]. COVAX, the global initiative aimed at ensuring equitable access 
to vaccines, struggled to deliver on its promises due to a combination of funding 
shortfalls and supply chain disruptions. Many African nations lacked the financial 
resources to compete with wealthier countries in purchasing vaccines. While 
industrialized nations could afford to buy vaccines in bulk at premium prices, many 
African governments relied heavily on donations from COVAX, the African Union, or 
bilateral partnerships[167]. Even when vaccines became available, the high cost of 
transporting, storing, and administering the vaccines presented additional financial 
barriers. For example, vaccines like Pfizer-BioNTech and Moderna require ultra-cold 
storage, which many African countries, often lacking basic refrigeration capabilities, 
struggled to provide consistently. Moreover, the logistical difficulties of distributing 
vaccines across vast, often rural, areas further hindered Africa's vaccination efforts. 
Many countries in the region lacked the infrastructure to support large-scale 
immunization campaigns. In rural and remote regions, reaching populations has been 
particularly challenging. Poor road networks, limited cold chain capacity, and 
shortages of healthcare workers have all contributed to delays in vaccine delivery and 
administration, ultimately leading to vast disparities in vaccination coverage within 
countries[166]. 

The cost of vaccines per se also represented a nonnegligible constrain for equal vaccine 
distribution, with a mean cost of a single dose of the vaccine ranging from $2 to $40 
and delivery costs estimated at $3.70 per person vaccinated with two doses. This 
represents a significant financial burden for low-income countries, where the average 
annual per capita health expenditure amounts to $41. While the implementation of 
vaccination programmes was anticipated to result in an increase in healthcare 
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expenditures across all nations, this impact was particularly pronounced in low-
income countries, expected to experience a staggering increase in their health 
expenditure of 30-60 percent to achieve a vaccination rate of 70 percent of the 
population. In contrast, high-income countries were projected to increase their 
expenditure by a mere 0.8 percent to achieve a similar vaccination rate within a 
year[175]. 

Addressing these disparities is not only a matter of equity but also a necessity for 
global health security. The uneven distribution of COVID-19 vaccines between 
industrialized and developing nations, particularly in Africa, poses significant global 
health risks. Unvaccinated populations serve as reservoirs for the virus, allowing it to 
continue spreading and evolving. This creates opportunities for the emergence of new 
variants, some of which may be more transmissible or capable of evading immunity 
provided by current vaccines. The Delta and Omicron variants, for example, first 
spread rapidly in populations with low vaccination rates, demonstrating the global 
consequences of vaccine inequity[165]. 

Moreover, the disparity in vaccine distribution perpetuates existing global 
inequalities. While industrialized nations have been able to resume much of their pre-
pandemic economic and social activities due to widespread vaccination, many African 
countries continue to face significant disruptions. The slower pace of vaccination in 
these regions delays economic recovery and exacerbates poverty and social inequality. 

 

1.4 Beyond SARS-CoV-2: A look at other global health emergencies  

The COVID-19 pandemic has underscored the critical importance of vaccination 
strategies in safeguarding public health and mitigating the devastating impact of 
global infectious diseases. With the declaration of end of COVID-19 as a global health 
emergency made by WHO on 5 May 2023, the world entered a new phase, which 
nonetheless represents a call to action to use what learnt during the pandemic wisely, 
to not waste the progress or the lessons of the past three years, but to sustain and learn 
from them. Now that the pandemic has died out and the threat from the spread of 
SARS-CoV-2 is no longer so pressing, we need to go back to considering other health 
emergencies that were wrongly put on the back burner during the pandemic. The most 
striking example of this is represented by arboviruses, i.e. viruses transmitted to 
humans by arthropods (mosquitoes, sandflies and ticks). Despite some exceptions, 
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they are maintained in nature through a transmission cycle involving wild birds or 
mammals, acting as reservoirs[178], and vector-competent arthropods[179,180].  

From a temporal standpoint, over the last two decades we have assisted to an 
expansion of arboviruses geographical distribution as a consequence of climate 
change, which created suitable weather condition for competent vectors to thrive, 
transmission cycles to establish and for human infection cases to skyrocket in once-
non-indigenous countries. This led (for some arboviruses, like West Nile virus) and is 
currently leading (for other, i.e. Dengue virus) to the generation of local outbreaks 
independently from introduction of historically endemic countries, with an ongoing 
shift in the epidemiology of these viruses in many European countries[181,182].  

Arboviruses pose significant threats to human and animal health globally, with their 
emergence and spread presenting ongoing challenges. In the face of rampant climate 
change (rising temperatures, altered rainfall patterns and increased humidity) and 
natural habitats exploitation, which, soon, could modify or even overturn the ecology 
of natural hosts and vectors responsible for transmission to humans, contributing to 
an overall expansion of their habitats, it is plausible that arboviruses will become 
increasingly prominent players in human pathology all around the European 
continent. It has in fact already been demonstrated that the degradation of ecosystems 
and the loss of natural habitats may have driven a change in bird migration routes, 
favoring arbovirus dispersal to new territories, while increasing uncontrolled 
urbanization is likely to favor the expansion of mosquito populations, combinedly 
increasing the risk of vector-borne diseases transmission[184,185]. Anthropogenic 
factors and therefore derived climate and natural habitats changes are likely to gain 
more and more relevance in shaping vector-borne pathogens dispersal, favoring the 
colonization of different territories and niches, and consequently giving them 
unprecedented chances to evolve and diversify.  

Overall, arboviruses are estimated to be responsible for millions of infections annually, 
albeit the actual number of infections is of complex estimation, largely depending on 
the presence of effective surveillance programs and the availability of data across 
different countries. A striking example of a possible evolution of arbovirus 
epidemiology is represented by Dengue, which is being currently responsible for an 
unprecedented surge of cases in the Americas as well as in Europe[186], putting the 
health systems of non-endemic countries on alert for possible outbreaks of 
autochthonous cases[187–189]. Rising global interconnectedness through travel and 
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trade can in fact further increases the likelihood of arbovirus introduction into new 
areas. In such scenarios, the existence of pre-approved or readily adaptable vaccines 
would allow for rapid deployment during outbreak responses, minimizing both 
transmission and socio-economic impact. This is particularly relevant in the context of 
climate-driven increases in extreme weather events and natural disasters, which often 
create favorable conditions for arboviral outbreaks due to population displacement 
and compromised public health infrastructure. Current distribution of mosquito-, tick- 
and sandfly-transmitted Arboviruses are reported in Figure 4. 
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Figure 4. Distributions of arboviruses spread by mosquitos, ticks and phlebotomine vectors. A. Map 
showing the primary arboviruses spread by Aedes, Culex, and Anopheles species, including the 
Alphaviridae Chikungunya (CHIKV) and O'nyong'nyong virus (ONNV), and the Flaviviridae Yellow 
Fever virus (YFV), Japanese Encephalitis virus (JEV), Dengue virus (DENV), Zika virus (ZIKV), and 
West Nile virus (WNV); modified from [182]. B. Map of the main arboviruses transmitted by ticks, 
including the Flaviviridae Tick-Borne encephalitis virus (TBEV), Louping Ill virus (LIV), and Powasan 
virus (POWV), the Asfiviridae African swine fever virus (ASFV), and the Nairoviridae Crimean-Congo 
hemorrhagic fever virus (CCHFV); modified from [182]. C. Map of the main arboviruses transmitted by 
phlebotomine, including the Phenuiviridae Rift Valley Fever virus (RVFV) and Toscana virus (TOSV); 
based on the data presented in [183].  

The increasing public health burden posed by arboviruses has highlighted the urgent 
need for effective preventive tools, particularly vaccines, to mitigate the risk of human 
infection. The expansion of the geographical range of arbovirus vectors, primarily 
Aedes and Culex species, fueled by global warming, urbanization, deforestation, and 
international mobility, has resulted in the emergence and re-emergence of these 
viruses in both endemic and non-endemic regions. Therefore, the likelihood of 
outbreaks is rising in previously unaffected areas, including parts of Europe and North 
America, underscoring the vulnerability of global populations to vector-borne disease 
threats[190]. 

Given the absence of specific antiviral treatments for most arboviruses, vaccination 
remains the most promising strategy to control their spread and reduce associated 
morbidity and mortality. However, traditional vaccine development pipelines are 
often too slow to respond effectively to rapidly evolving epidemiological contexts, as 
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seen during the Zika outbreak in the Americas or the periodic resurgence of Dengue 
epidemics with shifting serotype dominance. This calls for the establishment of flexible 
and responsive vaccine platforms capable of rapid adaptation to emerging threats. 

In this evolving epidemiological landscape, the strategic development and 
deployment of vaccines targeting both endemic and potentially imported arboviruses 
have become increasingly urgent to prevent outbreaks and reduce morbidity and 
mortality. In this regard, the development of broadly protective, scalable, and rapid-
to-produce vaccine platforms, such as those utilizing HHP inactivation, may offer a 
crucial advantage. These technologies could enable the creation of flexible, “plug-and-
play” vaccine infrastructures capable of addressing multiple arboviruses with minimal 
adjustments in production protocols. By investing in vaccines against arboviruses as 
part of climate adaptation and resilience strategies, public health systems can be better 
positioned to prevent disease burden and contain outbreaks in a warming and 
increasingly unpredictable world. 

For what entails endemic Arbovirus, one of the most relevant for human pathology in 
Italy is represented by West Nile virus (WNV), which, from being a virus causing 
sporadic and isolated cases of human infection, became an endemic virus responsible 
for seasonal outbreaks and among the main causes of aseptic meningitis[191,192].  

1.4.1 West Nile virus: general overview 

West Nile Virus is a mosquito-borne zoonotic flavivirus (Flaviviridae family, 
Orthoflavivirus genus). WNV is a small (approximately 50 nm in diameter), spherical, 
enveloped flavivirus whose genome consists of a single-stranded RNA molecule of 
positive polarity that encodes three structural and seven non-structural proteins. The 
genomic RNA is enclosed within a nucleocapsid formed by the capsid (C) protein, 
which constitutes the core of the virion and is enveloped by a lipid bilayer derived 
from the host cell. In this bilayer, the membrane (M) protein and the envelope (E) 
glycoprotein are organised in dimers (Figure 5a and 5b).  

The genome of WNV is constituted of a single-stranded RNA molecule of positive 
polarity, with an approximate length of 11.000 nucleotides. This genome encodes a 
polyprotein in a single open reading frame (ORF), which is flanked by two 
untranslated regions (UTRs). The UTRs are located at the 5’ and 3’ ends of the genome, 
respectively, and extend for a length of approximately 100 and 400-700 nucleotides. 
The ORF is translated into a single polyprotein, which is then processed by viral and 
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cellular proteases, resulting in the production of ten major viral proteins: three 
structural (C, prM/M, and E) and seven non-structural (NS1, 2A, 2B, 3, 4A, 4B, and 5), 
as represented in Figure 5c[193].  

 

Figure 5. Structural and genomic organization of a flavivirus. A. Schematic representation of the WNV 
virion displaying the arrangement of E glycoprotein. B. Schematic view of WNV particle internal 
structure, including the single-stranded positive-sense RNA (ssRNA+) genome encapsidated by the 
capsid (C) protein, along with the envelope (E) and membrane (M) proteins. C. Genomic organization 
of WNV. The 5' end encodes structural proteins (C, prM/M and E); the 3' end encodes non-structural 
proteins (NS1-5). D. Structural representation of the membrane-anchored envelope (E) protein 
(modified from [194]). E. Crystal structure of an envelope (E) glycoprotein dimer, highlighting key 
functional domains (modified from [195]).  
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The structural proteins facilitate viral encapsulation and entry. The E protein has been 
demonstrated to mediate receptor binding and membrane fusion, while the prM 
protein has been shown to stabilise immature virions, which are subsequently cleaved 
into the membrane (M) protein for the purpose of infectivity. Non-structural proteins 
are vital for replication and immune modulation. It has been established that the NS1 
assists in the formation of replication complexes and interferes with Toll-like receptor 
3 (TLR3) signalling. In addition, the NS2A/NS4A have been shown to reshape host 
membranes for the purpose of RNA replication and to suppress interferon responses. 
The multifunctional NS3 protease and helicase process viral polyprotein and unwinds 
RNA, while NS5, the RNA-dependent RNA polymerase (RdRp), ensures genome 
replication and RNA capping. NS5 is the most conserved protein among flaviviruses, 
thus rendering it a key therapeutic target[196].  

1.4.1.1 Major antigenic sites and elicited responses  

The envelope (E) glycoprotein of the West Nile virus constitutes the primary surface 
component of the virion and performs a dual role in receptor binding and membrane 
fusion. Beyond these essential functions, the E protein plays a critical role in eliciting 
virus-neutralizing antibodies[197] and mediates key steps in viral attachment, 
penetration, and membrane fusion[198]. It also contributes to hemagglutination, virion 
assembly, and maturation, as well as determining host range, cell tropism, and 
virulence[199,200]. Structure of the envelope protein od Flaviviruses is reported in 
Figure 5d and 5e.  

Structurally, the E protein forms a raft of 90 antiparallel homodimers arrayed on the 
viral membrane[201]. With a molecular weight ranging between 53 and 60 kDa 
depending on glycosylation, the E protein belongs to the class II fusion protein family 
characterized by a unique C-terminal double membrane-spanning anchor. Each 
monomer is organized into three distinct domains (EDI, EDII, and EDIII) linked by 
flexible hinges that undergo irreversible conformational rearrangements during viral 
entry and fusion[202–206]. The homodimeric arrangement of the E protein shields 
exposure of the DII fusion loop at neutral pH. Within the acidic environment of the 
endosome, these conformational shifts lead to the dissociation of the E homodimers 
and expose the conserved fusion peptide (FP) located at the distal end of EDII, 
facilitating viral–host membrane fusion[198].  

EDI, positioned at the N-terminus but centrally located within the three-dimensional 
structure, forms an eight-stranded β-barrel serving as a hinge between EDII and EDIII. 
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Composed of approximately 120 amino acids, EDI largely contains type-specific, non-
neutralizing epitopes[207,208]. This domain stabilizes the overall conformation of the 
E dimer and participates in pH-dependent conformational transitions during viral 
fusion. A conserved N-linked glycosylation site at Asn154, typical of flaviviruses, has 
been shown to influence viral attachment, neurovirulence, and pH sensitivity[209]. 
Mutations or deletions at this site reduce neuroinvasiveness and replication efficiency, 
underscoring its importance in viral pathogenesis. Furthermore, residues within the 
EDI–EDII hinge region modulate virion stability and neutralization sensitivity, 
potentially through interactions with cell-surface glycosaminoglycans (GAGs), which 
act as attachment receptors[206]. EDII forms an elongated finger-like structure 
composed of two discontinuous peptide regions linked to EDI by flexible loops, 
collectively forming the EDI-EDII hinge. This hinge region undergoes extensive 
rearrangement under acidic endosomal conditions, enabling exposure of the fusion 
loop (FL), involved in fusion and viral entry[210–212]. In immature virions, the prM 
protein interacts with EDII to shield the fusion loop, preventing premature fusion 
during viral maturation. Moreover, EDII contributes to antiparallel dimerization of E 
monomers, and mutations within this domain impair viral replication and attenuate 
virulence[212]. EDIII, located at the C-terminal end of the E protein, comprises 
approximately 100 residues organized into a compact immunoglobulin-like β-barrel 
of six antiparallel β-strands (β1–β6) stabilized by disulfide bridges[213]. This globular 
domain extends outward from the virion surface, forming protrusions that bear type- 
and subtype-specific epitopes. EDIII is believed to mediate interactions with host 
cellular receptors, contributing to viral attachment and entry. Structural and 
mutational analyses have revealed that alterations within EDIII can result in escape 
from neutralizing antibody responses. 

A stem region comprising transmembrane domains (TM1 and TM2) anchors the E 
protein to the viral envelope[214]. TM1 functions as a stop-transfer signal, while TM2 
serves as an internal signal sequence critical for the proper folding and localization of 
the NS1 protein[210]. Structural rearrangements involving these transmembrane 
segments form a hairpin-like configuration, which trimerizes under acidic conditions 
to promote membrane fusion and increase infectivity[211,215,216]. The carboxy-
terminal ectodomain contains two α-helical stem elements (α1 and α2) that connect to 
the transmembrane region, contributing to the stability and fusion capacity of the 
protein. Conserved histidine residues at positions 144, 246, 284, and 319, located at 
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interdomain interfaces, are implicated in pH sensing, uncoating, and trimerization of 
the E protein under endosomal conditions[217]. 

The envelope glycoprotein represents the principal antigenic determinant of WNV and 
constitutes the major target of both humoral and cellular immune responses[218,219]. 
As the most abundant structural component of the virion surface, the E protein is 
responsible for eliciting neutralizing antibodies that provide protection against 
infection and disease progression[220,221]. These antibodies predominantly recognize 
conformational epitopes distributed across the three structural domains of the E 
protein (EDI–EDIII)[222,223]. Among these, the lateral ridge of domain III (DIII-LR) 
has been identified as a dominant epitope for potent neutralizing antibody 
binding[220,221,223]. 

Neutralizing antibodies against WNV exert their protective functions mainly through 
two mechanisms:  inhibition of viral attachment by blocking receptor engagement, and 
interference with the low pH–induced conformational rearrangements required for 
membrane fusion within endosomes[220,224]. High-affinity antibodies directed 
toward epitopes on the DIII-LR region prevent the conformational transitions 
necessary for the exposure of the fusion loop, thereby neutralizing viral entry. In 
contrast, antibodies targeting epitopes on EDI and EDII are often less potent, 
recognizing more conserved or partially buried regions that can mediate cross-
reactivity but not necessarily sterilizing immunity[221,225]. 

Studies in murine and human models have demonstrated that antibodies directed 
against DIII-specific epitopes confer strong and durable protective immunity[221,226]. 
DIII-targeted antibodies are generally virus type–specific and can differentiate WNV 
from other flaviviruses such as dengue virus (DENV) and Japanese encephalitis virus 
(JEV), underscoring their diagnostic and vaccine relevance[226,227]. Conversely, 
cross-reactive antibodies recognizing conserved epitopes in the fusion loop of EDII, 
although often weakly neutralizing, may contribute to antibody-dependent 
enhancement (ADE) of infection, a phenomenon observed across several 
flaviviruses[225,228,229]. 

Beyond humoral immunity, the E protein also contributes to the activation of cellular 
immune responses. CD4⁺ T helper cells are stimulated by E protein-derived peptides 
presented on MHC class II molecules, promoting B-cell activation, isotype switching, 
and germinal center maturation to generate high-affinity neutralizing antibodies and 
long-lived plasma cells[230,231]. CD8⁺ cytotoxic T lymphocytes (CTLs) recognize E 
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protein-derived peptides presented on MHC class I molecules and are crucial for the 
clearance of infected cells, particularly during acute infection. E-specific CD8⁺ T cells 
secrete antiviral cytokines such as interferon-γ (IFN-γ) and tumor necrosis factor-α 
(TNF-α), which restrict viral replication and contribute to viral clearance[231,232]. 

While neutralizing antibodies are essential for preventing peripheral infection and 
controlling viremia, T-cell responses play a decisive role once the virus disseminates 
to the central nervous system (CNS)[232,233]. In murine models, depletion of CD8⁺ T 
cells leads to uncontrolled viral replication within neuronal tissues, demonstrating 
their essential role in viral clearance from the CNS[231,232]. CD4⁺ T cells also 
contribute to protection by secreting IFN-γ and supporting the recruitment and 
activation of macrophages and microglia[233]. Together, these adaptive immune 
mechanisms orchestrate effective viral control and limit neuroinvasion. 

The immunogenic architecture of the E protein, combining conserved structural motifs 
with variable surface-exposed epitopes, makes it an attractive candidate for vaccine 
design. Recombinant subunit vaccines based on soluble E ectodomains or domain III 
fragments have successfully induced robust neutralizing antibody responses in 
experimental animal models, correlating with full protection against viral 
challenge[227]. Furthermore, the incorporation of conserved T-cell epitopes from the 
E protein into multivalent vaccine platforms may provide a promising strategy to elicit 
broad cellular immunity while minimizing the risk of ADE[234]. 

Overall, the WNV E protein functions as a multifunctional immunogen that bridges 
humoral and cellular immune responses through its dual roles in receptor interaction 
and immune activation. Elucidating the fine structural determinants that govern 
antibody binding, T-cell recognition, and immune modulation is critical for the 
rational design of next-generation vaccines and therapeutic antibodies capable of 
conferring cross-protective and durable immunity against WNV and related 
flaviviruses[219,223,234]. 

Antibodies against WNV proteins other than E have been identified. As introduced 
above, a subset of infectious WNV virions retain varying levels of uncleaved prM. 
Antibodies that bind to prM have been identified in WNV immune sera, and prM 
antibodies have been isolated from both mice and humans[235]. As reported for other 
flaviviruses, WNV antibodies specific for prM generally display weak neutralizing 
activity and limited protection in vivo. This likely stems from the limited number of 
prM molecules present on the surface of partially mature virions, the effects of which 
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will be discussed in detail below. Antibodies specific for the non-structural protein 
NS1 that demonstrate protective activity from WNV infection in vivo have been 
described[236]. Prophylactic treatment with some NS1 mAbs protected mice against 
lethal WNV infection, despite the fact that NS1 is not associated with the virion itself. 
NS1 antibodies are hypothesized to bind cell-surface expressed NS1 on infected cells 
and result in phagocytosis of infected cells through interactions with Fc-γ receptors 
(FcγR) expressed on macrophages. Finally, antibody responses directed at NS3 and 
NS5[237], as well as capsid have been observed, but little is known regarding their 
importance in protecting against WNV infection. 

The clinical variability observed in human WNV infections has been attributed, among 
other factors, to immune-mediated mechanisms and to functional impairments of key 
immune components, both of which are influenced by host genetic background and 
age-related factors. Experimental models have provided compelling evidence for age-
associated immune dysfunction. For instance, aged mice exhibit significantly reduced 
populations of total T helper (Th) and B lymphocytes[238]. Moreover, in murine 
models of age-dependent susceptibility to WNV, T-cell responses are markedly 
compromised, characterized by diminished cytolytic activity, impaired cytokine 
secretion, and reduced multifunctionality. Supporting these findings, adoptive 
transfer of T cells from adult, but not aged, donors effectively conferred protection 
against WNV infection in immunodeficient recipient mice. Conversely, CD8⁺ T cells 
derived from aged mice demonstrated lower infiltration into brain tissues, indicating 
impaired neuroprotective capacity[239]. 

In human studies, the phenotypic characterization of WNV-specific T-cell subsets has 
revealed correlations between immune profiles and clinical outcomes. Patients 
experiencing neuroinvasive disease or belonging to older age groups tend to display 
increased frequencies of WNV-specific CD8⁺ T cells. Furthermore, the CD4⁺ T-cell 
repertoire in symptomatic individuals is often skewed toward restricted phenotypes, 
accompanied by a notable reduction in regulatory T-cell (Treg) frequency compared 
to asymptomatic individuals[240]. This observation aligns with experimental data 
showing that Treg-deficient mice exhibit significantly higher mortality rates following 
WNV infection than their wild-type counterparts, underscoring the protective role of 
Tregs in modulating immunopathology and limiting host tissue damage[241]. 
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1.4.2 WNV ecology  

WNV is maintained in nature through a transmission cycle involving wild birds, 
acting as reservoirs, in which the infection generally has a mild course but, in some 
cases, may cause severe neurological complications, potentially leading to death[178], 
and vector-competent mosquitos. WNV has been detected in over 150 species of 
mosquitoes belonging to, at least, 11 genera. However, its main vectors are those 
belonging to the Culex pipiens L. complex[179,180], which comprises many different 
members, such as Cx. pipiens, Cx. quinquefasciatus, Cx. australicus, and Cx. globocoxitus, 
the first two being the most relevant vectors of WNV. Both species are distributed in 
Africa, Asia and the Americas[242], and Cx. pipiens and Cx. quinquefasciatus are also 
present in Europe and Australia[243,244], respectively. Cx. pipiens is distributed in 
temperate regions, while Cx. quinquefasciatus habits in both tropical and subtropical 
areas. Cx. quinquefasciatus is regarded as an opportunistic feeder, exhibiting flexible 
host-feeding preferences that include both avian and mammalian hosts. In contrast, 
Cx. pipiens comprises two recognized biotypes, namely Cx. p. pipiens and Cx. p. 
molestus, which differ markedly in their physiological traits and behavioral 
patterns[245]. Although both forms are synanthropic, Cx. p. molestus is more 
commonly associated with human environments due to its mammophilic feeding 
behavior, positioning it as a key vector in the zoonotic transmission of WNV from 
avian reservoirs to humans. Conversely, Cx. p. pipiens exhibits a predominantly 
ornithophilic feeding preference, implicating it as a primary vector in the natural 
enzootic maintenance of WNV among bird populations[245]. Environmental factors 
such as temperature, precipitation, and humidity profoundly influence vector 
population dynamics and viral replication rates. Warmer temperatures shorten the 
extrinsic incubation period of WNV within mosquitoes, thereby enhancing 
transmission efficiency. Consequently, climate change and urbanization are expected 
to expand both the temporal and geographic range of WNV circulation[246].  

Among avian hosts, Passeriformes, particularly members of the Corvidae family, serve 
as the principal natural reservoirs of WNV. These birds are highly efficient virus 
amplifiers, capable of developing high-titer viremias sufficient to sustain active viral 
transmission cycles in nature. Importantly, migratory birds contribute to the long-
distance dispersal of WNV, linking enzootic foci across continents along major flyways 
such as the East Atlantic, Mediterranean-Black Sea, and East African routes. In 
contrast, resident bird populations are responsible for local amplification and 
overwintering, supporting virus persistence between transmission seasons. Moreover, 
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different dispersal scenarios were observed for lineage 1 and 2. Lineage 1 shows a 
complex evolutionary history due to constant connections and genetic flows among 
countries and continents around the world. In contrast, lineage 2 has a simpler history, 
with limited introductions from South Africa to Europe, where it became endemic due 
to favorable eco-climatic conditions[247].  

Environmental and climatic factors exert a profound influence on the ecology and 
epidemiology of WNV. Temperature directly affects viral replication rates and 
shortens the extrinsic incubation period within mosquitoes, enhancing vector 
competence. Likewise, precipitation, humidity, and water availability shape mosquito 
breeding habitats and seasonal abundance. Urbanization and agricultural irrigation 
systems create favorable microhabitats for Culex mosquitoes, particularly 
synanthropic biotypes, thereby increasing the interface between vectors, avian hosts, 
and humans. As a consequence, climate change and land-use alterations are 
anticipated to extend both the temporal window and geographic range of WNV 
transmission in temperate zones.  

Although species of the Culex pipiens complex represent the main vectors, secondary 
mosquito species, including Aedes albopictus, Aedes vexans, Anopheles maculipennis, and 
Ochlerotatus caspius, may contribute to local or sporadic transmission, particularly 
under favorable environmental or ecological conditions. The relevance of these 
alternative vectors often depends on their feeding behavior, vectorial competence, and 
ecological overlap with both avian reservoirs and human populations. 

Transmission is markedly seasonal, typically peaking during late summer and early 
autumn, when mosquito densities and viral replication reach their maxima. In 
temperate regions, WNV is thought to overwinter in diapausing Culex females or, less 
commonly, through persistent infection in avian hosts, enabling re-emergence in 
subsequent transmission seasons. The relative contribution of each overwintering 
mechanism may vary across latitudes and environmental conditions. 

From an epidemiological perspective, horses and humans are regarded as incidental 
“dead-end” hosts, since the predominantly ornithophilic feeding behavior of Culex 
vectors and the low viremia levels achieved in these species prevent further 
transmission. Nonetheless, both hosts are highly susceptible to neuroinvasive disease, 
and infections in these species have significant veterinary, public health, and economic 
implications[248]. Beyond humans and equines, other mammals such as bats, rodents, 
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and lagomorphs may act as sentinel or accidental hosts, contributing to local 
monitoring and ecological understanding of WNV circulation. 

In summary, the ecology of WNV is shaped by the intricate interplay among vector 
species diversity, avian reservoir competence, environmental drivers, and human-
induced ecological change. This dynamic system underlies the spatiotemporal 
patterns of viral emergence and highlights the importance of an integrated One Health 
approach to surveillance and control (Figure 6a).  

1.4.3 WNV epidemiology  

Over the past two decades, Europe has witnessed a marked north-ward expansion of 
WNV’s geographic distribution, a shift largely driven by climate change, which has 
created increasingly favourable weather and environmental conditions for the 
establishment of transmission cycles and a concomitant rise in human infection cases. 
A key consequence of climate warming is the proliferation of milder winter 
temperatures, enabling WNV vectors and infected mosquitoes, particularly species of 
the genus Culex, to overwinter locally, thereby establishing autochthonous viral 
reservoirs that can generate outbreaks independently of seasonal reintroduction from 
southern Europe or Africa[181]. For instance, a recent modelling study quantified the 
isolated contribution of anthropogenic climate change to WNV’s spatial expansion 
across Europe, identifying that current hotspot regions are very likely attributable to 
warming rather than other anthropogenic changes alone[249]. Concurrently, these 
shifts in viral ecology, namely prolonged vector activity seasons and enhanced virus 
transmission to resident bird species, have precipitated a fundamental change in WNV 
epidemiology across many European countries. Where once WNV infections appeared 
as sporadic and isolated events, the virus is now an endemic, seasonal zoonotic 
pathogen responsible for recurrent outbreaks, including cases of aseptic meningitis 
and encephalitis, often ranking among the principal causes of viral neuroinvasive 
disease in summer and early autumn[191,192]. An overview of the European 
epidemiological landscape is presented in Figure 6b. 
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Figure 6. Geographic distribution of West Nile virus (WNV) cases and outbreaks in Europe between 
2015 and 2025. A. Spatial distribution of WNV human cases and animal outbreaks (birds and equines) 
reported across Europe as of October 2025. Dark blue areas represent regions where both human cases 
and animal outbreaks have been detected, while lighter shades indicate regions with either human cases 
or animal outbreaks alone. Data were compiled from the Animal Diseases Information System (ADIS) 
and EpiPulse, illustrating the broad ecological overlap between human and animal WNV transmission 
cycles across the continent. B. Temporal overlay of human WNV cases reported between 2015 and 2025, 
showing the progressive northward and westward expansion of the virus. Darker tones correspond to 
more recent transmission seasons (2024–2025), emphasizing the ongoing geographical spread and the 
establishment of endemic foci in Central and Southern Europe. Administrative boundaries: 
©EuroGeographics, CUN–FAO. Maps produced by ECDC (08 October 2025) using data reported to 
ADIS and EpiPulse as of 03 October 2025. 

Despite efforts to control its spread, WNV continues to circulate, with periodic 
outbreaks reported in various regions worldwide, thus posing a significant public and 
animal health threat globally being recognized as one of the most relevant mosquito-
borne pathogens and one of the most relevant causes of viral encephalitis and 
meningitis[250–252].  

To date, based on the results published annually by the ECDC, autochthonous West 
Nile cases account for a mean of 95% of total recorded cases in Europe (calculated 
based on the data of the last seven transmission seasons, 2018-2024), to which Italy 
constitutes the major contributor, with a mean of 36% of autochthonous infections 
recorded over the Italian regions[253–258]. Although WNV infections are 
asymptomatic in the majority of cases (about 80%), a proportion of infected individuals 
(1%), particularly the elderly and immunocompromised, can develop severe 
neuroinvasive disease, including meningitis, encephalitis, and acute flaccid paralysis. 
WNV also has a considerable impact on equine health, with horses often serving as 
sentinel species for virus circulation. Equine WNV infection frequently presents with 
neurological symptoms and carries a substantial morbidity and mortality rate, 
especially in unvaccinated animals[259].  

Looking ahead, the convergence of climate warming, land-use change, and increased 
vector surveillance suggests that the spatial footprint of WNV transmission in Europe 
may continue to expand, potentially affecting previously unaffected northern and 
western regions. This underscores the urgency of integrated One Health surveillance 
strategies, vector-control initiatives tailored to extended transmission seasons, and the 
development of preventive interventions, including vaccines for humans and equines, 
to mitigate the evolving threat posed by WNV. 
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1.4.4 WNV genetic diversity and evolution  

West Nile virus (WNV) is characterized by a high degree of genetic diversity, with at 
least nine distinct phylogenetic lineages identified globally, four of which circulate 
primarily in Africa. These include lineage 1 (L1), lineage 2 (L2), lineage 7 (L7, later 
reclassified as Koutango virus), and the putative lineage 8 (L8). In Europe, lineages 1 
and 2 are the most prevalent. Regarding WNV L1, the initial introduction of the virus 
into Europe is believed to have occurred more than 25 years ago from northwestern 
African countries to Italy or France, where it was first detected in 1998 and 2000, 
respectively. In contrast, lineage 2 (L2) was first identified in Hungary in 2004 and has 
since become the predominant strain, exhibiting sustained spread and stable 
establishment within avian and mosquito populations[247,260].  

Similarly to other RNA viruses, WNV displays a quasispecies dynamic, characterized 
by a heterogeneous population structure and rapid intra-host evolution[261]. This 
genetic diversity serves as both a driver and a consequence of the virus’s ability to 
adapt to distinct vertebrate hosts and arthropod vectors. Because WNV replicates 
across a broad phylogenetic spectrum of species, viral populations display variable 
replicative fitness that is highly sensitive to even minor genetic modifications. 
Consequently, the accumulation of genetic variation can promote the emergence of 
novel viral strains with differences in vector competence[262], transmission 
efficiency[263], viral replication kinetics[264], or ability to induce high-titer viremia in 
avian hosts[265]. 

At the molecular level, adaptive evolution has been frequently observed in genes 
encoding the envelope (E), NS3, and NS5 proteins, which are key determinants of viral 
infectivity and host adaptation. Mutations within the E protein, which mediates host-
cell receptor binding and membrane fusion, have been linked to enhanced 
neuroinvasiveness and altered antigenicity. Similarly, substitutions in NS3 and NS5, 
involved in RNA replication and immune evasion, can increase viral replication 
efficiency and modulate interferon antagonism. Evidence of episodic positive selection 
in these loci suggests that WNV undergoes recurrent host-driven molecular 
adaptations, particularly during cross-species transmission events. Compensatory 
mutations within functionally constrained regions likely buffer deleterious effects, 
maintaining viral fitness across heterogeneous host environments[266]. 

The phylogeographic reconstruction of WNV evolution supports a pattern of multiple 
introductions and local diversification across Europe. Both L1 and L2 strains have 



 

 50 

independently established regional subclades following their introduction, reflecting 
adaptation to local ecological conditions. Molecular clock analyses estimate an average 
substitution rate of 4-6 × 10-4 substitutions per site per year, comparable to other 
flaviviruses, consistent with a relatively stable evolutionary trajectory under dominant 
purifying selection. Nevertheless, sporadic bursts of diversification coincide with 
major epizootic events, suggesting that ecological and climatic factors can transiently 
accelerate viral evolution. Migratory bird flyways play a central role in facilitating the 
long-distance dispersal and genetic mixing of divergent WNV lineages between Africa 
and Eurasia, thereby contributing to the periodic reintroduction of novel genetic 
variants[246]. 

The role of both vertebrate and invertebrate hosts in shaping viral diversification and 
replication fitness has also been extensively examined. Elevated intra-host viral 
diversity within mosquito vectors has been demonstrated to increase viral fitness in 
mosquitoes[267]. Mosquitoes exhibit a particularly high degree of intra-host genetic 
diversification, which appears to be concentrated in genomic regions targeted by the 
mosquito innate immune response, particularly the RNA interference (RNAi) 
pathway[268], which exerts strong purifying selection. Therefore, highly diverse yet 
distinct viral subpopulations are detectable in mosquito saliva. Some studies 
suggested that intra-vector population expansion and selection vary among mosquito 
species[269–271]. Notably, WNV populations generated in mosquito hosts often lose 
replicative fitness in vertebrate hosts, underscoring the antagonistic fitness trade-offs 
between invertebrate and vertebrate replication cycles[272]. As a consequence, the 
genetic diversity generate within the vector markedly decreases after transmission to 
vertebrate hosts, reflecting a more stringent purifying selection in birds. The complex 
interplay of vertebrate innate immune mechanisms, including interferon-mediated 
pathways and cellular restriction factors, likely contributes to this constrained 
diversification.  

Beyond host-driven diversification, WNV evolution is further influenced by 
interactions among co-circulating lineages. The ecological overlap of L1 and L2 in 
several European regions has raised concerns regarding competitive displacement and 
potential recombination events. Although recombination is relatively rare in WNV, 
mosaic genomes have occasionally been detected, suggesting limited genetic exchange 
that may generate novel phenotypic traits, including altered virulence or vector 
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competence. These processes highlight the potential for lineage interaction to shape 
the evolutionary trajectory of the virus. 

Collectively, these inter- and intra-host evolutionary dynamics contribute to the 
relatively slow evolutionary rate observed in WNV, but more broadly in all mosquito-
borne flaviviruses, compared with other RNA viruses, highlighting the evolutionary 
equilibrium maintained between replication fidelity, adaptability, and host 
specialization. As a consequence, while point mutations and lineage diversification do 
occur, the antigenic landscape of WNV remains relatively conserved across time and 
geography, and major antigenic shifts capable of compromising immune recognition 
are uncommon. 

The epidemiological challenge posed by WNV is not driven by antigenic evolution but 
by ecological and climatic factors that favor viral persistence and expansion. Climate 
change, by extending the seasonal activity of vector populations, allowing 
overwintering of infected mosquitoes, and facilitating the northward spread of 
competent Culex species, has reshaped WNV transmission dynamics in Europe and 
beyond. These environmental modifications have transformed WNV from a virus 
responsible for sporadic outbreaks into one that exhibits endemic transmission 
patterns with recurrent seasonal peaks. 

By contrast, the SARS-CoV-2 pandemic demonstrated how high genetic variability can 
directly drive global health responses. The virus exhibited an exceptional capacity for 
rapid evolution through the accumulation of spike protein mutations that enhanced 
receptor binding, transmissibility, and immune evasion. This ongoing diversification 
led to the successive emergence of variants of concern, such as Alpha, Delta, and 
Omicron, that significantly altered the epidemiological trajectory of the pandemic and 
necessitated the iterative reformulation of vaccine antigens to restore and sustain 
protective immunity. In this context, the adaptive capacity of SARS-CoV-2 exemplified 
the challenges posed by highly mutable RNA viruses, for which vaccine design must 
remain dynamic and responsive to antigenic drift and shift. 

Therefore, while WNV genetic stability suggests that a single, broadly protective 
vaccine formulation could provide long-term efficacy without frequent updates, the 
urgency to develop such a vaccine stems primarily from the shifting ecological and 
climatic landscape rather than from viral antigenic variability. This contrasts sharply 
with the SARS-CoV-2 paradigm, where rapid genetic evolution continuously 
redefined both vaccine design and deployment strategies. In essence, WNV represents 
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a case in which epidemiological drivers, rather than molecular evolution, dictate 
vaccine necessity, a reminder that virological stability does not equate to diminished 
public health relevance in a changing climate.  

These considerations highlight that the development of a West Nile virus vaccine 
should prioritize ecological predictability and sustained immunogenicity rather than 
antigenic adaptation, representing a distinct paradigm from the continually evolving 
vaccine landscape seen with SARS-CoV-2. 

1.4.5 WNV vaccines  

Despite this dual threat for human and veterinary pathology, vaccine availability and 
implementation remain uneven across sectors. Currently, several WNV vaccines are 
licensed for veterinary use, particularly in horses, where immunization has proven 
effective in reducing disease incidence and severity. These vaccines, typically based 
on inactivated or recombinant technologies, have become a cornerstone of equine 
preventive medicine in endemic areas[273].  

As reported in literature, four vaccines have been approved for horses, including 
inactivated virus and canarypox-vectored platforms, which have been successful in 
veterinary medicine (West Nile-Innovator® by Zoetis, US; RECOMBITEK® by 
MERIAL Ltd., US)[274,275]. West Nile-Innovator® demonstrated 94% protection 
against viremia, while RECOMBITEK® induced cell-mediated immunity and 
neutralizing antibodies[274–280]. 

However, no WNV vaccine has yet progressed beyond phase I or II clinical trials for 
humans or received regulatory approval for human use[46]. This regulatory gap 
highlights a key vulnerability in public health preparedness, especially as WNV 
continues to expand its geographic range due to climate change, vector proliferation, 
and global mobility.  

For example, ChimeriVax-WN02 (Sanofi Pasteur; NCT00442169, NCT00746798), a live 
attenuated chimeric vaccine, demonstrated seroconversion rates above 90% after a 
single dose in Phase II clinical trials[45,46,281]. A number of phase I clinical trials have 
evaluated alternative vaccine approaches, each of which has a distinct immunogenic 
profile. WN/DEN4-3'∆30, a live attenuated chimeric vaccine, demonstrated 
seroconversion rates ranging from 55% to 95%, depending on the dosing schedule, in 
different clinical trials (NCT00094718, NCT00537147, NCT02186626)[45,46,282]. The 
efficacy of DNA-based candidates, exemplified by VRC-WNVDNA017-00-VP 
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(NCT00106769) and VRC-WNVDNA020-00-VP (NCT00300417), has been 
demonstrated through the observation of robust neutralizing antibody responses, 
accompanied by seroconversion rates that have surpassed 96% following a three-dose 
regimen[45,46]. Notable advancements in the field include the development of 
recombinant subunit vaccines, such as one employing the truncated E protein (rWNV-
80E) in combination with adjuvants, which has been shown to elicit robust humoral 
and cellular immunity in murine models[45,46,283]. Inactivated whole-virus 
formulations, including HydroVax-001 (NCT02337868), have demonstrated moderate 
seroconversion rates (31–50%) following two doses, while a formalin-inactivated 
vaccine has induced peak antibody responses after a booster dose[45,46]. Despite the 
initial optimism, no candidate has progressed beyond the preliminary trials, 
underscoring significant challenges concerning immunogenicity, dosing, and 
scalability for human application. 

The development of a WNV vaccine suitable for both human and veterinary 
applications would offer several strategic advantages. First, it would enable a 
comprehensive One Health approach to disease prevention, addressing zoonotic risks 
at the animal-human-environment interface. Second, it would provide a critical tool 
for outbreak containment in high-risk regions, reducing reliance on reactive vector 
control and post-exposure clinical care. Third, in the context of pandemic 
preparedness and emerging infectious diseases, a dual-use WNV vaccine platform 
could serve as a model for other arboviruses, streamlining production and regulatory 
pathways through shared technologies such as inactivated virus, recombinant 
proteins, or HHP-based platforms. 

Furthermore, targeted immunization programs, whether seasonal or region-specific, 
could significantly reduce morbidity and mortality in vulnerable populations, 
particularly in areas where WNV is endemic or has shown episodic emergence. 
Vaccination could also protect frontline workers, such as veterinarians, farmers, and 
public health personnel, who may be at increased risk of exposure. 

In conclusion, the development and deployment of a safe, effective, and scalable WNV 
vaccine for both humans and animals would represent a significant advance in the 
control of this arbovirus. As climatic and ecological changes continue to favor the 
spread of mosquito-borne diseases, investing in such cross-sectoral vaccine strategies 
is not only medically prudent but also economically and ethically justified. 
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1.5 Development of new viral inactivation strategies 

High vaccine production costs and limited distribution in many regions have 
contributed and still contribute to unequal vaccine access. Vaccine production is 
complex, resource-intensive, and often centralized in high-income countries (HICs), 
where advanced biotechnological infrastructure and funding are more readily 
available. The majority of LMICs rely on imports or donations from HICs for vaccines, 
which often leads to delays in receiving vaccines and sometimes to restrictions on the 
volume of vaccines available[284]. 

The need for affordable vaccine production has been highlighted by the global 
response to the COVID-19 pandemic. Countries with limited access to vaccines faced 
devastating waves of infections and significant economic and social disruptions. The 
inequitable vaccine distribution fueled debates on intellectual property rights, vaccine 
nationalism, and the ethics of health resource allocation[285]. In response, the World 
Health Organization and other global health organizations have advocated for 
innovative, low-cost vaccine production solutions to ensure that LMICs are better 
equipped to handle future health crises. 

Developing low-cost vaccine production strategies is essential to meet growing global 
demand, especially in LMICs, and to work toward achieving health equity. 
Developing low-cost vaccine production is not only a moral imperative but also an 
economic and strategic necessity. Affordable and accessible vaccines can help mitigate 
the economic impacts of disease outbreaks by reducing healthcare costs and 
maintaining workforce productivity[286]. Moreover, increased vaccine accessibility 
promotes health security and stability by reducing the risk of disease spread, which 
benefits both LMICs and HICs by preventing outbreaks from escalating into global 
pandemics[287,288]. 

1.5.1 High Hydrostatic Pressure: application in food science and beyond  

High hydrostatic pressure (HHP) processing has emerged in the food industry as a 
valuable non-thermal food preservation technique, used for microbial inactivation in 
food products while preserving quality attributes like taste, texture, and nutritional 
value[289–291]. HPP involves applying pressures typically ranging from 100 to 800 
MPa at refrigeration or mild process temperatures (< 45 °C) to food products, often for 
seconds or minutes, leading to microbial cell damage and death[292–294]. Unlike 
thermal pasteurization, HHP minimizes heat-induced changes, offering a promising 
solution for preserving heat-sensitive foods such as juices, seafood and meat products, 
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or ready-to-eat food[295–298]. Although HHP process does not require active heating, 
passive heating by adiabatic compression and passive cooling by adiabatic 
decompression are inevitable.  

The effectiveness of HHP in microbial inactivation is due to its ability to disrupt cell 
membrane integrity, denature proteins, and interfere with cellular processes critical to 
microbial viability. The applied pressure affects the weakest cellular components first, 
specifically targeting the cell membrane[299]. Under high pressure, microbial 
membranes experience compression, leading to structural changes, which increases 
permeability and ultimately results in cell lysis[300]. In vegetative cells, the effects of 
high-pressure processing (HPP) extend beyond alterations in cell structure to 
encompass modifications in metabolic processes. HHP higher than 300 MPa can result 
in the unfolding and denaturation of proteins, which may also lead to enzyme 
inactivation[301–304]. 

Microorganisms exhibit varying degrees of resistance to HHP based on their structural 
and physiological characteristics. Research shows that gram-positive bacteria 
generally exhibit higher resistance to HHP than gram-negative bacteria. This 
resistance is attributed to the thicker peptidoglycan layer in gram-positive bacteria, 
which provides structural integrity under high-pressure conditions. For instance, 
Listeria monocytogenes, a gram-positive bacterium, demonstrates greater resilience 
compared to Escherichia coli, a gram-negative species[305,306]. Studies have shown 
that gram-negative bacteria can often be inactivated at pressures around 300 MPa, 
while gram-positive bacteria require pressures closer to 600 MPa for similar levels of 
inactivation[299].  

Bacterial spores, such as those produced by Bacillus and Clostridium species, present a 
significant challenge in HHP processing due to their inherent resistance. These spores 
can survive extremely harsh conditions by entering a dormant state that protects 
cellular structures from damage. HHP alone is often insufficient to inactivate spores 
completely (spores from such species can tolerate pressure treatments above 1000 MPa 
at room temperature); however, a combination of HHP with moderate heat (referred 
to as thermos-pressurization) has shown promise in overcoming this 
challenge[307,308]. While many yeasts and molds are susceptible to HHP, the 
effectiveness can vary depending on the species and the food matrix. Yeasts like 
Saccharomyces cerevisiae generally exhibit moderate resistance but can be inactivated at 
pressures below 400 MPa. Recent research indicates that combining HHP with 
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antifungal agents can improve the effectiveness of HHP in mold inactivation, making 
it applicable for products prone to fungal spoilage, such as fruits and juices[309].  

The primary viral pathogens responsible for food-borne illness transmission include 
Norovirus and Rotavirus, which cause gastroenteritis, as well as Hepatitis A and E 
viruses, which cause infectious hepatitis. All of these viruses are non-enveloped RNA 
viruses, which typically demonstrate high stability against a range of environmental 
conditions. Norovirus, Rotavirus, and Hepatitis A virus are excreted in the feces of 
infected individuals and contaminate food surfaces during the handling of food. 
Furthermore, shellfish and berries have frequently been identified as vehicles for virus 
transmission, with contamination occurring through contact with sewage or 
wastewater during their growth. In contrast, the Hepatitis E virus is zoonotic and 
widely distributed in subclinically infected pigs and wild boars. It has been 
demonstrated that meat and meat products produced from infected animals may serve 
as a source for human infection with this virus[310,311]. 

The use of HHP for the inactivation of viruses has been the subject of published studies 
for a range of foodborne virus species. This includes hepatitis A virus[312], human 
norovirus[313], avian influenza virus[314], rotavirus[315], human adenovirus[316], as 
well as different human pathogenic picornaviruses[317], including poliovirus[318]. 
The majority of studies have demonstrated that a treatment at 400 MPa for 5 minutes 
at 4 °C is an effective method for virus inactivation, resulting in a greater than 4 log10 
decrease of the contaminating viral load. Nevertheless, the efficacy of HHP was 
contingent upon a number of variables, particularly the specific virus species under 
investigation. Consequently, in many instances, the requisite pressure/time 
combinations for substantial inactivation were considerably higher. 

HHP processing has traditionally been applied for microbial inactivation in the food 
industry, but recent research points to several other promising applications beyond 
this field. HHP is increasingly being explored in the pharmaceutical and biomedical 
fields. Its ability to inactivate pathogens without residual chemicals makes it appealing 
for sterilizing sensitive materials and devices, including medical implants, lab 
equipment, and pharmaceutical compounds. In this context, HHP presents an 
alternative to chemical-based sterilization methods like ethylene oxide, which has 
known health risks and environmental implications[319,320]. 



 

 57 

1.5.2 HHP mode of action  

The typical equipment used for HHP processing comprises a cylindrical pressure 
vessel and a HHP generation system. In the context of HHP processing, food products 
are initially placed within flexible packaging (typically a pouch or plastic bottle), 
subsequently sealed, and then positioned directly within the pressure chamber filled 
with a pressure-transmitting hydraulic fluid. The removal of air from the vessel is 
facilitated by an automatic deaeration valve in conjunction with a low-pressure fast 
fill-and-drain pump. The hydraulic fluid (typically water) within the chamber is 
pressurized by a pump, generating isostatic pressure, which is transmitted through 
the package into the foodstuff itself. Once the product has been loaded into the 
pressure vessel, isostatic pressure is generated either indirectly or directly. Once the 
desired pressure has been reached, the pressure is maintained for a predetermined 
period. The pressure is transmitted instantaneously and uniformly, irrespective of the 
dimensions and configuration of the foodstuff. Consequently, the shape of the 
foodstuff is maintained even when subjected to extreme pressures. Furthermore, the 
absence of heat during processing ensures the retention of the food's sensory and 
nutritional characteristics without compromising microbial safety. In the final stage of 
the process, the HHP vessel is decompressed to atmospheric pressure. The pressure 
vessels are discharged by either transferring the pressure-transmitting medium to the 
reservoir tank or moving a piston out of the vessel[321] (Figure 7).   
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Figure 7. Graphical representation of the relationship between temperature (°C) and pressure (MPa) 
over time (minutes) during HHP process. The diagram illustrates the phases of the process, including 
come-up time, holding time, and come-down time. The red line denotes temperature variations, 
showing an initial pre-compression temperature, a temperature increase due to compression, and 
stabilization at the target pressure. The green line represents pressure changes, indicating the rise to 
target pressure, the maintenance phase, and the return to atmospheric pressure. 

Two principal techniques may be employed to establish the requisite pressure within 
the system: direct and indirect pressure generation. HHP can be achieved through 
direct generation of pressure using a moving piston, which alters the specific volume 
within the pressure vessel. Accordingly, the pressure can be increased or decreased in 
accordance with the position of the piston. In contrast, indirect compression entails 
varying the quantity of pressure fluid in order to adjust the pressure within the vessel. 
Accordingly, a reservoir tank containing pressure fluid is connected to the vessel via 
pressure tubes. A system comprising a pump and valves is employed to regulate the 
volume of pressure fluid within the pressure vessel. In order to generate HHP, fluid is 
pumped from the reservoir tank into the vessel, thereby increasing the pressure 
applied. Conversely, after treatment, fluid is pumped from the pressure vessel into the 
reservoir tank, resulting in a decrease in pressure. Indirect compression method is the 
most widely used, as it offers more possibilities of fine pressure and temperature 
control[297].  

In the pressure vessel, the products are typically surrounded by a fluid, which is often 
represented by water, and which acts as the pressurizing medium. Alternatively, 
fluids other than water can be employed; however, factors such as corrosion 
prevention properties, fluid viscosity changes under pressure, heat of compression, 
and effects on foods would have to be taken into consideration. Given the minimal 
adiabatic heating to which water is subjected during pressurization (approximately 
3°C per 100 MPa), it is frequently regarded as the optimal choice for use as a 
pressurizing medium. The medium transmits pressure to food products in a uniform 
manner from all sides, thereby preventing the compression of food items during high-
pressure processing. In order to facilitate the uniform distribution of pressure, it is 
necessary to pack the food items prior to processing. Conversely, a liquid food item 
may act as a pressure-transmitting medium itself if it is subjected to pressure[322]. 
HHP treatments through direct pressure generation in represented in Figure 8. 
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Figure 8. Diagram representing a commercial HPP treatment equipment and mode of action[321]. The 
process begins with the loading position, where an unprocessed batch is placed into the chamber. In the 
pre-filling position, water from a tank is introduced at low pressure. The pressurization position 
follows, where high pressure is applied uniformly to the product. Finally, in the unloading position, 
pressure is released, and the processed batch is removed.  

1.5.3 Use of HHP in whole inactivated virus vaccine production: repurposing 
of and old method for a new application 

The development of inactivated virus vaccines remains one of the most reliable and 
widely used strategies for immunization against viral pathogens. While traditional 
chemical and thermal methods effectively inactivate viruses for vaccine production, 
they often alter viral epitopes, potentially reducing immunogenicity. In contrast, HHP 
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offers an innovative approach by inactivating viruses while preserving their structural 
integrity and antigenicity. HHP technology involves applying pressures of 100-800 
MPa to biological materials, a non-thermal process that maintains the native structure 
of viral proteins more effectively than heat or chemical treatments[323].  

HHP achieves viral inactivation by irreversible structural changes of viral envelope 
and capsid proteins that prevent viral replication while preserving protein 
epitopes[317]. Unlike chemical agents like formaldehyde, which can alter protein 
conformation and mask antigenic sites, HHP does not involve chemical modification, 
reducing the risk of denaturation of essential epitopes that the immune system 
recognizes. For instance, studies on non-enveloped viruses such as Coxsackievirus and 
Enterovirus have shown that HHP can effectively inactivate viral infectivity without 
compromising structural antigens[317]. This preservation of antigenic sites is essential, 
as it may enhance the immune response by presenting a structure similar to the live 
virus, thus potentially increasing vaccine efficacy.  

The application of HHP for vaccine production could provide several advantages, 
especially regarding safety, preservation of immunogenicity, and production 
efficiency. 

The primary advantage of HHP over thermal and chemical methods is its ability to 
inactivate viruses while preserving structural proteins in their native conformations. 
For example, heat treatments can lead to protein denaturation and loss of structural 
integrity, particularly for complex viral proteins that play essential roles in immune 
recognition, requiring additional adjuvants or boosting doses to achieve adequate 
immunity. On the contrary, HHP applies non-thermal, isostatic pressure, which avoids 
the risk of heat-induced protein degradation. HHP-treated vaccines could potentially 
elicit a stronger immune response due to the presence of intact antigenic structures, 
which the immune system recognizes more readily[295]. For example, influenza and 
poliovirus studies have demonstrated that HHP can retain the integrity of critical 
antigenic regions, making HHP-inactivated viruses promising candidates for 
immunization[324], [325]. 

Safety is a paramount concern in vaccine production, especially regarding inactivation 
protocols. Chemical methods often require careful monitoring and removal of residual 
inactivating agents to ensure vaccine safety, as they can introduce potentially harmful 
byproducts. HHP inactivation reduces these risks by eliminating the need for 
chemicals, leading to a safer process and potentially faster production timelines. This 
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advantage translates into greater production efficiency and lower production costs, 
which are especially beneficial when rapid vaccine scaling is required, as 
demonstrated during global health emergencies like the COVID-19 pandemic. 
Inactivated whole-virus vaccines have been among the first types approved for 
emergency use, thanks to their relatively straightforward production process. For 
SARS-CoV-2, HHP could offer a novel approach to maintain spike protein structures 
crucial for immunogenicity, especially since chemical inactivation as well as other 
physical methods, i.e. heat, often compromises these proteins. HHP has shown efficacy 
in structurally similar viruses, such as SARS-CoV and MERS-CoV, making it a 
promising candidate for ongoing SARS-CoV-2 vaccine development[325]. Moreover, 
given the continuous emergence of new viral variants, HHP offers a rapid and efficient 
alternative to chemical inactivation, supporting quicker adaptation to circulating 
strains without compromising antigen integrity. 

Whilst the majority of studies on HHP focused on the inactivation of foodborne 
viruses, HHP has also been explored as an innovative approach for vaccine 
production, demonstrating its ability to inactivate viruses whilst preserving antigenic 
structures crucial for immune recognition[326,327]. This has been investigated in 
several studies targeting a range of pathogenic viruses. For instance, Barroso et al.[326] 
successfully inactivated avian influenza viruses using HHP, paving the way for 
vaccine development against zoonotic threats. Similarly, de Souza et al.[327] explored 
the effects of HHP on the immune recognition of antigens from porcine parvovirus, 
highlighting its potential for veterinary vaccines. The seminal work of Shearer and 
Kniel[328] and the subsequent studies by Silva et al.[329] laid the foundation for the 
understanding of HHP inactivation across a wide spectrum of human and animal 
viruses. These findings collectively underscore the potential of HHP not only for food 
safety but also as a platform for developing effective vaccines against emerging and 
re-emerging viral threats, hence suggesting that this technology has promising 
potential to drive the next generation of vaccines. Moreover, drawing from its 
application in the food industry, where HHP enables effective long-term preservation 
of product quality at refrigeration temperatures, HHP technology offers the potential 
to produce vaccines that remain stable at refrigeration or ambient temperatures, 
reducing or eliminating the reliance on cold chain logistics for distribution[323]. 

Although the use of high hydrostatic pressure for the production of vaccines is still a 
largely unexplored area of research, as none of the aforementioned vaccine candidates 
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was ever deployed for use, the advantages of HHP in preserving antigenicity and 
offering a non-chemical inactivation method, mean this technology has promising 
potential to drive the next generation of vaccines. The potential of HHP technology in 
whole-virus inactivated vaccine production is promising due to its ability to inactivate 
viruses while preserving antigenic structures critical for a robust immune response. 
As an alternative to traditional thermal and chemical inactivation, HHP may offer a 
safer and more efficient approach to vaccine development. However, to bring HHP 
into mainstream vaccine production, challenges related to viral resistance, equipment 
costs, and regulatory hurdles must be addressed. With continued research and 
technological advancements, HHP may play a significant role in producing next-
generation vaccines that are both effective and scalable, contributing to global health 
security and pandemic preparedness. 
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2. Scope  
 

 

 

 

This doctoral thesis focuses on developing and validating a novel vaccine production 
methodology based on the viral inactivation achieved through high hydrostatic 
pressure (HHP) processing. This study aimed to develop and validate an HHP-based 
methodology for producing inactivated vaccines against SARS-CoV-2 and WNV. 
SARS-CoV-2 (B.1 and BQ.1.1 lineages) and WNV (lineages 1 and 2) were selected as 
representative models of pandemic and endemic threats. This research aims to 
establish HHP as a versatile and cost-effective platform for producing inactivated 
vaccines that combine affordability with high immunogenic potential. To achieve this 
goal, the study integrates comprehensive analyses of viral morphology and 
antigenicity with in vivo immunogenicity assessments, providing a multifaceted 
evaluation of the efficacy and safety of this approach. Moreover, thermostability of the 
vaccine candidates is systematically analyzed to determine their resistance to 
temperature variations and suitability for deployment in low-resource environments 
with scarce cold chain storage infrastructures, hence facilitating broader vaccine 
accessibility. 

A primary focus of the research was to investigate the structural and morphological 
integrity of virions following HHP inactivation. Advanced imaging techniques, 
including negative staining electron microscopy (nsEM), were employed to visualize 
the ultrastructure and surface topology of virions post-HHP treatment and assess 
HHP effects on virion integrity. The subsequent phase of the study concentrated on 
evaluating the antigenicity of HHP-inactivated virions through Western blot. This 
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preliminary analysis provided critical insights into any potential alterations in 
morphology and antigenicity potentially impairing antigenic presentation and reduce 
immunogenic potential in vivo, thus influencing recognition by the immune system.  

The most critical component of this research involved in vivo testing of the HHP-
inactivated virus to evaluate its immunogenicity and efficacy. The aim was to develop 
a monitoring strategy that interrogated all aspects of immune response elicited by 
vaccines in order to comprehensively evaluate vaccine-induced immunity that can 
inform about vaccine efficacy. Using a murine model (Swiss CD1 mice), the study 
assessed the capacity of the HHP-inactivated vaccine to elicit both humoral and 
cellular immune responses, which are integral to effective and durable protection 
against viral infections. Humoral immunity was assessed by measuring the production 
of virus-specific antibodies, and assess their neutralizing capacity, using ELISA, 
Western blot and micro-neutralization tests. Cellular immunity was evaluated through 
ELISpot to quantify the activation of interferon-gamma (IFN-γ) producing cells.  

The final objective of this study was to assess the thermostability of the HHP-
inactivated vaccine candidate to determine its potential for distribution in low-
resource settings. Vaccine stability under standard refrigeration conditions (2-8°C) is 
a critical factor influencing global accessibility, particularly in LMICs, where 
maintaining ultra-cold storage infrastructure is often infeasible, hence hampering 
distribution of those vaccines strictly requiring deep freezing temperatures for storage, 
like mRNA vaccines, largely employed during the COVID-19 pandemic. 
Thermostability studies were conducted to evaluate the antigenic properties of the 
vaccine over prolonged storage periods at room and mild refrigeration temperature, 
thereby assessing its suitability for widespread distribution. The ability of HHP-
inactivated vaccines to remain stable at refrigeration temperatures for extended 
durations would significantly reduce cold-chain dependency, lowering logistical costs 
and facilitating deployment in remote and underserved regions.  

Overall, the overarching goal of this research is to contribute to the broader goal of 
global health equity by developing a vaccine production platform that is both effective 
as well as economically and logistically accessible to populations with limited 
resources and healthcare infrastructures. 
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3. Materials and Methods  
 

 

 

 

3.1 Cells and virus  

Vero E6 (ATCC CRL 1585) cell cultures were maintained in Minimum Essential 
Medium (MEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), 2 
mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin (EuroClone, Milan, 
Italy) and incubated at 37 °C in a humidified, 5% CO2 atmosphere-enriched 
chamber[330]. Cultures were passaged every 2-5 days, when they reach 80-90% 
confluency, in ratios ranging from 1:2 to 1:10.  

SARS-CoV-2 B.1 (hCoV-19/Italy/EMR-UOM-PVS_01O/2021, GISAID accession no. 
EPI_ISL_1908157) and BQ.1.1 (hCoV-19/Italy/EMR_AUSLRomagna_C107-22-
01/2022, GISAID accession no. EPI_ISL_15630397) strains were isolated from SARS-
CoV-2 positive nasopharyngeal swabs residual from routine activities and submitted 
to the Microbiology Unit, Greater Romagna Area Hub Laboratory, Cesena, Italy, for 
diagnostic purposes, as described previously[331]. Samples were sequenced as part of 
the project to monitor the prevalence and distribution of SARS-CoV-2 variants in Italy, 
sponsored by the Italian Institute of Public Health. Samples were sequenced using 
CleanPlex SARS-CoV-2 Flex (Paragon Genomics, Inc., Hayward, CA, USA) on an 
Illumina MiSeq (Illumina Inc., San Diego, CA, USA). Sequences were analyzed with 
SOPHiA DDM platform software (SOPHiA Genetics, Lausanne, Switzerland) for 
lineage assignment.  The B.1 and BQ.1.1 variants of SARS-CoV-2 were selected for this 
study due to their different mutations profile, especially in the Spike protein: B.1 is an 
early lineage that was widely circulating at the beginning of the pandemic and serves 
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as a representative of the ancestral virus, while, in contrast, BQ.1.1 is a more recent 
subvariant of Omicron[332–334]. By including both variants, the study aimed to assess 
the effectiveness of the HHP inactivation against diverse viral strains.  

West Nile virus lineage 1 strain (204913/2009, NCBI accession no. KU573078) was 
isolated from a positive Culex pipiens mosquito pool sampled in Ravenna during 
routine vector surveillance activities in 2009 and lineage 2 strain (LU_130823, NCBI 
BioProject accession no. PRJNA1096139) was isolated from a meningitis case detected 
in Conselice (Ravenna) in 2023. Lineage 1 strain was kindly provided by the Unit of 
Virology of the Istituto Zooprofilattico della Lombardia e dell’Emilia Romagna 
(IZSLER) in Brescia. Lineage 2 strain was isolated from positive cerebrospinal fluid 
from a patient with meningitis enrolled in the C.ARBO.SEQ project (“Caratterizzazione 
genetica di Arbovirus mediante sequenziamento e implementazione di nuovi approcci 
diagnostici in biologia molecolare”) promoted and carried out by the Unit of Microbiology 
of the Greater Romagna Area Hub Laboratory in Cesena. Viral isolates were sequenced 
using Illumina RNA Prep with Enrichment Tagmentation (Illumina, San Diego, 
California, USA) and hybrid-capture-mediated target enrichment with Viral 
Surveillance Panel oligos (Illumina). After pre-processing, the trimmed reads were 
aligned to the reference genome (GenBank accession nos. NC_009942.1 for lineage 1 
and NC_001563.2 for lineage 2) by using Bowtie2 v.2.4.1 and the consensus genome 
sequences were called using BCFtools v.1.13. In short, a Bowtie2 index was created to 
facilitate the incorporation of viral segment sequences via the bowtie2-build program. 
Subsequent short-read analysis was conducted using Bowtie2 in paired-end mode 
with the –S option, resulting in SAM format output. The resulting SAM format 
alignment files underwent sequential processing using SAMtools v.1.13 commands, 
including view and sort. A consensus sequence was generated through the “bcftools 
consensus” command[335]. 

Before being used in this study, all human samples underwent an anonymization 
procedure to comply with the regulations of the local ethics committee (AVR-PPC P09, 
rev.2; based on Burnett et al.[336]). The collection of human samples was approved by 
the Romagna Local Ethical Board (Comitato Etico della Romagna, CEROM) under 
protocol code COVdPCR of 7 February 2020 (SARS-CoV-2-positive samples) and 
C.ARBO.SEQ of 13 May 2023 (WNV-positive sample). Prior to the enrolment in the 
present study all participants gave their written informed consent for the collection 
and use of biological samples. 
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All activities involving the manipulation of infectious virus (virus isolation, viral stock 
preparation and inactivation assessment) were performed in a Biological Safety Level 
3 (BSL-3) facility at the Unit of Microbiology, Greater Romagna Area Hub Laboratory, 
Cesena, Italy, in compliance with appropriate containment rules.  

 

3.2 Preparation of SARS-CoV-2 and WNV stock and HHP processing  

Passage three viral stocks were used to infect Vero E6 monolayers at 80-90% 
confluency at a multiplicity of infection of 0.1 MOI, optimized for maximal virus yield. 
The supernatant was harvested at 72 hours post-infection, when cytopathic effect 
involved approximately 80% of the cell monolayer, corresponding to the peak of viral 
yield. Virus-containing supernatant was centrifugation-clarified at 3.500 g for 20 
minutes at 4 °C to remove cell debris and retain the virus in its native state. The 
purified viral stock was subsequently subjected to quality control assays to quantify 
the viral load and assess its infectivity (tissue culture infectious dose [TCID50] assays) 
to ensure that the stock met the desired concentration standards and standardize the 
input material for downstream applications, including inactivation protocols. Once 
characterized, 10 ml of the viral stock was aliquoted in 5 cm x 5 cm clear food-safe 
polyethylene plastic pouches, air war removed, and pouches were hermetically sealed. 
Multiple pouches of each viral stock were prepared and stored at -80 °C to maintain 
stability until further use. Pouches were gently thawed in cold water immediately 
before HHP processing.  

High-hydrostatic-pressure mediated inactivation was carried out with a high-pressure 
system (Avure Technologies Inc., Erlanger, Kentucky, USA). Pouches were then 
positioned directly within the pressure chamber; air was removed from the vessel by 
an automatic pump and water was pressurized to generate isostatic pressure 
transmitted through the virus-stock-containing pouches. As mentioned in the 
introduction, given the minimal adiabatic heating to which water is subjected during 
pressurization (approximately 3 °C per 100 MPa), it is frequently regarded as the 
optimal choice for use as a pressurizing medium. The pressure inside the chamber was 
increased at a rate of 200 MPa/minute. During the inactivation process, temperature 
increase inside the chamber was closely monitored in order not to exceed 2-3 °C / 100 
MPa; at 600 MPa (the maximum pressure used for the study) the temperature reached 
a maximum of 20 °C. The pressure was maintained for 5 minutes (for WNV processing 



 

 68 

time was extended to 10 minutes). Three different pressures were tested: 400, 500 and 
600 MPa.  

The operating pressure conditions were chosen to minimize the total processing time, 
aiming to develop a potentially high-throughput inactivation system. This approach 
required operating at relatively high pressures to achieve complete viral inactivation, 
in contrast to other inactivation protocols described in the literature[326,327], which 
employ lower pressures but require significantly longer treatment durations, on the 
order of hours rather than minutes. Each pressure condition was applied as an 
independent treatment cycle. After each pressurization cycle, the viral suspension 
subjected to that specific pressure was removed, and a fresh, untreated viral stock was 
introduced for the next cycle. This ensured that each viral stock was exposed to only 
one pressure condition, preserving the integrity of independent treatments. Pressure 
inside the chamber was continuously recorded throughout the entire series of 
treatments, including during decompression phases when the pressure returned to 
ambient levels, hence producing a sequential pressure-time profile. This 
methodological choice streamlined the workflow while maintaining precise control 
over pressure conditions.  

For all experimental conditions, the inactivation process was monitored indirectly by 
recording the pressure and temperature parameters in real-time, ensuring consistency 
and reproducibility across batches. Once the treatment cycle was completed, fluid was 
pumped from the pressure vessel into the reservoir tank, resulting in a decrease in 
pressure. Pouches were removed from the vessel and then maintained at -80 °C until 
further analysis.  

Following HHP treatment, the inactivated viral stock was subjected to rigorous quality 
control assays to confirm the success of inactivation. Infectivity assays, such as TCID50 
tests, were performed to ensure that no residual infectivity remained in the treated 
material, providing confidence that the virus has been rendered biologically inactive. 
Simultaneously, the structural integrity of the viral particles was assessed using by 
electron microscopy, which verified that the viral morphology has been preserved. 
Additionally, immunological assays, such as Western blotting, were employed to 
confirm the retention of antigenic epitopes, a critical requirement for downstream 
immunogenicity studies. 
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3.3 Inactivation assessment   

Virus infectivity reduction was assessed by endpoint titration and complete 
inactivation was tested by culturing the putatively inactivated viral stock on Vero E6 
cell culture; viral replication was evaluated by qRT-PCR. As a control, non HHP-
treated counterpart was titrated and cultured together with HHP-treated viral stocks. 

Viral titration was carried out by the endpoint dilution method, which allows the 
calculation of the average infectious dose of a tissue culture per ml (Tissue Culture 
Infecting Dose, TCID50/mL), defined as the load of viral infectious particles per unit 
volume capable of causing an appreciable productive viral infection in the form of a 
cytopathic effect in half of the infected cell cultures. The day before infection, 
approximately 20.000 cells per well were seeded into 96-well cell culture plates 
(approximately 2.000.000 cells per plate) using MEM at 5% FBS, and then incubated 
overnight at 37 °C in a humidified atmosphere at 5% CO2. On the day of infection, 
serial 10-fold dilutions were prepared in MEM at 2% FBS and used to infect a confluent 
monolayer of cells (100 μL of viral suspension for each well); each dilution was tested 
in eight replicates. In each plate, eight wells were used as cell control (in which only 
MEM at 2% FBS is present) and another eight wells were used as virus control (in 
which pure viral stock is present). Viral stocks were titrated in duplicate. The plates 
were incubated for 72 hours and observed daily to monitor the development of the 
cytopathic effect. On the third day, the cell culture supernatant was removed, and the 
cells were fixed and stained using a 4% formaldehyde solution (Fisher Chemical, 
Milan, Italy) in crystal violet (Delcon, Bergamo, Italy) incubated for 30 minutes at room 
temperature. The cytopathic effect (CPE) was assessed by eye. Positive wells for 
cytopathic effect appear completely unstained or will show larger or smaller areas 
where staining will not be present. CPE-negative wells, on the other hand, appear 
uniformly colored. Viral titers, expressed as TCID50/ml, were calculated according to 
the Reed and Muench method[337,338] based on eight replicates by dilution.  

For each dilution, the ratio between the cumulative number of positive wells and the 
sum of the cumulative number of positive wells and the cumulative number of 
negative wells was then calculated. The calculated ratio was then converted into a 
percentage.  

The end-point dilution for which the mortality is exactly 50%, which corresponds to 
the TCID50/ml, was hence calculated. To do this, a correction factor is first calculated 
that must be applied to the dilution that has produced a percentage of wells positive 
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for the cytopathic effect just above 50%, called proportionate distance, calculated as 
follows: 

 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	(𝑃𝐷) = (%	$%&'()*'+	,-.'	%/0&	12%)412%
(%	$%&'()*'+	,-.'	%/0&	12%)4(%	$%&'()*'+	,-.'	-560&	12%)

 

The value of TCID50/100μL results from the following calculation, corrected for the 
logarithm of the dilution factor:  

𝑇𝐶𝐼𝐷12 𝑚𝑙⁄ = 10)%7!"	%8	'90	6*)-'*%5	:*'9	$%&'()*'+	,-.'	%/0&	12%;(<=∙)%7!"	%8	'90	6*)-'*%5	?(.0) 

This value represents the concentration of infectious virus present in the volume of 
viral inoculum used for infection (100 μl). Multiplying this value by 10 gives the 
concentration of infectious virus present per ml, i.e. TCID50/ml. 

HHP-treated stocks viral titer was compared to non-HHP-treated counterpart titer and 
fold change was calculated.  

Complete inactivation was further tested by culturing every HHP-treated viral stock 
on a confluent monolayer of Vero E6 cells for 72 hours. Cell culture supernatant was 
assayed by a commercial RT-PCR test for SARS-CoV-2 or an in-house assay for WNV 
at time 0 and every 12 hours after infection to assess viral replication.  

For SARS-CoV-2, the Allplex SARS-CoV-2 Extraction-Free system (Seegene Inc., Seoul, 
Korea) was used. It allowed the simultaneous detection of four target genes, namely E 
gene, RdRP/S gene and N gene. Sample preparation, reaction setup and analysis were 
performed accordingly to the manufacturer instructions[339]. Briefly, 15 μl of cell 
culture supernatant were diluted 1:4 in 45 μl of RNase-free water in a 96-well PCR 
plate and hence 5 μl of the dilution were transferred to another plate with 16 μl of PCR 
master mix, containing 5 μl of MOM (MuDT Oligo Mixture, with dNTPs, oligos, 
primers and TaqMan 5’ fluorophore/3’ Black Hole Quencher probes), 5 μl of enzymes, 
5 μl of RNase-free water and 1 μl of internal control for every reaction. Thermal cycling 
protocol was as follows: 50 °C for 20 minutes, 95 °C for 5 minutes, and 45 cycles of 95 
°C for 10 seconds, 60 °C for 10 seconds and 72 °C for 10 seconds. Results analysis and 
targets quantification were performed with 2019-nCoV viewer from Seegene Inc. 

For WNV, cell culture supernatant aliquots were extracted using CSC Pathogen Total 
Nucleic Acid Kit on CSC Maxwell Promega automated extractor. Primer pair and 
probe targeting the 3’ UTR region (UnTranslated Region) designed by Tang et al.[340] 
were used:  
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• Forward primer: 5’ – AAGTTGAGTAGACGGTGCTG – 3’,  

• Reverse primer: 5’ – AGACGGTTCTGAGGGCTTAC – 3’,  

• Probe: 5’-FAM – CTCAACCCCAGGAGGACTGG – 3’-BHQ.  

Reactions were setup with SuperScript™ IV One-Step RT-PCR Kit (ThermoFisher): 5 
μl of Taqman enzyme (4x), 1 μl of Forward primer (final concentration 500 nM), 1 μl 
of Reverse primer (final concentration 500 nM), 0.4 μl of Probe (final concentration 200 
nM), 2 μl of dNTPs (5 mM), 5.6 μl of RNase-free water. Thermal cycling protocol was 
as follows: 50 °C for 20 minutes, 95 °C for 5 minutes, and 45 cycles of 95 °C for 10 
seconds, 58 °C for 20 seconds and 72 °C for 10 seconds.  

Viral replication was quantified by comparing putatively HHP-inactivated virus stock 
and non-HHP-inactivated control ∆Ct values.  

 

3.4 Antigen purification  

HHP-treated viral stocks and non-HHP treated counterparts were purified by 
ultracentrifugation over a sucrose cushion to isolate and concentrate intact viral 
particles. This method ensures the preservation of antigenic integrity and structural 
features critical for immunogenicity testing. The sucrose solution is formulated to 
create a density gradient that enables the separation of viral particles based on their 
buoyant density.  

SARS-CoV-2 viral stocks were first concentrated by ultracentrifugation at 150.000 g for 
1.5 hours at 4 °C, while WNV viral stocks were concentrated at 200.000 g for 4 hours 
at 4 °C (Sorvall™ WX+ Ultracentrifuge with rotor fixed-angle F50L-8x39, 
ThermoFisher, Waltham, Massachusetts, United States). Pellet was resuspended in 2 
ml PBS and subsequently purified by ultracentrifugation on sucrose cushion. For each 
tube, 20 ml of sucrose solution at 25% (w/v in PBS, 20 mM HEPES, 155 mM NaCl, pH 
7) were loaded, and 30 ml of viral suspension was gently pipetted onto the top of the 
cushion to avoid mixing and to maintain a sharp interface between the sample and the 
cushion. Tubes were centrifuged at 150.000 g for 2 hours at 4 °C. Final pellet was 
resuspended in PBS at a 100x concentration compared to the initial volume.  
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3.5 Structural and antigenicity analysis  

3.5.1 Negative Staining Electron Microscopy (nsEM) 

HHP-treated viral stocks were subjected to microscopy examination. This method 
provides detailed visualization of viral ultrastructure, allowing the assessment of the 
preservation of critical morphological features. This provides critical insights into the 
relationship between pressure treatment and virion morphology, informing the 
optimization of inactivation protocols for vaccine development. 

The HHP-treated virus stocks and non-HHP-treated counterparts were subjected to 
negative staining electron microscopy using the Airfuge method[341,342] at the Unit 
of Virology of the Istituto Zooprofilattico della Lombardia e dell’Emilia Romagna. 
Samples were subjected to ultracentrifugation (Airfuge, Beckman Coulter Inc. Life 
Sciences, Indianapolis, Indiana, USA) for a period of 15 minutes at a speed of 82.000 g, 
using a rotor that could accommodate six 175-μl test tubes, into which specific adapters 
for 3 mm carbon-coated Formvar copper grids had been placed. Subsequently, the 
grids were stained with 2% w/v sodium phosphotungstate (pH 6.8) for 1.5 minutes 
and observed under a Tecnai G2 Spirit Biotwin transmission electron microscope (FEI, 
Hillsboro, Oregon, USA) at an accelerating voltage of 80 kV to provide optimal 
resolution for visualizing viral particles while minimizing radiation damage. Images 
were acquired at various magnifications (20.000-43.000 x) to assess the overall 
morphology and detailed structural features of the viral particles.  

Identification of the observed viral particles was based on their morphological 
characteristics. Images were analyzed. Morphological differences in viral particles 
subjected to varying levels of high hydrostatic pressure were evaluated, enabling 
detailed visualization of structural changes and integrity preservation.  

3.5.2 Western blot  

HHP-treated viral stocks, non-HHP-treated counterparts and heat-inactivated stocks 
(subsequently used as controls for immunization) were probed with monoclonal and 
polyclonal commercially available or in-house-produced rabbit and mouse antibodies 
to analyze protein-antibody interactions, thereby elucidating the impact of HHP on 
viral antigenicity, thereby assessing the effects of HHP on viral epitopes, which may 
undergo conformational changes affecting immunogenicity.  
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Total proteins of sucrose-purified viral stocks were extracted in 20% (v/v) RIPA buffer 
(80 μl of sample, 20 μl of RIPA buffer) for 5 minutes on ice and quantified by Bradford 
method to ensure equal loading across lanes during electrophoresis.  

For each sample, total proteins were diluted to 10 μg and denatured at 70 °C for 10 
minutes with NuPAGE LDS Sample Buffer (6.25 μl per sample) and NuPAGE 
Reducing Agent (2.5 μl per sample). The viral proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For each sample, 25 
μl of denatured and reduced samples were loaded into gradient NuPAGE 4-12% Bis-
Tris Gels (ThermoFisher) to achieve optimal resolution of viral proteins across a range 
of molecular weights. Electrophoretic separation was carried out with NuPAGE MES 
SDS Running Buffer (ThermoFisher) in reducing conditions at 150 V constant voltage 
for 30, 45 or 60 minutes, depending on the desired target protein molecular weight.  

After gel wash in 200 ml of ultrapure water in agitation for 15 minutes, the semi-dry 
transfer of separated proteins was carried out on a Power Blotter XL (ThermoFisher) 
using nitrocellulose Power Blotter Select Transfer Stacks (ThermoFisher). Transfer 
stacks were separated into top and bottom halves, the latter was placed on the blotting 
surface (anode), the gel was placed on the bottom stack transfer membrane and the top 
stack was placed on top; cathode was placed to close the transfer apparatus. Blotting 
was performed at 1.3 A constant current for 5 or 7 minutes depending on the molecular 
weight of the target protein. Gel was checked for complete protein transfer by staining 
with Imperial™ Protein Stain (ThermoFisher) heated in the microwave for 90 seconds 
(or until boiling). Blotted membranes were washed with PBS three times for 5 minutes 
with shaking and blocked with StartingBlock™ Blocking Buffer, 0.05% Tween-20 for 1 
hour at room temperature to minimize non-specific antibody binding and enhance the 
specificity of the subsequent detection steps.  

Blocked membranes were probed with primary anti-SARS-CoV-2 and anti-WNV 
antibodies in PBS, 10% StartingBlock™ Blocking Buffer, 0.05% Tween-20.  

The following primary antibodies were used for SARS-CoV-2 proteins probing:  

• Rabbit Spike Protein S1/S2 Polyclonal Antibody (ThermoFisher, PA5-112048), 
at a final concentration of 0.5 μg/ml; 

• Rabbit Nucleocapsid Monoclonal Antibody (ThermoFisher, MA5-36271), at a 
final concentration of 0.5 μg/ml; 
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• Rabbit Membrane Polyclonal Antibody (ThermoFisher, SARS-COV2-M-101AP) 
at a final concentration of 0.5 μg/ml;  

• Mouse Spike Protein S1 (RBD) Monoclonal Antibody (IZSLER in-house 
produced, 3C12) at a concentration of 5 μg/ml.  

The following primary antibodies were used for WNV proteins probing:  

• Rabbit West Nile virus NS1 Protein Polyclonal Antibody (ThermoFisher, PA-
111988) at a final concentration of 1 μg/ml;  

• Mouse Envelope (Domain 3) Monoclonal Antibody (ISZLER in-house 
produced, 3D6) at a concentration of 5 μg/ml;  

• Rabbit West Nile virus Capsid Protein Polyclonal Antibody (ThermoFisher, 
PA5-111982) at a final concentration of 1 μg/ml.  

After overnight incubation protein-side up and in agitation with the primary antibody 
at 4 °C, membranes were washed 3 times with PBS in agitation for 10 minutes to 
remove unbound primary antibody. HRP (HorseRadish Peroxidase)-conjugated 
secondary antibody incubation was performed for 1 hour at room temperature in 
shaking. HRP-conjugated secondary antibodies targeting the Fc region of the primary 
antibody were diluted to the desired concentration in in PBS, 10% StartingBlock™ 
Blocking Buffer, 0.05% Tween-20. The following secondary antibodies were used:  

• Goat anti-Rabbit IgG (H+L) Poly-HRP Secondary Antibody (ThermoFisher, 
32260), at a final concentration of 25 ng/ml, 

• Goat anti-Mouse IgG HRP (IZSLER in-house produced, 72689) at 50 ng/ml. 

After secondary antibody incubation, membranes were washed 3 times for 20 minutes 
with PBS. Chemiluminescent signal was detected using SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate (ThermoFisher) mixing equal parts of Substrate and 
Stable Peroxide solutions incubated for 5 minutes at room temperature with shaking. 
Membranes were imaged using the iBright 1500FL (ThermoFisher) imaging system 
with the SmartRange setting, adjusting exposure time if needed. The intensity and size 
of the protein bands observed on the blots provided critical information about the 
stability and antigenicity of the viral proteins. Detailed information on electrophoresis, 
blotting parameters, and antibody concentrations is summarized in Table 2 (SARS-
CoV-2) and Table 2 (WNV). 
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Table 2. Summary of electrophoresis and blotting parameters, along with antibody probing conditions, commercial or in-house produced primary and 
secondary antibody and their respective working solution concentrations for the detection of SARS-CoV-2 Spike, Nucleocapsid, and Membrane proteins. 

Target  Electrophoresis 
parameters  

Blotting 
parameters  Primary antibody probing conditions  Secondary antibody probing conditions  

Protein Molecular 
weight  

Voltage 
(V) 

Time 
(minutes) 

Current 
(A) 

Time 
(minutes) 

Primary 
antibody 

Catalog 
number 

Working 
solution 

concentration  

Secondary 
antibody 

Catalog 
number 

Working 
solution 

concentration  

Spike 

140-180 kDa 
(monomer) 
540 kDa 
(trimer) 

150 90 1.3 7 

SARS-CoV-2 
Spike Protein 

S1/S2 Polyclonal 
Antibody (rabbit) 
– ThermoFisher 

PA5-
112048 0.5 µg/ml 

Goat anti-Rabbit 
IgG (H+L) Poly-
HRP Secondary 

Antibody – 
ThermoFisher  

32260 25 ng/ml 

SARS-CoV-2 
2C12 Spike 

Protein S1-RBD 
(mouse) – 

IZSLER in-house 
produced  

3C12 5 µg/ml 

Goat anti-
Mouse IgG HRP 

–  
IZSLER in-

house produced 

72689 50 ng/ml 

Nucleocapsid 

~ 46 kDa 
(monomer) 
~ 90 kDa 
(dimer) 

150 45 1.3 7 

SARS-CoV-2 
Nucleocapsid 
Monoclonal 

Antibody 
(HL448) (rabbit) 
– ThermoFisher 

MA5-
36271 0.5 µg/ml 

Goat anti-Rabbit 
IgG (H+L) Poly-
HRP Secondary 

Antibody – 
ThermoFisher  

32260 25 ng/ml 

Membrane  

25 kDa 
(monomer) 
50 kDa 
(dimer)  

150 30 1.3 7 

SARS-CoV-2 
Membrane 

Glycoprotein 
Polyclonal 

Antibody (rabbit) 
– ThermoFisher 

SARS-
COV2-M-

101AP 
0.5 µg/ml 

Goat anti-Rabbit 
IgG (H+L) Poly-
HRP Secondary 

Antibody – 
ThermoFisher  

32260 25 ng/ml 
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Table 3. Summary of electrophoresis and blotting parameters, along with antibody probing conditions, commercial or in-house produced primary and 
secondary antibody and their respective working solution concentrations for the detection of WNV NS1, Envelope and Capsid proteins. 

Target  Electrophoresis 
parameters  

Blotting 
parameters  Primary antibody probing conditions  Secondary antibody probing conditions  

Protein Molecular 
weight  

Voltage 
(V) 

Time 
(minutes) 

Current 
(A) 

Time 
(minutes) 

Primary 
antibody 

Catalog 
number 

Working 
solution 

concentration  

Secondary 
antibody 

Catalog 
number 

Working 
solution 

concentration  

NS1 

~ 45 kDa 
(monomer) 
~ 90 kDa 
(dimer) 

150 45 1.3 7 

West Nile virus 
NS1 Protein 
Polyclonal 

Antibody (rabbit) 
– ThermoFisher 

PA-111988 1 μg/ml 

Goat anti-Rabbit 
IgG (H+L) Poly-
HRP Secondary 

Antibody – 
ThermoFisher  

32260 25 ng/ml 

Envelope 42 kDa 150 45 1.3 7 

Envelope 
(Domain 3) 
Monoclonal 

Antibody 
(mouse) – ISZLER 

in-house 
produced 

3D6 5 µg/ml 

Goat anti-Mouse 
IgG HRP –  

IZSLER in-house 
produced 

72689 50 ng/ml 

Capsid  20 kDa  150 30 1.3 7 

West Nile virus 
Capsid Protein 

Polyclonal 
Antibody (rabbit) 
– ThermoFisher 

PA5-
111982 1 µg/ml 

Goat anti-Rabbit 
IgG (H+L) Poly-
HRP Secondary 

Antibody – 
ThermoFisher  

32260 25 ng/ml 
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The evaluation of Western blot results obtained from HHP-inactivated viruses was 
performed through both qualitative and quantitative approaches to provide a 
comprehensive assessment of the residual antigenicity of the viral proteins. The 
presence, absence, or alteration of protein bands corresponding to specific viral 
antigens was analyzed by visually inspecting the banding patterns on the blot. 
Particular attention was given to identifying key structural proteins of SARS-CoV-2, 
such as the spike (S), nucleocapsid (N) and membrane (M) proteins, and of WNV, such 
as non-structural protein 1 (NS1), envelope (E), and capsid (C) based on their expected 
molecular weights. These observations were compared to a molecular weight marker 
(PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa, ThermoFisher) to ensure 
accurate identification of protein bands. By comparing banding pattern and intensity 
across experimental conditions (different HHP treatments and heat-inactivation), the 
analysis provided insight into the degree of preservation of antigenic integrity and 
putative antigenicity in the inactivated viral preparations. This dual qualitative and 
quantitative approach ensured a robust evaluation of the immunogenic properties of 
the HHP-inactivated viruses. 

 

3.6 In vivo safety and immunogenicity testing 

In vivo safety and immunogenicity testing was employed to assess whether the SARS-
CoV-2 HHP-inactivated viruses could elicit a robust and protective immune response 
without adverse side effects. By administering the inactivated viruses to animal 
models and monitoring antibody production and T-cell responses, the assay provides 
crucial insights into the preservation of key antigenic epitopes post-HHP treatment, 
unequivocally validating HHP for producing immunogenic and non-replicative 
vaccine candidates. 

The study was conducted on Swiss CD-1 mice, a widely used model in immunological 
studies due to their genetic uniformity, robust immune responses, and ease of 
handling. The experiment was conducted under controlled laboratory conditions, 
adhering to ethical guidelines for animal research. Animal care and all procedures 
were performed in accordance with guidelines and regulations of the Italian animal 
protection laws (e.g. DLSG 4/3 2014, n. 26 - National implementation of Directive 
2010/63/EU). Ethical review was requested and authorization n° 258/2020-PR for 
animal testing was obtained. Animal testing was carried out at the animal facility of 
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the Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia-Romagna in 
Brescia. 

The mice were housed in pathogen-free facilities under controlled environmental 
conditions, including a 12-hour light/dark cycle, a constant temperature of 22-24 °C, 
and humidity levels of 40-60%. They were provided ad libitum access to a standard 
rodent diet and water, and their health status was monitored daily.  

For the study, 28 female adult (6-month-old, weighing approximately 30-35 grams) 
were randomly assigned to 7 immunization groups (n = 4 per group) to minimize bias. 
Group allocations included:  

• Mice in group 1 were injected with SARS-CoV-2 B.1 HHP-inactivated at 500 
MPa;  

• Mice in group 2 were injected with SARS-CoV-2 B.1 HHP-inactivated at 600 
MPa; 

• Mice in group 3 were injected with SARS-CoV-2 B.1 heat-inactivated;  

• Mice in group 4, 5 and 6 were injected with SARS-CoV-2 BQ.1.1 HHP-
inactivated at 500 MPa, at 600 MPa and heat-inactivated, respectively;  

• Mice in group 7 were injected with PBS. 

For in vivo testing, the purified antigen was quantified by NanoDrop 
spectrophotometer at 280 nm and diluted in PBS. For priming, antigen was combined 
in equal volumes with Freund’s complete adjuvant (water-in-oil emulsion, 85% 
Drakeol 6VR mineral oil, 15% Mannide Monooleate Arlacel A, 1 mg/ml heat-
inactivated Mycobacterium tuberculosis [H37Ra, ATCC 25177], Merck KGaA, 
Darmstadt, Germany). The mixture was vigorously vortexed to create a stable water-
in-oil emulsion. The antigen, combined with the adjuvant, was diluted to a final 
concentration of 20 μg/ml (10 μg / 500 μl inoculation volume).  

Mice were primed subcutaneously (on the scruff) with 10 μg / 500 μl of HHP- or heat-
inactivated SARS-CoV-2 (or PBS in the control group) with complete Freund’s 
adjuvant at day 0. Intraperitoneal boost at day 28 was carried out with the same final 
antigen concentration in PBS (without Freund’s complete adjuvant).  

To evaluate the safety of the vaccine, mice were closely monitored for signs of local 
and systemic adverse reactions. Local reactions, such as erythema or swelling at the 
injection site, were assessed visually. Systemic effects, including changes in body 
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weight, activity levels, or signs of distress, were monitored daily to ensure animal 
welfare.  

Immunogenicity was assessed by measuring the production of antigen-specific 
antibodies and evaluating cellular immune responses.  

For B-cell responses evaluation, blood samples were collected by submandibular 
puncture at day 0 (baseline serum), and at regular intervals post-immunization, i.e. on 
day 14, day 28 (before boost), day 35 and day 53. Serum was separated from whole 
blood by centrifugation at 3000 g for 10 minutes and stored at -20 °C until analysis. To 
quantify and characterize SARS-CoV-2-specific antibodies, enzyme-linked 
immunosorbent assay (ELISA), Western blot and virus neutralization were performed.  

For assessing cellular immunity, splenocytes were isolated from mice sacrificed at the 
study's endpoint. At day 53 mice were euthanized by a competent person by 
exsanguination through transcardiac terminal bleeding. The procedure was carried 
out under general anesthesia (Ketamine 100 mg/kg and Xylazine 10 mg/kg by 
intraperitoneal administration). All the procedures and activities were performed in 
compliance with National Legislation (Legislative Decree n. 26/2014) and under 
Ministry of Health authorization. Blood collected through cardiac puncture was used 
for the characterization of circulating T-cell responses (ELISpot).  Mice were hence 
necropsied, and spleen was removed for splenic T-cell responses assessment. 
Circulating peripheral blood mononucleate cells (PBMC) and splenocytes were 
processed immediately after sacrifice. Immunization and biological samples collection 
schedule is summarized in Figure 9. 

 

Figure 9. HHP-inactivated SARS-CoV-2 in vivo safety and immunogenicity testing. Experimental 
timeline and protocol for mouse immunization, including priming (day 0), boosting (day 28), biological 
samples collection, and endpoint (day 53). 
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3.6.1 B cell response assessment  

3.6.1.1 Enzyme-Linked Immunosorbent Assay (ELISA)  

Total anti-SARS-CoV-2 IgG antibodies developed following immunization were 
measured by indirect ELISA to provide a quantification of the total humoral immune 
response, capturing antibodies targeting various viral epitopes, including spike, 
nucleocapsid, and other structural proteins. ELISA was conducted at day 0, 14, 28, 35 
and 53.  

ELISA Medisorp plates (ThermoFisher) were coated with 50 μl per well of purified 
SARS-CoV-2 antigen (whole virion, beta-propiolactone-inactivated and sucrose-
purified; IZSLER, 31902/46) at a saturating concentration by incubation overnight at 4 
°C in ELISA coating buffer (0.05 M carbonate/bicarbonate buffer, pH 9.6, 
ThermoFisher). The plates were then washed three times with 250 μl of wash buffer 
(PBS, 0.05% Tween 20). Subsequently, 50 μl of 1:100 diluted mouse sera were added to 
each well and incubated for one hour at 37 °C. Following three washes, an HRP-
conjugated Goat anti-Mouse IgG (IZSLER in-house produced, 72689) was added at 50 
ng/ml in dilution buffer (PBS, 0.05% Tween 20 and 1% yeast extract) to each well and 
incubated for one hour at 37 °C. After a final wash cycle, 50 μl of substrate solution 
(orthophenylenediamine 0.5 mg/ml and 0.02% H2O2 in 50 mM phosphate citrate 
buffer, pH 5, ThermoFisher) was added. After 10 minutes, the colorimetric reaction 
was stopped by the addition of 2 N sulfuric acid; absorbance values were read at 492 
nm using an ELISA reader. The endpoint antibody titer was determined via a 4-
parameter-logistic (4PL) curve fit analysis of optical density (OD) values for serially 
diluted sera, with a cut-off value set to three times the background signal. IgG titers 
were compared within and across groups to monitor immune response maturation at 
different time-points after immunization and highlight differences among different 
immunization groups.  

3.6.1.2 Humoral response specificity characterization  

In order to ascertain which viral proteins elicited the antibody response identified by 
ELISA for total anti-SARS-CoV-2 IgG, mouse sera were assayed with total viral 
proteins extracted by chemical methods from whole inactivated SARS-CoV-2 virions. 
Such data were essential for understanding the immunological profile elicited by 
HHP-inactivated vaccines, aiding in their optimization and validating their potential 
as safe and effective vaccine candidates. Western blot was performed at day 28 and 53.  
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Total proteins of beta-propiolactone-inactivated and sucrose-purified SARS-CoV-2 
(IZSLER, 31902/46) were extracted in 20% (v/v) RIPA buffer incubated for 5 minutes 
on ice, quantified, normalized to 10 μg and loaded into NuPAGE 4-12% Bis-Tris Gels, 
as previously described. SDS-PAGE electrophoretic separation was carried out with 
NuPAGE MES SDS Running Buffer (ThermoFisher) in reducing conditions at 150 V 
constant voltage for 60 minutes.  

After gel wash in 200 ml of ultrapure water in agitation for 15 minutes, the semi-dry 
transfer of separated proteins was carried out on a Power Blotter XL (ThermoFisher) 
using nitrocellulose Power Blotter Select Transfer Stacks (ThermoFisher). Transfer 
stacks were separated into top and bottom halves, the latter was placed in the middle 
of the blotting surface (anode), the gel was placed on the bottom stack transfer 
membrane and the top stack was placed on top; cathode was placed to close the 
transfer apparatus. Blotting was performed at 1.3 A constant current for 7 minutes. Gel 
was checked for complete protein transfer by staining with Imperial™ Protein Stain 
(ThermoFisher) heated in the microwave for 90 seconds (or until boiling). Blotted 
membranes were washed with PBS three times for 5 minutes with shaking and blocked 
with StartingBlock™ Blocking Buffer, 0.05% Tween-20 for 1 hour at room temperature.  

Membranes were hence cut vertically into strips, which were assayed with mouse sera 
diluted 1:50 in PBS, 10% StartingBlock™ Blocking Buffer, 0.05% Tween-20. Strips were 
incubated overnight at 4 °C with shaking to allow primary antibodies in the serum to 
bind specifically to their target viral protein targets immobilized on the membrane. 
Specific mouse anti-SARS-CoV-2 antibodies were detected using HRP-conjugated 
Goat anti-Mouse IgG (IZSLER in-house produced, 72689) at 50 ng/mL. After 
secondary antibody incubation, membranes were washed 3 times for 20 minutes with 
PBS. Chemiluminescent signal was detected using SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate on an iBright FL1500 instrument.  

The evaluation of humoral immune response specificity was carried out through 
qualitative analyses to assess the immune response elicited against specific viral 
proteins. The presence or absence of protein bands corresponding to key viral 
antigens, such as the spike (S) and nucleocapsid (N) proteins, was carefully examined. 
This analysis focused on identifying the banding patterns unique to each experimental 
group and assessing potential differences in the antigen recognition profiles of 
antibodies elicited by HHP-inactivated versus heat-inactivated viruses. Molecular 
weight markers (PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa, 
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ThermoFisher) were used for accurate protein size estimation to validate the accuracy 
of protein identification. The data were compared across groups to evaluate variations 
in immune responses, with particular attention to any differences in antigenicity 
retention between the two inactivation methods. 

3.6.1.3 Virus neutralization test 

The neutralizing activity of immunized mice sera was assessed using a Vero E6 cell 
culture virus neutralization assay in which the cell culture is infected in the presence 
of serial serum concentrations. Virus neutralization was carried out at day 0, 14, 28, 35 
and 53.  

Serum samples were preincubated at 56 °C for 5 minutes for complement components 
inactivation. Sera samples were tested at a starting dilution of 1:100 and then further 
diluted 1:2 in 2% FBS MEM, reaching a dilution of 1:12.800. Each dilution was then 
mixed with an equal volume of viral solution (final volume: 100 μl per well) at the 
concentration of 2000 TCID50/ml (corresponding to 100 TCID50/well). After a one-hour 
incubation at 37 °C, the mixture was transferred in a 96-well plate containing a sub-
confluent Vero E6 cell monolayer.  

Plates were incubated at 37 °C, 5% CO2 for 72 hours and then cells were fixed and 
stained using a 4% formaldehyde solution (Fisher Chemical, Milan, Italy) in crystal 
violet (Delcon, Bergamo, Italy) incubated for 30 minutes at room temperature. Every 
sample was tested in duplicate. Absence or presence of cytopathic effect at each 
dilution was assessed by comparison of each well with virus control and no-virus 
control wells. The neutralization titer was defined as the reciprocal of the highest 
serum dilution capable of inhibiting the appearance of a visible cytopathic effect. 
Neutralization titers were compared within and across groups to monitor maturation 
of the immune response at different time-points after immunization and highlight 
differences among different immunization groups. 

3.6.2 T cell response assessment  

3.6.2.1 ELISpot assay on PBMC and splenocytes  

ELISpot assay was performed at 53 days after immunization for the ex vivo 
quantification of IFNγ-secreting cells (CD4+ and CD8+ T-cell lymphocytes) after 
stimulation with an appropriate stimulus in vitro. T-cell response was evaluated both 
on PBMC and on splenocytes.  
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Whole blood samples were collected from cardiac puncture in lithium-heparin and 
kept at room temperature until processing (within 8 hour). Blood was subsequently 
diluted 1:2 in RPMI 1640 supplemented with 10% heat inactivated FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and transferred into vials 
containing 1 ml of Ficoll®-Paque Premium (Merck KGaA, Darmstadt, Germany) 
separation medium (ratio of 1:3 between medium and diluted blood). Vials were 
centrifuged at 1000 g for 20 minutes and PBMC ring was collected, transferred into a 
clean vial and washed twice with supplemented RPMI 1640 by sequentially 
centrifuging at 600 g for 7 minutes and discarding the supernatant. Pellet was finally 
resuspended in 1 ml of supplemented RPMI 1640.  

Speen were aseptically removed during necropsy and stored at room temperature in 
supplemented RPMI 1640 until processing (within 8 hours). Spleens were then 
transferred into sterile petri dishes, gently dissociated with a syringe piston and 
filtered through a 70 µm cell stainer. Splenocytes were washed twice in supplemented 
RPMI 1640 by centrifuging at 600 g for 7 minutes and discarding the supernatant. Final 
pellet was resuspended in 1 ml of supplemented RPMI 1640.  

PBMC and splenocytes were counted in a hemocytometer following staining with 
Trypan Blue (50% v/v) and diluted to 2.5 x 106 cells/ml. ELISpot assay was carried out 
with Murine IFNγ ELISpot Kit (Diaclone SAS, Besancon Cedex, France). Cells were 
seeded (2.5 x 105 cells/well) in a skimmed-milk-blocked and anti-IFNγ-capture-
antibody coated PVDF (polyvinylidene difluoride) bottomed-well plates. SARS-CoV-
2 specific stimulus (beta-propiolactone-inactivated and sucrose-purified SARS-CoV-2 
[IZSLER, 31902/46] was added at a concentration of 10 µg/ml. PHA 
(Phytohaemagglutinin) mitogen was used as a positive control at 5 µg/ml; PBS was 
used as a negative control. Plates were incubated at 37 °C with 5% of CO2 for 24 hours.  

Following incubation, plates were washed once with 100 µl of PBS, 0.05% Tween-20 
added to each well and incubated at 4°C for 10 minutes. After incubation, the plate 
was then washed three times with PBS, 0.05% Tween-20. Following this, 100 µl of 
biotinylated anti-IFNγ Detection Antibody solution was added to each well, and the 
plate was covered and incubated at room temperature for 1.5 hours. The plates were 
washed three times with 100 µl of PBS, 0.05% Tween-20 per well and incubated with 
Streptavidin-AP (Alkaline Phosphatase) conjugate for 1 hour at room temperature. 
After incubation, the wells were emptied and washed three times with 100 µl of PBS, 
0.05% Tween-20. The plastic covering the plate bottom was then removed, and both 
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sides of the plate were washed three times with distilled water, removing excess water 
by tapping onto absorbent paper. Next, 100 µl of ready-to-use BCIP/NBT (5-bromo-4-
chloro-3-indolyl-1-phosphate/ nitroblue tetrazolium) substrate were added and 
incubated for 15 minutes in the dark, until spot development. Plates were washed 
three times with distilled water. The number of distinct dark-colored spots on the 
membrane of each well was counted through a stereomicroscope. Results were 
interpreted as follows:  

• The number of spots for the negative control should be < 10; 

• The number of spots for the positive control should be ≥ 20 or show saturation 
(if the positive control shows < 20 spots, the result should be considered invalid 
unless there is reactivity against the tested antigen); 

• The sample is reactive towards the tested antigen if ≥ 8 spots have developed, 
while the sample is non-reactive to the tested antigen if < 4 spots have 
developed.  

For the quantification of the reactogenicity of the sample against the specific SARS-
CoV-2 stimulus, the number of spots recorded in the negative control well were 
subtracted from the number of spots recorded in the antigen-specific stimulus well. A 
“Reactive” result indicates that the sample contains effector T cells producing IFNγ 
when exposed to SARS-CoV-2 stimulus. A “Non-reactive” result indicates that no 
SARS-CoV-2-sensitised effector T cells were detected. IFNγ production was compared 
among immunization groups.  

 

3.7 Data analysis and statistical evaluation of immunogenicity 

The data collected in the in vivo safety and immunogenicity testing, encompassing 
antibody titers, neutralizing antibody titers, and levels of interferon production, were 
subjected to comprehensive statistical analysis to compare and evaluate 
immunogenicity outcomes across the different experimental groups. Descriptive 
statistics, including mean, median, standard deviation, and interquartile ranges, were 
calculated to provide a clear understanding of central tendencies and variability. The 
choice of statistical tests was carefully tailored to the nature of the data, taking into 
consideration factors such as the distribution (normal or non-normal), sample size, and 
variability within and between groups. One-way ANOVA followed by Tukey's HSD 
test for pairwise comparisons was used, provided the normality of data distribution 
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was confirmed via the Shapiro-Wilk test. In cases where the data did not meet 
normality assumptions, the Kruskal-Wallis test was employed, followed by Dunn's 
post-hoc test with Bonferroni correction to account for multiple comparisons. For 
every statistical test, two levels of statistical significance were considered (p < 0.05 **, 
p < 0.01 ***) to assess the results significance. The results were interpreted in the 
context of the vaccine's potential efficacy evaluation. Group differences were analyzed 
to identify significant trends and variations in both humoral and cellular immune 
responses. For humoral immunity, the focus was on total antibody titers and their 
neutralizing capabilities against the target pathogen. These measures were compared 
to evaluate the ability of each vaccine candidate to stimulate an effective antibody-
mediated response. For cellular immunity, levels of interferon production, a critical 
marker of T-cell activation and immune modulation, were analyzed to determine the 
breadth and robustness of the cell-mediated response. This statistical approach was 
instrumental in interpreting the data in the broader context of the vaccine's potential 
to elicit targeted and protective immune responses while maintaining an acceptable 
safety profile.  

 

3.8 Thermostability assessment  

To evaluate the thermostability of HHP-inactivated viral vaccine, we implemented an 
experimental design that involved storing the preparation under two distinct 
temperature conditions: ambient temperature (25 °C) and refrigerated temperature (4 
°C). These conditions were chosen to simulate real-world scenarios where cold-chain 
logistics and refrigeration infrastructure may be limited. The vaccine preparation was 
divided into aliquots, with samples retrieved for analysis at predefined intervals: 7, 14 
and 30 days. After retrieval from storage, the samples were immediately processed to 
assess any changes that might have occurred during the storage period. The evaluation 
of immunogenicity through Western blot (as described in paragraph 3.5.2) focused on 
the Spike protein, which is key components in eliciting an immune response. Positive 
controls consisted of vaccine samples stored under ideal conditions (-80 °C). The data 
obtained from the Western blot analysis were analyzed to identify trends and 
differences across storage conditions and time points. The presence of strong, well-
defined protein bands indicated that the vaccine preparation maintained its structural 
integrity and immunogenic potential, while weakened or smeared bands suggested 
degradation or loss of antigenicity.  
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4. Results  
 

 

 

 

4.1 SARS-CoV-2 

Hermetically sealed polyethylene pouches containing viral suspensions were 
subjected to HHP treatment at 400, 500 and 600 MPa for 5 minutes. The operating 
pressure conditions were chosen to minimize the total processing time, aiming to 
develop a potentially high-throughput inactivation system. This approach required 
operating at relatively high pressures to achieve complete viral inactivation, in contrast 
to other inactivation protocols described in the literature[326,327], which employ 
lower pressures but require significantly longer treatment durations, on the order of 
hours rather than minutes. Each pressure condition was applied as an independent 
treatment cycle. After each pressurization cycle, the viral suspension subjected to that 
specific pressure was removed, and a fresh, untreated viral stock was introduced for 
the next cycle. This ensured that each viral stock was exposed to only one pressure 
condition, preserving the integrity of independent treatments. Pressure inside the 
chamber was continuously recorded throughout the entire series of treatments, 
including during decompression phases when the pressure returned to ambient levels, 
hence producing a sequential pressure-time profile (Figure 10). This methodological 
choice streamlined the workflow while maintaining precise control over pressure 
conditions.  
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Figure 10. Pressure profile of high hydrostatic pressure (HHP) treatment applied over time. Each 
pressure was maintained for a fixed duration, followed by a rapid decompression phase to atmospheric 
pressure. After each pressurization cycle, the viral suspension subjected to the treatment was removed 
and replaced with a fresh suspension for the following cycle. The machine was maintained active 
throughout the entire series of treatments, continuously recording pressure, including during 
decompression phases when the pressure returned to ambient levels, resulting in the appearance of a 
sequential pressure profile in the figure, although each cycle was conducted separately.  

4.1.1 Inactivation assessment  

The reduction of viral infectivity under HHP treatments was assessed by endpoint 
titration. Treatment at 400 MPa resulted in substantial reductions in infectious titer, 
with log10 reductions of 2.9 and 3.9 for B.1 and BQ.1.1, respectively, compared to the 
non-HHP-treated control. This level of pressure, while significantly reducing 
infectivity, did not achieve complete inactivation of the virus. Conversely, treatments 
at 500 MPa and 600 MPa demonstrated no detectable infectious virus for either lineage, 
suggesting complete viral inactivation at these higher pressure levels. 

To confirm the inactivation achieved at 500 MPa and 600 MPa, treated viral stocks were 
cultured on Vero E6 cells. Viral replication was monitored using qRT-PCR. Change in 
viral load during incubation was calculated using the delta Ct method. 400 MPa 
treatment temporarily suppressed viral replication, but was insufficient to maintain 
long-term inhibition, allowing a significant rebound in viral replication for both 
lineages at 48 hours post-infection. At 500 and 600 MPa, viral replication was 
consistently suppressed, and viral load declined progressively from 0 to 72 hours post-
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infection, indicating that both pressures exerted a stronger inhibitory effect on viral 
replication, leading to complete abrogation (Figure 11). 

Figure 11. Viral replication dynamics, measured as ∆Ct values of Real-Time PCR, for HHP-treated and 
non-HHP treated B.1 and BQ.1.1 lineages over time. Bar graph showing ∆Ct values measured at six 
time points (t0, t12, t24, t36, t48, and t72 hours after infection) in samples treated with different HHP 
conditions (400 MPa, 500 MPa, 600 MPa) compared to an untreated control group. Error bars represent 
standard deviations. 

The observed differences in viral replication dynamics across the three pressure levels 
highlighted the pressure-dependent effects of HHP on viral inactivation. At 400 MPa, 
the suppression of replication was transient, and the rebound observed at later stages 
suggests that the treatment was insufficient to permanently disrupt the virus's ability 
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to replicate. This partial inactivation may reflect minimal structural or functional 
damage to viral particles, allowing a subset of the virus to retain infectivity. In contrast, 
500 MPa exerted a more potent inhibitory effect, with sustained suppression of viral 
replication and no evidence of recovery. This suggested that virion structural and 
functional integrity was more significantly compromised at this pressure level, 
preventing the initiation of replication. Similarly, at 600 MPa viral replication was 
effectively abrogated across all time points, likely due to extensive structural 
disruption or loss of critical functional components required for cell receptor 
engagement, cell entry and replication. 

4.1.2 Structural and antigenicity analysis 

4.1.2.1 Negative Staining Electron Microscopy (nsEM) 

Negative staining electron microscopy (nsEM) imaging allowed for detailed 
observations of viral particles treated under different pressure conditions. The analysis 
revealed distinct morphological effects, providing important insights into how HHP 
impacted viral ultrastructure and helped explain the mechanisms through which HHP 
leads to viral inactivation. 

At 400 MPa, the results from nsEM images showed that the overall morphology of the 
viral particles was fully preserved. The virions retained a typical coronavirus 
structure, characterized by spherical particles with clear surface projections (S 
proteins), which are essential for the virus’s ability to bind and enter host cells. The 
surface spikes were still discernible, protruding from the viral envelope in a well-
defined pattern, typical of coronaviruses. This structural integrity indicates that 
treatment at 400 MPa was effective in reducing viral infectivity but did not cause 
significant or irreversible structural damage to the virus. The fact that the virions 
retained their general form and spike structure suggested that this pressure level may 
have been sufficient to interfere with some viral functions or processes, but it was not 
potent enough to entirely abrogate infectivity. The preservation of the virus’s surface 
spikes suggests that treatment at 400 MPa likely disrupted some aspect of the viral 
lifecycle, such as receptor binding or internalization, without causing major structural 
collapse. This finding was supported by the infectivity titration results, where a 
notable reduction in virus infectivity was observed, yet some residual infectivity 
remained. It is likely that the viral particles at this pressure level, while altered to some 
degree, still maintain enough structural integrity to infect host cells, albeit at a 
diminished capacity. 
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In contrast, viruses treated at 500 MPa exhibited a more significant morphological 
alteration. While viral particles remained visible in the electron micrographs and could 
still be identified as coronaviruses, a noticeable distortion in their appearance was 
observed. The general spherical shape of the virions remained intact; however, the 
surface spikes, which are crucial for viral attachment, were less defined and appeared 
partially distorted, and the overall arrangement of the spike proteins was irregular 
compared to untreated controls. This subtle alteration in the morphology of the virus 
suggested that 500 MPa induced structural damage to the surface proteins, specifically 
the spike proteins, which are essential for the virus's ability to bind to host cell 
receptors. The altered spikes may have led to a diminished ability to interact with the 
host cell receptor, a crucial step in the viral entry process. Although the virions 
maintained their general shape, the functional disruption of the surface spikes could 
have significantly reduced viral infectivity, possibly explaining the observed decrease 
in infectivity in endpoint titration assays and the inability of 500 MPa-treated virions 
to replicate in Vero E6 cell culture.  

At 600 MPa, the morphological effects were much more pronounced, with significant 
structural disruption observed in the viral particles. nsEM images showed a dramatic 
reduction in the number of identifiable viral particles. This decrease in visible virions 
suggested that the high-pressure treatment at 600 MPa likely caused a substantial 
amount of viral particles to lose their structural integrity to the point where they were 
no longer discernible under electron microscopy. The viral particles that remained 
visible appeared drastically altered in shape and exhibited a variety of irregular, 
collapsed, or deformed structures, further confirming the destabilizing effects of this 
pressure level. 

More notably, the surface spikes, which are crucial for viral attachment and entry into 
host cells, were entirely absent in the viral particles observed at 600 MPa. The surface 
of the virions appeared smooth, with no visible projections or protrusions where the 
spike proteins would normally be located. The complete loss of spike proteins, which 
are essential for the virus’s ability to recognize and bind to host cells, likely explains 
the observed complete inactivation of the virus at this pressure level. The absence of 
the spike proteins rendered the virions incapable of interacting with cellular receptors, 
effectively preventing viral entry into host cells. 

In addition to the loss of the surface spikes, the overall structural integrity of the 
remaining virions was highly compromised. Many of the viral particles displayed 
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abnormal, collapsed, or fragmented shapes, indicative of severe destabilization of the 
viral envelope. This suggested that the 600 MPa pressure treatment led to extensive 
damage not only to the surface proteins but also to the other structures of the virus, 
including potential damage to the viral envelope, which could interfere with the 
virus’s ability to maintain its stability and infectiousness. The substantial 
morphological alterations observed at 600 MPa supported the conclusion that this 
pressure level caused a profound and irreversible destabilization of the virus, 
effectively leading to complete viral inactivation. Findings of nsEM are summarized 
in Figure 12.  

Overall, the findings from the analysis of the morphological effects at the different 
pressure levels highlighted a clear pressure-dependent effect on viral structure. 
Treatment at 400 MPa resulted in minimal structural damage, with the virus retaining 
its typical spherical shape and intact surface spikes, although infectivity was reduced. 
At 500 MPa, the pressure-induced alterations became more pronounced, with a partial 
loss of spike protein clarity and a less defined structure. These changes likely impact 
the virus’s ability to bind to host cells, leading to inhibited infectivity. The most 
dramatic and irreversible effects were observed at 600 MPa, where the viral particles 
displayed severe morphological disruptions, including the complete loss of spike 
proteins and the collapse of the viral envelope. This treatment level caused significant 
structural damage that rendered the virus incapable of binding to host cells or 
maintaining its structural integrity, resulting in complete inactivation.  

In conclusion, the morphological analysis of viruses treated with varying levels of 
HHP provides valuable insights into the mechanisms through which HHP exerts its 
antiviral effects. At 400 MPa, viral morphology remains largely intact, suggesting that 
this pressure level reduces infectivity without inducing substantial structural damage. 
At 500 MPa, more pronounced alterations in the spike proteins and surface structures 
were observed, while at 600 MPa, nsEM analysis highlighted the complete loss of spike 
proteins and structural collapse. Both treatment conditions led to complete viral 
inactivation. These findings underscore the pressure-dependent nature of HHP-
induced viral inactivation and provide a deeper understanding of how high 
hydrostatic pressures can disrupt viral ultrastructure, thereby preventing viral 
infection.
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Figure 12. nsEM images of SARS-CoV-2 viral particles from B.1 and BQ.1.1 lineages subjected to different levels of high hydrostatic pressure: untreated control, 
400 MPa, 500 MPa, and 600 MPa. Increasing pressure levels induce progressive morphological alterations in viral structure, with a marked loss of envelope 
integrity and progressive loss of surface spike proteins observed at higher pressures. Scale bar: 200 nm. 
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4.1.2.2 Western blot  

Western blot analysis of the spike protein from viruses subjected to HHP treatments 
at 400 MPa, 500 MPa, and 600 MPa provided insights into the impact of HHP on the 
structural integrity of the viral protein and its potential effect on the virus's 
functionality. This analysis specifically focused on the monomeric and trimeric forms 
of the spike protein, which are critical for viral entry into host cells. The results 
demonstrated distinct patterns of change in the spike protein's structure across the 
different pressures, offering important implications for viral inactivation. 

One of the key findings from the Western blot analysis was a noticeable reduction in 
the signals corresponding to both monomeric (~ 140 kDa) and trimeric (~ 450 kDa) 
forms of the spike protein across all pressure treatments, suggesting that high-pressure 
treatment may have led to some level of structural destabilization or dissociation of 
the spike. Interestingly, only slight and non-significant differences were observed 
between the three pressure levels in terms of the extent of reduction in the monomeric 
and trimeric spike signals.  

In addition to the reduction in the monomeric and trimeric forms of the spike protein, 
the Western blot analysis revealed the appearance of higher molecular weight bands 
(> 450 kDa) that were less represented in untreated viral samples. These additional 
bands likely represent macromolecular aggregates, which may have been induced by 
the HHP treatment. The intensity of these higher molecular weight bands increased 
progressively from 400 MPa to 600 MPa. These high molecular weight bands were 
particularly prominent at higher pressures, with the 600 MPa treatment leading to the 
most intense signals, suggesting that the extent of macromolecular aggregation is 
pressure dependent. This observation suggested that higher pressures led to more 
extensive macromolecular aggregation, which could play a significant role in viral 
inactivation. 

HHP is known to apply physical stress to proteins, potentially causing them to 
misfold, undergo conformational changes, or aggregate. In the case of the spike 
protein, the application of pressure may have led to protein-protein interactions, either 
among spike proteins themselves or with other viral components. These interactions 
could have resulted in the formation of larger complexes that migrate more slowly on 
the Western blot, appearing as higher molecular weight bands. This aggregation 
phenomenon was observed to be more pronounced at higher pressures, with 600 MPa 
showing the most intense higher molecular weight bands. The increase in intensity of 
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the higher molecular weight bands with increasing pressure suggests that higher 
pressures lead to more extensive protein aggregation. This pressure-dependent effect 
is important because it provides further insight into the mechanisms by which HHP 
may inactivate the virus. While the reduction in the monomeric and trimeric forms of 
the spike protein is significant, the appearance of higher molecular weight aggregates 
suggests that the aggregation of viral proteins is a major factor contributing to viral 
inactivation. At the highest pressure (600 MPa), the most intense higher molecular 
weight bands were observed, indicating that this pressure induced the most severe 
structural disruption in the spike protein.  

In addition to the spike protein, Western blot analysis was also conducted on other 
structural proteins of the virus, specifically the membrane and the nucleocapsid 
proteins. The results revealed no substantial differences between the treated samples 
and the untreated control, nor were there any discernible changes between the 
different pressure treatments in terms of signal intensity and band pattern, indicating 
that the integrity of the membrane and nucleocapsid proteins was largely preserved 
under high pressure conditions. The minimal reduction in M and N protein signals in 
HHP-treated samples suggests that the inactivation process caused by pressure may 
primarily target the spike protein while leaving other structural proteins more intact. 

Western blot analyses were also performed on heat-inactivated viral propagates, 
which were later used as controls for mouse immunizations, and the results were 
compared with 500 MPa and 600 MPa HHP-treated viral stocks. The comparison of 
these different viral inactivation methods revealed significant differences in the 
preservation of key structural proteins. 

The heat-inactivated virus showed a profound alteration in its protein profile. Notably, 
the signal corresponding to the spike protein was completely absent in the heat-
inactivated virus, indicating a complete loss of this critical viral protein upon heat 
treatment. This loss suggests that heat inactivation induces more severe structural 
damage to the spike protein compared to HHP treatment. In contrast, the M and N 
proteins in the heat-inactivated virus showed only a partial reduction in their 
respective signals, suggesting that while heat treatment affected these proteins to some 
extent, it did not lead to their complete degradation.  

When comparing these heat-inactivated samples to the virus treated with high 
hydrostatic pressure at 500 MPa and 600 MPa, several key differences were observed. 
Both HHP treatments resulted in a notable reduction in the spike protein signal, 
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although, unlike the heat-inactivated virus, the spike protein was not completely 
absent. The reduction in the spike protein signal after HHP treatment suggests that 
while the pressure treatment compromises the protein's structure, it does not entirely 
eliminate it. This finding contrasts with heat inactivation, which resulted in a complete 
loss of the spike protein and implies that HHP treatment may be a less aggressive 
method of inactivation, preserving some functional or structural components of the 
virus. In contrast to the complete loss of the spike protein, the membrane and 
nucleocapsid proteins in the heat-inactivated virus showed a partial reduction in their 
signals, but these proteins were not entirely absent. This partial reduction suggests 
that, although heat inactivation did affect the M and N proteins, it was not as 
detrimental to these proteins as it was to the spike protein. Results of Western blot 
analysis performed on HHP- and heat-inactivated propagates are reported in Figure 
13.  

 

Figure 13. Western blot analysis of SARS-CoV-2 structural proteins (Spike, Spike RBD [Receptors 
Binding Domain], Nucleocapsid, and Membrane) in viral particles from B.1 and BQ.1.1 lineages 
subjected to HHP treatments at 400, 500, and 600 MPa, as well as heat inactivation. Untreated controls 
for both lineages are included for comparison. Protein detection was performed using specific primary 
monoclonal and polyclonal antibodies: Spike (ThermoFisher PA5-112048), Spike RBD (IZSLER in-house 
produced, 3C12), Nucleocapsid (ThermoFisher MA5-36271), and Membrane (ThermoFisher M-101AP). 
Protein band intensities indicate progressive loss or modification of Spike protein structure under 
increasing HHP, with relative preservation of Nucleocapsid and Membrane proteins. 
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4.1.3 In vivo safety and immunogenicity  

In vivo experiments were conducted on 28 6-month-old Swiss CD-1 mice 
subcutaneously vaccinated and intraperitoneally boosted at day 28 with 10 µg of 
inactivated virus. All animal procedures were conducted in accordance with 
institutional and national ethical guidelines for animal experimentation. Following 
immunization, mice were monitored daily to assess their general health status and 
detect any potential adverse effects. Monitoring included evaluation of clinical signs 
such as behavior, posture, coat condition, and body weight. In some animals, a 
localized swelling was observed on the scruff at the site of the first injection, likely due 
to adjuvant accumulation. This reaction did not appear to cause any signs of 
discomfort or distress. Overall, no adverse effects were recorded, and the 
immunization protocols were well tolerated. 

4.1.3.1 Anti-SARS-CoV-2 IgG titers   

The levels of anti-SARS-CoV-2 IgG responses against whole virus were evaluated at 
days 14, 28, 35 and 53 after first immunization. The seroconversion rate was 100% at 
14 days after immunization in HHP-immunized groups as well as in heat-immunized 
groups and antibody responses steadily but consistently increased until day 28. After 
the booster dose, antibody titers in both HHP-inactivated immunization groups 
increased consistently and peaked at day 35 (7 days after second immunization). In 
contrast, for heat-inactivated immunization group peak titer was reached on day 53. 

The 500 MPa group exhibited the most dramatic increase in antibody titers over time. 
At t14, titers ranged from 110 to 170 (mean = 140, standard deviation [SD] = 29) for B.1 
lineage and from 130 to 230 (mean = 183, SD = 50) for BQ.1.1 lineage, comparable to 
the heat group at this early stage. By t28, the titers surged to 2796-4643 (mean = 3474, 
SD = 843) for B.1 lineage and 2154-3213 (mean = 2555, SD = 469) for BQ.1.1 lineage, 
reflecting a significantly heightened immune activation. At t35, titers reached their 
highest values, with two mice for B.1 lineage and two mice for BQ.1.1 lineage achieving 
the assay's upper detection limit of 12800 and the remaining two of each group 
showing values of 6167 and 6233 (B.1 lineage) and 5213 and 8952 (BQ.1.1 lineage), with 
an overall mean of 9500 (SD = 3811) for B.1 and 9941 (SD = 3637) for BQ.1.1. At t53, 
antibody titers remained overall stable, with only slight increases in some individuals: 
for both lineages two mice achieved the assay upper detection limits (12800), while for 
the other two an increased antibody titer was observed (7562 and 7432 for B.1 lineage 
and 7988 and 9017 for BQ.1.1 lineage), with means attesting at 10149 (SD = 3062) and 
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10651 (SD = 2516), respectively. This rapid and substantial increase highlighted the 
strong immunogenic potential of virus inactivated at 500 MPa, with sustained 
antibody production observed across all mice. 

The 600 MPa group showed a more modest increase in titers compared to the 500 MPa 
group. At t14, titers ranged from 80 to 150 (mean = 110, SD = 32) for B.1 lineage and 
from 120 to 180 (mean = 158, SD = 26) for BQ.1.1 lineage, slightly lower than the other 
groups. By t28, titers increased to 997–1456 (mean = 1207, SD = 197) for B.1 lineage and 
to 938-1397 (mean = 1217, SD = 232) for BQ.1.1 lineage, indicating a moderate response. 
At t35, titers ranged from 4214 to 7195 (mean = 4981, SD = 1252) for B.1 lineage and 
from 3146 to 6978 (mean = 4576, SD = 1730) for BQ.1.1 lineage, reflecting continued 
antibody production but with less consistency among individuals. At t53, titers 
remained overall stable ranging from 4278 to 7195 (mean = 5955, SD = 1294) for B.1 
lineage and from 3614 to 7021 (mean = 4962, SD = 1451) for BQ.1.1 lineage. Although 
the immune response improved over time, it did not match the magnitude observed 
in the 500 MPa group, suggesting that higher pressure may have some impact on 
antigen presentation or immunogenicity. 

The heat-inactivated group showed a steady increase in IgG titers over time. At t14, 
titers ranged from 110 to 220 (mean = 179, SD = 47), for B.1 lineage and from 120 to 350 
for BQ.1.1 lineage (mean = 183, SD = 112), reflecting the initiation of the antibody 
response. By t28, titers increased substantially to a range of 1284-1895 (mean = 1513, 
SD = 288) for B.1 lineage and 1268-2193 (mean = 1707, SD = 506) for BQ.1.1 lineage, 
indicating a robust antibody production in response to immunization. At t35, the titers 
reached values in the range of 3722-4782 (mean = 4454, SD = 494) for B.1 lineage and 
3569-4770 (mean = 4066, SD = 508) for BQ.1.1 lineage. Overall, peak titers were reached 
at the latest time point, t53, with values ranging from 3963 to 5276 (mean = 4505, SD = 
552) for B.1 lineage and from 4236 to 6803 (mean = 5275, SD = 1095) for BQ.1.1 lineage. 
Overall, heat inactivation elicited a consistent response, albeit with less pronounced 
increases compared to HHP treatments. 

The One Way ANOVA test indicated a significant difference in the antibody titer 
among the different time points for both tested viral lineages and for all immunization 
groups (B.1 lineage: F = 15.2, p = 2.19E-4 for 500 MPa-inactivated; F = 39.4, p = 1.74E-6 
for 600 MPa-inactivated; F = 118.8, p = 3.45E-09 for heat-inactivated; BQ.1.1 lineage: F 
= 48.8, p = 5.37E-07 for heat-inactivated; F = 22.31, p = 3.37E-5 for 500 MPa-inactivated; 
F = 17.90, p = 9.99E-5 for 600 MPa-inactivated). The post-hoc Tukey’s HSD test for 
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pairwise comparisons highlighted a consistent and statistically significant increase 
from day 0 to 14, 14 to 28 and 28 to 35 in all groups. Afterward, antibody titers 
plateaued in all experimental groups, with only slight and non-significant increases or 
decreases at day 53 (Figure 14a and 14b for B.1 lineage and BQ.1.1 lineage, 
respectively). No SARS-CoV-2 specific antibody response was detected in the control 
group.  

 

 

Figure 14. Intragroup comparison of IgG titers (log10) measured via ELISA in mice immunized with 
SARS-CoV-2 B.1 (A) and BQ.1.1. (B) lineages inactivated by high hydrostatic pressure (500 MPa and 600 
MPa) or heat treatment, measured at different time points (t0, t14, t28, t35, and t53) post-immunization. 
Data show a significant increase in IgG titers starting from day 14 (t14), with peak levels maintained 
through day 53 (t53). Statistical significance was determined using ANOVA followed by multiple 
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comparison tests. Statistically significant differences are indicated: ***p < 0.001, **p < 0.05, ns = not 
significant. 

For what concerns intergroup evaluation, at the earliest timepoint, t14, all groups 
exhibited relatively low titers, with no significant differences between groups. This 
suggests that all three inactivation methods preserved basic immunogenicity to initiate 
an antibody response, though the differences may reflect variability in individual 
immune activation.  

By the t28 intermediate time point, clear distinctions emerged. The 500 MPa group 
showed the highest titers, averaging 3474 for B.1 lineage and 2555 for BQ.1.1 lineage), 
significantly exceeding the heat-inactivated group (mean of 1513 for B.1 lineage and 
1707 for BQ.1.1 lineage) and the 600 MPa group (mean of 1207 for B.1 lineage and 1217 
for BQ.1.1 lineage). This suggests that virus inactivated at 500 MPa elicited a stronger 
immune response during the early phases of immunization. The heat group performed 
better than the 600 MPa group, indicating that heat inactivation was more effective 
than 600 MPa at this stage in maintaining immunogenicity. 

Differences between immunization groups became even more pronounced at t35 
point. The 500 MPa group maintained the highest titers, with half the mice reaching 
12800 and the other half showing titers above 5000 for both lineages (overall mean of 
9500 for B.1 lineage and 9941 for BQ.1.1 lineage). The 600 MPa group exhibited 
moderate titers, averaging 4981for B.1 lineage and 4576 for BQ.1.1 lineage), which were 
consistently higher than those of the heat group (4454 for B.1 lineage and 4066 for 
BQ.1.1 lineage). This pattern underscores the higher immunogenic potential of the 500 
MPa treatment compared to both 600 MPa and heat inactivation, particularly in 
sustaining high IgG production over time. 

At t53, the 500 MPa group exhibits markedly higher antibody titers, averaging 10149 
for B.1 lineage and 10651 for BQ.1.1 lineage, including two peak values at the upper 
limit of 12800. The 600 MPa group yields intermediate titers, with means of 5955 for 
B.1 lineage and 4962 for BQ.1.1 lineage. While higher than those in the heat group, the 
antibody levels remain consistently lower than those in the 500 MPa group. The heat 
group displays the lowest antibody titers, with means of 4505 for B.1 lineage and 5275 
for BQ.1.1 lineage. 

When comparing the three groups at each time point, the 500 MPa HHP-treated group 
consistently showed the highest antibody titers at t28 (B.1: F = 21.81, p = 3.54E-4; 
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BQ.1.1: F = 10.38, p = 4.60E-3), t35 (B.1: F = 4.83, p = 3.76E-2, BQ.1.1: F = 7.72, p = 1.11E-
2), and t53 (B.1: F = 9.08, p = 6.95E-3; BQ.1.1: F =12.74, p = 2.37E-3). At all three time 
points, the 500 MPa treatment elicited the most robust and consistent IgG response, 
with titers peaking significantly higher than those of the other groups. Furthermore, 
the antibody titers in the 500 MPa group remained high and sustained throughout the 
time course, indicating a robust immune response. In contrast, the heat-inactivated 
group showed a slower increase and lower overall antibody titers and lower titers 
compared to the 500 MPa group. The 600 MPa HHP-treated group showed a general 
increase in antibody titers over time, consistently exhibiting lower titers compared to 
the 500 MPa group. No statistically significant differences were detected between the 
600 MPa group and the heat-inactivated group (Figure 15a for B.1 lineage and Figure 
15b for BQ.1.1 lineage). 
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Figure 15. Intergroup comparison of IgG titers (log10) measured via ELISA at different time points (t0, 
t14, t28, t35, and t53) post-immunization in mice immunized with SARS-CoV-2 B.1 (A) and BQ.1.1 (B) 
lineages inactivated by high hydrostatic pressure (500 MPa and 600 MPa) or heat treatment. Statistically 
significant differences among group are evident from t28, with 500 MPa-inactivated vaccine candidate 
inducing the highest antibody response. Statistical significance was determined using ANOVA 
followed by multiple comparison tests. Statistically significant differences are indicated: ***p < 0.001, 
**p < 0.05, ns = not significant. 

4.1.3.2 Epitopal characterization  

The immune response elicited by HHP-inactivated or heat-inactivated viruses was 
comprehensively evaluated through Western blot analysis to identify the proteins 
targeted by the antibody immune response and to assess the specific antibody profiles 
induced by immunization. The Western blot analysis was carried out at two distinct 
time points, t35 and t53, to evaluate the progression and maturation of the immune 
response over time. These time points were chosen to provide insight into both the 
early and more advanced stages of the antibody response, allowing for a thorough 
examination of potential changes in the immune repertoire as the response matured. 
The analysis aimed to highlight whether there were any significant differences in the 
protein targets of the immune response, particularly in terms of the evolution of the 
antibody response to different viral proteins as the immune system adapted. 

At time points t35 and t53, the Western blot analysis revealed clear and consistent 
differences in the humoral immune responses elicited by the different inactivation 
methods used for vaccine preparation (Figure 16). Notably, mice immunized with viral 
preparations inactivated by HHP at 500 MPa and 600 MPa developed a broader and 
more complex antibody response compared to those immunized with heat-inactivated 
virus. 

Specifically, mice that were immunized with HHP-inactivated vaccine candidates at 
500 MPa and 600 MPa exhibited a broader antibody response. These mice produced 
antibodies not only against the spike protein but also against the nucleocapsid protein. 
This was evident from the detection of two distinct immunoreactive bands in the 
Western blot corresponding to the expected molecular weights of the spike and 
nucleocapsid proteins. The antibodies against both of these viral proteins suggest that 
HHP treatment preserved key viral epitopes, allowing for the induction of a robust 
immune response against both the surface protein (spike) and the internal protein 
(nucleocapsid). These findings indicate that the immune response elicited by HHP-
inactivated vaccine candidates was both broad, in terms of antigenic target, and 
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sustained, as the antibody response persisted over an extended period (up to t53). The 
preservation of spike protein immunogenicity is particularly relevant, given its role as 
the primary target of neutralizing antibodies involved in preventing viral entry into 
host cells. The concurrent antibody response against the nucleocapsid protein further 
suggests that HHP treatment maintains the antigenic presentation of internal viral 
components, likely due to the non-denaturing nature of the inactivation process at the 
molecular level. 

In contrast, mice immunized with the heat-inactivated virus presented a markedly 
different and restricted antibody profile. At both time points these animals developed 
antibodies that specifically targeted the nucleocapsid protein. However, no significant 
antibody response against the spike protein was observed, as evidenced by the absence 
of a band corresponding to the spike protein at its expected molecular weight (Figure 
13). This suggests that the heat inactivation process might have compromised or 
destroyed the structural integrity of the spike protein, making it unrecognizable to the 
immune system. In contrast to the HHP-treated virus, which generated a response 
against both the surface (spike) and internal (nucleocapsid) proteins, heat inactivation 
proved to be less effective in preserving the antigenic integrity of the spike protein, 
which is crucial for the induction of broad immunity, including the production of 
neutralizing antibodies that target viral entry into host cells. Neither anti-S nor anti-N 
antibodies were detected in the control group.  

 

Figure 16. Western blot analysis of sera from mice immunized with B.1 and BQ.1.1 lineage viruses 
inactivated by 500 MPa, 600 MPa HHP, or heat. The sera from mice immunized with HHP-inactivated 
vaccines show the presence of both anti-Spike and anti-Nucleocapsid antibodies, whereas sera from 
mice immunized with heat-inactivated vaccines display reactivity only against the Nucleocapsid 
protein. These results indicate that HHP treatment better preserves Spike antigenicity compared to heat 
inactivation, potentially enhancing the breadth of the humoral immune response 
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4.1.3.3 Virus neutralization  

Neutralizing activity of humoral response was assessed at days 14, 28, 35, and 53 post 
immunization, allowing for both intragroup (within the same group at different time 
points) and intergroup (comparison across groups at the same time point) evaluations. 

In the 500 MPa group, a clear trend of increasing response was observed over time. At 
t14, values ranged from 8 to 32 (mean = 22, SD = 12) for B.1 lineage and from 8 to 64 
(mean = 34, SD = 23) for BQ.1.1 lineage. At t28 values rose to 64-128 (mean = 112, SD 
= 32) for B.1 lineage and128-256 (mean = 160, SD = 64) for BQ.1.1 lineage. A marked 
amplification was evident at t35, where all individuals exhibited values of 256 or 512, 
with mean values of 448 (SD = 128) for B.1 and 384 (SD = 148) for BQ.1.1. By t53, three 
subjects for B.1 lineage and two subjects for BQ.1.1 lineage reached the maximum 
observed value of 1024 and means averaged 896 (SD = 256) and 768 (SD = 296) for the 
two lineages. This consistent increase across all individuals suggests a robust and 
sustained immunological activation under the 500 MPa treatment. 

The 600 MPa group also demonstrated a general upward trend in response, though 
with greater inter-individual variability. At t14, values were generally low for both 
tested lineages (8-32, mean 16 and SD = 11 for B.1 lineage, 16-32, mean = 28 and SD = 
8 for BQ.1.1 lineage), and at t28, responses remained moderate, ranging between 32 
and 128 (mean = 72, SD = 40) for B.1 lineage and from 64 to 256 (mean = 128, SD = 91) 
for BQ.1.1 lineage. By t35, a steady increase was observed for both lineages, with 
values ranging from 64 to 256 (mean =144, SD = 81) for B.1 and from 128 to 256 (mean 
= 160, SD = 64) for BQ.1.1. At t53, three subjects achieved values between 512 and 1024, 
while one subject remained at 256 in the group immunized with B.1 lineage and two 
subjects remained at 128 and 256 in the group immunized with BQ.1.1 lineage, with 
overall means of 704 (SD = 384) and 480 (SD = 396) for B.1 and BQ.1.1, respectively. 
This pattern suggests that while 600 MPa immunization elicited a progressive increase, 
the response was less synchronized compared to the 500 MPa group, indicating 
possible differences in immune response kinetics and efficacy. 

In contrast, the heat-treated group exhibited a markedly different profile. Across all 
time points, the immune response remained relatively low and stable. At t14, values 
ranged from 0 to 16 (mean = 8, SD = 7) for B.1 and from 8 to 16 (mean = 12, SD = 5) for 
BQ.1.1. At t28, there was a slight increase to a uniform response of 32 to 64 across all 
subjects, with mean values averaging 40 (SD = 16) and 48 (SD = 18) for the two lineages. 
However, no further significant amplification was observed at later time points (t35 
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and t53), with most values remaining at or below 32. This plateau indicates a minimal 
immunogenic effect induced by the heat treatment compared to pressure-based 
treatments. 

Overall, intragroup comparisons reveal that the 500 MPa treatment yielded the most 
effective and consistent immune activation over time, followed by the 600 MPa 
treatment, which showed moderate but heterogeneous responses. The heat treatment, 
by contrast, resulted in minimal immune stimulation with no substantial progression 
beyond t28. 

The intragroup analysis revealed clear temporal trends within each group. The 500 
MPa group exhibited a steady and significant increase in neutralizing antibody titers 
across all time points, reflecting a strong priming of the immune system and 
subsequent maturation of the humoral response. The Kruskal-Wallis test with Dunn’s 
post-hoc test with Bonferroni correction confirmed the statistical significance of this 
increase over time (B.1 lineage: χ2(3) = 14.03, p = 0.003; BQ.1.1 lineage: χ2(3) = 13.52, p 
= 0.004). The 600 MPa group followed a similar pattern, although the response was 
slightly less consistent, with more variability observed at intermediate time points. 
Statistical testing also supported a significant temporal increase in this group (B.1 
lineage: χ2(3) = 13.08, p = 0.004; BQ.1.1 lineage: χ2(3) = 11.22, p = 0.011). In contrast, 
the heat-inactivated group displayed a much weaker temporal progression compared 
to HHP-treatments. This lack of significant improvement suggests that heat 
inactivation may compromise the immunogenicity of the viral antigens. (Figure 17a 
for B.1 lineage and Figure 17b for BQ.1.1 lineage). No effective neutralizing response 
was detected in the control group. 
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Figure 17. Intragroup comparison of neutralizing titers measured via cell culture virus neutralization 
in mice immunized with SARS-CoV-2 B.1 (A) and BQ.1.1 (B) lineages inactivated by high hydrostatic 
pressure (500 MPa and 600 MPa) or heat treatment, measured at different time points (t0, t14, t28, t35, 
and t53) post-immunization. Data show a significant increase in neutralizing titers starting from t35 for 
500 MPa-immunized mice and at t53 for 600 MPa-immunized mice. No increased was observed in the 
heat-immunized group. Statistical significance was determined using ANOVA followed by multiple 
comparison tests. Statistically significant differences are indicated: ***p < 0.001, **p < 0.05, ns = not 
significant. 

For what regards inter-group comparison, at day 14, a detectable neutralizing 
antibody response was observed in all immunization groups, indicating that each 
inactivation method was capable of priming the immune system. However, 
neutralizing titers were low across all groups at this early stage. These differences 
between groups, though minor, were not statistically significant, reflecting variability 
in individual immune responses.  

By day 28, significant differences between groups began to emerge. The 500 MPa 
group showed a marked increase in neutralizing titers, averaging 112 for B.1 lineage 
and 160 for BQ.1.1 lineage, indicating a strong and consistent enhancement of the 
humoral response. In contrast, the 600 MPa group exhibited moderate titers (mean of 
72 for B.1 and 128 for BQ.1.1), while the heat-inactivated group lagged behind with 
relatively low titers (means of 40 and 48 for the two lineages).  

At day 35, the differences between groups became more pronounced. The 500 MPa 
group displayed the highest titers, averaging 448 for bìB.1 and 384 for BQ.1.1, 
reflecting a robust and sustained immune response. The 600 MPa group also showed 
increased titers (144 for B.1 and 160 for BQ.1.1), though these were consistently lower 
than those observed in the 500 MPa group. The heat-inactivated group remained 
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significantly weaker, with mean titers stagnating at 28 and 40 for the two lineages, 
showing little improvement from earlier time points. The data at t35 highlighted the 
superior capacity of HHP-inactivated vaccine candidates to elicit strong neutralizing 
antibody responses, with the 500 MPa treatment yielding the most robust results, 
followed by the 600 MPa treatment. 

By the final time point at day 53, the divergence in neutralizing antibody responses 
between groups was even more evident. In the 500 MPa group, titers reached their 
peak, with some mice achieving values of 1024 and other individuals maintaining a 
titer of 512 for both lineages and overall means of 896 for B.1 and 768 for BQ.1.1. This 
indicated not only a strong response but also its durability over time. The 600 MPa 
group followed closely, with titers averaging 704 for B.1 and 480 for BQ.1.1. However, 
this group displayed slightly greater variability compared to the 500 MPa group, 
suggesting a less consistent response across individuals. In stark contrast, the heat-
inactivated group showed no significant improvement, with titers plateauing at 24 for 
B.1 lineage and 64 for BQ.1.1 lineage, with only one individual achieving a titer of 128. 
The data from t53 further emphasized the limitations of heat inactivation in eliciting a 
sustained and effective neutralizing antibody response, particularly when compared 
to the enhanced and durable responses achieved with HHP treatments. 

Intergroup comparisons at each time point further highlighted the superior efficacy of 
HHP treatments. At t14, differences between groups were minimal, reflecting the early 
stages of immune activation. By t28, however, the 500 MPa group began to outpace 
the other groups, achieving significantly higher titers compared to both the 600 MPa 
and heat-inactivated groups. These differences became more pronounced at t35 and 
t53, with the 500 MPa group consistently demonstrating the strongest and most 
sustained responses. The 600 MPa group, while slightly less effective, still 
outperformed the heat-inactivated group at every time point. The heat-inactivated 
group lagged significantly behind, with poor and plateaued responses that failed to 
match the robust and durable neutralizing antibody responses elicited by HHP 
treatments. These results indicate that both HHP treatments outperformed heat 
inactivation in driving a strong neutralizing antibody response, with the 500 MPa 
group demonstrating the most robust response (χ2 = 9.89, p = 0.007 for B.1 and χ2 = 
9.71, p = 0.008 for BQ.1.1). By the final time point (t53), the 500 MPa group maintained 
the highest titers. The 600 MPa group followed closely. In the heat-inactivated group 
titers plateaued with a statistically evident difference from both HHP-inactivated 
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groups: χ2 = 8.29, p = 0.016 for B.1 and χ2 = 7.9, p = 0.019 for BQ.1.1 (Figure 18a for B.1 
lineage and Figure 18b for BQ.1.1 lineage). 

 

 

Figure 18. Intergroup comparison of neutralizing titers measured via cell culture virus neutralization at 
different time points (t0, t14, t28, t35, and t53) post-immunization in mice immunized with SARS-CoV-
2 B.1 (A) and BQ.1.1 (B) lineages inactivated by high hydrostatic pressure (500 MPa and 600 MPa) or 
heat treatment. Statistically significant differences among group are evident from t35, with 500 MPa-
inactivated vaccine candidate inducing the highest neutralizing antibody response. Statistical 
significance was determined using ANOVA followed by multiple comparison tests. Statistically 
significant differences are indicated: ***p < 0.001, **p < 0.05, ns = not significant. 

These findings underscore the advantages of HHP as a method for viral inactivation 
in vaccine development. Both 500 MPa and 600 MPa treatments preserved the 
immunogenicity of viral antigens, leading to strong and sustained neutralizing 
antibody responses. The 500 MPa treatment was particularly effective, producing the 
highest titers and the most consistent responses across all time points. In contrast, heat 
inactivation resulted in a significantly weaker immune response, suggesting that this 
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method may lead to denaturation or degradation of key viral antigens, thereby 
limiting its effectiveness.  

4.1.4 T cell responses 

T-cell responses were evaluated on day 53 from PBMC and splenocytes. Intergroup 
differences were evaluated in order to assess the ability of the different immunization 
protocol to induce the activation of IFN-producing T cells at the peripherical and 
central level.  

Mice immunized with virus inactivated at 500 MPa demonstrated strong T-cell-
mediated immune responses. In whole blood samples, IFN-secreting cells ranged from 
150 to 260/106 cells (mean = 218, SD = 45) for B.1 lineage and from 160 to 260 (mean = 
215, SD = 87) for BQ.1.1 lineage. This consistent response indicates a moderate but 
stable level of T-cell activation across the group. Importantly, the spleen samples from 
this group showed a significantly higher number of IFN-secreting cells compared to 
whole blood, with counts ranging from 170 to 630 (mean = 410, SD = 199) for B.1 
lineage and from 170 to 480 (mean = 353, SD = 146) for BQ.1.1 lineage. These findings 
highlight the potential of the 500 MPa inactivation method to preserve viral antigens 
in a manner that effectively stimulates robust cellular immune responses, particularly 
in lymphoid organs such as the spleen. The disparity between whole blood and spleen 
responses is consistent with the expected role of the spleen as a central lymphoid 
organ, where antigen presentation and subsequent T-cell activation occur at higher 
rates compared to peripheral blood.  

The groups treated with virus inactivated at 600 MPa also exhibited notable T-cell 
responses, though with slightly greater variability compared to the 500 MPa group. In 
whole blood, IFN-secreting cells ranged from 150 to 260 (mean = 208, SD = 48) for B.1 
and from 170 to 420 (mean = 215, SD = 42) for BQ.1.1, similar to the range observed in 
the 500 MPa group. This suggests that the 600 MPa inactivation protocol was equally 
capable of inducing the activation of antigen-specific T cells.  

The heat-inactivated group demonstrated the weakest T-cell-mediated immune 
responses among the three experimental groups. In whole blood, IFN-secreting cells 
ranged from 0 to 120 for both lineages (mean = 68, SD = 51 for B.1 lineage and SD = 62 
for BQ.1.1 lineage), indicating a poor overall response. Notably, some individuals in 
this group exhibited no detectable T-cell activation in whole blood, suggesting a 
complete lack of antigen-specific response in these cases. The spleen responses were 
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similarly weak, with spot counts ranging from 0 to 80 (mean = 50, SD = 36) for B.1 and 
from 0 to 90 (mean = 78, SD = 36) for BQ.1.1 lineage. These findings indicate that heat 
inactivation significantly impaired the immunogenicity of the virus, likely due to 
denaturation of viral proteins and loss of key epitopes required for effective antigen 
recognition and T-cell activation. The poor responses observed in this group align with 
previous findings that heat inactivation can lead to structural alterations in viral 
proteins, rendering them less capable of stimulating robust immune responses. The 
lack of significant T-cell activation in both whole blood and spleen samples further 
underscores the limitations of heat inactivation as a method for preparing 
immunogens capable of eliciting strong cellular immune responses. These results 
suggest that heat-inactivated viruses may not be suitable for use in vaccine 
formulations where robust cellular immunity is required. 

When comparing the three groups, clear differences emerge in the strength and 
consistency of T-cell-mediated immune responses. The 500 MPa group consistently 
exhibited the strongest responses, particularly in spleen samples, where the highest 
spot counts were recorded. The 600 MPa group also elicited strong responses, though 
with slightly greater variability. The heat-inactivated group, in stark contrast, 
displayed minimal T-cell activation in both whole blood and spleen, with responses 
that were substantially weaker than those observed in the HHP-treated groups. 
Statistical analysis carried out with One Way ANOVA test highlighted a significant 
difference between 500-MPa inactivated and heat-inactivated groups and between 
600-MPa inactivated and heat-inactivated groups on both PBMC, reported in Figure 
19a and 19c for B.1 and BQ.1.1 lineage, respectively, and splenocytes, reported in 
Figure 19b and 19d for B.1 and BQ.1.1 lineage, respectively, (B.1 lineage: F = 12.1585, 
p= 0.0027 for PBMC and F = 6.6474, p = 0.01687 on splenocytes; BQ.1.1 lineage: F = 
6.7526, p = 0.01617 for PBMC and F = 7.3906, p = 0.01262 for splenocytes). No 
significant difference was highlighted between the two HHP treatments. No SARS-
CoV-2 specific T-cell response was detected in the control group. 
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Figure 19. Induction of T-cell response in HHP-inactivated SARS-CoV-2 vaccinee. A and C. IFN-γ 
ELISpot results for PBMCs from mice immunized with B.1 (A) and BQ.1.1 (C) lineage viruses inactivated 
by 500 MPa, 600 MPa HHP, or heat. B and D. IFN-γ ELISpot results for splenocytes from mice 
immunized with B.1 (B) and BQ.1.1 (D) lineage viruses. Both vaccine candidate produced by HHP 
inactivation induces a significantly higher peripheral and central response compared to the HHP-
inactivated vaccine candidate. Statistical significance: **p < 0.05, ns = not significant. 

4.1.5 Comparative analysis of immune response profiles   
The comparative analysis of the three immunization treatments revealed distinct and 
treatment-dependent patterns of humoral and cellular immune activation, reflecting 
the influence of processing conditions on antigen stability and immunogenic potential. 
The data collectively indicate that pressure-based inactivation approaches were 
generally more effective in preserving the conformational and functional features of 
viral antigens, thereby sustaining their capacity to elicit a coordinated immune 
response. In contrast, conventional thermal inactivation tended to compromise epitope 
integrity and, consequently, both antigen recognition and the overall quality of the 
elicited immune response. 

Among the pressure-based treatments, the application of 500 MPa emerged as the 
most immunogenically favorable condition. This treatment supported a well-
coordinated activation of both branches of the adaptive immune system. Immune 
determinants of surface proteins were largely maintained, as showed by microscopy 
and Western blot analysis, allowing efficient B-cell receptor engagement and 
subsequent maturation of antibody responses. Consequently, immunized subjects 



 

 111 

developed strong total and neutralizing IgG responses, reflecting preserved 
antigenicity and functional competence of the viral components. Parallel assessment 
of cellular immunity revealed a consistent and elevated production of IFNγ by both 
peripheral and splenic lymphocytes, indicative of robust T-cell activation. This finding 
suggests that moderate high-pressure exposure not only promotes B-cell activation but 
also sustains T-helper and cytotoxic T-cell responses, thereby ensuring an integrated 
and durable form of immune protection. The balanced interplay between these 
humoral and cellular components represents a hallmark of an effective immunization 
strategy, capable of providing both immediate neutralizing defense and long-term 
immune memory. 

Conversely, exposure to higher pressure levels (600 MPa) resulted in a measurable 
decline in immunogenicity. Although antigenic structures remained partially 
preserved, subtle conformational rearrangements likely altered critical epitopes, 
diminishing their recognition by immune receptors. As a result, both antibody 
production and T-cell activation were still detectable but appeared quantitatively 
reduced and functionally less efficient than those observed following moderate-
pressure treatment. These findings highlight the existence of a threshold effect, 
whereby excessive mechanical stress may inadvertently compromise the antigenic 
fidelity essential for optimal immune priming. 

Thermal inactivation, in contrast, generated the weakest immunogenic profile among 
the tested conditions. Denaturation of viral proteins led to the loss of conformational 
epitopes, impairing B-cell receptor binding and drastically reducing the generation of 
neutralizing antibodies. In parallel, the diminished frequency of IFNγ-secreting 
lymphocytes pointed to limited cellular activation, suggesting that heat treatment 
severely restricts both arms of the adaptive immune response. Overall, immunization 
with heat-inactivated preparations resulted in a markedly contracted and functionally 
inferior immune profile. 

Overall, the comparative immune signatures illustrated in Figure 20 indicate that 
moderate HHP processing is the most favorable approach among those tested, 
representing the most advantageous compromise between antigen preservation and 
pathogen inactivation. By maintaining the structural integrity of key antigenic 
determinants while ensuring complete loss of infectivity, this approach promotes a 
balanced and potent activation of both humoral and cellular pathways. Such 
equilibrium is critical for the establishment of durable and protective immune 



 

 112 

memory, as it enables synergistic interactions between antibody-mediated 
neutralization and T-cell–driven clearance mechanisms. Collectively, these findings 
support the conclusion that carefully controlled HHP treatment constitutes a 
promising platform for the development of next-generation vaccine formulations, 
offering a rational means to enhance immunogenicity without compromising 
antigenic structure or safety. 

 

Figure 20. Radar plots of immune responses induced by different immunization treatments against 
SARS-CoV-2 B.1 and BQ.1.1 variants. The radar plots illustrate the overall humoral and cellular immune 
profiles elicited by the three experimental treatments (500 MPa [green], 6000 MPa [blue], and heat 
inactivation [red]) against the B.1 and BQ.1.1 variants. The following continuous variables were plotted: 
total and neutralizing IgG responses, and IFNγ-secreting cell frequencies in peripheral blood 
mononuclear cells (PBMCs) and splenocytes. The presence of anti-S and anti-N antibodies (categorical 
variables) was converted into binary numerical values, with 0 indicating absence and 1 indicating 
presence. Each polygon represents a normalized, multidimensional summary of key immune 
parameters. To allow a coherent visual comparison among immune parameters with markedly different 
absolute magnitudes and measurement units, the data were normalized prior to plotting: for each 
immunological variable, the values corresponding to all experimental groups were divided by the 
highest observed value for that specific parameter. This procedure resulted in a set of values ranging 
from 0 to 1, representing the relative magnitude of each response within its own variable scale. Such 
normalization preserved the proportional differences among treatments while preventing parameters 
with large numerical ranges (e.g., antibody titers) from dominating the graphical representation. As a 
result, all variables contribute equally to the overall shape of the radar chart, enabling an intuitive 
comparison of the immunological profiles elicited by the different treatments. 

4.1.6 Thermostability assessment  
To evaluate the preservation of antigenic integrity over time, the thermostability of 
viral preparations inactivated by HHP at 500 MPa and subsequently purified was 
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systematically assessed under different storage conditions for different periods of 
time. This analysis aimed to determine the optimal storage parameters that ensure the 
long-term stability of antigenic epitopes, which is critical for downstream 
immunological applications and vaccine development. Aliquots of the inactivated and 

purified virus were stored at two temperature conditions: 4 °C (refrigeration) and 
ambient room temperature. The antigenic stability of these samples was evaluated at 
multiple time points to monitor potential degradation or conformational alterations 
affecting the antigenic profile of the viral particles. 

The results demonstrated that samples stored at 4 °C retained antigenic stability 
throughout the entire duration of the analysis (30 days). Across all evaluated time 
points, the loss of antigenic integrity was negligible, with no appreciable decrease in 
detectable antigen levels. This indicates that the conformational structures essential for 
antigen recognition remained preserved, thus maintaining the immunological 
relevance of the preparation under refrigerated conditions.In contrast, samples stored 
at room temperature exhibited a more limited stability profile. Antigenic integrity was 
maintained only up to 14 days post-storage, beyond which a progressive decline was 
observed. By day 30, a marked reduction in antigenic detectability was evident, 
suggesting structural degradation or partial denaturation of critical viral epitopes. This 
loss of antigenic quality underlines the temperature sensitivity of the preparation in 
the absence of refrigeration (Figure 21).  

 

Figure 21. Western blot analysis of the Spike protein signal from SARS-CoV-2 B.1 and BQ.1.1 variants 
inactivated at 500 MPa, stored at different temperatures (-80 °C, 4 °C, 25 °C) and analyzed over various 
time points (7, 14, and 30 days). 500 MPa-inactivated vaccine candidate retained antigenicity up to 30 
days if stored at refrigeration temperatures and up to 14 days if stored at room temperature.  
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These findings emphasize the robustness of HHP inactivation in preserving the native 
antigenic configuration of viral particles, provided that appropriate storage conditions 

are implemented. Notably, the capacity to maintain antigenic stability at 4 °C supports 
the use of refrigeration as a feasible and cost-effective alternative to freezing for the 
storage and distribution of HHP-inactivated viral preparations. This is particularly 
advantageous in scenarios where ultra-low temperature infrastructure is limited or 
unavailable. 

 

4.2 West Nile virus  

4.2.1 Short HHP protocol  

For the initial HHP inactivation trials on West Nile virus, the procedure previously 
established for SARS-CoV-2 was employed without modification. Viral suspensions 
were subjected to each of the selected pressure levels for a duration of 5 minutes, as 
described in Figure 10.  

The reduction of viral infectivity was assessed by endpoint titration. Treatment at 400 
MPa resulted in substantial reductions in infectious titer, with log10 reductions of 4.3 
and 4.5 for lineage 1 and lineage 2, respectively, compared to the non-HHP-treated 
control. Treatments at 500 MPa and 600 MPa also led to a reduction of infectious titer, 
albeit complete inactivation was not achieved at any tested pressure (log10 reduction 
of 5.3 and 6.2 for treatment at 500 MPa and of 7 and 7.7 for treatment at 600 MPa). 
Treated viral stocks were cultured on Vero E6 cells. Viral replication was monitored 
using qRT-PCR. Change in viral load during incubation was calculated using the delta 
Ct method. The 5-minute treatment protocol did not achieve complete inactivation of 
WNV at any of the tested pressures (Figure 22). 
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Figure 22. Viral replication dynamics, measured as ∆Ct values of Real-Time PCR, for 5-minute-HHP-
treated and non-HHP treated WNV lineage 1 and lineage 2 over time. Bar graph showing ∆Ct values 
measured at six time points (t0, t12, t24, t36, t48, and t72 hours after infection) in samples treated with 
different HHP conditions (400 MPa, 500 MPa, 600 MPa) compared to an untreated control group. Error 
bars represent standard deviations. 
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4.2.2 Refined long HHP protocol  

Modifications to the treatment protocol were implemented to enhance the likelihood 
of achieving complete viral inactivation. The main parameter adjusted was the 
exposure time to the applied pressure. Specifically, the duration of the HHP treatment 
was extended from 5 minutes to 10 minutes, while maintaining all other conditions 
identical to those used in the initial trials (Figure 23). 

 

Figure 23. Pressure profile of high hydrostatic pressure (HHP) treatment applied over time. Each 
pressure was maintained for a fixed duration, followed by a rapid decompression phase to atmospheric 
pressure. After each pressurization cycle, the viral suspension subjected to the treatment was removed 
and replaced with a fresh suspension for the following cycle. The machine was maintained active 
throughout the entire series of treatments, continuously recording pressure, including during 
decompression phases when the pressure returned to ambient levels, resulting in the appearance of a 
sequential pressure profile in the figure, although each cycle was conducted separately.  

Under these conditions, no infectious virus was detected for either lineage by endpoint 
titration, suggesting complete viral inactivation. To confirm the inactivation achieved, 
treated viral stocks were cultured on Vero E6 cells and replication was monitored 
using qRT-PCR. Change in viral load during incubation was calculated using the delta 
Ct method. 400 MPa treatment temporarily suppressed viral replication, but was 
insufficient to maintain long-term inhibition, allowing a significant rebound in viral 
replication for both lineages at 72 hours post-infection. At 500 and 600 MPa, viral 
replication was consistently suppressed, and viral load declined progressively from 0 
to 72 hours post-infection (Figure 24). 
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Figure 24. Viral replication dynamics, measured as ∆Ct values of Real-Time PCR, for 10-minute-HHP-
treated and non-HHP treated WNV lineage 1 and lineage 2 over time. Bar graph showing ∆Ct values 
measured at six time points (t0, t12, t24, t36, t48, and t72 hours after infection) in samples treated with 
different HHP conditions (400 MPa, 500 MPa, 600 MPa) compared to an untreated control group. Error 
bars represent standard deviations. 

The apparent discrepancy observed for the treatment at 400 MPa, where classical viral 
titration suggested a complete suppression of viral replication while qRT-PCR 
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performed on cultured HHP-treated viral isolates, can be explained by differences in 
the sensitivity of the detection methods employed. While titration assays indicated the 
absence of visible cytopathic effect, molecular analyses revealed the presence of 
residual replication potential. This outcome is consistent with the higher sensitivity of 
molecular techniques and highlights the importance of integrating both infectivity-
based and molecular assays for a comprehensive evaluation of viral inactivation 
efficiency.  

4.2.3 Structural and antigenicity analysis 

4.2.3.1 Negative Staining Electron Microscopy (nsEM) 

Negative-stain electron microscopy was employed to examine the ultrastructural 
characteristics of West Nile virus particles in virus stocks subjected to high hydrostatic 
pressure treatments at 400, 500, and 600 MPa for 10 minutes, and in untreated control 
preparations. The objective was to assess the morphological integrity of viral particles 
following exposure to the different pressure levels, in order to provide complementary 
structural evidence to the infectivity and molecular analyses described above.In 
untreated control preparations, numerous discrete particles consistent in morphology 
and size with mature WNV virions were observed. These particles appeared 
predominantly spherical to slightly ovoid in shape, with diameters in the range of 
approximately 40-45 nm. The particle surfaces were delineated by a continuous outer 
envelope, and careful inspection of the high-contrast periphery revealed the presence 
of fine, spike-like projections extending radially from the envelope surface. These 
projections, measuring only a few nanometers in length, are consistent with the 
arrangement of envelope glycoproteins. The overall morphology of these control 
particles corresponded closely with reference micrographs of WNV reported in the 
literature, supporting their identification as structurally intact virions. 

In sharp contrast, nsEM analysis of the HHP-treated viral preparations, whether 
subjected to 400, 500, or 600 MPa, revealed a marked absence of particles with 
morphology typical of WNV. Across all pressure conditions, no well-defined spherical 
particles with the characteristic dimensions and surface features observed in controls 
could be reliably identified. Instead, the visual field was populated by irregular, poorly 
delineated structures, often appearing as collapsed or flattened remnants, lacking the 
smooth, continuous contour and radial projections of intact virions. These altered 
structures exhibited heterogeneous sizes and shapes, and in many cases, they 
presented as diffuse, low-contrast areas rather than discrete particles. Findings of 
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nsEM are summarized in Figure 25. Although the overall abundance of electron-dense 
material remained detectable in the treated samples, its organization no longer 
resembled that of native virions. Rather, the material appeared fragmented or 
amorphous, in some cases forming what could be interpreted as partially preserved 
shells or “skeletal” remains of the viral envelope. The absence of identifiable surface 
projections in all treated samples suggests a loss or severe alteration of the envelope 
glycoprotein organization.  

Importantly, no significant differences were noted between the three pressure levels 
in terms of qualitative ultrastructural appearance. Whether treated at 400, 500, or 600 
MPa, the virus-derived material in the preparations displayed the same lack of intact, 
spherical particles and the same predominance of morphologically degraded 
structures. This observation implies that the structural damage inflicted by HHP is 
already maximal at the lowest tested pressure, at least within the 10-minute treatment 
duration employed in the modified protocol.  

In considering the possible nature of the residual structures observed in the treated 
samples, it is plausible that they correspond to envelope fragments or partially 
collapsed enveloped shells from which the internal nucleocapsid has been lost or 
extensively reorganized. Alternatively, some of the diffuse electron-dense regions 
could represent aggregates of denatured viral proteins, possibly interspersed with 
RNA fragments, adhering to remnants of the lipid bilayer. The inability to identify 
intact virions in these preparations supports the conclusion that HHP treatment 
applied for 10 minutes, even at the lowest pressure tested in the present study, can 
produce profound morphological disruption to the WNV particle architecture, 
exceeding the thresholds at which protein quaternary structure is known to be 
destabilized, making it plausible that both the lipid and protein components of the 
WNV envelope are extensively damaged under these conditions.
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Figure 25. nsEM images of WNV lineage 1 and 2 viral particles subjected to different levels of high hydrostatic pressure: untreated control, 400 MPa, 500 MPa, 
and 600 MPa for 10 minutes. Increasing pressure levels induce progressive morphological alterations in viral structure, with a marked loss of envelope integrity 
observed at higher pressures. Scale bar: 200 nm. 
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4.2.3.2 Western blot  

Western blot analysis was performed to assess the integrity and detectability of three 
major WNV proteins, NS1, Envelope, and Capsid, in untreated controls and in samples 
from both WNV lineage 1 and lineage 2 subjected to HHP at 400, 500, and 600 MPa. 
Heat-inactivated preparations of each lineage were also included for comparison. 

For NS1, the western blot analysis consistently revealed a distinct and well-resolved 
immunoreactive band migrating at approximately 45 kDa, corresponding to the 
expected molecular weight of the West Nile virus nonstructural protein 1. This band 
was present in all tested samples, encompassing untreated controls, HHP–treated 
preparations for both lineage 1 and lineage 2 at 400, 500, and 600 MPa, as well as heat-
inactivated controls for each lineage. Across the pressure-treated samples, no 
appreciable variation in either band intensity or sharpness was observed, suggesting 
that the NS1 protein retains its antigenic epitopes and remains fully detectable 
following exposure to HHP at all applied pressure levels. The persistence of the NS1 
band even at the highest tested pressure (600 MPa) indicates that NS1 may possess a 
comparatively high resistance to the denaturing effects of hydrostatic compression, at 
least over the 10-minute exposure period employed here. This pattern was consistent 
for both viral lineages, indicating that the preservation of NS1 immunoreactivity is not 
lineage-specific and is likely attributable to intrinsic structural stability of this protein 
under the tested pressurization conditions. Similarly, the detection of NS1 in heat-
treated samples, with only minimal if any loss in band intensity compared to untreated 
controls, suggests that this protein is also relatively resilient to thermal denaturation 
under the conditions used for heat inactivation. Taken together, these observations 
imply that NS1 is structurally robust and that neither HHP nor the applied thermal 
treatment substantially compromise its detectability in western blot assays. From an 
applied perspective, the stability of NS1 antigenicity under these inactivation 
conditions may have implications for the development of diagnostic assays or 
vaccines. 

For the Envelope (E) protein, a major structural component of the West Nile virus 
virion, untreated control samples for both lineage 1 and lineage 2 displayed strong, 
sharp, and well-resolved immunoreactive bands. Following high hydrostatic pressure 
(HHP) treatment at 400, 500, and 600 MPa for 10 minutes, the Envelope protein 
remained clearly detectable in both viral lineages. Band profiles in these pressurized 
samples retained similar sharpness and electrophoretic migration patterns compared 
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to the untreated controls, and no substantial qualitative differences in intensity were 
observed across the three tested pressures. This suggests that, under the conditions 
employed, HHP does not cause significant loss of antigenic epitopes recognized by the 
anti-E antibody, nor does it induce protein fragmentation or aggregation detectable by 
western blot analysis. The preservation of E protein immunoreactivity across both 
lineages under pressure conditions may indicate that the core antigenic structure of 
the glycoprotein is relatively tolerant to the types of conformational stress induced by 
hydrostatic compression, at least over the 10-minute exposure period. In contrast, the 
heat-treated preparations for both lineages exhibited a marked reduction in band 
intensity relative to both untreated and HHP-treated samples. The weaker and slightly 
more diffuse bands observed in these thermally inactivated samples are consistent 
with partial denaturation or conformational alteration of the E protein, potentially 
accompanied by epitope masking or degradation. Given that the E glycoprotein is 
highly structured, with multiple domains stabilized by disulfide bonds and dependent 
on precise folding for epitope presentation, heat-induced disruption of tertiary and 
quaternary structure could impair epitope recognition and immune response 
activation. From an applied standpoint, the stability of the Envelope protein under 
HHP conditions could be advantageous for contexts in which preservation of native-
like antigenic determinants is desired, such as in the preparation of inactivated 
vaccines or in antigen production for diagnostic assays. Conversely, its relative 
vulnerability to heat highlights the potential limitations of thermal inactivation when 
the preservation of surface glycoprotein antigenicity is a critical objective. 

The Capsid protein was readily detected under all experimental conditions for both 
lineage 1 and lineage 2 viruses. In the untreated control samples, the Capsid band 
appeared as a sharp and well-defined signal of consistent intensity, corresponding to 
the expected molecular size reported for the WNV C protein. Following HHP 
treatment at 400, 500, and 600 MPa for 10 minutes, the Capsid protein remained clearly 
detectable, with no appreciable changes in electrophoretic mobility or obvious 
reduction in signal intensity compared to the respective lineage controls. This stability 
in the band profile suggests that the capsid protein remains intact after pressurization, 
indicating preservation of the protein’s immunoreactive properties across the full 
range of tested pressures. Its resistance to detectable antigenic loss under HHP 
treatment could be explained by its compact, predominantly α-helical structure, which 
has been reported to confer a certain degree of resilience to both chemical and physical 
stresses. Moreover, since the C protein is located internally within the virion, it is 
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plausible that any structural alterations to the envelope and associated proteins during 
HHP exposure may not directly compromise the antigenic domains of the Capsid 
detectable by western blotting. Heat-treated preparations of both viral lineages also 
displayed clear Capsid bands; however, these exhibited a slight reduction in intensity 
relative to the untreated controls. This attenuation was reproducible across replicate 
blots and may reflect partial thermal denaturation, aggregation, or degradation of the 
protein, which could mask or destroy a proportion of the epitopes recognized by the 
primary antibody.  

Results of Western blot analysis performed on HHP- and heat-inactivated propagates 
are reported in Figure 26.  

 

Figure 26. Western blot analysis of WNV structural proteins (Envelope and Capsid) and non-structural 
protein NS1 in viral particles from lineage 1 and 2 subjected to HHP treatments at 400, 500, and 600 MPa 
for 10 minutes, as well as heat inactivation. Untreated controls for both lineages are included for 
comparison. Protein detection was performed using specific primary monoclonal and polyclonal 
antibodies: NS1 (ThermoFisher PA-111988), Envelope (IZSLER in-house produced, 3D6), Capsid 
(ThermoFisher PA_111982). Protein band intensities indicate progressive loss or modification of 
Envelope protein structure under increasing HHP, with relative preservation of Capsid and NS1 
proteins. 

Overall, the western blot results demonstrate that all three tested viral proteins remain 
immunoreactive after HHP treatment at 400-600 MPa for both WNV lineages, with no 
significant qualitative differences observed between pressures. In contrast, heat 
treatment resulted in some loss of detectable Envelope signal, suggesting that HHP 
preserves viral protein antigenicity more effectively than thermal inactivation. 
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5. Discussion  
 

 

 

 

The persistent disparity in vaccine access between high-income and low-income 
countries remains one of the most pressing and complex challenges confronting global 
health today. Despite remarkable scientific progress, high production costs and limited 
distribution capacity continue to hinder equitable access to vaccines worldwide. 
Vaccine manufacturing is a complex, resource-intensive process that is largely 
centralized in high-income countries, where advanced biotechnological infrastructure, 
technical expertise, and stable funding are more readily available. As a result, most 
low- and middle-income countries depend heavily on imports or international 
donations, which often result in delays, insufficient supply volumes, and limited 
autonomy in public health decision-making[284]. This inequitable distribution not 
only reignited global debates around intellectual property rights, vaccine nationalism, 
and ethical resource allocation[285], but also underscored the profound ethical 
obligation to ensure equitable access to vaccines but also the pragmatic reality that 
global health security is intrinsically interconnected: no nation can be fully protected 
from a pandemic until all nations are adequately safeguarded. The pandemic has thus 
served as a powerful stress test, exposing critical vulnerabilities in the existing global 
health architecture and reinforcing the need to build a more resilient, inclusive, and 
equitable system in which life-saving vaccines and essential health interventions are 
universally accessible, irrespective of geographic location, economic status or 
sociopolitical context[19].  
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While the glaring inequities witnessed during the COVID-19 crisis captured 
international attention, disparities in vaccine access are neither new nor limited to 
emergent infectious diseases. They extend to a range of long-standing, vaccine-
preventable illnesses such as pneumococcal infections, rotavirus, and human 
papillomavirus[343], for which effective vaccines have been widely available in high-
income countries for decades, yet remain inaccessible to significant proportions of the 
population in low- and middle-income countries. In these settings, preventable 
diseases continue to exact a heavy toll in terms of morbidity and mortality, 
perpetuating cycles of poor health and economic hardship. 

Multiple interrelated factors contribute to this persistent inequity. Chief among them 
are the high costs associated with vaccine research, development, and production, 
which frequently place advanced vaccines out of reach for lower-income nations. 
Additional challenges include the stringent requirements for cold chain storage and 
transportation, as well as significant logistical complexities related to distribution to 
geographically isolated, underserved, or conflict-affected regions. These challenges 
are further exacerbated by the reliance on sophisticated, resource-intensive 
technologies, which, while highly effective, are often incompatible with the 
operational realities of low-resource settings. Consequently, structural, financial, and 
technological barriers continue to limit vaccine accessibility, undermining global 
efforts to achieve comprehensive immunization coverage and equitable health 
outcomes. 

In response to this enduring and multifaceted crisis, there is an urgent need to rethink 
and transform current models of vaccine production, distribution and 
implementation. Innovation must be directed toward the development of scalable, 
cost-effective, and contextually adaptable solutions capable of overcoming existing 
barriers. Such strategies involve not only scientific and technological advances, such 
as alternative inactivation methods, simplified formulation approaches, and heat-
stable vaccines, but also concerted efforts in capacity building and equitable 
international collaboration. Pursuing these goals is not merely a scientific or technical 
endeavor, but a moral and public health imperative. It demands an integrated 
approach that encompasses technological innovation with local empowerment, 
sustainable infrastructure development, and strategic partnerships across nations, 
sectors, and communities. 



 

 126 

Developing low-cost vaccine production strategies is essential to meet growing global 
demand, especially in LMICs, and to work toward achieving health equity. 
Developing low-cost vaccine production is not only a moral imperative but also an 
economic and strategic necessity. Affordable and accessible vaccines can help mitigate 
the economic impacts of disease outbreaks by reducing healthcare costs and 
maintaining workforce productivity[286]. Moreover, increased vaccine accessibility 
promotes health security and stability by reducing the risk of disease spread, which 
benefits both LMICs and HICs by preventing outbreaks from escalating into global 
pandemics[287,288]. Ultimately, ensuring equitable access to vaccines represents both 
a cornerstone of global health justice and a fundamental investment in international 
stability, resilience, and the sustainability of future public health preparedness. 

Among the innovative approaches potentially applicable to vaccine production, high 
hydrostatic pressure technology emerges as a particularly promising alternative to 
conventional vaccine inactivation methods. Traditional inactivation techniques, such 
as heat treatment or chemical exposure, often risk compromising the structural 
integrity of viral surface antigens, leading to a reduction in vaccine immunogenicity 
and efficacy. In contrast, HHP inactivation applies uniform isostatic pressure to viral 
particles, effectively disrupting their infectivity while preserving the conformational 
structure of key antigenic epitopes. This unique mechanism of action enables the 
production of vaccines that maintain critical immunological properties, thereby 
enhancing their capacity to elicit a robust and protective immune response. 
Importantly, HHP-based vaccine production does not rely on harsh chemicals or 
elevated temperatures, offering additional advantages in terms of biosafety, 
environmental impact, and potential manufacturing scalability. 

By preserving antigenicity while ensuring complete viral inactivation, HHP 
technology addresses some of the fundamental limitations associated with existing 
vaccine production processes, such as those employing β-propiolactone or 
formaldehyde, which have long been considered gold standards for the production of 
inactivated vaccines. However, these methods present well-documented limitations in 
terms of processing time, residual toxicity, and alteration of antigenic structures. In 
contrast, HHP offers a reagent-free, rapid, and controllable process that ensures 
complete viral inactivation while minimizing structural damage to immunologically 
relevant proteins. Moreover, compared with chemical methods, HHP shortens 
inactivation times from several hours or days to minutes, eliminates the use of toxic 
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reagents requiring downstream removal, and avoids protein cross-linking that can 
impair antigen recognition. From an economic perspective, the simplification of 
purification steps and reduction of biosafety requirements can significantly decrease 
production costs, making the technology particularly suitable for decentralized 
manufacturing in LMICs. 

Furthermore, its operational simplicity and adaptability to diverse production settings 
align closely with the need to develop vaccine manufacturing strategies that are not 
only scientifically robust but also accessible, scalable, and sustainable in a variety of 
public health contexts, particularly in resource-limited environments. The 
establishment of regional HHP-based manufacturing hubs could foster vaccine 
sovereignty and reduce geopolitical dependency, promoting a more equitable global 
distribution landscape.  

Thus, the integration of HHP into vaccine development represents a strategic 
innovation with the potential to significantly enhance the global reach and 
effectiveness of immunization programs, contributing meaningfully to the 
advancement of global health equity. 

Although the majority of HHP studies have concentrated on inactivating foodborne 
viruses, growing evidence supports its application in vaccine development, 
showcasing its capability to inactivate viruses while maintaining antigenic structures 
vital for immune recognition and thus immune response inactivation. This innovative 
approach has been explored across various pathogenic viruses, positioning HHP as a 
promising platform for vaccine production, providing pivotal contribution to expand 
the understanding of HHP’s effectiveness across a diverse range of human and animal 
viruses[326–329]. Building on this body of work, our study further explores HHP 
potential, situating our research within the existing framework and advancing the 
application of HHP in vaccine development. By leveraging the groundwork laid by 
previous studies, we aimed to contribute to the evolving field of HHP-based vaccines, 
which holds significant promise for addressing existing barriers to vaccine access, with 
the ultimate aim of enhancing the utility of vaccination as a public health tool.  

The present study focuses on the development and validation of a novel method for 
vaccine production using high hydrostatic pressure technology, an approach with 
significant potential to address some of the key barriers to equitable vaccine 
distribution. In this study, we investigated the effects of HHP on viral inactivation, 
with a focus on understanding the structural alterations induced by pressure and their 
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impact on immunogenicity. The research was conducted through a series of 
experiments including structural and antigenicity analysis of HHP-treated virus, 
followed by immune response assessment in an animal model. By leveraging the 
unique properties of HHP for viral inactivation while preserving antigenicity and 
immunogenicity, this methodology could help bridge the gap between the developed 
and developing world in vaccine accessibility, especially for resource-constrained 
settings. By focusing on technological innovation that aligns with the principles of 
equity, scalability, and sustainability, this work seeks to contribute to the development 
of more resilient vaccine supply chains and to the advancement of global health equity. 

This study aimed to develop and validate an HHP-based methodology for producing 
inactivated vaccines against SARS-CoV-2 and WNV. SARS-CoV-2 (B.1 and BQ.1.1 
lineages) and WNV (lineages 1 and 2) were selected as representative models of 
pandemic and endemic threats. 

For what concerns SARS-CoV-2, the first step in this investigation involved examining 
the pressure-induced morphological changes of HHP-treated viral isolates. Our 
findings highlighted the pressure-dependent effects of HHP on viral replication and 
morphology. At 400 MPa, the virus exhibited a partial suppression of infectivity, with 
only minor alterations in its structural integrity. However, as the pressure increased to 
500 MPa and 600 MPa, which led to a complete loss of infectivity, significant 
morphological damage was observed, especially at 600 MPa. Notably, at 600 MPa, the 
virus lost its spike proteins, a key structural component essential for infectivity. This 
loss of the spike protein provided evidence for a potential mechanism of viral 
inactivation.  

In parallel, Western blot analysis was employed to explore the molecular changes 
induced by HHP treatment. The results highlighted pressure-induced alterations in 
the spike protein, including the reduction of both the monomeric and trimeric forms, 
alongside the formation of high molecular weight aggregates, more abundant at 
higher pressure and potentially indicative of macromolecular aggregation, a 
phenomenon that may be triggered by the HHP treatment and may contribute to viral 
inactivation. In contrast, the membrane and nucleocapsid proteins exhibited greater 
structural stability, with no significant degradation observed under the applied 
pressure conditions, suggesting these proteins are more resilient to HHP treatments. 
Moreover, when compared with heat inactivation, HHP treatment resulted in less 
overall protein degradation, particularly in the spike protein, suggesting that HHP 
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might offer a less disruptive method of inactivating the virus while maintaining a more 
stable overall protein structure. The differential effects of HHP and heat on the viral 
proteins observed in these analyses have important implications for their use in 
vaccine development and viral inactivation strategies. Heat inactivation led to 
significant degradation of the viral structure, especially of the exposed S protein, 
which could impact virus ability to induce an immune response. On the other hand, 
HHP treatment preserves more of the viral structure, including external S protein and 
critical internal proteins like the M and N proteins, while still reducing the infectivity 
of the virus by compromising the spike protein. These findings suggest that HHP may 
offer a more nuanced and potentially more effective approach to viral inactivation, 
especially in the context of developing vaccines or therapeutics that require the 
preservation of certain viral components for immune recognition.  

The interpretation of these results nonetheless requires consideration of the intrinsic 
limitations of the technique. Western blotting is performed under strongly denaturing 
conditions, including exposure to sodium dodecyl sulfate, reducing agents, and heat, 
which irreversibly disrupt protein tertiary and quaternary structures. As a result, 
proteins are fully linearized, uniformly negatively charged, and separated based solely 
on molecular weight rather than native conformation. This methodological context 
directly affects the evaluation of antigenicity. Conformational epitopes, which depend 
on the three-dimensional folding of proteins and the spatial arrangement of 
discontinuous amino acid residues, are destroyed during SDS-PAGE and blotting. 
Consequently, Western blot analysis detects only linear epitopes corresponding to 
continuous amino acid sequences that remain accessible after denaturation. Therefore, 
antigenic reactivity observed in western blot does not reflect the preservation of native 
protein structure but rather the integrity of the primary amino acid sequence and 
linear antigenic determinants. In the context of HHP-treated viral antigens, this 
distinction is particularly relevant. High hydrostatic pressure primarily disrupts non-
covalent interactions stabilizing higher-order protein structures, while generally 
preserving covalent bonds. Depending on pressure intensity and exposure time, HHP 
may induce partial unfolding or dissociation of multimeric complexes without 
extensive protein degradation. However, because Western blot analysis is conducted 
under fully denaturing conditions, any pressure-induced changes in native tertiary or 
quaternary structure are masked. Accordingly, Western blot results should be 
interpreted as a proxy for overall antigenic integrity rather than a direct assessment of 
native epitope preservation. 
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Despite these limitations, the retention of immunoreactivity in Western blot remains 
biologically meaningful. A positive signal following HHP treatment indicates 
preservation of viral protein integrity and of linear epitopes, suggesting that 
inactivation does not cause extensive proteolysis or irreversible chemical damage. 
From a vaccine development perspective, linear epitopes are relevant not only for 
antibody recognition but also for cellular immunity, as they can be efficiently 
processed and presented by antigen-presenting cells to activate virus-specific T cells. 

Within a comprehensive antigenicity assessment, western blotting represents a robust 
quality control tool. Although insufficient on its own to evaluate native antigenicity, 
positive western blot results contribute important evidence in an integrated in vitro 
evaluation and support the advancement of HHP-inactivated preparations toward in 
vivo immunogenicity studies. 

Following the structural and antigen analysis, we indeed evaluated the 
immunogenicity of the HHP-inactivated viruses in an animal model. Our findings 
demonstrated that the method of inactivation and the applied pressure significantly 
influenced the immune responses. The 500 MPa treatment induced a robust immune 
response, producing the highest and most sustained IgG antibody titers. In contrast, 
the heat-inactivated virus elicited lower peak antibody titers and a slower immune 
response, highlighting the efficacy of HHP in generating a more potent humoral 
immune response. Treatment at 600 MPa, while still effective, resulted in the weakest 
IgG response, with lower antibody titers across all time points. 

When analyzing neutralizing antibody responses, both 500 MPa and 600 MPa 
treatments outperformed the heat-inactivated group. The neutralizing antibody titers 
in the 500 MPa group were consistently the highest, followed by the 600 MPa group, 
which demonstrated robust neutralizing capacity, despite exhibiting the lowest overall 
antibody responses. The heat-inactivated virus induced a much weaker and less 
sustained neutralizing antibody response, with minimal improvement beyond the 28-
day time point. The observed difference in the magnitude and kinetic of the humoral 
response correlate with antigenic integrity. In fact, 500 MPa HHP treatment, preserved 
key antigens like the spike protein thus elicited the strongest and most sustained 
antibody titers. Heat inactivation, on the contrary, and as highlighted by Western blot 
analysis, caused antigen degradation, leading to weaker responses. Meanwhile, the 
600 MPa HHP treatment, though preserving viral structure to some extent, induced a 
weaker immune response, possibly due to excessive pressure causing subtle structural 
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disruptions that impacted antigenicity. These findings further reinforced the superior 
efficacy of HHP in preserving viral antigenicity, which is critical for eliciting strong 
and sustained neutralizing antibody responses. Supporting the findings from the 
neutralization assays, Western blot analysis performed on sera from immunized mice 
revealed significant differences in the immune responses elicited by HHP-treated and 
heat-inactivated viruses. The HHP-treated viruses induced a more comprehensive 
antibody response, targeting both the spike and nucleocapsid proteins, while the heat-
inactivated virus generated a response primarily against the nucleocapsid protein. 
While a strong anti-nucleocapsid response may still provide some level of immunity, 
the absence of an anti-spike response could reduce the overall efficacy of the immune 
response, particularly in terms of neutralization and prevention of viral entry. These 
findings suggest that HHP treatment may be a more effective method for generating 
broad immune responses that target multiple viral proteins, which could enhance the 
overall protective efficacy of vaccines developed using HHP-inactivated viruses. This 
observation is particularly significant given that the spike protein is the primary 
inducer of neutralizing antibody responses. The absence of a spike-specific response 
in the heat-inactivated group likely accounts for the weaker neutralizing antibody 
titers observed in this group, underscoring the importance of preserving the structural 
integrity of the spike protein during inactivation to ensure the generation of robust 
and protective immune responses. These findings highlight the superiority of HHP 
inactivation in maintaining the antigenic properties of key viral proteins critical for 
eliciting effective immunity. 

In addition to antibody responses, we also assessed T-cell activation through ELISpot. 
The 500 MPa treatment consistently elicited the strongest and most reliable T-cell 
responses, particularly in spleen samples. The 600 MPa treatment also triggered T-cell 
activation, though with more variability. In stark contrast, the heat-inactivated group 
showed minimal T-cell activation, both in whole blood and spleen, which emphasized 
the limitations of heat inactivation in eliciting a strong cellular immune response. This 
broader immune response generated by HHP inactivation was seen as a significant 
advantage in the context of vaccine development, as it could provide a more 
comprehensive protective immune response. 

The main limitation of this study is the lack of efficacy data derived from in vivo 
challenge studies. While such models can yield valuable insights into vaccine 
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performance, they are associated with several scientific, logistical, and ethical 
challenges that may compromise their generalizability and reliability. 

Scientifically, the selection of an appropriate animal model is a significant constraint. 
Most standard laboratory animals are either not naturally susceptible to SARS-CoV-2 
infection or do not recapitulate the full spectrum of human disease. Although 
transgenic mice expressing human ACE2 receptors, ferrets, and non-human primates 
have been employed, each model presents important physiological and 
immunological differences compared to humans. These interspecies discrepancies 
limit the translational relevance of efficacy data obtained in animal models. Protective 
responses observed in these systems may not accurately predict outcomes in human 
populations, and conversely, adverse effects may be under- or overrepresented.  

In light of the above results, this study nonetheless provides strong evidence for the 
potential of HHP as an effective method for viral inactivation, demonstrating its ability 
to preserve viral antigenicity while inducing robust immune responses. The pressure-
dependent effects observed on viral morphology and protein integrity suggest that 
HHP inactivation could offer a more efficient and less disruptive alternative to 
traditional heat inactivation methods. Importantly, HHP inactivation demonstrated 
higher immunogenicity in both humoral and cell-mediated immune responses, with 
the 500 MPa treatment showing the most promising results. 

Another critical aspect of this study was the evaluation of the thermostability of the 
500 MPa HHP-inactivated vaccine candidate. The ability to maintain antigenic 
integrity under various storage conditions is a crucial factor in the practicality of 
vaccine distribution, particularly in regions with limited access to ultra-cold storage 
facilities. Our findings demonstrated that HHP-inactivated viruses, when stored at 
refrigeration temperatures (4 °C), maintained their antigenic stability for at least 30 
days. This is particularly important for vaccine distribution, as it suggests that HHP-
inactivated vaccines could be stored under less stringent conditions than those 
requiring ultra-cold freezing, thereby reducing logistical challenges and costs 
associated with cold-chain maintenance, which poses significant challenges in low-
resource settings, refrigeration provides a more flexible and accessible option for the 
storage of vaccines. The stability of the antigenic properties of HHP-inactivated 
viruses under refrigeration offers an innovative solution for improving vaccine 
accessibility in low-income and resource-limited areas, where strict dependencies of 
mRNA vaccines from ultra-cold chain storage represented a constrain to mass 
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vaccination. This also suggests that HHP inactivation could be a cost-effective and 
scalable method for the production of vaccines, making it a valuable tool for improving 
global vaccine distribution. 

From this point of view, the introduction of mRNA-based vaccines against SARS-CoV-
2 marked a pivotal advancement in immunization technology, offering rapid 
development timelines and high efficacy. However, the widespread distribution of 
these vaccines has been hindered by stringent storage requirements, particularly the 
need for ultra-cold chain logistics. Unlike conventional vaccines, which are typically 

stable at 2-8 °C, first-generation mRNA vaccines such as BNT162b2 (Pfizer-BioNTech) 

and mRNA-1273 (Moderna) initially required storage at -70 °C and -20 °C, 
respectively. These extreme temperature requirements posed significant logistical 
challenges, especially for LMICs, where cold chain infrastructure is often limited or 
entirely absent. 

The introduction of mRNA vaccines required substantial adaptations in LMICs, where 
distribution systems are historically built to support traditional immunization 
programs relying on heat-stable or mildly refrigerated vaccines, including the 
procurement of ultra-low temperature freezers, stable electricity supplies, and 
temperature monitoring systems. In rural or underserved regions, where power 
outages are common and transportation infrastructure is weak, maintaining a 
consistent cold chain became a major obstacle. The lack of reliable cold storage not 
only delayed vaccine delivery but, in some cases, led to vaccine wastage due to thermal 
excursions outside of recommended storage ranges. 

These challenges exacerbated existing inequities in vaccine access between high-
income and low-income countries. While wealthier nations were able to rapidly 
deploy mRNA vaccines thanks to robust logistics and supply chains, LMICs often 
depended on international aid or donations, which were not always synchronized 
with local capacities to store and distribute the vaccines effectively. The situation 
highlighted a critical vulnerability in global health preparedness: the reliance on 
technologies that are not universally compatible with existing infrastructures. In this 
context, the initial rollout period was sufficient to reveal how technological 
innovations, while scientifically transformative, must also be matched by practical 
considerations related to deployment in diverse geographic and socioeconomic 
contexts. As the global community prepares for future pandemics, it is imperative that 
vaccine development strategies integrate delivery feasibility into early planning 
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stages, ensuring that life-saving interventions are accessible not only where they are 
developed, but also where they are most urgently needed. 

In this context, vaccines produced through HHP technology offer a compelling 
alternative, particularly due to their favorable stability profiles under non-stringent 
storage conditions. Unlike mRNA vaccines that require ultra-cold storage conditions, 
HHP-inactivated vaccines have demonstrated medium-term stability at ambient 
temperature for up to 14 days, and long-term stability for at least 30 days under mild 

refrigeration at 4 °C. This thermal resilience represents a substantial logistical 
advantage in low- and middle-income countries (LMICs), where cold chain 
infrastructure is often limited to standard refrigeration, and ultra-cold storage is either 
unavailable or prohibitively expensive to implement and maintain. The reduced 
dependence on cold chain complexity facilitates broader geographic reach, enabling 
vaccine delivery to remote or underserved areas without compromising product 
integrity. Moreover, the extended stability at higher temperatures simplifies 
stockpiling, field deployment, and last-mile distribution, all of which are critical for 
rapid response in outbreak scenarios or routine immunization campaigns. The ability 
to maintain vaccine potency under less restrictive storage conditions positions HHP-
based vaccines as a highly viable solution for equitable immunization in resource-
limited settings, contributing to improved global health resilience. 

The study has also demonstrated a key scientific and practical strength of the HHP 
process: its physical mechanism of action. This purely physical mechanism makes it 
highly improbable that genetic variations among viral strains would exert an influence 
on the efficacy of the inactivation process. This is evidenced by the findings of the 
present study, which yielded comparable results with early lineage B.1 and more 
genetically divergent BQ.1.1 lineages. In light of this, HHP technology is highly 
adaptable and would enables expeditious modification to newly emerging variants 
without necessitating extensive alterations of manufacturing protocols. This feature 
has significant implications for the development of vaccines, particularly in the context 
of rapidly mutating RNA viruses such as influenza and coronaviruses, which present 
significant challenges to traditional vaccine development methods.  

The COVID-19 pandemic has highlighted the difficulties inherent in vaccine 
development against rapidly evolving RNA viruses. SARS-CoV-2 has in fact exhibited 
a high rate of mutation, leading to the emergence of numerous variants of concern 
(VOCs), such as Alpha, Delta, and multiple Omicron sub-lineages. These genetic shifts 
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have frequently affected the spike protein, the primary target of most first-generation 
vaccines, reducing their efficacy over time and necessitating repeated reformulation 
and booster campaigns. The need to update vaccines in response to each new variant 
has placed significant pressure on global manufacturing capabilities, regulatory 
pathways, and public health systems. Results obtained here, showing equivalent 
inactivation outcomes for two distinct SARS-CoV-2 lineages suggests that vaccine 
formulations based on HHP-treated virions could maintain broad efficacy without 
requiring constant adaptation to genetic drift. Similarly, HHP has the potential to 
overcome several longstanding challenges of seasonal influenza virus vaccine 
reformulation, necessary to match circulating strains, which presents a persistent 
challenge to global public health systems due to the rapid and unpredictable antigenic 
evolution of circulating influenza viruses, which can lead to substantial mismatches 
between vaccine strains and the dominant strains in circulation, often leading to 
suboptimal vaccine effectiveness. This process is not only scientifically complex, 
relying on predictive modeling of future dominant variants, but also industrially 
demanding. 

In general, by maintaining efficacy independent of genetic variation, HHP represents 
a powerful tool for ensuring an agile and effective vaccine response to the ongoing 
evolution of viral threats, thereby reducing the time required to develop and deploy 
vaccines against emerging variants, thereby improving the timeliness of vaccine 
distribution during outbreaks and pandemics, where delays in vaccine deployment 
can have severe public health consequences. 

Additionally, one of the most significant operational advantages of the HHP 
inactivation method herein described is the markedly brief processing time compared 
to other HHP inactivation protocols proposed in literature[326,327]. The high-pressure 
treatment protocol herein proposed lasts only a few minutes and enables the rapid 
inactivation of large volumes of viral suspension (up to 400-450 liters) within a single 
batch. The high throughput of the HHP process aligns with the demands of industrial-
scale vaccine production and may be particularly advantageous in outbreak scenarios, 
where speed is crucial to responding to the demand for vaccines in a timely manner, 
thus mitigating bottlenecks in vaccine production.  

Current HHP technologies, initially developed for the food industry, are already 
capable of processing large volumes of materials at a relatively high throughput. The 
scalability demonstrated in the food sector, where HHP is used for microbial 
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inactivation in packaged products, suggests that similar systems can be adapted for 
biopharmaceutical applications. At an industrial level, scalability also depends on the 
capacity to integrate HHP systems into existing vaccine production pipelines. This 
includes the seamless connection of the HHP treatment stage with upstream (such as 
cell culture or bioreactor harvesting) and downstream (such as purification, 
formulation, and packaging) processes. The modularity of HHP systems means that 
vaccine production by HHP can be easily accommodated without the need for 
extensive redesigns of the entire production line.  

A further crucial benefit of the HHP process is its low operational cost. The mass 
production of viral suspensions using HHP is estimated to cost approximately 0.10-
0.30 € per kilogram[297], which represents a significant reduction in cost compared to 
traditional production methods. For instance, the mRNA-based vaccine BNT162b2 
(Pfizer-BioNTech) requires advanced lipid nanoparticle formulation, cold chain 
logistics (-70°C), and high-purity raw materials, driving per-dose production costs to 
approximately $10-$15[169]. In contrast, a hypothetical SARS-CoV-2 vaccine produced 
via HHP would involve pressurizing whole inactivated virions in a buffered medium, 
with minimal downstream purification and formulation with adjuvants. Such a 
platform could reduce production costs to as low as a few cents per dose. The 
affordability of HHP-based production could have a transformative impact on the 
development of cost-effective vaccines that are accessible to a broader population, 
particularly in LMICs. This could lead to a reduction in the financial burden on 
healthcare systems and international aid organizations tasked with vaccine 
distribution. 

Despite the low operational cost, the initial capital investment required for HHP 
infrastructure can be high. Industrial-scale HHP systems are complex and require 
significant upfront investment in pressure vessels, associated control systems, and 
supporting infrastructure. These costs can be a barrier to entry for some 
manufacturers, particularly in LMICs. However, the modular nature of HHP systems 
means that manufacturers can begin with smaller units and scale up as production 
needs increase, which could help spread costs over time. In addition to the capital 
investment in equipment, operational costs such as maintenance, energy consumption, 
and labor must also be considered. HHP systems require high amounts of energy to 
generate the necessary pressures, and the energy costs associated with large-scale 
operations can be substantial. However, as HHP systems become more widely 
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adopted, the cost of energy and maintenance is likely to decrease due to technological 
advancements and economies of scale. Furthermore, HHP equipment, though initially 
capital intensive, can be reused across multiple production cycles and for different 
pathogens, enhancing long-term cost-effectiveness. 

Lastly, on the social level, the use of the same inactivated virus as the basis for the 
vaccine could enhance public trust and acceptance, particularly among individuals 
who harbor concerns about vaccines developed using advanced molecular techniques, 
such as genetic engineering or mRNA-based platforms.  

During the COVID-19 pandemic, a substantial segment of the global population 
expressed skepticism toward mRNA vaccines, citing fears related to their novelty, the 
perceived lack of long-term safety data, and misinformation linking mRNA 
technology to genetic manipulation or infertility[344,345]. For instance, in several 
European countries, surveys conducted in 2021 revealed that a notable proportion of 
respondents preferred “traditional” vaccines, such as those based on inactivated or 
protein subunit platforms, over mRNA-based alternatives, even when the latter had 
higher efficacy rates. Similar trends were observed in parts of the United States, where 
some vaccine-hesitant individuals explicitly stated they would be more willing to 
accept a vaccine based on a “dead virus” rather than one using “experimental genetic 
material”[346,347]. 

This hesitancy was often reinforced by the rapid rollout of mRNA vaccines under 
emergency use authorizations, which, while scientifically justified, fueled public 
concern that safety evaluations had been rushed. Moreover, social media amplified 
fears about the mechanism of action of mRNA vaccines, with widespread false claims 
that such vaccines could alter DNA or affect reproductive health, concerns not 
commonly associated with inactivated virus vaccines, which have a long-established 
history in public immunization programs for diseases such as polio, hepatitis A, and 
influenza[348–352].   

In this context, vaccine candidates developed using HHP for viral inactivation could 
represent a strategic advantage. HHP preserves the structural integrity of viral 
antigens while eliminating infectivity through a physical, non-chemical process. This 
aligns with the expectations of vaccine-hesitant individuals who favor “minimally 
manipulated” or “natural” interventions. Moreover, the transparent communication 
of the HHP mechanism, emphasizing its physical, non-genetic nature, may help 
reduce perceived risks and increase vaccine acceptability. Consequently, HHP-based 
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vaccines may help overcome resistance rooted in fears of novel technologies, thereby 
facilitating higher uptake rates and contributing to more effective immunization 
campaigns, albeit the present corpus of scientific literature does not provide an 
unambiguous consensus on an overall preference for inactivated vaccines over mRNA 
vaccines, as vaccine acceptance may be influenced by cultural factors, the availability 
of the vaccines, public communication, and trust in local health authorities[353,354]. 

Despite its considerable promise, the implementation of HHP technology for vaccine 
production is accompanied by several significant challenges, foremost among which 
is the regulatory uncertainty surrounding its approval for both human and veterinary 
use. A fundamental obstacle lies in the current lack of a clearly defined regulatory 
framework that explicitly accommodates HHP as a recognized and validated method 
for pathogen inactivation. Regulatory agencies such as the European Medicines 
Agency (EMA), the U.S. Food and Drug Administration (FDA), and the World 
Organization for Animal Health (WOAH) have well-established guidelines for the 
assessment and approval of inactivated vaccines. However, these guidelines are 
predominantly oriented toward traditional inactivation methods, such as chemical 
agents (e.g., formaldehyde, β-propiolactone) or heat treatment, whose mechanisms of 
action, safety margins, and long-term performance have been thoroughly documented 
and standardized over decades of use. 

In contrast, although HHP confers clear theoretical and practical advantages, such as 
improved epitope preservation, elimination of toxic residues, and potentially reduced 
production costs, the novelty of the approach means that it falls outside current 
regulatory precedents. As such, developers face considerable ambiguity regarding 
which validation criteria, preclinical studies, and manufacturing standards must be 
met to satisfy regulatory expectations, to assess the robustness and reproducibility of 
pressure-induced inactivation and demonstrate batch consistency. 

The lack of specific regulatory guidelines or reference standards for HHP and the 
absence of any prior licensed vaccine products based on HHP technology, which 
means that regulatory bodies have no precedent on which to model their evaluations, 
may necessitate a case-by-case approach to define acceptable development pathways, 
introducing uncertainty, prolonging timelines, and increasing the complexity and cost 
of product development.  

As a result, regulatory approval currently constitutes one of the most formidable 
barriers to the implementation and industrialization of this innovative platform. The 
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uncertainty surrounding the regulatory acceptance of HHP-based vaccines can act as 
a significant disincentive for both public and private investment, especially when 
compared to more conventional vaccine technologies with predictable development 
pathways and well-understood regulatory requirements. This perceived regulatory 
risk may ultimately delay or even prevent the translation of promising preclinical 
results into clinical applications or field use, despite growing evidence supporting the 
immunological efficacy and safety of HHP-inactivated pathogens. 

In light of these challenges, the advancement of comprehensive research to further 
investigate the application of HHP technology in vaccine production, alongside the 
validation of standardized operating procedures for viral inactivation and the 
implementation of collaborative pilot programs to demonstrate preclinical robustness, 
may serve as critical enablers for the transition from preclinical investigation to clinical 
evaluation. Such efforts are essential for facilitating the broader adoption of this 
potentially transformative platform in both human and veterinary vaccine 
development, particularly as global health systems seek scalable, rapid-response 
solutions to infectious disease threats. Given that HHP equipment and processes are 
already standardized in the food biotechnology sector, regulatory translation to 
vaccine production could be accelerated through adapted GMP (Good manufacturing 
Practices) frameworks, reducing the technological gap between research and 
industrial application 

Although the present study focused on SARS-CoV-2 and WNV as model viruses, the 
underlying principles of HHP-mediated inactivation can be broadly applicable to a 
wide range of viral pathogens of public health relevance, including both enveloped 
and non-enveloped viruses. One of the most pressing challenges in modern 
vaccinology is the ability to respond swiftly and effectively to emerging viral threats. 
HHP can be quickly adapted to new viral agents through modulation of pressure and 
exposure parameters, making the technology particularly attractive for emergency 
contexts, such as the early phases of a pandemic, where time is a critical factor. While 
SARS-CoV-2 and WNV served effectively as a proof of concept, it is anticipated that 
other viral agents may require tailored adjustments in pressure intensity, exposure 
duration, or temperature conditions to achieve complete inactivation while preserving 
critical antigenic epitopes. Nonetheless, the inherent adaptability of HHP technology 
renders it an especially attractive platform for the development of vaccines against 
both endemic and emerging infectious diseases.  
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The modular nature of HHP technology, composed of distinct yet interoperable units, 
represents a key advantage in its potential application to the production of inactivated 
vaccines, potentially facilitating rapid adaptation of the production workflow to 
different pathogens, minimizing the need for major process revalidation or facility 
redesign. 

The concept of a “plug-and-play” HHP-based vaccine platform exemplifies this 
modularity. Within such a framework, the core manufacturing infrastructure and the 
downstream processing steps can remain largely constant, while pressure/time 
parameters are modified to suit the physicochemical and structural properties of the 
new target virus. This feature significantly reduces both the lead time and the resource 
investment required to transition from one vaccine candidate to another, providing a 
flexible, scalable solution for both routine immunization and outbreak scenarios, 
thereby increasing the responsiveness of vaccine production systems in the face of 
emerging infectious threats. 

Moreover, once regulatory standards and inactivation protocols for HHP are 
standardized and approved, this framework could facilitate rapid regulatory clearance 
of new vaccines based on previously validated processes. This way, it may become 
feasible to rapidly generate immunogenic and safe vaccines against novel pathogens, 
thereby reducing the lead time and financial burden typically associated with 
conventional vaccine development. This technological flexibility and adaptability are 
particularly advantageous in the context of pandemic preparedness, where the ability 
to rapidly design and produce effective vaccines can play a pivotal role in mitigating 
disease transmission and impact, offering strategic advantages in responding to 
unforeseen public health emergencies, including zoonotic spillovers and vector-borne 
outbreaks. 

The promising outcomes obtained through the application of HHP technology to 
SARS-CoV-2 vaccine prototypes have underscored the potential of this approach as a 
reliable and scalable platform for viral inactivation, providing a strong experimental 
foundation for considering HHP as a next-generation platform for the development of 
inactivated vaccines. However, to fully exploit its potential, it is essential to assess the 
translatability of this technology to other viral systems with distinct structural and 
biochemical characteristics. 

In this respect, arboviruses may constitute an important and challenging test case. 
Arboviruses represent an increasingly pressing concern for both human and animal 
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health, with their capacity for rapid emergence and geographic spread posing 
continuous challenges to global health systems. In the context of accelerating climate 
change and widespread exploitation of natural habitats, the ecological balance of 
reservoir hosts and vectors is undergoing profound modifications, with important 
implications for arbovirus transmission dynamics. For Europe in particular, 
projections suggest that arboviruses are likely to become increasingly relevant in 
human pathology, not only through the introduction of exotic pathogens but also via 
the expansion and diversification of endemic ones. Evidence already indicates that 
environmental degradation and habitat loss have altered bird migration routes, 
thereby facilitating the spread of arboviruses to previously unaffected areas[355]. 
Simultaneously, unregulated urban expansion creates conditions that favor mosquito 
proliferation, amplifying the potential for local transmission of vector-borne 
diseases[356]. These anthropogenic drivers, acting in concert with climate variability, 
are therefore expected to provide arboviruses with unprecedented opportunities to 
expand, adapt, and evolve[357]. 

Looking ahead, several converging factors are predicted to intensify this trend. First, 
climate change is expected to reshape vector ecology by increasing average 
temperatures, altering rainfall patterns, and lengthening the warm seasons in which 
mosquitoes can breed and remain active[358]. Warmer winters and milder transitional 
seasons will facilitate the overwintering of mosquito populations and extend their 
geographical range into northern and central Europe[359]. Second, globalization and 
human mobility will continue to act as conduits for the introduction of arboviruses 
from endemic regions, with international travel and trade accelerating the risk of 
imported cases that may ignite local outbreaks if competent vectors are present[360]. 
Third, agricultural intensification and land-use changes are progressively disrupting 
natural ecosystems, reducing biodiversity, and creating ecological niches where 
vectors and reservoir hosts thrive in close contact with human populations[246]. 
Fourth, demographic growth and unplanned urbanization, particularly in peri-urban 
and rural-urban transition zones, will contribute to the expansion of environments 
with stagnant water, poor waste management, and limited vector-control measures, 
all of which support high densities of Aedes and Culex mosquitoes[361]. Fifth, 
socioeconomic disparities and weakened public health infrastructures in certain 
regions may undermine the capacity to implement surveillance, prevention, and 
rapid-response strategies, further facilitating silent transmission chains[362]. Finally, 
viral evolution itself, accelerated by the high mutation rates typical of RNA viruses, 
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will likely generate variants with enhanced fitness, including improved transmission 
efficiency, immune evasion, or adaptation to new vector species, thereby complicating 
control efforts[363]. 

Taken together, these factors underscore that the anticipated increase in arboviral 
burden across Europe is not the result of a single driver but the consequence of a 
complex interplay between environmental, ecological, demographic, and virological 
dynamics. Addressing this multifaceted challenge will require integrated strategies 
that combine climate adaptation policies, urban planning, vector-control 
interventions, and the development of effective vaccines capable of curbing both 
endemic and emerging arboviruses[364]. 

The current surge in Dengue cases in the Americas[189] exemplifies the potential 
trajectory of arbovirus epidemiology under changing environmental conditions. 
Similar scenarios are conceivable in Europe, where rising vector competence and 
expanding mosquito populations create the conditions for autochthonous outbreaks 
of pathogens previously considered exotic[365,366]. Within this evolving landscape, 
HHP-based vaccines may represent an innovative tool to strengthen preparedness, 
offering an alternative platform that combines safety, antigen preservation, and 
scalability. Their development and integration into vaccination programs could 
therefore play a decisive role in mitigating the burden of arboviral infections and 
shaping the trajectory of human pathology in the decades to come, with non-negligible 
translational relevance beyond the laboratory. 

In regions experiencing ecological disruption, urbanization, and increasing vector 
densities, the rapid deployment of safe and effective vaccines could act as a critical 
barrier to arbovirus establishment. By reducing the pool of susceptible hosts, HHP-
derived vaccines could limit viral amplification in humans and, indirectly, restrict the 
feedback loop to vector populations. In this way, such vaccines would not only protect 
individuals from disease but also contribute to population-level reductions in viral 
circulation, thereby attenuating the ecological and epidemiological impact of 
arboviruses. 

Against this background of growing demand for effective vaccines against emerging 
and re-emerging arboviral diseases, such as but not limited to WNV, HHP has been 
tested for the inactivation of WNV. Preliminary investigations have demonstrated that 
WNV exhibits a comparatively higher resilience to HHP inactivation than other 
enveloped RNA viruses previously evaluated using this method, such as SARS-CoV-
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2. This increased resistance is likely attributable to the structural stability of the viral 
envelope, lacking prominent surface projections represented by spike glycoproteins, 
whose presence in coronaviruses could render the virion envelope more vulnerable to 
pressure-induced structural disruption. For this reason, WNV necessitated a tailored 
optimization of the inactivation protocol. Specifically, experiments have shown that 
standard pressure levels (ranging from 400 to 600 MPa) applied over brief durations 
(5 minutes) have been insufficient to completely abolish WNV infectivity. Longer 
exposure times (10 minutes) were required to ensure complete inactivation. These 
findings underscore the need for virus-specific refining of HHP parameters when 
deploying this technology as a broad-spectrum vaccine platform. 

Despite the challenges associated with optimizing the inactivation protocol, the initial 
characterization of HHP-treated WNV particles was encouraging, but also suggested 
further refinement of HHP processing protocol may be warranted depending on virus 
specific morphological characteristics. 

Viral preparations treated at 400, 500, or 600 MPa for 10 minutes contained no 
identifiable intact particles; instead, they were dominated by irregular, amorphous, or 
collapsed structures lacking both the characteristic size and the surface projections of 
native virions. These findings demonstrate that HHP treatment, at all tested pressures, 
resulted in severe morphological damage to WNV particles, consistent with loss of 
infectivity and in agreement with the results from biological assays. Complementary 
western blot analyses targeting both structural proteins (e.g., envelope protein E and 
capsid protein C) and non-structural components (e.g., NS1) revealed strong 
immunoreactivity post-treatment, suggesting that epitopes critical for immune 
recognition and immune response activation remain intact following pressurization. 
These results are particularly significant as the maintenance of conformational 
epitopes is a key determinant for vaccine-induced protection. 

The preservation of the envelope (E) protein integrity is of particular immunological 
relevance, as this glycoprotein constitutes the principal target of neutralizing 
antibodies in flavivirus infections, mediating critical functions such as receptor 
binding, viral entry, and membrane fusion. The conformational epitopes located 
within the E protein’s domain III are especially important for eliciting high-affinity, 
virus-neutralizing antibody responses capable of preventing infection by blocking 
viral attachment or fusion. Therefore, maintaining the structural conformation of E 
following pressurization directly supports the antigenic fidelity required for effective 
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vaccine-induced protection. In this context, the observed immunoreactivity implies 
that HHP treatment does not compromise the tertiary or quaternary organization of E 
protein epitopes, which are indispensable for inducing a protective neutralizing 
antibody repertoire. 

Equally noteworthy is the retention of immunoreactivity for the non-structural protein 
NS1, a multifunctional antigen that, despite not being a component of the viral particle, 
plays a key role in modulating the host immune response, with direct involvement in 
immune evasion, complement inhibition, and endothelial dysfunction during 
infection. Importantly, NS1-specific antibodies can confer protection through non-
neutralizing mechanisms such as complement-mediated cytotoxicity and antibody-
dependent cellular cytotoxicity, thereby contributing to viral clearance and disease 
mitigation. The preservation of NS1 antigenicity following HHP treatment therefore 
expands the potential immunogenic spectrum of inactivated preparations, suggesting 
that both neutralizing (E-mediated) and non-neutralizing (NS1-mediated) immune 
pathways could be effectively engaged. 

Also in this case, as Western blot was performed under strongly denaturing 
conditions, it allowed detection exclusively of linear epitopes, while conformational 
epitopes, dependent on native protein folding, could not be evaluated. In this context, 
antigenic reactivity observed after HHP treatment should not be interpreted as direct 
evidence of native structural preservation, but rather as an indicator of overall protein 
integrity and conservation of primary sequence–dependent antigenic determinants. 
Although this approach cannot capture conformational antigenicity, the retention of 
Western blot reactivity remains biologically relevant. Preservation of linear epitopes 
indicates limited protein degradation and supports the maintenance of antigenic 
substrates relevant for antigen processing and T-cell activation. Therefore, positive 
western blot results provide meaningful supporting evidence within a comprehensive 
in vitro antigenicity assessment and contribute to the interpretation of subsequent in 
vivo immunogenicity outcomes. 

All in all, this dual preservation of structural and non-structural epitopes provides a 
strong rationale for the further evaluation of HHP-based formulations as vaccine 
candidates, where the induction of both antibody- and T cell-mediated immunity is 
essential for achieving durable and cross-protective responses. The conservation of E 
and NS1 epitopes following pressurization thus represents a crucial step toward 
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developing safe, antigenically faithful vaccines capable of eliciting balanced, multi-
faceted immune protection against West Nile virus and related flaviviruses. 

In light of these results, adjustments to the exposure time could nonetheless be 
considered, with durations shorter than 10 minutes but exceeding the 5-minute 
interval found to be insufficient in preliminary trials. Such intermediate time points 
may allow for efficient viral inactivation while potentially reducing unnecessary 
structural degradation or other unwanted effects on sample properties. Alternatively, 
or in combination, refinement of the applied pressure levels could be explored to 
identify the minimal conditions that achieve complete inactivation. Systematic 
evaluation of these variables would provide a more precise understanding of the 
relationship between treatment intensity and virological outcomes, ultimately 
supporting the development of a protocol that balances efficacy with preservation of 
sample integrity. 

Unlike the situation faced during the COVID-19 pandemic, where continuous viral 
evolution dictated the pace of vaccine adaptation, the major obstacle for West Nile 
virus prevention lies in its ecological expansion driven by climate change rather than 
in antigenic diversification. 

The genetic stability of West Nile virus represents a defining feature of its evolutionary 
biology and a central element in understanding its epidemiology and public-health 
implications. Unlike many RNA viruses characterized by rapid mutation rates and 
high antigenic plasticity, WNV exhibits a relatively constrained pattern of genetic 
diversification. This reduced variability stems from the ecological and molecular 
constraints imposed by its enzootic transmission cycle, which alternates between avian 
reservoirs and mosquito vectors, primarily of the Culex genus. Each host type exerts 
distinct, and often opposing, selective pressures on the viral genome, alternating 
adaptive diversification and purifying selection, creating a dynamic evolutionary 
bottleneck that maintains viral stability across lineages. Transmission from vector to 
vertebrate host further accentuates this genetic constraint. During infection of the 
mosquito, viral populations undergo sequential bottlenecks, first during midgut 
infection, then dissemination to secondary tissues, and finally at salivary gland escape, 
each step reducing intra-host diversity. Although expansion within the mosquito’s 
salivary glands can partially restore population size, the transmitted inoculum to the 
vertebrate host typically comprises a genetically narrow subset of the initial viral 
quasispecies. In vertebrates, additional bottlenecks occur during systemic 
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dissemination, ensuring that only a limited fraction of genotypes contributes to 
onward transmission. Collectively, these processes act as evolutionary filters, 
reinforcing genetic homogeneity and slowing the overall rate of molecular evolution. 
This stands in stark contrast to the dynamics observed in viruses that replicate 
exclusively within vertebrate hosts, where the absence of alternating host barriers 
allows for more rapid adaptation and lineage diversification. 

The implications of this constrained variability are profound when compared to the 
evolutionary behavior of SARS-CoV-2. The coronavirus pandemic has exemplified 
how high mutation rates and adaptive evolution can continuously reshape viral 
epidemiology, pathogenesis, and the global public-health response. In SARS-CoV-2, 
selective pressures exerted by population-level immunity, whether induced by 
infection or vaccination, facilitated the emergence of variants of concern (VOCs) with 
enhanced transmissibility and immune evasion properties. Mutations in the spike 
glycoprotein, particularly within the receptor-binding domain, dramatically altered 
viral phenotype, driving waves of infection that rendered first-generation vaccines 
progressively less effective. This relentless antigenic evolution necessitated the 
periodic reformulation of vaccines, mirroring the iterative approach used for influenza 
viruses. The adaptive landscape of SARS-CoV-2 thus demonstrated the intimate link 
between viral genetic variability and the continuous need for vaccine updates to 
maintain herd immunity and reduce morbidity and mortality. 

In contrast, WNV presents a fundamentally different challenge. The evolutionary 
bottlenecks inherent in its transmission cycle, coupled with its low substitution rate, 
result in limited antigenic drift. Despite the existence of multiple genetic lineages, the 
antigenic structure of key immunogenic proteins, particularly the envelope (E) 
glycoprotein, remains largely conserved. Neutralizing epitopes recognized by the host 
immune system exhibit minimal variation, and cross-protection among strains within 
the same lineage is generally robust. Consequently, vaccine development for WNV 
does not face the continuous arms race between viral evolution and host immunity 
that characterizes pathogens like SARS-CoV-2. The absence of frequent immune-
escape variants implies that a single, lineage-specific, well-designed vaccine could 
confer long-term protection without recurrent reformulation. 

Nevertheless, this apparent virological stability does not diminish the urgency of 
preventive measures. The growing epidemiological threat posed by WNV arises not 
from antigenic evolution but from ecological and climatic transformations that have 
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expanded the spatial and temporal boundaries of viral transmission. Warmer 
temperatures, milder winters, and altered precipitation patterns have extended the 
seasonal activity of Culex vectors, facilitated their northward spread, and promoted 
overwintering of infected mosquito populations. These processes have established 
endemic foci of transmission in previously unaffected regions of Europe, particularly 
in the Mediterranean Basin and Central and Eastern Europe. The increased interaction 
between competent vectors and susceptible avian species has reinforced local 
transmission cycles, transforming WNV from a sporadic zoonosis into a recurrent 
seasonal pathogen with significant public-health and veterinary impact. 

In this context, the rationale for WNV vaccine development diverges sharply from that 
for SARS-CoV-2. While the urgency of coronavirus vaccine deployment during the 
pandemic was driven by the virus rapid antigenic evolution and global spread, 
requiring continuous adaptation of immunization strategies to emerging variants, for 
WNV the necessity of vaccination is dictated by ecological expansion and the 
establishment of stable endemic transmission zones rather than by the emergence of 
novel immune-escape strains. Thus, while the SARS-CoV-2 pandemic underscored the 
challenges of dynamic vaccine design in the face of fast-evolving viruses, the WNV 
situation highlights the importance of proactive preparedness for geographically 
expanding, yet genetically stable, arboviruses. 

Although the immunogenicity of the HHP-inactivated WNV candidate vaccine 
remains to be demonstrated in appropriate animal models, the preliminary data 
suggest that the high-pressure inactivation process can effectively preserve the 
structural integrity of critical surface antigens while ensuring complete loss of 
infectivity. Building upon the promising results obtained with the application of HHP 
technology to WNV, although it presented a greater inactivation challenge under HHP 
compared to SARS-CoV-2, it is reasonable to consider the broader potential of this 
approach for vaccine development against other arboviruses of public health 
relevance, supporting the translatability of the technology to other members of the 
Flaviviridae family, such as but not limited to Dengue virus, paving the way for the 
development of safe, effective, and rapidly deployable inactivated vaccines against a 
wide spectrum of arboviruses, thereby reinforcing the role of HHP as an emerging and 
flexible platform for vaccine production against vector-borne diseases.  

The case of WNV underscores a broader paradigm applicable to arboviruses in 
general. The increasing frequency of localized outbreaks of imported arboviruses in 
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temperate regions of Europe demonstrates how climatic and environmental changes 
can create new niches for transmission, even in the absence of significant viral 
evolution. These pathogens, like WNV, depend on competent vectors whose 
distribution and seasonal activity are highly sensitive to temperature and humidity 
shifts. The establishment of Aedes albopictus and Aedes aegypti populations in Southern 
and Central Europe has already enabled sporadic autochthonous transmission of 
arboviruses traditionally restricted to tropical regions. The lessons derived from the 
WNV experience therefore extend beyond a single pathogen, emphasizing that the 
epidemiological landscape of vector-borne diseases is being reshaped more by 
environmental and anthropogenic factors than by intrinsic viral mutability. 

This broader perspective redefines how vaccine prioritization and deployment should 
be approached in the context of emerging and re-emerging arboviruses. While SARS-
CoV-2 demanded a reactive, variant-driven strategy with continual antigenic updates, 
WNV and similar arboviruses call for a preventive and geographically targeted 
approach. Vaccine development for these pathogens should focus on ensuring cross-
lineage efficacy, long-term stability, and logistical feasibility for rapid deployment in 
areas experiencing new or re-emerging transmission. The concept of a “standing 
vaccine readiness”, a platform capable of being quickly adapted or deployed as vector 
distributions shift, could prove essential for mitigating the public-health impact of 
arboviruses in a warming world. 

In summary, the evolutionary and epidemiological trajectories of WNV and SARS-
CoV-2 exemplify two distinct models of viral emergence and control. SARS-CoV-2 
represents a paradigm of rapid genetic adaptability demanding continuous 
immunological and technological innovation. WNV, conversely, epitomizes ecological 
resilience within genetic constraint, a virus whose stability simplifies antigenic 
targeting but whose spread is increasingly fueled by environmental change. 
Consequently, while the urgency of COVID-19 vaccination was driven by the need to 
counteract viral evolution and maintain protective immunity, the imperative for WNV 
vaccination arises from the geographical expansion and ecological entrenchment of the 
virus. Extending this reasoning to other arboviruses, it becomes evident that global 
health preparedness must integrate both molecular surveillance and environmental 
monitoring. Addressing the twin challenges of viral evolution and ecological 
transformation will require complementary strategies: adaptive vaccine redesign for 
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rapidly mutating pathogens and proactive vaccine deployment for ecologically 
expanding yet genetically stable viruses such as WNV. 

The climate-driven expansion of West Nile virus exemplifies a broader trend affecting 
numerous arboviruses whose transmission dynamics are increasingly shaped by 
environmental and anthropogenic factors. Within this global context, Dengue virus 
represents the most striking example of how such forces can amplify disease burden 
and challenge current preventive measures, including vaccination efforts. 

In the context of Arboviruses, Dengue virus represents one of the most significant 
global public health threats among arboviruses. The World Health Organization 
estimates that approximately 390 million Dengue infections occur annually, of which 
nearly 100 million manifest clinically, and around 500.000 progress to severe forms 
such as Dengue hemorrhagic fever or Dengue shock syndrome, particularly in 
children and immunologically primed individuals[367]. In recent decades, the 
geographic distribution and incidence of Dengue have expanded dramatically, driven 
by urbanization, international travel, vector proliferation, and climate change, with an 
estimated 3.9 billion people at risk of infection[190,368]. This epidemiological burden 
underscores the urgent need for safe, effective, and widely accessible vaccines. 

Current alarming global epidemiological situation has positioned Dengue as a major 
priority in the field of vector-borne disease research.  

Despite extensive efforts, the development of a universally effective and safe Dengue 
vaccine remains elusive. Dengvaxia® (CYD, Chimeric Yellow fever Dengue) produced 
by Sanofi Pasteur, the first Dengue licensed vaccine, a live attenuated tetravalent 
chimeric vaccine based on the yellow fever 17D backbone, incorporating structural 
genes (encoding envelope [E] and membrane protein precursor [prM] proteins) from 
the four Dengue virus serotypes, has demonstrated limited efficacy and its use is 
restricted to individuals with prior Dengue exposure due to safety concerns in 
seronegative recipients[369,370]. In contrast, currently employed Qdenga® TAK-003) 
by Takeda GmbH, is a live attenuated tetravalent vaccine derived from a DENV-2 
backbone, expressing structural proteins of all four serotypes, and has demonstrated 
favorable safety and efficacy profiles in both seropositive and seronegative 
individuals[371–373]. Despite its promising profile, Qdenga® presents several 
limitations that warrant consideration. Its efficacy is not uniformly distributed across 
all dengue virus serotypes, with reduced protection observed against DENV-3 and 
DENV-4 compared to DENV-2, the vaccine’s backbone. The duration of immunity 
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beyond the initial years following vaccination remains uncertain[374]. Achieving 
balanced immunogenicity across all four serotypes while maintaining long-term safety 
and efficacy remains a major challenge. This underscores the critical need for next-
generation vaccines that provide long-lasting, cross-serotype protection without 
increasing the risk of severe disease. 

In this context, HHP technology presents a promising alternative platform for the 
production of inactivated Dengue vaccines. The production of a tetravalent Dengue 
vaccine using HHP inactivation may offer several operational and manufacturing 
advantages, eliciting a broad and balanced immune response against all four Dengue 
serotypes. 

A whole-inactivated virus vaccine could theoretically reduce the risk of ADE primarily 
due to its ability to induce a broad and more balanced immune response. A whole-
inactivated virus vaccine presents all structural proteins of the virus to the immune 
system, including the pre-membrane (prM) and envelope (E) proteins, which are the 
primary targets of the antibody response. This broad antigenic exposure can generate 
a more diverse repertoire of neutralizing antibodies against different proteins of all 
four Dengue serotypes, thereby decreasing the likelihood that a secondary infection 
with a heterologous serotype would be facilitated by ADE. In contrast, a vaccine 
designed to elicit a response against a single epitope, such as a specific region of the E 
protein, may generate antibodies that are only partially neutralizing. Suboptimal 
neutralization has been associated with ADE, particularly when antibodies bind but 
fail to prevent viral entry effectively.  

Furthermore, while whole-inactivated virus vaccines primarily induce humoral 
immunity and may not elicit strong CD8+ T-cell responses, they can still activate CD4+ 
T-cell responses and immunological memory against multiple viral antigens. The 
broader antigenic stimulation provided by whole-inactivated virus vaccines may 
confer a higher potential for reducing ADE compared to mRNA vaccines targeting a 
single epitope. However, the efficacy of HHP as a new vaccine platform for Dengue 
ultimately depends on its ability to induce a well-balanced and sufficiently 
neutralizing immune response against all four Dengue serotypes, thereby enhancing 
cross-serotype protection and preventing partial immunity that could facilitate ADE. 

All in all, the application of HHP to DENV has the potential to yield an inactivated 
vaccine with a favorable safety profile and preserved immunogenicity, potentially 
reducing the risk of ADE by maintaining antigen presentation that mimics the native 
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virion. Moreover, the HHP platform lends itself to rapid adaptation and scalability, 
which are critical features for addressing both endemic and epidemic Dengue 
scenarios, particularly in resource-limited settings. Thermostability of vaccines 
produced through HHP may, for its part, facilitate vaccine distribution in low-resource 
settings and underserved region of the World, where Dengue represents a primary 
threat for resident populations.  

Given the increasing global incidence of Dengue, the limitations of current vaccine 
platforms, and the unpredictable dynamics of serotype circulation, the development 
of an HHP-based inactivated tetravalent Dengue vaccine is the next step of this 
research and could represent a transformative advance in HHP technology validation 
for inactivated vaccine production. By enabling the production of an effective, safer, 
potentially more broadly acceptable vaccine, HHP technology may contribute 
significantly to the global strategy for Dengue prevention and control. 

Given all the above argumentations, expanding the scope of HHP application could 
lead to the development of a versatile, cost-effective platform for vaccine production 
that contributing to the development of vaccines targeting emerging infectious threats, 
addressing global disparities in vaccine access, thereby improving public health 
outcomes worldwide. Albeit HHP technology addresses many barriers to vaccine 
production, access, and distribution, it is not a standalone solution. While its 
modularity and scalability may help overcome several logistical and technical barriers, 
such as those related to cold-chain dependency, production bottlenecks, and reliance 
on pathogen-specific manufacturing facilities, these improvements operate within 
broader systemic and socio-political constraints that continue to hinder vaccine equity. 
Broader systemic issues, such as inadequate healthcare infrastructure, vaccine 
hesitancy, and geopolitical factors, must also be addressed to ensure equitable access 
to vaccines. The successful integration of HHP-based vaccines into existing 
immunization programs and public health frameworks can thus be achieved only 
through the synergistic interaction between technological innovation and systemic 
reform and will require coordinated efforts and sustained investment from 
governments, non-governmental organizations, and international stakeholders, 
ultimately ensuring that technological advances translate into tangible health benefits 
for all populations, irrespective of geographic or economic status. 

In conclusion, the integration of innovative technologies such as HHP within the 
broader framework of vaccine research and production represents not only a scientific 
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advancement in addressing the global challenges of vaccine access and distribution 
but also a strategic opportunity to strengthen global health resilience and equity. By 
offering scalable, safe, and antigen-preserving inactivation of diverse pathogens, HHP 
technology addresses critical limitations in traditional vaccine manufacturing, 
enabling more flexible, rapid, and cost-effective responses to both endemic and 
emerging infectious diseases.  

Crucially, the potential of HHP extends beyond the boundaries of human health, 
aligning closely with the principles of the One Health framework, which recognizes 
the interconnectedness of human, animal, and environmental health within a shared 
and dynamic ecosystem. The increasing frequency of emerging and re-emerging 
infectious diseases, including those caused by arboviruses such as West Nile virus, 
Dengue virus, and others, has underscored the extent to which anthropogenic 
activities, ecological disturbances, and climate change can disrupt the balance among 
species, facilitating viral spillover and sustained transmission across ecological 
barriers. In this context, HHP represents a promising technological innovation capable 
of supporting preventive and control measures across multiple domains of the One 
Health continuum. 

Beyond its demonstrated efficacy in inactivating viral pathogens such as West Nile 
virus while preserving antigenic integrity, HHP possesses a broad versatility that 
renders it suitable for diverse applications, spanning from the development of human 
vaccines to the preparation of veterinary immunogens. This dual potential is 
particularly relevant when considering zoonotic agents maintained in animal 
reservoirs, such as birds, equines, and livestock, which often serve as amplification 
hosts for viruses with spillover capacity. Implementing HHP-based strategies in 
veterinary vaccine development could therefore contribute to the reduction of viral 
circulation in animal populations, mitigating the likelihood of zoonotic transmission 
to humans and aligning with the One Health vision of proactive, upstream 
intervention in the infection chain. Moreover, the technology’s scalability and 
adaptability also allow for integration into existing biomanufacturing frameworks, 
both in high-resource and resource-limited settings, potentially supporting local 
vaccine production capacity. This aspect is particularly valuable in the context of 
global health equity, as it promotes decentralized vaccine manufacturing and 
enhances preparedness against regionally emerging pathogens whose spread may be 
exacerbated by climatic shifts and ecosystem changes. 



 

 153 

Ultimately, integrating HHP technology into a One Health strategy embodies the type 
of multidisciplinary innovation required to confront 21st-century infectious disease 
challenges. By bridging human and veterinary vaccinology, improving biosafety, and 
supporting environmentally sustainable production, HHP offers a tangible pathway 
toward resilient, cross-sectoral health systems. In doing so, it contributes not only to 
mitigating the threat posed by West Nile virus and other arboviruses but also to 
reinforcing global preparedness against future zoonotic outbreaks, exemplifying the 
operationalization of the One Health concept through technological and translational 
innovation. 

At a systemic level, embedding HHP-based production within global vaccine 
preparedness strategies could contribute to the creation of more equitable, 
decentralized, and responsive vaccine manufacturing networks. The technology’s 
modularity and adaptability may contribute to reducing dependency on centralized 
manufacturing hubs, facilitating rapid vaccine deployment in regions affected by 
localized outbreaks. Such decentralization not only strengthens local capacity-
building but also enhances global system resilience, promoting timely access to 
vaccines where they are needed most. However, achieving such transformative impact 
requires more than technological innovation alone, demanding coordinated efforts 
that extend beyond technological innovation alone, encompassing policy 
harmonization, international cooperation, and the development of shared frameworks 
for biosafety, regulation, and data exchange. 

Ultimately, the promise of HHP technology lies not only in its demonstrated capacity 
to improve vaccine safety and efficacy but also in its potential to narrow the persistent 
gap between high- and low-income countries, fostering equitable access and 
strengthening resilience across health systems and ensuring more equitable access to 
life-saving immunizations. As the world continues to grapple with disparities in 
healthcare infrastructure, vaccine availability, and disease surveillance, particularly 
between high- and low-income regions, the scalability, affordability, and versatility of 
HHP-based platforms represent a tangible opportunity to narrow the persistent divide 
in immunization capacity. By enabling decentralized and safer vaccine production, 
HHP could empower regional manufacturing hubs, reduce dependency on centralized 
supply chains, and support more timely and context-specific responses to emerging 
and re-emerging infectious threats. 
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While continued research, optimization, and regulatory validation are essential to 
fully unlock the translational potential of HHP, its incorporation into a One Health-
oriented and globally coordinated framework offers a compelling and forward-
looking strategy to anticipate, prevent, and mitigate infectious disease threats. Within 
such a framework, the interconnection between human, animal, and environmental 
health becomes a guiding principle for innovation, ensuring that preventive measures 
address not only the biological dimensions of disease but also the ecological and 
socioeconomic contexts that shape their emergence. The ability of HHP to inactivate a 
wide spectrum of pathogens without compromising antigenic fidelity positions it as 
an enabling technology for both human and veterinary vaccine development, thus 
directly supporting upstream interventions that can reduce zoonotic spillover risks 
and strengthen collective health security. 

In an era increasingly defined by the dual challenges of emerging pathogens and 
inequitable access to healthcare, technological innovations such as HHP will play a 
pivotal role in redefining preparedness and response strategies. The recent global 
experiences with pandemics have underscored that scientific excellence alone is 
insufficient unless paired with equitable implementation and international solidarity. 
Hence, integrating accessible, low-cost, and environmentally sustainable 
biotechnologies into global health agendas represents not merely a technical 
advancement but a moral imperative. Such integration will be fundamental for the 
construction of an inclusive and resilient health ecosystem, one capable of anticipating 
and countering infectious threats through collaboration, scientific innovation, and 
shared responsibility across nations and sectors. 

The democratization of vaccine production through accessible and low-cost 
technologies embodies a paradigm shift in the philosophy of global health. It reflects 
a profound commitment to equity, sustainability, and collective resilience, values that 
must underpin the scientific enterprise in the 21st century. Within this paradigm, 
innovation is no longer conceived as a privilege of technologically advanced nations 
but as a shared global resource that can empower local communities, strengthen public 
health autonomy, and foster sustainable development. HHP thus represents more than 
a promising biotechnological tool; it stands as a symbol of how science, social justice, 
and ethical responsibility can converge to shape a more just and collaborative model 
of pandemic preparedness and public health governance. 
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In this vision, the future of vaccine development, and indeed, of infectious disease 
prevention, rests on the capacity of the global community to integrate technological 
progress with principles of fairness, cooperation, and environmental stewardship, 
reflecting a profound commitment to equity and resilience, exemplifying how 
scientific progress, social justice, and moral responsibility can converge to shape a 
more sustainable and inclusive model of pandemic preparedness and public health 
governance, ultimately redefining innovation as a shared instrument of resilience and 
global solidarity. The challenges ahead will undoubtedly require sustained 
investment, interdisciplinary collaboration, and adaptive policy frameworks. Yet, as 
the lessons of recent years have demonstrated, innovation that is guided by inclusivity 
and shared purpose can serve not only as an instrument of scientific progress but also 
as a foundation for global solidarity.  
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