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Poultry Industry	
Livestock products are a vital source of protein for many people worldwide. To satisfy the 
growing demands for animal products, intensive livestock farming has become increasingly 
prevalent. In contrast to the 1960s, when plant-based proteins were the primary dietary protein 
source, animal-based proteins now constitute half of our protein intake (Ranganathan et al., 
2016). Among all the animal-based protein sources, poultry meat products are consumed 
the most. Poultry is defined as any domesticated bird such as chickens, ducks, turkeys, 
and quails which are reared for their meat (broilers) and eggs (layers). The highly efficient 
productivity of these avian species has contributed to the substantial share of poultry in global 
consumption (Marangon & Busani, 2007). For instance, the global consumption of poultry 
meat in 2022 reached an estimated 133 million tonnes with a projected increase of over 5% 
expected over the next five years as depicted in Figure 1A. A similar trend is observed in 
the European Union, where poultry meat consumption continues to rise. Notably, the global 
poultry market has been dominated by two countries, the United States of America and 
China, supplying more than 50% of the total poultry meat and egg products in the last 15 
years (FAO, 2023) (Figures 1B & C). However, the high market demand for poultry products 
brings significant challenges, particularly in safeguarding animal health and well-being 
(Coker et al., 2011; Gržinić et al., 2023; Schuck-Paim, 2020; Siegel & Honaker, 2014).

Avian infectious diseases	
The intensive farming of poultry broilers and layers causes increased susceptibility to viral 
infections affecting, among others, the respiratory and gastrointestinal tracts (Coker et al., 2011; 
Gržinić et al., 2023; Schuck-Paim, 2020; Siegel & Honaker, 2014). Furthermore, intensive farming 
also increases the risk of viral transmission by direct or indirect contact with domesticated or wild 
birds and farmworkers, thereby increasing the likelihood of zoonotic events. The emergence of 
zoonotic diseases can have a substantial social and economic impact in densely populated areas 
and extensive livestock industries, respectively (Klous et al., 2016; Kuiken et al., 2011). This 
section discusses examples of the most prevalent and economically important avian viral diseases.  

Avian Influenza Virus 
The prime example of a viral infection with zoonotic potential is avian influenza, a respiratory 
disease caused by the avian influenza A virus (AIV; Orthomyxoviridae family) (Figure 2). The 
influenza virion is composed of three major antigenic surface proteins: haemagglutinin (HA), 
neuraminidase (NA), and matrix protein (M2) These three proteins are embedded in the viral 
envelope that surrounds the negative-sense, single-stranded segmented RNA genome. The 
virion itself contains intracellular proteins such as RNA polymerase proteins (PB1, PB2, and 
PA), matrix protein (M1), nucleocapsid protein (NP), and nuclear export protein (NEP). The 
antigenically variable structural proteins HA and NA play a crucial role in the development of an 
AIV vaccine. HA facilitates viral entry by recognizing the sialic acid-containing glycoproteins on 
the surface of respiratory and intestinal epithelial cells (Nicholls, 2006; Wan & Perez, 2007; H. 
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Figure 1. Overview on the global meat consumption and the share of the five continents and top 10 
countries in the poultry-meat and egg production. (A) The total and poultry-specific meat consumption 
(in billion kg) from 1990 to 2023 with a seven-year prognosis taking into account the average 
population increase worldwide. (B) The share of each continent in the production of meat (left) 
and the top 10 countries that produced the most poultry meat (accumulative) in the last 15 years 
(right). (C) The share of each continent in the production of eggs (left) and the top 10 countries 
that produced the most eggs (accumulative) in the last 15 years (right). Data was obtained from 
the Food and Agriculture Organization (FAO) of the United Nations, accessed on 6 March 2023.
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Zeng et al., 2013), while NA is involved in virus egress by cleaving off the sialic acid residues, 
thereby preventing virus aggregation and re-infection of already infected cells (Dou et al., 2018). 
The substantial variation in the amino acid sequence of these two glycoproteins HA and NA is 
due to the error-prone replication machinery leading to the accumulation of mutations in the 
viral genome. These mutations slightly alter the antigenic properties of HA and NA, enabling 
the virus to escape pre-existing humoral and cellular immune responses (van de Sandt et al., 
2012). This process of continuous mutation and selection, known as antigenic drift, is mainly 
responsible for seasonal flu epidemics but may also be involved in the virus crossing species 
barriers (zoonosis) (Flaherty, 2012). Additionally, during a co-infection of two (or more) 
influenza viruses in the same host cell, a reassortment of influenza’s segmented genomes 

Figure 2. Schematic representation of the avian influenza A virus (AIV). Haemagglutinin protein (HA); 
neuraminidase protein (NA); nuclear export protein (NEP); nucleocapsid protein (NP); matrix proteins (M1 & M2); 
RNA polymerase complex consisting of three subunits: PB1, PB2, and PA; negative sense (-), single stranded (ss) 
RNA. 			   							     

can occur, resulting in an abrupt change in viral properties. This phenomenon, known as 
antigenic shift, is the primary cause of flu pandemics (C. Li & Chen, 2014; Shu et al., 1996). 
An example of such a zoonotic event occurred in 1997 when an avian influenza virus 
(H5N1) successfully crossed species from wild waterbirds to poultry and further to mammals 
including humans (Bridges et al., 2002; Koopmans et al., 2004; Peiris, 2009; Y. Yang et 
al., 2007). In response, the U.S. Centers for Disease Control and Prevention (CDC) and the 
World Health Organization (WHO) initiated surveillance of influenza A virus infections 
in 2003. Their monitoring efforts revealed virus spread across 60 wild bird species, the 
culling of millions of poultry, and the loss of 457 human lives (World Health Organization, 
2023). These high poultry losses severely impacted the economy of low- and middle income 
countries such as Latin America or South Asia, which significantly contribute to global 
poultry production (Figures 1B & C). The significant economic impact and the numerous 
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poultry deaths serve as the primary driver for preventing influenza disease and thus the 
development of an effective, but most importantly, rapidly adaptable vaccine (Burns et al., 2009).

Infectious bronchitis virus
Another economically important virus in poultry is the positive-sense, single-stranded RNA 
virus named infectious bronchitis virus (IBV) (Figure 3). The enveloped IBV virion consists of 
four virus-specific proteins: spike protein (S), membrane protein (M), envelope protein (E), and 
nucleoprotein (N). IBV, a member of the Coronaviridae family, is a major pathogen primarily 
affecting chickens but can also cause acute respiratory disease in other domesticated birds such 
as turkeys, ducks, and waterfowls (Cavanagh, 2007). Infections with IBV negatively impact 
the egg-laying performance of layers and meat production of broilers (Awad et al., 2014). In 
these hosts, the immune responses against IBV are primarily directed toward the spike (S) 
glycoprotein as the major antigen for the induction of neutralizing antibodies (Du et al., 2021; 
Eldemery et al., 2017). Like the influenza HA protein, the coronavirus S protein is a class I fusion 
protein that recognizes receptors specifically located in the upper respiratory tract (Rahman 
et al., 2009). Co-infections with IBV pose a high risk of recombination, leading to new viral 
variants, as observed for human-infecting coronaviruses (Mardani et al., 2010; Xu et al., 2019). 
Similar to avian influenza, the genetic variability of IBV serotypes originates from the error-
prone replication machinery (Boni et al., 2020; Lai & Cavanagh, 1997; Moreno et al., 2017).

Figure 3. Schematic representation of the infectious bronchitis virus (IBV). Envelope protein (E); 
nucleocapsid protein (N); spike protein (S); membrane protein (M); positive-sense (+), single-stranded (ss) 
RNA.						      				  

Infectious bursal disease virus 
Infectious bursal disease virus (IBDV), also known as the Gumboro disease virus, exemplifies 
a non-respiratory pathogen with a large economic impact on the poultry industry (van den Berg 
et al., 2000). This virus, belonging to the Birnaviridae family, has a double-stranded, segmented 
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RNA genome encoding the five major viral proteins: the RNA-dependent RNA polymerase 
(VP1), structural proteins (VP2 and VP3), viral protease (VP4) and viral release protein (VP5) 
(Tacken et al., 2002; Y. Wu et al., 2009). The typical adaptive immune response against IBDV 
targets the major antigenic determinant VP2 and to a lesser extent VP3 (Palka et al., 2021) 
(Figure 4). IBDV can be classified into two serogroups with serotype I, being pathogenic to 
chickens (species: Gallus gallus) whereas serotype II is non-pathogenic (Ismail et al., 1988). 
Within serotype I, IBDV strains can be further subdivided based on the clinical outcome of the 
disease into classical (attenuated virulent, mild virulent, or virulent), variant, and very virulent 
strains (Pikuła et al., 2018; Pikuła & Lisowska, 2022). Classical strains originate from the first 
emergence of IBDV near the town of Gumboro (United States) in 1957. Variant strains originate 
from an antigenic variant that escaped the immune protection against classical IBDV strains and 
emerged in the late 1980s (Jackwood & Saif, 1987). As the name suggests, the very virulent strain 
can cause up to 100% mortality in chickens, while the classical or variant strains cause mortality 
in only 0-15% of the infections and are therefore categorized as non- or low-virulent (Brandt et 
al., 2001; Ignjatovic et al., 2004). Most of the variation in clinical outcomes of serotype I strains 
is due to the high mutation rate of the replication machinery. Similar to AIV, co-infections can 
lead to the generation of new IBDV variants through genomic segment shuffling (Pikuła et al., 
2018). Although non-virulent IBDV strains do not cause high mortality rates, infected birds 
display clear immunosuppressive phenotypes. These compromised birds show an increased 
risk of secondary viral or bacterial infections and exhibit reduced responsiveness to subsequent 
vaccinations such as against IBV and AIV (Pejkovski et al., 1979; Spackman et al., 2017).

Conventional poultry vaccines
In light of the socio-economic impact of viral outbreaks in the modern poultry industry, the 
reduction of morbidity and mortality caused by viral and bacterial pathogens is prioritized. 
The implementation of a vaccination regime, with an average of 15-20 vaccine administrations 
per chicken during their production cycle (Cserep, 2008), has proven to be an effective control 
measure for many global viral diseases such AIV, IBV, and IBDV (Abdul-Cader et al., 2018; 
Cserep, 2008). The use of vaccines in the poultry industry dates back to 1929, when the first 
United States Department of Agriculture (USDA)-licensed fowl pox vaccine was introduced 
(Espeseth & Lasher, 2010). However, current strategies extend beyond vaccination alone and 
include preventive measures such as minimizing the contact between poultry and humans, wild 
birds, or insects, as well as ensuring adequate hygiene measures. Integrating these preventive 
measures can pose challenges and be costly for large poultry farms. Additionally, the current 
regulation mandated by the European Union (EU) prohibits the export of poultry to other non-EU 
countries due to the high risk of AIV in poultry products, despite the availability of protective 
avian influenza vaccines (Cardador et al., 2019; Johnson, 2015). Altogether, this stresses the 
importance of an effective and globally implemented vaccination strategy in the poultry industry.
Throughout the years, several types of vaccines have been developed and registered for 
the immunization of poultry, such as live-attenuated virus (LAV) vaccines, inactivated 
virus vaccines, subunit vaccines, immunocomplex vaccines, and recombinant-vectored 
(RV) vaccines (Figure 5) (Bhuiyan et al., 2021; de Wit, Sjaak, 2011; Müller et al., 2012). 
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Figure 4. Schematic representation of the Infectious Bursal Disease virus (IBDV). RNA-dependent- 
RNA polymerase (VP1), viral capsid proteins (VP2 and VP3) , double-stranded RNA (dsRNA).	  

The traditional market for poultry vaccination focuses predominantly on inactivated virus 
vaccines or LAVs due to their low cost-of-goods and straightforward developmental process. 
However, the inactivated virus vaccines require a relatively high dose of inactivated viral 
antigens to elicit proper protection in poultry. Since inactivated vaccines do not replicate 
or spread, the presence of an adjuvant or the administration of a second dose might be 
required to confer protective immunity to hosts, whereas LAV vaccines often do not require 
adjuvants. LAVs, whether naturally or intentionally attenuated, retain the ability to replicate 
within the host and can provide protective immunity after a single dose (S. Chen et al., 2021; 
Jang et al., 2018). Nonetheless, the use of attenuated viruses raises safety concerns due to 
the replicative nature and the generation of viral progeny. Deviating from the suggested 
vaccine regimen by lowering the vaccine dose or changing the delivery methods can result in 
vaccine strains circulating for prolonged periods in the vaccinated flock, posing significant 
safety risks (Blacker et al., 2011). For instance, the production of IBV vaccine lots resulted 
in viral quasi-species as a result of the error-prone replication of IBV. These quasi-species 
can still proliferate within the host, increasing the risk of the escape of a more fit viral 
variant and compromising vaccine effectiveness (Legnardi et al., 2020; McKinley et al., 
2008). Similarly, in the case of IBDV, early vaccination strategies involving LAVs have 
demonstrated that, depending on the selected vaccine strain, different degrees of attenuation 
were observed, causing persistent immunosuppressive side effects in chickens and affecting 
subsequent heterologous immunizations (Müller et al., 2012). Given the increased viral 
fitness or adverse side effects, the use of specific LAVs requires thorough evaluation. 
More recently, there has been a shift towards RV vaccines advanced in the poultry industry. 
Currently, the marketed RV vaccines are based on the herpesvirus of turkeys (HVT; Herpesviridae 
family) or Fowlpox virus (FPV, Poxviridae family). These vectors can be modified to express 
up to two heterologous viral antigens making them feasible for multivalent vaccine formulation. 
It has been demonstrated that the F-gene of Newcastle disease virus (NDV; Paramyxoviridae 
family), the VP2-gene of IBDV, the HA-gene of AIV, as well as the glycoprotein (g) of avian 
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Figure 5. Overview of current vaccines used in the poultry industry. An immune complex vaccine is a 
combined vaccine that consists of a subunit, inactivated, or live attenuated virus vaccine coated with neutralizing 
antibodies. An attenuated virus vaccine is a live virus with reduced virulence and disease-causing capabilities. 
A recombinant viral vector vaccine is a live virus that is genetically engineered to express additional genes 
from a heterologous pathogen. A subunit vaccine contains (parts of) purified antigenic proteins of the wildtype 
virus. A virus-like particle vaccine mimics the wildtype virus’ outer shell but is not infectious. An inactivated 
virus vaccine is produced by chemical or physical inactivation of the wildtype virus (Pollard et al., 2021).

infectious laryngotracheitis virus (ILTV; Orthoherpesviridae family) could be introduced into 
RV vaccines and subsequently be used in the protecting against the corresponding pathogens 
(Soejoedono et al., 2012; Vagnozzi et al., 2012; van Hulten et al., 2021). Moreover, RV played 
a large role in reshaping the understanding of the correlates of protection (COP) in poultry 
(Suarez & Pantin-Jackwood, 2017). Traditionally, the COP in poultry was generally defined 
by the presence of a high neutralizing antibody (nAb) titer against the antigen of interest. 
However, increased insights and understanding of the cellular immune system together with 
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the development of cell-based assays, highlighted the importance of the different aspects of the 
immune system. RV vaccines demonstrated that despite the generally lower nAb titer, it could still 
protect against disease, and a reduction in viral shedding was observed in poultry (Palya et al., 
2012; Suarez & Pantin-Jackwood, 2017). As expected, the induction of both humoral and cellular 
immunity played a significant role in this and contributed to a renewed view of the major COP in 
viral poultry diseases (Ingrao et al., 2017, 2018; van Hulten et al., 2021). A major drawback of the 
HVT RV vaccines is the laborious construction of the viral vectors. For example, a homologous 
recombination event within an HVT-adapted cell line is required to introduce the foreign 
viral transgenes into the HVT backbone. This tedious process typically depends on a random 
recombination event and requires additional verification of the constructed vector. Moreover, 
herpes-based RV vaccines result in persistent infection, thereby hindering the repeated use of 
the same type of vaccine in earlier immunized individuals. If a booster vaccination is required, 
a non-HVT-based vaccine should therefore be administered. A brief overview of the currently 
authorized poultry vaccines in Europe against viral infectious diseases is listed in Table 1. 

Table 1. Overview of the approved poultry vaccines in the European Union protecting against IBV, 
AIV or IBDV. i.m.: intramuscular, s.c.: subcutaneous. Data was obtained from the European Medicines 
Agency (EMA) accessed on 22 February 2023	 				  
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Nucleic acid-based vaccines represent a newer class of vaccines that have not yet been widely 
adopted for poultry vaccination. While the EMA provided full market authorization for a 
single nucleic acid vaccine for use in Atlantic salmon (Dalmo, 2018), no other veterinary 
animals in the EU are currently vaccinated using nucleic acid-based vaccines. These innovative 
vaccines encode the target antigen via synthetic genetic material such as DNA (plasmid) or 
messenger RNA (mRNA) (F. Qin et al., 2021). Upon administration of these vaccines, the 
genetic material is delivered to the host cells, instructing them to produce the desired protein(s). 
Although nucleic vaccines are an emerging technology, the ongoing coronavirus disease 
2019 (COVID-19) pandemic has revolutionized the licensing procedure for mRNA vaccines, 
making them commercially attractive. As a result, the second marketed COVID-19 vaccine 
was based on nucleoside-modified mRNA encoding the full-length, pre-fusion stabilized Spike 
protein of the SARS-CoV-2 virus formulated in lipid nanoparticles (LNPs) (Abu-Raddad et 
al., 2021; Bar-On et al., 2021; Hall et al., 2021; Lamb, 2021). These mRNA vaccines relied 
on a complete synthetic manufacturing process that could be rapidly mass-produced for the 
first clinical trial. This resulted in the first Food and Drug Administration (FDA)-approved 
mRNA vaccine for human use in 2021, eight months after the initial trials (P. Ball, 2021). 
The success of mRNA vaccine technology in responding to newly emerging viruses with 
pandemic potential within 65 days after the online access to the genetic sequence of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2; family Coronaviridae) (Scudellari, 
2020), resulted in a positive outlook for repurposing mRNA-LNP vaccine technology for 
use in the veterinary sector (Le et al., 2022; Verbeke et al., 2021). However, it should be 
noted that multiple intramuscular booster administrations required by current coronavirus 
mRNA vaccines in humans are not favorable in the poultry industry due to the relatively 
high costs per dose and the labor-intensive nature of vaccination. Fortunately, a potential 
new mRNA vaccine technology based on self-amplifying mRNA, the so-called replicons, 
holds promise for overcoming these challenges. Replicon vaccines provide prolonged 
expression upon single dose administration making them highly valuable for the poultry sector.

Replicon vaccines
Replicons are commonly, but not exclusively, derived from positive-strand RNA virus genomes 
belonging to the Togaviridae or Flaviviridae family (Comes, Pijlman, et al., 2023; Hikke & 
Pijlman, 2017). Wildtype RNA viruses, encode proteins that facilitate the replication and 
encapsidation of the viral genome. In the case of replicons, the structural genes are replaced with 
a gene of interest while the nonstructural genes, so-called self-amplifying genes, are maintained. 
This enables the replicon RNA to be amplified within the host cells and the production of 
high levels of heterologous protein, without the ability to form an infectious virus (Figure 6). 
Replicon technology offers several advantages. Firstly, replicon RNA, similar to mRNA, can 
be entirely manufactured synthetically. Moreover, since replicon RNAs are unable to produce 
viral progeny, a low biocontainment applies making replicon RNA safe-by-design. Lastly, the 
target antigen can be easily synthesized and inserted in the replicon backbone, making it a 
“plug-and-play” system. One well-established example of a replicon system is based on the 
alphavirus Venezuelan equine encephalitis virus (VEEV). VEEV is a positive-sense, single-
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strand RNA virus that can infect various vertebrate hosts (Azar et al., 2020). The alphavirus 
genome encodes four nonstructural proteins (nsP) and five structural proteins under the 
control of a separate, subgenomic promoter (26S) (Figure 6A), which, when working with 
replicons, are replaced with the gene of interest. Upon delivery to the cell, the presence of the 
26S promoter in the alphavirus replicon allows for very high levels of transgene expression 
(Liljeström & Garoff, 1991; Pushko et al., 1997). To facilitate the delivery of replicon RNA to 
the host, three approaches are often described: The first approach involves the administration 
of naked replicon RNA by means of injection or electroporation. However, this method is 
hindered by low delivery efficiency and is susceptible to RNA degradation (Huysmans et al., 
2019). Another approach is the use of non-viral carriers such as synthetically-formulated lipid 
nanoparticles (LNPs). LNPs have unique properties including target-specific delivery, increased 
drug retention, and adjuvating effects that can boost vaccine efficacy. Despite being novel 
and costly, this entirely synthetic delivery approach holds great promise for future veterinary 
vaccines (Hou et al., 2021; Pollock et al., 2022). The third approach involves the use of virus-
like replicon particles (VRPs). This extensively-studied viral carrier mimics the wildtype virus 
outer shell and follows the normal route of infection of a wildtype virus. VRPs are produced 
by in trans delivery of the replicon mRNA and the structural (helpers) genes to the same cell. 
Alphavirus helper constructs are typically delivered in a split-helper manner to reduce the 
risk of recombination that may otherwise yield replication-competent viruses (Kamrud et al., 
2010) (Figure 6A). VRPs have been the subject of many promising studies in the protection 
against various infectious diseases as well as in the field of oncology in a wide range of animal 
species (Hubby et al., 2007; Slovin et al., 2013; Wecker et al., 2012). However, for poultry, 
the rapid onset and high level of transgene expression achieved using the VEEV replicon 

Figure 6. Comparison of (A) conventional mRNA and (B) self-amplifying mRNA vaccines for transgene 
delivery. Upon administration to the host, the conventional mRNA vaccine, encoding for the gene of interest, is 
translated into the protein of interest. In contrast, self-amplifying mRNA encodes not only the gene of interest but 
also the essential genes for self-amplification of the replicon RNA. Consequently, translation of the self-amplifying 
mRNA leads to elevated proteins of interest levels within the target host when compared to conventional mRNA.
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Figure 7. Schematic overview of the wildtype viral genome and replicon organization of alpha- and 
flaviviruses. (A) a wildtype alphavirus genome encoding for the viral nonstructural proteins (nsP1-4) and a 
subgenomic 26S promoter controlling a separate open reading frame (ORF). This ORF carries the viral structural 
gene cassette encoding for the capsid (CP) and envelope glycoproteins (E3, E2, E2, 6K, and E1). For the design 
of an alphavirus-derived replicon, the structural gene cassette is replaced by a gene of interest (GOI). For the 
production of virus-like replicon particles (VRPs), capsid, and the viral envelope genes are co-delivered on separate 
helpers to a production cell line. (B) A wildtype flavivirus genome encoding a single polyprotein encoding the 
viral structural proteins (C-prM-E) and nonstructural proteins (NS1-5). For the design of a flavivirus-derived 
replicon, the structural gene cassette is substituted by an in-frame placement of the GOI. For the production 
of flavivirus-derived VRPs, the structural gene cassette is in-trans supplemented to a production cell line.

system did not induce the required protective immunity (Schultz-Cherry et al., 2000; Sylte et 
al., 2007), emphasizing the need for an alternative replicon platform specifically for poultry.

Tembusu (TMUV) virus-based replicon platform
Tembusu virus (TMUV), a member of the Flaviviridae family, emerged during a significant 
outbreak of an unidentified infectious disease in 2010, affecting predominantly ducks within 
the Chinese poultry industry. This outbreak had a profound economic impact, causing a sharp 
decline in egg production, high fever, and retarded growth in newly hatched ducklings, affecting 
over 10 million ducks (P. Yan et al., 2011). Later the causing agent was identified as a novel 
duck-infecting TMUV virus. TMUV was first isolated from Culex tritaeniorhynchus mosquitoes 
in 1955 in Malaysia, which likely serves as a vector for viral transmission. Afterward, cases of 
TMUV were sporadically reported in various locations across Southeast Asia, not only affecting 
ducks but also other avian species, including chickens, geese, sparrows, and pigeons (Cui et al., 
2022; Hamel et al., 2021; Lei et al., 2017). Although other members of the Flaviviridae family 
such as yellow fever virus (YFV), dengue virus (DENV), West Nile virus (WNV), and Japanese 
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encephalitis virus (JEV) are known to cause disease in humans, no reports of pathology in humans 
or other mammals have been documented so far, probably due to the high sensitivity of this virus 
to mammalian interferon (Ruangrung et al., 2021; Y. Tang et al., 2013; J. Wang et al., 2016).
TMUV has an 11-kb, single-stranded, positive-sense RNA genome with a 7G-methylated cap 
at its 5’end and highly structured 5’ and 3’ untranslated regions. The genome translates into a 
polyprotein that is processed into seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
and NS5) and three structural proteins (C, prM, and E; Figure 7B). Although alphaviruses 
can infect a wide range of mammalian and bird species (Reeves et al., 1958; Weaver et al., 
2004), the natural tropism of TMUV to exclusively infect avian hosts allows for specialized 
and host-specific anti-viral responses necessary to induce a proper immune response in poultry. 
Previous research has already considered duck-derived TMUV strain CQW1 as a valuable 
tool for the investigation of novel TMUV outbreaks and developed a TUMV-based replicon 
system (He et al., 2019; X. Wang et al., 2021). However, the feasibility of a TMUV-based 
replicon system as an alternative vaccine platform in poultry has never been assessed before.

Scope of this thesis
This thesis focuses on the construction and evaluation of an avian-adapted replicon system 
as a safe and effective vaccine platform for protecting poultry against avian infectious 
diseases, including AIV, IBDV, and IBV.					   
 
Chapter II lays the foundation for a novel replicon platform by constructing an infectious clone 
of the TMUV WU2016 strain using a reverse genetics approach. Next, the propagation of this 
TMUV infectious clone is studied in cell culture and compared to the well-studied Malaysian 
TMUV isolate (MM1775). Moreover, the TMUV replicon is adapted to enable the expression of a 
broad-range of reporter and (viral) transgenes, and the duration of expression is analyzed in vitro.

In Chapter III the performance of the newly constructed TMUV replicon is compared to the 
benchmark VEEV replicon. Furthermore, two new TMUV replicon capsid deletion variants are 
generated to investigate in vitro how the timing and transgene expression levels can be modulated. 

In Chapter IV a DNA-encoded replicon RNA (DREP) based on the TMUV isolate Perak 
virus is constructed. The expression kinetics of the TMUV DREP is demonstrated in 
both mammalian and avian cells. To confirm the application of both TMUV replicon 
RNA and DREP, an AIV and IBD vaccination trial of the TMUV replicon and the capsid 
mutants is conducted in comparison to the benchmark VEEV replicon for which the self-
amplifying RNA was formulated in LNPs. After testing this non-viral carrier, research 
continued in developing a TMUV-based viral carrier to encapsidate the replicon RNA. 

As such, in Chapter V a wide range of (in)vertebrate cells are screened to find a suitable 
packaging cell line.Ultimately, the mammalian cell line HEK293T is selected for the future 
production of TMUV VRPs. The TMUV structural gene cassette under the control of a 
tetracycline-inducible promoter is introduced in the HEK293T genome via a lentiviral 
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transduction system. A monoclonal packaging cell line is then generated and further evaluated 
in relation to the replicon packaging efficiency.					      

Regarding RNA vaccines, the occurrence of the COVID-19 pandemic accelerated the 
development of all facets of nucleic acid vaccines. An overview of novel vaccine delivery 
strategies, possibilities for multivalent vaccine formulation, and administration routes, in 
combination with a thorough safety evaluation of self-amplifying RNAs beyond poultry 
is provided in Chapter VI. 							     

Finally, all the findings presented throughout this thesis are discussed in a broader context in 
Chapter VII taking into account the latest advancements in the field of self-amplifying RNA, 
mucosal vaccination, and humoral and cellular immunity.					   
�����
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Abstract
The novel mosquito-borne Tembusu virus (TMUV, family Flaviviridae) was discovered as the 
cause of a severe outbreak of egg-drop syndrome affecting ducks in Southeast Asia in 2010. 
TMUV infection can also lead to high mortality in various additional avian species such as 
geese, pigeons, and chickens. This study describes the construction of an infectious cDNA clone 
of a contemporary duck-isolate (TMUV WU2016). The virus recovered after transfection of 
BHK-21 cells shows enhanced virus replication compared to the mosquito-derived MM1775 
strain. Next, the WU2016 cDNA clone was modified to create a SP6-driven, self-amplifying 
mRNA (replicon) capable of expressing a range of different reporter genes (Renilla luciferase, 
mScarlet, mCherry, and GFP) and viral (glyco)proteins of avian influenza virus (AIV; family 
Orthomyxoviridae), infectious bursal disease virus (IDBV; family Bunyaviridae) and infectious 
bronchitis virus (IBV; family Coronaviridae). The current study demonstrates the flexibility of 
the TMUV replicon system, to produce different heterologous proteins over an extended period of 
time and its potential use as a platform technology for novel poultry vaccines. 		
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1.	 Introduction
Recombinant viral vectors are very powerful tools for gene delivery into eukaryotic cells. 
These vectors are often applied as human or veterinary vaccine platforms and used in the 
gene therapy field. The different strategies developed over the years have mostly focused on 
plasmid-based expression vectors, or large dsDNA viruses such as adeno-, pox- or herpesviruses. 
More recently, positive-stranded RNA viruses also gained interest for the application of 
these viruses as heterologous gene expression platforms (Ballesteros-Briones et al., 2020; 
Lundstrom, 2021; Spencer et al., 2021). The RNA of positive-stranded RNA viruses serves 
as a messenger RNA (mRNA) that can be directly translated into transfected cells. Several 
members of the Togaviridae family such as Venezuelan equine encephalitis virus (VEEV) 
and Semliki Forest virus (SFV) and of the Flaviviridae family such as West Nile virus strain, 
Kunjin (KUNV) have been engineered as efficient viral ‘replicon’ vectors for high-level 
transgene expression for applications in gene therapy, recombinant protein production or as 
vaccine platform technology against emerging viral diseases (de Alwis et al., 2021; Hoang-
Le et al., 2008; Khromykh et al., 1998; Komdeur et al., 2021; Pijlman et al., 2006). By 
removing the structural and maintaining the nonstructural genes, efficient RNA replication 
and translation from the replicon is achieved without the formation of infectious viral progeny.
Tembusu virus (TMUV) is an emerging epornitic flavivirus that was initially isolated from 
Culex tritaeniorhynchus vector mosquitoes in 1955 in Malaysia (W. Zhang et al., 2017). 
TMUV remained obscure until the major outbreak of the disease in ducks in 2010 in China 
(Cao et al., 2011), which had a significant economic impact on the poultry industry. Since 
then, TMUV has been widely detected in other avian species such as chickens, pigeons, and 
sparrows (Benzarti et al., 2019). Some studies have reported TMUV-specific antibodies in 
humans (Pulmanausahakul et al., 2022; Y. Tang et al., 2013), but flavivirus serodiagnosis is 
complicated due to extensive cross-reactivity with other species within the Flavivirus genus 
(Chan et al., 2022; Endale et al., 2021). Experimental infections suggest that TMUV is 
highly sensitive to interferon and cannot replicate well in primates (H.-J. Wang et al., 2016).
The TMUV genome is approximately 11 kb in size and encodes a single polyprotein that 
is post-translationally processed into the three structural proteins capsid (C), premembrane 
(prM), and envelope (E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B, and NS5) involved in viral replication and modulation of host responses. The 
nonstructural proteins NS3 (helicase) and NS5 (RNA-dependent RNA polymerase) are 
part of the replication complex responsible for the synthesis of the double-stranded (ds)
RNA replication intermediate and positive-sense viral progeny RNA. Other functions of the 
nonstructural proteins include the proteolytical processing of the polyprotein by the protease 
NS2B-NS3, capping of the viral RNA genome by the methyltransferase activity of NS5, and 
interfering with the host interferon pathway (J. Wang et al., 2016; W. Zhang et al., 2020; P. 
Zhou et al., 2022). The structural proteins C, prM, and E are involved in the packaging of 
the viral RNA genome into virions. Although many of the TMUV virus-encoded proteins 
functions have been studied to various extents (He et al., 2019, 2021), the use of the TMUV 
replicon system for the expression of heterologous virus antigens has not been described. 
To obtain a better understanding of the replication process of TMUV and investigate the 
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possibilities for transgene expression, this paper shows a reverse genetic approach to 
generate a full-length cDNA clone and a series of SP6-driven non-infectious subgenomic 
replicons of the contemporary TMUV isolate WU2016. Furthermore, this study demonstrates 
the long-lasting expression of reporter genes and the production of poultry-specific viral 
antigens by the TMUV replicon in BHK-21 cells.					      

2.	 Material and methods

Construction of the TMUV WU2016 infectious cDNA clone 
Viral RNA was extracted by using TRIzol reagent (Invitrogen, catalog number (CN) :15596026) 
and reverse transcribed by SuperScript II (Invitrogen) using random hexanucleotides. PCR 
primers were designed to create overlapping subgenomic fragments (F1 to F6, Figure 1A) 
that were subsequently cloned into pJET1.2 and sequenced by Sanger sequencing (Macrogen). 
Primer sequences were based on the closely related DF-2 DTMUV isolate (GenBank: 
KJ489355.1) (Table 1). The individual fragments were designed to allow for the assembly 
of the TMUV WU2016 cDNA clone using restriction cloning. F1 was extended by inserting 
an SP6 promoter sequence upstream of the 5’ untranslated region (UTR) to allow for in vitro 
RNA transcription of the viral genome. F6 was extended by including a hepatitis delta virus 
(HDV) ribozyme after the last nt of the 3’UTR to ensure a native 3’ terminus and the PacI 
restriction site (primer 13 & 14, Table 1). The copy-control pCC1BAC vector (Epicentre 
Biotechnologies, CN: V008675) (Göertz et al., 2019) was used for the assembly of the 
individual fragments via ligation cloning with EcoRI and AatII (Fragment 1), AatII and NheI 
(fragment 2), NheI and BbvCI (fragment 3), BbvCI and NsiI (Fragment 4), NsiI and BamHI 
(fragment 5) and BamHI and PacI (fragment 6). The TMUV WU2016 infectious cDNA clone 
or intermediates were transformed into copy-control EPI300 E.coli (Lucigen, CN:C300C105) 
and induced using CopyControl Solution (Lucigen, CN:C300C105). DNA was isolated using 
the Nucleobond Xtra Midi Kit (Macherey-Nagel, CN: MN740412) and checked for quantity 
and quality using the spectrophotometer ND-1000 (Nanodrop). The complete sequence was 
confirmed by Sanger sequencing of intermediate clones and by Oxford Nanopore sequencing of 
the entire cDNA clone (Plasmidsaurus) and submitted to GenBank (accession no. OQ920272).

Construction of TMUV subgenomic replicons expressing re-
porter genes and heterologous poultry virus antigens
A synthetic DNA fragment was designed containing the SP6 promoter preceding the 5’UTR and 
the first 60 nt of the coding region of the capsid (C) gene required for translation initiation and 
cyclization of the viral genome (Khromykh & Westaway, 1997). The last 22 amino acids of the 
envelope (E) protein, nonstructural gene cassette, 3’UTR, and HDVr were amplified using PCR 
(primer 14 & 15, Table 1) from the TMUV WU2016 cDNA and ligated to the synthetic DNA 
fragment (Figure 1A). The unique restriction sites AscI and AvrII were added for insertion of 
the reporter genes; GFP, mScarlet, mCherry, and Renilla luciferase (Rluc) into the subgenomic 
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replicon. The reporter genes were inserted between the remaining capsid gene and the retained 
66 nt of the E gene that encodes the signal sequence to ensure translocation into the endoplasmic 
reticulum of the downstream NS1 protein. The reporter genes were followed by the sequence 
for the ribosomal skipping element 2A of the foot-and-mouth disease virus (FMDV). The 
construct TMUVrep-HA was obtained by inserting the codon-optimized hemagglutinin (HA)
high pathogenic avian influenza A virus (AIV; Orthomyxoviridae family) H5N1 A/turkey/
Turkey/01/05) gene isolated from an expression plasmid kindly provided by MSD Animal 
Health. For the TMUVrep-Spike construct, the spike (S) protein of infectious bronchitis virus 
(IBV; Coronaviridae family) strain Ma5 (Serotype Massachusetts) was obtained as a synthetic 
gene fragment (GeneArt, Thermo Fisher Scientific). For the TMUVrep-pVP2 construct, the 
precursor VP2 (pVP2) gene of infectious bursal disease virus (IBDV; Birnaviridae family) 
strain Faragher 52/70 was isolated using high-fidelity PCR amplification with Q5 High-Fidelity 
DNA Polymerase (NEB, CN: M0491L) from a template provided by MSD Animal Health 
(Boxmeer) and sequence verified using sanger sequencing (Macrogen). All the viral antigens 
were inserted into the compatible AscI/AvrII restriction sites of the TMUVrep construct.
 

In vitro RNA transcription and RNA purification
Plasmids were purified using the endotoxin-free Nucleobond Midiprep kit (Macherey-
Nagel, CN: MN740412) and linearized using PacI. Capped, in vitro transcribed viral or 

No. Fragment Sequence (5’ - 3’)
1 SP6-F1-fw atttaggtgacactatagagaagttcatctgtgtgaact
2 F1-rv agcataagttgccttggg
3 F2-fw tcgaccaaagccactaaatatc
4 F2-rv tgctgctgtcatcaaactg
5 F3-fw ctgagagccgtgtttgaag
6 F3-rv tccgactatctatgacccg
7 F4-fw gacaaagaaggacaggtg
8 F4-rv cctcaaggtctggaacatct
9 F5-fw agctacaacatttctgactcc
10 F5-rv atggctgacaacctgttc
11 F6-fw atcgtggcaagatggatg
12 F6-rv agactctgtgttctaccacc
13 F6-ext-fw* caagctgtaactctaggggaa
14 F6-ext-rv* agaaagatgcggcccttaattaaac
15 E22-fw ttggcgcgccaacgcctaggctccatttctatgacttttctagcc

*used to extend the F6 amplicon with HDVr element and PacI site

Table 1. List and sequence of primers used for the TMUV WU2016 infectious clone and replicon 
construction.									       
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replicon RNA was synthesized using SP6 polymerase (New England Biolabs, CN: M0207S) 
and 500 ng of the unpurified linearized plasmid DNA in a total volume of 40 µL. The 
total reaction mixture was incubated for 2 h at 37°C and afterward treated for 30 min at 
37°C with RNAse-free DNAse (Promega, CN: M6101). The RNA was purified using 
the RNeasy Micro kit (Qiagen, CN: 74004) according to the manufacturer’s instructions. 
Both the quantity and quality of the in vitro transcribed RNA were analyzed using the 
spectrophotometer ND-1000 (Nanodrop) and via conventional electrophoresis using a 1% 
agarose gel in tris-acetate-EDTA (TAE) buffer for 15 min at 150 V. 			 

Cells and virus preparation
Baby hamster kidney cells (BHK-21; clone 13, ECACC 85011433) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, CN: 41966052) supplemented with 
10% fetal bovine serum (FBS; Gibco, CN:10270106) and 100 U·mL-1 penicillin-streptomycin 
(Gibco, CN: 15140122). Cells were cultured at 37°C under 5% CO2. A sub-confluent 6-well 
plate containing BHK-21 cells was transfected with approximately 10 micrograms in 
vitro transcribed RNA of the TMUV WU2016 infectious clone using Lipofectamine 2000 
(Invitrogen, CN: 11668019). The supernatant of the transfected cells was used to infect 
healthy BHK-21 cells for the generation of the passage 1 (P1) virus stock. P5 virus stocks 
of TMUV MM1775 (Genbank accession no. JX477685; EVAg Ref-SKU 001v-EVA135) 
were propagated on BHK-21 cells. The viral titer was determined on chicken embryonic 
fibroblast (DF-1) cells using the end-point dilution assay (EPDA) and expressed as median 
tissue culture infectious dose per milliliter (TCID50·mL-1) according to the Reed–Muench 
method. Virus samples were 10-fold serially diluted, mixed with DF-1 cells, and distributed 
on 60-well microtiter plates. The plates were incubated for 5-7 days. The scoring of the 
plates was done by the observation of cytopathic effect (CPE) using brightfield microscopy.

Cell electroporation
Electroporation of TMUV replicon RNA into BHK-21 cells was performed using the Gene Pulser 
Xcell (Bio-Rad Laboratories). A total of 8 x 106 BHK-21 cells were harvested and resuspended 
in 1 mL Dulbecco’s phosphate-buffered saline (DPBS; Gibco, CN: 14190144). Next, 10 μg 
of purified replicon RNA was added to the resuspended BHK-21 cells and transferred to a 
0.4 cm cuvette (Bio-Rad Laboratories, CN: 1652088). Subsequently, the cuvette was pulsed 
twice (850 V/25 μF) and cells were resuspended in 10 mL supplemented DMEM. Hereafter, 
cells were processed in plates according to the application and incubated at 37°C under 5% CO2.
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Viral growth kinetics
The viral growth kinetics were studied in BHK-21 cells. Cells were seeded in a 6-well plate 
with a concentration of 1x106 cells·mL-1 and inoculated at a multiplicity of infection (MOI) of 
0.01 TCID50 per cell. After 2 h of incubation, the supernatant was removed and the cells were 
washed once with DPBS. DMEM+HEPES (Gibco, CN: 10564011) supplemented with 10% 
FBS (Gibco, CN:10270106) and 100 U·mL-1 penicillin-streptomycin (Gibco, CN: 15140122) 
was added to the infected cells and incubated at 37°C under 5% CO2. The supernatants were 
collected every 24 h for 5 days and stored at -80°C prior to titration by EPDA on DF-1 cells.

Indirect immunofluorescence assay 
An indirect immunofluorescence assay (IFA) was performed to detect the presence of viral 
proteins or viral double-stranded RNA (dsRNA) in infected or replicon-transformed cells. A 
monolayer of BHK-21 cells was washed with DPBS and fixed with 4% paraformaldehyde 
(Thermo Fisher Scientific, CN: J61899.AP) in DPBS at RT for 5 min. The cells were washed and 
permeabilized using 0.1% sodium dodecyl sulfate (SDS) in DPBS at RT for 10 min. Next, the 
monolayer was blocked by DBPS supplemented with 5% FBS at 37°C for 1 h and incubated at 
37°C for 1 h with primary antibodies pan-flavivirus α-NS1 (1:50, 4G4; mouse), pan-flavivirus α-E 
(1:100, 4G2; mouse), α-dsRNA (1:32, 3G1.1; mouse), serum α-HA (1:500, strain H5N1; chicken), 
α-VP2 (1:500, R63; mouse) (Snyder et al., 1988), or α-S (1:50, strain M41 IBV; mouse) diluted 
in DPBS containing 5 % FBS. Hereafter, cells were incubated at 37°C for 1 h with a secondary 
α-mouse IgG conjugated with Alexa Fluor 488 (goat; 1:2000; Invitrogen, CN: A32723), Alexa 
Fluor 546 (goat, 1:2000; Invitrogen, CN: A11030), or α-chicken IgY conjugated with Alexa Fluor 
488 (goat; 1:2000; Invitrogen, CN: A11039) antibody in DPBS containing 5% FBS. Cells were 
then stained with Hoechst (1:100; Thermo Fisher Scientific, CN: 11594876) in DPBS for 5 min. 
Images were acquired using an inverted fluorescence microscope (Axio observer Z1; Zeiss). 
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3.	 Results

Construction of the TMUV WU2016 infectious clone and 
sub-genomic replicons
To create an infectious cDNA clone of duck Tembusu virus isolate WU2016, the RNA was 
isolated and used for RT-PCR amplification (Figure 1A). The six overlapping PCR fragments 
were cloned, sequenced, and then assembled in a single-copy pCC1BAC backbone by restriction 
cloning (Figure 1B). The subgenomic replicon (TMUVrep) was constructed by deleting part 
of the coding sequence of the structural genes from the TMUV WU2016 cDNA, retaining 
only the first 60 nucleotides of the capsid coding sequence (C20) and the last 66 nucleotides 
of the envelope protein coding sequence (E22). C20 is necessary to initiate the translation of 
the polyprotein and for cyclization of the replicon RNA (Khromykh et al., 2001), whereas 
E22 encodes the signal sequence required for proper translocation of the nonstructural protein 
1 (NS1) into the endoplasmic reticulum (ER) (Khromykh & Westaway, 1997). To study the 
function of the constructs to replicate and express heterologous proteins, the replicon was 
subsequently modified by cloning the reporter genes (e.g. GFP, Rluc, mScarlet, and mCherry) or 
viral transgenes HA, (AIV) Spike (IBV) or pVP2 (IBDV) in frame with the ORF (Figure 1C). 

Characterization of the TMUV WU2016 infectious clone
An infectious virus was generated by transfection of capped, in vitro transcribed TMUV 
WU2016 RNA into BHK-21 cells. In order to analyze the growth kinetics of TMUV WU2016 
and compare this to the prototypical TMUV MM1775 isolate, BHK-21 cells were infected 
at an MOI of 0.01 TCID50·mL-1 and samples were taken every day for the duration of 4 days 
(Figure 2A). The highest titer was detected at 72 hpi (1.33 x 108 TCID50·mL-1) and 48 hpi 
(6.08 x 106 TCID50·mL-1) for TMUV WU2016 and MM1775, respectively. Clear cytopathic 
effect in BHK-21 cells was observed at 96 hours post-infection (hpi) (Figure 2B). Comparative 
sequence analysis of TMUV WU2016 showed an 89.1% nucleotide sequence and 97.0% protein 
sequence homology to the TMUV MM1775 isolate. The TMUV WU2016 most closely relates 
to the DTMUV DF-2 isolate with 99.9% nucleotide and 99.9% protein homology (Figure 2C). 

►Figure 1. Schematic representation of the TMUV genome, TMUV WU2016 infectious cDNA clone, 
and TMUV replicon. (A) Purified TMUV WU2016 RNA was used as a template in a reverse transcriptase 
reaction for the generation of cDNA. Next, the cDNA was amplified into 6 fragments (F1 to F6) using TMUV-
specific primers and ligated into a SP6-containing pCC1BAC backbone creating the (B) TMUV WU2016 
infectious cDNA clone. The TMUV genome consists of a single open reading frame flanked by 5’ and 3’ 
untranslated regions (UTR). The genome translates into a single polyprotein consisting of three structural 
proteins capsid (C), premembrane (prM), envelope (E) protein, and five nonstructural proteins (NS1-5). The 
TMUV WU2016 infectious cDNA clone served as a template for the construction of the (C) subgenomic 
replicon RNA by PCR amplifying the last 22 amino acids of E protein, nonstructural proteins, 3’UTR, and 
hepatitis delta virus ribozyme (HDVr) and ligating it into a synthetic fragment encoding the SP6, 5’UTR and 
first 20 amino acids of the C protein. Lastly, the TMUV replicon was modified via AscI and AvrII restriction 
digestion to express the green fluorescent protein (GFP), Renilla luciferase (Rluc), or mCherry flanked by 
foot-and-mouth disease virus 2A elements or mScarlet reporter proteins. For the expression of viral transgenes, 
the hemagglutinin (HA) of avian influenza A virus (AIV), the Spike of infectious bronchitis virus (IBV), or 
the nucleocapsid (pVP2) gene of infectious bursal disease virus (IBDV) was inserted into the TMUV replicon.
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Characterization of the TMUV replicon
To verify the functionality of the TMUV replicon, capped in vitro transcribed RNA was produced 
from the TMUVrep-GFP cDNA and electroporated in BHK-21 cells, which were analyzed 
using (immuno)fluorescence microscopy 48 h post-electroporation (hpe). As a control, BHK-21 
cells were infected with TMUV WU2016 at an MOI of 0.01 TCID50·mL-1. The TMUV E and 
NS1 proteins were detected using monoclonal antibodies (mAb) 4G2 and 4G4, respectively. 
Additionally, the presence of double-stranded RNA (dsRNA) replication intermediates within 
the flavivirus RNA replication complex was detected using mAb 3G1.1. NS1 and dsRNA are 
detected in cells electroporated with TMUVrep-GFP replicon RNA or infected with TMUV 
WU2016 (Figure 3). NS1 was detected in the cytoplasm, where a perinuclear localization was 
observed. Similarly, dsRNA intermediates were detected in the perinuclear region for both the 
TMUV replicon and the TMUV WU2016 infectious clone. As expected, the TMUV envelope 
protein could only be detected in the samples infected with the TMUV WU2016 infectious clone, 
whereas GFP expression could only be detected in cells electroporated with TMUVrep-GFP. 
In order to analyze the expression and timing of reporter protein expression, capped, in vitro 
transcribed RNA of TMUVrep-GFP, TMUVrep-mScarlet, TMUVrep-mCherry, or TMUVrep-Rluc 
was electroporated into BHK-21 cells (Figure 4A). Transgene expression was measured over 

Figure 2. Viral growth kinetics of TMUV WU2016 compared to the TMUV MM1775 isolate. (A) BHK-21 
cells were infected with TMUV WU2016 or TMUV MM1775 isolate at a multiplicity of infection (MOI) of 0.01 
median tissue culture infective dose per milliliter (TCID50·mL-1). Samples were taken every 24 hours for up to 
4 days and virus titers were determined by end-point dilution assay and expressed in TCID50·mL-1. Error bars 
indicate the standard error of the mean titers of three biological replicates. (B) Virus-induced cytopathic effect 
TMUV WU2016 compared to mock-infected BHK-21 cells at 48 hours post-infection (hpi). (C) Phylogeny 
of TMUV WU2016 (red) and TMUV MM1773 (blue) compared to other flaviviruses belonging to the Ntaya 
serocomplex. The phylogenetic tree was constructed using the maximum likelihood method based on the 
general time reversible model (GTR+G+I) of the complete genome sequences. Evolutionary analyses were 
conducted in MEGA7 software. The reliability of the analysis was calculated using 100 bootstrap replications. 
The reference nucleotide sequences of the corresponding viruses were obtained from the GenBank database.
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four consecutive days. The fluorescent reporter proteins (GFP and mScarlet) were analyzed using 
fluorescence microscopy and showed the highest fluorescence expression between 48- and 72 
hours post-electroporation (hpe). This was also confirmed for TMUVrep-eGFP-transformed cells 
using flow cytometry analysis (Figure 4B). 	Moreover, a strictly cytoplasmic localization of 
mScarlet was observed in the absence of the FMDV-2A site while this is not seen for GFP and 
mCherry, both of which are dispersedly distributed in the entire cell (Figure 4C). The Rluc activity 
was detected from cellular lysate prepared from BHK-21 cells and peaked at 48 hpe (Figure 4D).
Next, the TMUV replicons encoding the HA (AIV), Spike (IBV), and pVP2 (IBDV) genes were 
tested for the expression and localization of the viral (glyco)proteins. The signal sequence encoded 
by the two glycoproteins directs both HA or Spike glycoproteins into the ER for transport to the 
plasma membrane. In contrast, the capsid protein pVP2 has a cytosolic localization therefore 
it is separated from the viral polyprotein by incorporation of FMDV-2A sites (Figure 5A). 
To confirm the expression and processing of the viral (glyco)proteins, capped, in vitro transcribed 
replicon RNA was electroporated in BHK-21 cells, and cells were analyzed 72 hpe using 

Figure 3. Cellular localization of viral structural, nonstructural, or reporter proteins in TMUV 
WU2016-infected or TMUVrep-GFP-transfected BHK-21 cells. An indirect immunofluorescence assay 
(IFA) was performed on BHK-21 cells 48 hours post-infection with TMUV WU2016 at an MOI 0.1 
median tissue culture infectious dose per mililiter or post-electroporation with capped, in vitro transcribed 
TMUVrep-GFP replicon RNA, detecting the production of TMUV envelope (E) glycoprotein, nonstructural 
protein 1 (NS1), or double-stranded RNA (dsRNA) replication intermediate. Primary antibodies: α-E 
(4G2; mouse), α-NS1 (4G4; mouse), or α-dsRNA (3G1.1; mouse) Secondary antibody: Alexa Fluor 546 
conjugated α-mouse IgG (goat). Nuclei were counterstained using Hoechst.			 
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an indirect immunofluorescence assay. Successful expression was detected for all TMUV 
replicon-expressed (glyco)proteins. Both glycoproteins Spike and HA showed a perinuclear 
localization while a more dispersed signal for the cytosolic pVP2 was detected (Figure 5B). 

4.	 Discussion
In this manuscript, we constructed and characterized a full-length infectious cDNA clone 

Figure 4. TMUV replicon-driven reporter gene expression in BHK-21 cells over time. The GFP and 
mScarlet expression from BHK-21 cells electroporated with capped, in vitro transcribed replicon RNA 
(TMUVrep-GFP or TMUVrep-mScarlet) or DPBS (mock) was determined using (A) fluorescence microscopy 
or, in case of TMUVrep-GFP, by (B) flow cytometry at 0, 24, 48, 72 and 96 hours post electroporation (hpe). 
(C) The cellular localization of the fluorescent reporter proteins GFP (TMUVrep-GFP), mCherry (TMUVrep-
mCherry), and mScarlet (TMUVrep-mScarlet), and the effect of the foot-and-mouth disease virus 2A element 
were displayed in BHK-21 cells after 48 hpe. (D) Additionally, the expression of Renilla luciferase (Rluc) 
from capped, in vitro transcribed replicon RNA (TMUVrep-Rluc) was analyzed using luminometry up to 
96 hpe. The luminescence of Rluc was expressed in relative light units (RLU) and was measured from two 
independent electroporation, normalized against mock electroporated cells. The data was plotted as mean ± SEM.
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and replicons based on the TMUV WU2016 isolate as a valuable tool to express high levels 
of heterologous (viral) proteins. The construction of flavivirus cDNA clones and replicons 
often results in genetic instability and toxicity during plasmid propagation within bacterial 
hosts as was described previously for WNV (Yamshchikov et al., 2001), ZIKV (Münster et 
al., 2018), JEV (Yamshchikov et al., 2001), and DENV (D. Li et al., 2011). Although current 
prediction tools can point toward cryptic prokaryotic sites in the flavivirus genome, strategies 
for counteracting the toxicity resulted in highly variable outcomes (D. Li et al., 2011). It is 
known that not only the common viral elements such as the cytomegalovirus (CMV) promoter 
but also flavivirus-specific elements (e.g. the flavivirus E coding sequence) carry cryptic 
promoters toxic to bacteria (Pu et al., 2011). To overcome genetic instability, applying a yeast 

Figure 5. The expression of viral (glyco)proteins using the TMUV replicon in BHK-21 cells. (A) Predicted 
membrane topology from the polyprotein expression of TMUVrep-HA and TMUVrep-Spike (left) shows a 
luminal (ER) localization, while TMUVrep-pVP2 (right) displays a cytoplasmic localization. C20: first 20 
amino acids of the capsid protein; SS: signal sequence; TMD: trans-membrane domain; E22: 3' terminal 22 
amino acids of the envelope (E) protein; NS1: nonstructural protein 1; 2A: foot-and-mouth disease virus 
2A element. (B) Detection of hemagglutinin (HA; AIV), Spike (S; IBV), and nucleocapsid (pVP2; IBDV) 
proteins by indirect immunofluorescence assay in BHK-21 cells electroporated with TMUVrep-HA, TMUVrep-
Spike, or TMUVrep-pVP2, respectively. Primary antibodies: α-HA (chicken), α-Spike (mouse), and α-VP2 
(mouse). Secondary antibodies: Alexa Fluor 488-conjugated α-chicken IgY (goat) or α-mouse IgG (goat).
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cloning system or inserting an intron within cryptic promoter sites could reduce the toxic viral 
byproduct (Aubry et al., 2015). Although these introns do not impact the flavivirus protein 
coding sequence, introns can, however, disrupt higher-order RNA structures vital to efficient 
flavivirus replication. We circumvented problems with genetic instability by cloning the 
TMUV WU2016 cDNA in an inducible single-copy bacterial artificial chromosome (BAC) 
backbone (Mutso et al., 2017). The pCC1BAC vector is a so-called copy control plasmid 
typically maintained in the E. coli DH10β strain as a single-copy plasmid, but larger amounts 
of plasmid DNA can be obtained by L-arabinose induction of the E. coli strain EPI300. Indeed, 
no large genomic deletion or rearrangements were detected in the TMUV WU2016 cDNA 
when maintained in the E. coli DH10β strain, and the infectious virus could be successfully 
recovered upon transfection of capped, in vitro transcribed RNA. Future strategies could 
include permutating the flavivirus genome and preserving any conserved secondary and 
tertiary RNA motifs while reducing or completely abrogating the transcriptional activity 
of the cryptic bacterial promoter without affecting viral replication (Fros et al., 2017). 
Furthermore, the infectious virus was successfully recovered from BHK-21 cells transfected 
with in vitro transcribed RNA. The viral growth kinetics of duck-derived TMUV WU2016 
were compared to that of mosquito-derived TMUV MM1775 in BHK-21 cells. TMUV 
WU2016 replicated faster and achieved higher overall viral titers than MM1775. The 
peak titers of TMUV MM1775 at 48 and 72 hpi were ~5 to 30-fold lower than those 
of TMUV WU2016. It was previously reported that another duck-derived TMUV strain 
CWQ1 led to higher peak titers than the mosquito-derived MM1775 isolate. The study 
described that favorable replication of the MM1775 strain in mosquito cells was most 
likely caused by a variable stem-loop structure in the 3’UTR of the viral genome (Mao 
et al., 2022). However, similar to CWQ1, WU2016 shared high levels of sequence 
homology of the 3’ UTR with the CQW1 strains (97.59%) in contrast to the MM1775 strain 
(92.59%) thereby likely explaining the enhanced growth kinetics compared to MM1775. 
To study the TMUV infectious cDNA clone as the basis for a potential vaccine platform 
technology, TMUV replicons were successfully engineered to express different reporter genes and 
viral transgenes. We tested the transgene expression of the WU2016-based TMUV replicon and 
showed a long-lasting protein production of up to 96 hpe in BHK-21 cells, without considerable 
cytopathic effect. It was demonstrated that the transgene expression peaked at 48 hpe confirming 
the results of an earlier study (He et al., 2019). The apparent discrepancy between the peak 
expression of fluorescence reporter genes (i.e. GFP and mScarlet) and bioluminescent reporter 
genes (i.e. Rluc) could be explained by the reporter protein half-lives since luminescence 
assays are a more precise tool for measuring dynamic changes in expression levels (Thorne 
et al., 2010). Moreover, the presence of the FMDV-2A sites did not impair reporter protein 
function since both GFP and mCherry expression was detected. However, the absence of the 
FMDV-2A element restricts the reporter protein dispersion to the cytoplasm as was seen for 
mScarlet. Additionally, we demonstrated that the TMUV replicon was capable of expressing 
viral (glyco)proteins of AIV (HA), IBV (Spike), and IBDV (pVP2). HA was detected in the 
perinuclear region within electroporated cells, indicating that this viral glycoprotein was correctly 
routed to the cell surface as previously described for a reporter Influenza A virus (dos Anjos 
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Borges et al., 2020). Indeed, HA was also detected at the cell surface. For the TMUV replicon 
expressing pVP2, a cytosolic distribution was observed which is in agreement with the literature. 
It has been described that during the individual expression of either precursor or mature VP2 
protein, the signal is located in the cytoplasm of insect, avian, and mammalian cells while in 
mammalian and avian cells aggregates of mature VP2 can be detected (Y. Qin et al., 2017). 
In conclusion, we have successfully created an infectious clone and replicon system based 
on the TMUV WU2016 isolate that efficiently replicates in cell culture and expresses 
transgenes, including the viral (glyco)proteins of key poultry diseases such as AIV, IBV, and 
IBDV. Our results suggest that this platform may have the potential to be used in vaccination 
against these poultry diseases. As we continue to characterize this system, we will explore 
its efficacy in vivo using various delivery methods. Additionally, our work builds on prior 
research towards replicon RNA vaccines, which underscores the importance of developing 
effective and readily adaptable vaccines to combat emerging and re-emerging diseases 
(Kent et al., 2008; Komdeur et al., 2021; Langereis et al., 2021; Pijlman et al., 2006).
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Abstract
Efficient and versatile platforms for heterologous gene expression are crucial in biomedical 
research, biotechnology, and vaccine development. Self-amplifying RNAs (replicons) are 
promising tools typically derived from positive-sense RNA genomes to enable robust and 
long-lasting transgene expression without the production of infectious viral progeny. While the 
alphavirus Venezuelan equine encephalitis virus (VEEV; family Togaviridae) replicon system 
has been extensively studied with demonstrated vaccine efficacy in several animal species, 
an alternative flavivirus-based replicon platform, based on the duck Tembusu virus (TMUV; 
family Flaviviridae), is under development for heterologous gene expression in poultry. In this 
study, we directly compared the established VEEV replicon system to the novel, bird-adapted 
TMUV replicon system in terms of the reporter gene expression level and duration in different 
mammalian and avian cell lines. Despite a later onset of reporter gene expression by the TMUV 
replicon system, an overall higher reporter protein production was observed compared to the 
VEEV replicon system. Alternatively, we constructed two TMUV replicon capsid variants 
and investigated the impact of the included cis-acting elements within the capsid gene on the 
transgene kinetics and the virus-induced cytopathic effect. We showcased the tuneability of the 
TMUV replicon system, achieving expression levels equivalent to those of the VEEV replicon 
system. As a future application, we successfully achieved the expression of avian influenza 
hemagglutinin glycoprotein using all three TMUV replicon variants. Overall, the findings 
highlight the potential of an avian-adapted TMUV replicon system as a suitable, alternative, 
and effective platform for heterologous gene expression in both mammalian and avian cells.
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1.	 Introduction
The development of efficient and versatile platforms for heterologous gene expression has 
become the foundation of biomedical research, biotechnology, and vaccine development. 
Self-amplifying RNAs, also known as ‘replicons’ are useful tools to achieve robust and long-
lasting gene expression in vitro and in vivo (Galanis et al., 2001; Manservigi et al., 2010; 
Nogueira et al., 2013; van den Pol & Davis, 2013). These replicon RNAs are derived from 
negative- or positive-strand RNA viruses by conserving the nonstructural ‘replicase’ genes 
and replacing the viral structural genes to prevent the formation of viral progeny (Almazán 
et al., 2013; Berger Rentsch & Zimmer, 2011; Kalhoro et al., 2009; Langereis et al., 2021; 
Oreshkova et al., 2021). Among these replicon systems, a well-studied and highly effective 
replicon system is based on the Venezuelan equine encephalitis virus (VEEV), a member of 
the Togaviridae family. VEEV replicon RNA has successfully expressed a wide variety of 
immunogens including advanced cancers antigens (Morse et al., 2010), Ebola virus antigens 
(Herbert et al., 2013), swine influenza antigens (R. L. Vander Veen et al., 2012) in various 
species. The strength of the VEEV replicon platform lies in the fact that the heterologous 
gene is encoded on a separate mRNA that is under the control of a separate subgenomic (26S) 
promoter, leading to very high levels of transgene expression. However, the high levels of 
alphavirus RNA replication and expression of alphavirus replicase proteins can also induce 
a significant cytopathic effect (CPE) (Frolov & Schlesinger, 1994; D. Y. Kim et al., 2014).
Unlike alphaviruses, flaviviruses lack a subgenomic promoter. Instead, they translate both their 
structural - capsid (C), premembrane (prM), and envelope (E) - and nonstructural proteins 
1 to 5 (NS1 to NS5) as a single polyprotein, which is post-translationally processed by both 
viral and cellular proteases. For the construction of a flavivirus-based replicon system, these 
structural genes are replaced by the gene of interest that is cloned in-frame with the flavivirus 
nonstructural polyprotein (Comes, Poniman, et al., 2023). Currently, several flavivirus-based 
replicon platforms have been developed derived from yellow fever virus 17D (YFV) (Oreshkova 
et al., 2021), West Nile virus (WNV) (Khromykh & Westaway, 1997), dengue virus (DENV) 
(Kato & Hishiki, 2016), Tick-borne encephalitis virus (TBEV) (Gehrke et al., 2005), and 
Tembusu virus (TMUV) (He et al., 2019). What these flaviviruses replicon systems have in 
common, is the requirement of cis-acting RNA elements encoded within the C gene and a signal 
sequence in the E protein to facilitate efficient viral RNA replication and ER translocation of 
downstream NS1 protein, respectively. The first 20 amino acids of C-protein (C20) and the last 
22 amino acids of E-protein (E22) are therefore retained in the replicon design (Pijlman et al., 
2006). The absence of specific cis-acting RNA elements in the 5’ terminal region of the flavivirus 
genome among which the 5’ cyclization sequence (5’CS) and downstream of 5’CS pseudoknot 
(DCS-PK) have been reported to negatively impact genomic replication of flaviviruses and thus 
a potential target for antiviral or vaccine strategies (He et al., 2019; Khromykh et al., 2001; 
Z.-Y. Liu et al., 2013; Patkar et al., 2007). Furthermore, the capsid protein itself is known to 
interact with numerous host proteins and plays a structural role in the formation of infectious 
particles (Freire et al., 2013; Mori et al., 2005b; Samuel et al., 2016; Schrauf et al., 2008; M. 
R. Yang et al., 2008). However, how cis-acting RNA elements or the capsid proteins impact 
heterologous gene expression and cytopathicity of the flavivirus replicon is not well understood. 
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In this study, we described a direct comparison between the established VEEV TC-83 
replicon vaccine platform and the newly described, bird-adapted, TMUV WU2016 replicon 
system to express several report genes and the avian influenza virus (AIV) hemagglutinin 
(HA) glycoprotein. Moreover, we assess the cytopathic effect (CPE) of both replicon 
systems on mammalian and avian cells and study the effect of cis-acting RNA elements 
within the TMUV capsid gene on replicon expression kinetics and CPE levels. Collectively, 
our findings highlight the suitability and adaptability of the avian-adapted TMUV replicon 
system as an alternative platform for transgene expression in mammalian and avian cells.

2.	 Material and methods

Cells 
Adherent vertebrate cell lines derived from chicken embryonic fibroblasts (DF-1; ATCC 
CRL-3586) and baby hamster kidney cells (BHK-21; clone 13 ECACC 84011433) were 
cultured in completed Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented 
with 10% (v/v) fetal bovine serum (FBS), 100 U·mL-1 penicillin and 100 µg·mL-1 streptomycin 
(Gibco). The suspension-adapted cell lines derived from duck embryonic stem cells (EB66; 
Valneva) were cultured in serum-free Ex-cell growth II medium (SAFC Biosciences) 
supplemented with 40 mg/L gentamycin, 2.5 mg/L natamycin, and 0.24 % (v/v) antifoam. 
Adherent cells were maintained in T-flasks (Greiner) while suspension cells were maintained 
in single-use shaker flaks (Greiner) at 37°C under 5% CO2.				  

TMUV and VEEV replicon constructs
The construction of replicon vectors TMUVrep-C20-eGFP, TMUVrep-C20-Rluc, and TMUVrep-
C20-mScarlet was described in Chapter 2 (Comes, Poniman, et al., 2023). For the construction of 
TMUVrep-C38 or C109-eGFP replicons, the first 20 codons of the C-coding region of TMUVrep-
C20-eGFP replicon construct was replaced via restriction cloning (KasI and AscI; New England 
Biolabs) by a synthetic DNA gene (Thermo Fisher Scientific) coding for the first 38 or 109 
codons of the capsid gene. For the construction of the TMUVrep-C38-HA and TMUVrep-C109-HA, 
the HA gene of TMUVrep-C20-HA (Comes, Poniman, et al., 2023), was isolated using AscI and 
AvrII and inserted into the aforementioned replicon constructs. The plasmids encoding for the 
T7-driven VEEV replicon were fully synthesized by Integrated DNA technologies and modified 
using restriction cloning (AscI and PacI) to insert the GFP, mScarlet, Renilla luciferase (Rluc) 
or HA genes behind the 26S subgenomic promotor (Hooper et al., 2009; Langereis et al., 2021). 
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In vitro RNA transcription and purification
Replicon-encoding DNA plasmids were purified using the endotoxin-free Nucleobond 
Midiprep kit (Macherey-Nagel) and linearized using PacI (TMUV-derived replicons) or 
NotI (VEEV-derived replicons) restriction enzymes. Capped, in vitro transcribed replicon 
RNAs were generated by using 2.5 micrograms of linearized plasmid DNA in an SP6- or T7-
polymerase reaction (both New England Biolabs) for TMUV and VEEV replicon constructs, 
respectively. The reaction was incubated for 2 h at 37°C and then treated for 30 min at 37°C 
with RNAse-free DNAse (Promega). Replicon RNA was purified using the RNeasy Midiprep 
kit (Qiagen) according to the manufacturer’s RNA Cleanup protocol. Both quantity and 
quality of the in vitro transcribed RNA were analyzed using the spectrophotometer ND-1000 
(Nanodrop) and via conventional electrophoresis using a 1% agarose gel in tris-acetate-EDTA 
(TAE) buffer for 15 min at 150V. The replicon RNA was stored at -80°C for further use. 

Transfection and electroporation
One day prior to the experiment, 2 x 105 DF-1 cells were seeded in 24-well plates. Next, cells 
were transfected with in vitro transcribed replicon RNA using Lipofectamine 2000 (Thermo 
Fisher Scientific) according to the manufacturers’ protocol. After 4 hours, the medium was 
replaced with supplemented DMEM and incubated at 37°C under 5% CO2. For adherent 
BHK-21 cells, electroporation using the Gene Pulser Xcell (Bio-Rad Laboratories) was 
performed. A total of 8 x 106 BHK-21 cells were harvested and resuspended in 1 mL Dulbecco’s 
phosphate-buffered saline (DPBS; Gibco). Next, 10 μg of purified replicon RNA was added 
to the resuspended BHK-21 cells and transferred to a 0.4 cm cuvette (Bio-Rad Laboratories). 
Subsequently, the cuvette was pulsed twice (850 V/25 μF) and cells were resuspended in 10 mL 
supplemented DMEM. Hereafter, cells were processed in plates according to the application 
and incubated at 37°C and 5% CO2. Suspension EB66 cells were electroporated using the 
BTX electroporator (ECM830 Electro Square Porator; BTX). These cells were resuspended 
to a concentration of 2 x 108 cells·mL-1 in OptiPRO® SFM (Gibco) containing 25 mM 
HEPES (Gibco), MEM non-essential amino acids solution (Gibco), and 2mM L-Glutamine 
(Gibco). Next, 30 µg purified replicon RNA was added to 0.6 mL resuspended cells and 
transferred to a 0.4 cm BTX electroporation cuvette plus (BTX). Hereafter, EB66 cells were 
electroporated by providing four 400 μs pulses at 650 V. After electroporation, cells were 
processed in flasks or plates according to the application and incubated at 37°C under 5% CO2.
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Indirect immunofluorescence assay
An indirect immunofluorescence assay was performed to detect the expression of the viral 
glycoprotein HA in replicon-containing cells. A monolayer of BHK-21 cells was washed 
with DPBS and fixed with 4% paraformaldehyde in DPBS at room temperature (RT) for 
5 min. The cells were washed and permeabilized using 0.1% sodium dodecyl sulfate (SDS) 
in DPBS at RT for 10 min. Next, the monolayer was blocked by 5% FBS in DPBS at 37°C 
for 1 h and incubated at 37°C with α-HA (strain H5N1; chicken) antibody diluted in 5% FBS 
in DPBS for 1 h. Hereafter, cells were incubated with a secondary α-chicken IgG conjugated 
with Alexa Fluor 568 antibody (goat, 1:2000; Invitrogen) in 5% FBS in DPBS at 37°C for 
1 h. Cells were then counterstained with Hoechst (1:100; Thermo Fisher Scientific) in DPBS 
for 5 min. Images were acquired using the Axio Observer Z1 fluorescence microscope (Zeiss). 

Renilla luciferase activity assay
To assess the Rluc activity, 24-well plates were seeded with 1 x 105 cells/well of electroporated 
BHK-21 or transfected DF-1 cells and incubated for up to 4 days. The culture supernatant 
was aspirated and cells were lysed by 1x passive lysis buffer (Promega) for 20 min incubation 
at RT. The lysate was cleared by centrifugation at 12.000 x g and pipetted into an opaque 
96-well plate. Next, pre-made Rluc buffer was automatically injected using a FLUOstar 
Optima microplate reader (BMG Labtech) and measured for 8 min (10 intervals). Samples 
were measured in triplicate and normalized against the lysate of non-electroporated or non-
transfected healthy cells. To determine the total expression (area under the curve, AUC), values 
were processed using the trapezoid rule. Student’s t-test was performed using GraphPad Prism 
(V9.5.0.) to assess the statistical significance (p ≤ 0.05 was considered statistically significant).

Viral cytotoxicity assay
To assess the cytopathic effect (CPE) of the TMUV and VEEV replicon RNA on BHK-21 
cells, 1.5 x 104 electroporated cells/well were plated in a 96-well plate (Greiner). The cells 
were analyzed every 24 h up to 4 days post electroporation to evaluate the CPE using the Viral 
ToxGlo assay (Promega) according to the manufacturer’s protocol. The luminescence was 
measured using the FLUOstar OPTIMA microplate reader (BMG Labtech). The cytotoxicity 
was determined by the average relative light units (RLU) of two biological replicates and three 
technical replicates normalized against the average RLU of healthy, mock electroporated cells.
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Western blot analysis 
Hemagglutinin (HA) protein samples produced by BHK-21 cells were collected in DPBS (Gibco) 
and incubated at 95°C for 15 min with a loading buffer containing β-mercaptoethanol. After 
centrifugation at 13.000 x g for 1 min, samples were separated on 8-16% Mini-PROTEAN precast 
protein gels (Bio-Rad Laboratories). Hereafter, the proteins were semi-dry blotted using the 
Power Blotter system (Invitrogen) on PVDF membranes and blocked for 1 h at RT using DPBS-T 
(0.05% Tween-20) containing 1% skimmed milk. Next, the membranes were immunostained 
with primary monoclonal antibody α-GAPDH (mouse, 1:2500; Sigma-Aldrich) or polyclonal 
α-HA (chicken, 1:500; in kind provided by MSD Animal Health) diluted in DPBS-T for 1 h at 
RT. Membranes were washed three times with DPBS-T for 5 min and incubated with alkaline 
phosphatase (AP)-conjugated secondary antibodies: α-chicken IgY-AP (goat, 1:2000; Sigma-
Aldrich) or α-mouse-AP (goat, 1:2000; Sigma-Aldrich) diluted in DPBS-T. After 1 h at RT, the 
membranes were washed three times for 5 mins and incubated with AP-buffer (100 mM NaCl, 
100 mM Tris-Cl (pH 9.5), 50 mM MgCl2, 1% Tween-20) for 15 min at RT. Lastly, the AP-buffer 
was replaced with NBT-BCIP (Sigma-Aldrich) diluted in AP-buffer to develop the membranes. 

Flow cytometry analysis
eGFP or mScarlet expression were measured using the SH800S Cell sorter (Sony) or Accuri 
C6 (BD) respectively. For flow cytometry analysis, cells were collected via trypsinization, 
washed with DPBS, and resuspended in FACS buffer (DPBS supplemented with 1% BSA 
and 1mM EDTA). Forward scatter (FSC) and back/side scatter (BSC/SSC) were used to 
exclude debris, abnormalities, and doublets. To determine the mean fluorescence intensity 
(MFI) of the highest 5% of GFP-positive cells, a gating strategy was implemented that 
excluded 99% of non-fluorescent mock cells. For the flow cytometry analysis a total 
of 100.000 events per sample were measured. 					   

Secondary RNA structure prediction
Models of the secondary RNA structures within the 5’ untranslated region (5’UTR) and capsid 
region of the TMUV WU2016 genome (Genbank accession no.: OQ920272) were predicted using 
the webserver RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) 
and RNAstructure 6.3 and verified using the phylogenetically related TMUV isolates aligned in 
Clustal X V2.0. The secondary RNA structures were visualized and modelled in VARNA (Darty 
et al., 2009). The secondary structures that were selected are based on the minimum free energy 
prediction not taking into account weaker GU pairs at the end of helices. For long-distance RNA 
interaction such as 5’ upstream AUG region (5’UAR), 5’ downstream AUG region (5’DAR), 
and 5’ cyclization signal (5’CS) the prediction was generated using the Mfold web server 
(http://www.unafold.org/mfold/applications/rna-folding-form.php) (Zuker, 2003)  in which 
the 5’UTR and 3’UTR were separated by a poly(A) stretch of 100 nt (Khromykh et al., 2001).
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3.	 Results

Comparison of reporter transgene expression between TMUV 
replicon RNA and VEEV replicon RNA
Previously, a TMUV replicon was constructed based on the TMUV WU2016 infectious 
cDNA clone (Comes, Poniman, et al., 2023). To compare the expression kinetics of the 
TMUV replicon to the benchmark VEEV replicon in mammalian and avian cell lines, 
both replicon RNAs were modified to express the Rluc protein (Figure 1A). 		

Figure 1. Comparison of Renilla luciferase (Rluc) expression between the TMUV and VEEV replicon 
RNA in mammalian and avian cell lines. (A) Schematic diagram of the SP6 promoter-driven TMUV 
replicon construct and T7 promoter-driven VEEV replicon construct encoding the Rluc protein. C20: 
first 20 amino acids of capsid; E22: last 22 amino acids of envelope protein; UTR: untranslated region; 
Poly(A): polyadenylated tail; 26S: 26S promoter are indicated. Rluc activity expressed in relative light 
units (RLU) of TMUVrep-C20-Rluc or VEEVrep-Rluc electroporated (B) BHK-21 cells or transfected 
(D) DF-1 cells over 96-hour period. (C & E) The total (0-96 h) Rluc expression was calculated by 
approximating the area under the curve (AUC)f into trapezoids and summing their areas. Two independent 
experiments are presented as means and SEM, with significance defined by p ≤ 0.05 (*) and p ≤ 0.0005 
(***) in an unpaired Student’s t-test. hpe = hours post electroporation, hpt = hours post-transfection.
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Replicon RNA was electroporated into BHK-21 cells or transfected into DF-1 cells, which were 
sampled over multiple time points in a 96-hour period to quantify the Rluc activity as a measure of 
gene expression (Figures 1B and 1D). It was observed that the VEEV replicon RNA resulted in 
an early onset - 8 hours post electroporation (hpe) for BHK-21 cells and 8 hours post-transfection 
(hpt) for DF-1 cells of Rluc expression, while the TMUV-mediated expression was lower at these 
earlier time points in BHK-21 (Figure 1B) and DF-1 (Figure 1D). Despite the later onset of Rluc 
expression by TMUV, the total Rluc activity over 96-hours period was significantly higher than 
VEEV replicon RNA expressed Rluc in BHK-21 (Figure 1C) and in DF-1 cells (Figure 1E). 

Next, fluorescent reporter gene expression of TMUV replicon RNA was compared to VEEV 
replicon RNA among different cell lines. (Figure 2). Replicon RNA of the corresponding 
constructs was electroporated in EB66 and BHK-21 or transfected in DF-1 cells. Expression 
of GFP or mScarlet by TMUV was observed from 48 hpe onwards in EB66 and BHK-21 
cells, respectively (Figure 2B & C). For VEEV replicon RNA, an early onset for GFP and 
mScarlet expression was observed from 24 hpe onwards in EB66 and BHK-21, respectively. 
In DF-1, however, the heterologous gene expression from both TMUV replicon RNA and 
VEEV replicon RNA was already observed at 24 hpt (Figure 2D), which is in correspondence 
to the earlier data on Rluc activity. 						    

A notable detachment of the monolayer and distinct morphological changes were observed 
in BHK-21 (Figure 2E) and DF-1 (Figure S1) cells harboring VEEV replicon RNA when 
compared to cells containing TMUV replicon RNA. These phenotypical changes in cells 
harboring VEEV replicon RNA likely contributed to the decrease in the number of fluorescent 
cells throughout the assay. Although a similar decline in fluorescent cells was observed in 
EB66 harboring VEEV replicon RNA, assessing the morphological changes in these non-
adherent cells proved to be more challenging (Figure S1).				  
To quantify the mScarlet expression levels of TMUV replicon- or VEEV replicon-containing 
BHK-21 cells, cells were harvested at 48 hpe and subjected to flow cytometry (Figure 2F). 
Consistent with the findings from the fluorescence microscopy, it was observed that the 
cumulative expression of individual cells, determined by analyzing the mean fluorescence 
intensity (MFI) of the top 5% highest expressing cells, was higher in VEEV replicon 
RNA electroporated cells compared to the TMUV replicon RNA. 			 
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Figure 2. Comparison of fluorescence reporter gene expression between the TMUV and VEEV 
replicon RNA. (A) Schematic overview of the TMUV and VEEV replicon constructs encoding mScarlet 
(TMUVrep-C20-mScarlet or VEEVrep-Scarlet) or GFP (TMUVrep-C20-GFP or VEEVrep-GFP). Replicon 
RNA of the corresponding constructs were electroporated in (B) EB66, (C) BHK-21 cells, or transfected 
in (D) DF-1 and subsequently analyzed using fluorescence microscopy over a 96 h time course (E) 
Brightfield images of mock, TMUVrep-C20-mScarlet, or VEEVrep-mScarlet electroporated BHK-21 cells. 
(F) After 48 hours post electroporation (hpe), BHK-21 cells harboring TMUVrep-C20-mSarlet or VEEVrep-
mScarlet were collected and measured with flow cytometry. Mean fluorescence intensity (MFI) was 
determined for the highest 5% fluorescent cells. hpt = hours post transfection.			 
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Effects of cis-acting elements within the capsid gene of the 
TMUV replicon. 
In earlier studies, the functional flexibility of the TMUV virus capsid gene was evaluated, 
highlighting the consequences of including a truncated capsid-coding region and its positive 
implications of putative cis-acting elements on viral replication (He et al., 2019). To investigate 
the presence of the cis-acting elements in the TMUV WU2016-based replicon and to assess 
their role in the dynamics of transgene expression, two additional TMUV replicon variants 
were constructed that encode the first 38 (TMUVrep-C38-GFP) or 109 (TMUVrep-C109-GFP) 
codons of the capsid gene (Figure 3). It was demonstrated that, in correspondence with earlier 
reports, all analogous patterns of cis-acting elements including the 5’AUR, 5’DAR, 5’CS, 
and DCS-PK were identified in the TMUVrep-C38-GFP and TMUVrep-C109-GFP variants 
(Figure 3A). The TMUVrep-C20-GFP replicon, however, lacked the DCS-PK which resulted 
in an alternate expression kinetics observed during the fluorescence microscopy analysis 
of BHK-21 cells electroporated with the different TMUV replicon variants (Figure 3B). 
Interestingly, in cells containing TMUVrep-C38-GFP or TMUVrep-C109-GFP replicon RNA 
an earlier onset of transgene expression was observed compared to the TMUVrep-C20-GFP 
replicon RNA. Moreover, the GFP accumulation measured in samples expressing TMUVrep-
C109-GFP replicon RNA was noticeably higher than TMUVrep-C20-GFP and TMUVrep-C38-GFP. 
Furthermore, the effect of the DCS-PK also became apparent when comparing the viral-induced 
cytopathic effect (CPE) of the various replicon RNA variants (Figure 3C). No observable 
difference was detected between the TMUVrep-C20-GFP and TMUVrep-C38-GFP in the first 
24 hpe, however, after 48 hpe a noticeably stronger CPE was seen for TMUVrep-C38-GFP. 
In contrast, VEEVrep-GFP evidently showed a more intense CPE from 24 hpe onwards.  
 
During the direct comparison of TMUV replicon variants, a pronounced sub-nucleolar localization 
of the GFP signal became apparent in TMUVrep-C109-GFP electroporated cells (Figure 4A). 
The application of a Hidden Markov Model analysis revealed a strong nuclear localization 
signal (NLS) at the C-terminus (position 103-109) of the capsid protein along with a weaker 
NLS consisting of three basic residues at position 29-32 (Figure 4B). Moreover, an additional 
nucleolar localization signal (NoLS) was identified in the last 16 amino acids of the mature capsid 
protein, hence the aberrant localization within nuclear bodies inside the nucleus. TMUVrep-
C38-GFP lacks the strong C-terminal NLS and NoLS, however, a faint nuclear localization 
remained visible in the electroporated cells. (Nguyen Ba et al., 2009; Scott et al., 2011).
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◄Figure 3. The effect of cis-acting elements encoded within capsid gene on the heterologous protein 
expression and cytopathicity of the TMUV replicon. (A) Prediction of conserved secondary RNA structures 
using RNAstructure 6.3 and RNAalifold amongst different TMUV isolates within the capsid gene. Secondary 
structures were drawn using RNAalifold and VARNA software package (Darty et al., 2009). The following 
cis-acting elements were identified: 5’ upstream of AUG region (5’UAR), 5’ downstream of AUG region 
(5’DAR), 5’ cyclization sequence (5’CS), and downstream of 5’CS pseudoknot (DCS-PK). Three different 
TMUV replicon RNAs were constructed to encode the first 20 (C20), 38 (C38) or 109 (C109) amino acids of the 
capsid gene. (B) Fluorescence images and (C) comparative cytopathic effect analysis based on cellular ATP 
consumption as a surrogate marker of host cell viability of BHK-21 cells electroporated with TMUVrep-C20-GFP, 
TMUVrep-C38-GFP, TMUVrep-C109-GFP, and VEEVrep-GFP replicon RNA. hpe = hours post electroporation.

Figure 4. Nuclear localization of the TMUV (mature) capsid protein. (A) BHK-21 cells were electroporated 
with TMUVrep-C109-GFP, TMUVrep-C38-GFP replicon RNA, or DPBS and immuno-stained with α-NS1 
(4G4; mouse) antibody and Alexa Fluor 546-conjugated α-mouse IgG (goat). (B) Schematic representation 
of the nuclear localization signal (NLS; overstruck in red) prediction using the Hidden Markov Model 
(Nguyen Ba et al., 2009) or nucleolar localization signal (NoLS; underlined in red) prediction (Scott et 
al., 2011) in C109 and C38-GFP fusion protein expressed by TMUVrep-C109-GFP and TMUVrep-C38-GFP 
replicon, respectively. Hoechst was used to counterstain the nuclei.				  
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To obtain a more accurate comparison between the protein expression levels between the 
TMUV replicon capsid variants and VEEV replicon, a flow cytometry analysis was conducted 
(Figure 5). BHK-21 cells were electroporated with the respective replicon RNAs, and samples 

Figure 5. Semi quantitative comparison of GFP expression levels between the TMUV replicon RNA variants 
and VEEV replicon RNA using flow cytometry. (A) Fluorescent, single BHK-21 cells were gated according 
to a standardized method using the Sony-SH800 flow cytometer. (B) BHK-21 cells were electroporated using 
TMUVrep-C20-GFP, TMUVrep-C38-GFP, TMUVrep-C109-GFP, or VEEVrep-GFP and analyzed over a 96-hour 
period. Y-axis displays the percentage of the maximum event count (C) The mean fluorescence intensity (MFI) 
was determined based on the highest 5% of GFP positive (GFP+) cells. hpe = hours post electroporation.
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were taken every 24 h for four consecutive days. Subsequently, fluorescent single cells were gated 
and subjected to semiquantitative measurement of GFP expression (Figure 5A). Consistent with 
earlier fluorescence microscopy findings, TMUVrep-C20-GFP exhibited barely detectable levels 
of GFP expression at 24 hpe (Figure 5B). In contrast, robust GFP signals were detected from 24 
hpe onwards in cells electroporated with TMUVrep-C38-GFP, TMUVrep-C109-GFP, and VEEVrep-
GFP replicon RNA. Moreover, the analysis confirmed that for the cumulative expression of 
the 5% highest expressing cells, VEEVrep-GFP outperformed the different TMUV replicon 
RNA variants (Figure 5C). However, a noticeably higher MFI was measured for TMUVrep-
C109-GFP compared to the TMUVrep-C20-GFP and TMUCrep-C38-GFP replicon variants.

Comparison of viral glycoprotein expression between the 
TMUV replicon variants. 
To assess the TMUV replicons as a novel vaccine platform, the expression of the avian 
influenza glycoprotein hemagglutinin (HA) was compared among the replicons with different 
capsid lengths. The HA gene was cloned into the TMUV and VEEV replicon constructs 
(Figure 6A) and the replicon RNA was electroporated into BHK-21 cells. At 72 hpe, cells 
were stained for the presence of HA using an indirect immunofluorescence assay (Figure 6B). 

Figure 6. Comparison of avian influenza A virus hemagglutinin (HA) expression by VEEV replicon and 
TMUV replicons encoding different truncated capsid genes. (A) Schematic representation of the various 
TMUV and VEEV replicon construct encoding the AIV HA gene (B) Indirect immunofluorescence analysis of 
BHK-21 cells containing replicon RNA at 72 hours post electroporation (hpe). (C) Western blot detection of 
HA of replicon-expressed HA over a 96-hour period. Primary antibody: serum α-HA (chicken) and α-GAPDH 
(mouse). Secondary antibodies are Alexa Fluor 568 or alkaline phosphatase-conjugated α-chicken IgY (goat).
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The expression of HA was detected in all cells electroporated with replicon RNA. This 
was in correspondence with earlier results on the expression of TMUVrep-C20-HA (Comes, 
Poniman, et al., 2023). When the cell lysates were subject to a western blot, the HA 
glycoprotein migrated at the height of ~75 kDa. Similar to Rluc and mScarlet expression, the 
TMUVrep-C20-HA-mediated HA expression was only detected from 48 hpe onwards while 
HA expression from TMUVrep-C38-HA and VEEVrep-HA was already detected at 24 hpe. 

4.	   Discussion
The VEEV-based replicon system is the most well-studied replicon platform, typically used as 
a tool for heterologous protein production or vaccination. A significant drawback of the VEEV 
replicon system is that the very high levels of alphavirus RNA replication and expression of both 
heterologous and viral replicase proteins often result in virus-induced CPE in many vertebrate 
cells (Garmashova et al., 2007; Petrakova et al., 2005; Schlesinger & Dubensky, 1999).
In a previous study, we developed a bird-adapted TMUV replicon platform and showcased its 
robust and sustained gene expression in different cell lines (Comes, Poniman, et al., 2023). In 
this study, we created two additional replicons with extended capsid lengths and compared these 
to the established VEEV replicon platform. Our findings revealed that despite the later onset 
of reporter gene expression, the TMUVrep-C20-GFP replicon RNA produced a significantly 
higher total amount of heterologous protein than VEEV replicon RNA. This difference could 
be attributed to the inherent low cytopathicity of the TMUV-based replicon system, similar 
to other flaviviruses such as WNV and TBEV (Gehrke et al., 2005; Khromykh & Westaway, 
1997; Pijlman et al., 2006; Varnavski & Khromykh, 1999). Despite being described as less 
cytopathic compared to old-world alphaviruses, like Sindbis and chikungunya virus (Garmashova 
et al., 2007; Petrakova et al., 2005; Sawicki & Sawicki, 1980), VEEV still induced a more 
pronounced CPE than other flaviviruses (Gehrke et al., 2005). Our results demonstrated 
that VEEV replicon altered the cell morphology, increased cellular ATP consumption, and 
reduced the number of fluorescent cells compared to the TMUV replicon RNA. While the 
host transcriptional shutoff, a key factor in VEEV-mediated CPE, is mainly determined by 
the function of the capsid protein, it is not encoded on the VEEV replicon (Garmashova 
et al., 2007). Another, novel factor that might contribute to CPE in vertebrate cells is the 
host translational shut-off by the alphavirus replicase protein, nsP2 (Treffers et al., 2023). 
Comparing the TMUV replicon capsid variants with the VEEV replicon, it became apparent 
that only TMUVrep-C38-GFP demonstrated an earlier onset of gene expression while TMUVrep-
C109-GFP demonstrated both an earlier onset and a higher GFP accumulation over time. 
Notably, these differences compared to TMUVrep-C20-GFP came at the cost of a higher 
cytopathic effect. Previous studies already demonstrated the functional flexibility of the TMUV 
capsid protein by looking at the expression and replication kinetics (He et al., 2021). To our 
knowledge, this is the first report that directly compares the heterologous gene expression 
and virus-induced cytopathic effect of TMUV replicons with different capsid lengths. 
The variation in the onset and expression levels among different TMUV replicons capsid 
variants may be attributed to the presence of secondary RNA structures within the capsid 
gene. While the capsid protein sequence is not highly conserved amongst members of the 
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Flaviviridae family, the secondary RNA structures in this region are (Z.-Y. Liu et al., 2013). 
In this study, we identified cis-acting elements within the TMUV WU2016 capsid gene that 
play a role in the earlier onset of heterologous gene expression in both TMUVrep-C38-GFP 
and TMUVrpe-C109-GFP compared to TMUVrep-C20-GFP (He et al., 2020). Specifically, the 
presence of the DCS-PK structure in both replicon variants appears to enhance viral RNA 
replication by presumably regulating genome cyclization, a mechanism observed in many other 
flaviviruses (Z.-Y. Liu et al., 2013; Mazeaud et al., 2018). However, further investigation is 
needed to determine whether the viral RNA levels increase when the first 38 or 109 amino acids 
are encoded by the TMUV replicon RNA, or whether translation of the polyprotein is enhanced.
Notably, the disparity in GFP accumulation between TMUVrep-C38-GFP and TMUVrep-C109-
GFP cannot solely be explained by the presence of cis-acting elements, as no other putative 
RNA structures were predicted downstream of DCS-PK. Therefore, we postulate that the effect 
of a higher GFP accumulation for the TMUVrep-C109-GFP can potentially be attributed to the 
mature capsid protein. Particularly, since we also demonstrated a prominent difference in the 
localization of the capsid-GFP fusion protein in nuclear bodies within the nucleus. It is therefore 
possible that the capsid protein might (directly or indirectly) interact on a protein level. The 
mature capsid proteins encompass essential structural elements, such as hydrophobic α-helixes, 
which may facilitate interactions with (internal) biological membranes or binding of viral 
RNA (He et al., 2020). The distinct cellular translocation of the mature capsid protein could 
be attributed to the presence of an NLS and NoLS sequence near the C-terminus of the protein 
(Sangiambut et al., 2008b). Moreover, the presence of additional phosphorylatable residues in 
the C-terminus of the mature capsid protein may affect its localization or modulate its function 
(X. Zhang et al., 2021). Overall, the multifaceted properties of capsid make it a central player in 
various aspects of controlling viral replication such as interfering with RNA silencing (Samuel 
et al., 2016), inhibiting cell apoptosis (Urbanowski & Hobman, 2013), interacting with other 
host proteins (Tsuda et al., 2006) or promoting viral RNA replication (Mori et al., 2005b). 
Collectively, our data highlights that despite VEEV replicon RNA producing an early onset 
of a very high level of transgene expression, the long-lasting expression characteristic of the 
TMUV replicon RNA poses a valuable alternative replicon platform. Additionally, by encoding 
different capsid coding regions, the TMUV replicon expression can be tailored to achieve the 
desired onset and level of heterologous protein expression. As such, this avian-adapted TMUV 
replicon system provides promising prospects as a vaccine platform technology in avian species. 
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Abstract
Each year, millions of poultry die as a result of highly pathogenic avian influenza A virus 
(AIV) and infectious bursal disease virus (IBDV) infections. Conventional vaccines based 
on inactivated or live-attenuated viruses are useful tools for disease prevention and control, 
yet, they often fall short in terms of safety, efficacy, and development times. Therefore, 
versatile vaccine platforms are crucial to protect poultry from emerging viral pathogens. 
Self-amplifying (replicon) RNA vaccines offer a well-defined and scalable option for the 
protection of both animals and humans. The best-studied replicon platform, based on the 
Venezuelan equine encephalitis virus (VEEV; family Togaviridae) TC-83 vaccine strain, 
however, displays limited efficacy in poultry, warranting the exploration of alternative, avian-
adapted, replicon platforms. In this study, we engineered a DNA-launched RNA replicon based 
on a duck Tembusu virus (TMUV; family Flaviviridae) and successfully expressed the AIV 
haemagglutinin (HA) glycoproteins and the IBDV capsid protein (pVP2). To assess the immune 
responses elicited by the TMUV replicon system in chickens, a prime-boost vaccination trial 
was conducted using lipid nanoparticle (LNP)-formulated replicon RNA and DREP encoding 
the viral (glyco)proteins of AIV or IBDV. While TMUV replicon RNA was unable to induce 
a humoral response against AIV, it significantly promoted the IBDV-specific seroconversion 
in vaccinated chickens, in contrast to VEEV replicon RNA, which showed no significant 
humoral response. In conclusion, this study highlights the potential of an avian-adapted, TMUV-
derived replicon platform as a novel vaccine technology to combat emerging poultry diseases. 
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1.	 Introduction
The development of new efficacious vaccine platforms is crucial to protect chickens against 
novel emerging viral pathogens that annually cause the death of millions of poultry worldwide. 
During the 1997 avian influenza virus (AIV) H5N1 pandemic, it became clear that solely 
human vaccination against zoonotic influenza viruses was not sufficient to prevent new 
pandemics from arising (Baz et al., 2013; Shortridge, 2005; Swayne, 2012b; van der Velden 
et al., 2014; X. Zeng et al., 2018). Since then, not only vaccination of poultry against AIV 
H5N1 was implemented, but also routine vaccination against other avian-specific pathogens 
gained more interest as a potent control measure to prevent disease worldwide (H. Chen & 
Bu, 2009; Yee et al., 2009). Although conventional (inactivated or live-attenuated) vaccines 
were a step forward in the prevention and control of diseases in birds, the vaccines often 
performed sub-optimally in terms of safety, efficacy, or development times (Marangon & 
Busani, 2007; D. Wu et al., 2015). As such, still, millions of poultry are culled each year 
due to the sudden occurrence of highly pathogenic AIV or very virulent infectious bursal 
disease virus (IBDV). To mitigate morbidity, mortality, and the zoonotic spillover of poultry 
pathogens to humans, an effective and versatile vaccine platform technology is required. 

Conventional vaccines are less suitable for emergency vaccination during an outbreak, 
because of biosafety regulations, difficulties during pathogen cultivation, or less control 
over batch-to-batch variations. The first step in creating a more easily adaptable vaccine 
platform was the registration of recombinant live viral vector vaccines. A commercially 
available vector for poultry is the genetically modified version of the meleagrid herpesvirus 
1, commonly known as turkey herpesvirus or herpesvirus of turkey (HVT). This recombinant 
HVT vaccine can be modified relatively easily and can encode multiple antigens of interest 
rendering it a suitable platform for multivalent vaccination (D. Li et al., 2011; L. Liu et al., 
2019; N. Tang et al., 2018; van Hulten et al., 2021). Nevertheless, scaling up the production 
of this cell-associated recombinant live virus is challenging due to the requirement of 
primary chicken embryo fibroblast cells for virus propagation, which restricts its suitability 
as a platform for rapid response vaccines (Śmietanka et al., 2019; Zai et al., 2022).	  

Interestingly, the recent coronavirus disease 2019 (COVID-19) pandemic has accelerated the 
use of nucleic acid-based messenger (m)RNA vaccines, which are also attractive for the poultry 
industry as they are generally well-defined, scalable, and most importantly, quickly adaptable. 
Current mRNA vaccines for human use require a substantial dose (30 micrograms for BioNtech/
Pfizer’s Comirnaty, 100 micrograms for Moderna’s Spikevax) plus a booster vaccination in 
order to provide protective immunity (Haveri et al., 2022; Moraga-Llop, 2023). However, 
smaller doses have been reported for self-amplifying mRNA vaccines, the so-called replicons 
(Bloom et al., 2021). These replicon formulations are often based on the replication genes of 
Venezuelan equine encephalitis virus (VEEV; family Togaviridae; genus Alphavirus) TC-83 
vaccine strain or Kunjin virus (KUNV; family Flaviviridae; genus Flavivirus) (Langereis et 
al., 2021; Pijlman et al., 2006; R. Vander Veen et al., 2009; Varnavski & Khromykh, 1999). 
To generate replicon vaccines, the wildtype viral genome is modified by replacing the viral 
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structural genes for a gene of interest. Since only the replicase genes are maintained, the replicon 
RNA can self-amplify in the cytoplasm but cannot propagate or spread to other cells. The 
process of active RNA amplification in cells receiving the replicon may eliminate the need for 
an adjuvant while a strong immune response is induced (Erasmus et al., 2020; Langereis et al., 
2021; R. L. Vander Veen et al., 2012). Despite this self-adjuvating effect of replicon vaccines, 
the VEEV replicon platform does not always induce a protective immune response in poultry 
(Schultz-Cherry et al., 2000; Sylte et al., 2007). Consequently, there is a niche for an alternative, 
preferably a poultry-adapted, replicon-based platform. A suitable virus candidate to develop an 
alternative replicon for poultry is the Tembusu virus (TMUV), a member of the Flaviviridae 
family. TMUV has been isolated from a wide range of bird species such as ducks, geese, 
chickens, and pigeons, and thus shares hosts with the avian influenza virus (Hamel et al., 2021).

In this study, we constructed a DNA-launched replicon (DREP) platform based on the TMUV 
isolate Perak and assessed the expression of hemagglutinin (HA) glycoprotein of AIV and 
nucleocapsid protein (VP2) of IBDV. Furthermore, we describe the immunization of chickens 
with TMUV- versus VEEV-based replicons containing the viral structural transgenes of AIV 
or IBDV. The replicon RNA and DREP vectors were formulated in lipid nanoparticles (LNP) 
and administered in a homologous prime-boost setting to 1-day-old specific pathogen-free 
(SPF) chickens. The humoral responses in chickens against HA and VP2 were followed over 
time and compared to those induced by commercial vaccines Vaccine M or Innovax-ND-IBD® 
(both MSD Animal Health), respectively. We conclude that a synthetically produced, TMUV-
based replicon system has the potential to vaccinate poultry against emerging viral pathogens.

2.	 Material and methods

Cells
Baby Hamster kidney cells (BHK-21, CCL-10) were cultured at 37°C under 5% CO2 

in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal 
bovine serum (FBS) and 100 U·mL-1 penicillin-streptomycin (Gibco).			    

Plasmids
The constructed TMUV DREP was based on the Tembusu isolate Perak (Genbank accession no.: 
KX097989) and synthesized in a single-copy pCC1BAC backbone (Genscript). VEEV DREP 
was based on the attenuated VEEV TC-83 strain and synthesized in a high-copy pUC57 backbone 
(Genscript) (Hooper et al., 2009). Both DREP constructs were designed with cytomegalovirus 
(CMV) promoters upstream of the replicon sequence. To ensure the formation of a native 3’ 
untranslated region (UTR) in the TMUV replicon RNA, similar to that described in (Comes, 
Poniman, et al., 2023), a Hepatitis delta virus (HDV) ribozyme and simian virus 40 (SV40)-
poly(A) signal were included downstream of the 3’UTR terminus. To insert the viral transgenes 
of HA (AIV) or pVP2 (IBDV) in TMUV and VEEV DREP, unique AscI-AvrII and AscI-PacI 
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restriction sites were incorporated in each replicon, respectively. All plasmids were purified using 
the endotoxin-free Nucleobond Midiprep kit (Macherey-Nagel) and the DNA concentration was 
determined using the spectrophotometer ND-1000 (Nanodrop). Plasmids were stored for further 
use at -80°C. For the evaluation of TMUV and VEEV DREP constructs, sub-confluent BHK-21 
cells were transfected using Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM (Gibco) 
according to the manufacturer’s protocol. After 4 h, the monolayer was washed with Dulbecco’s 
phosphate-buffered saline (DPBS; Gibco) and fresh supplemented medium was added. Cells 
were incubated at 37°C with 5% CO2 prior to the indirect immunofluorescence assays.	  

Secondary RNA structure prediction
Models of the secondary RNA structures within the 5’UTR and capsid region of the TMUV 
WU2016 genome (Genbank accession no.: OQ920272) were predicted using the webserver 
RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) and RNAstructure 
6.3 and verified using the phylogenetically related TMUV isolates aligned in Clustal X V2.0. 
The secondary RNA structures were visualized and modeled in VARNA (Darty et al., 2009). 
The secondary structures that were selected are based on the minimum free energy prediction 
not taking into account weaker GU pairs at the end of helices. For long-distance RNA 
interaction such as 5’ upstream AUG region (5’UAR), 5’ downstream AUG region (5’DAR), 
and 5’ cyclization signal (5’CS) the prediction was generated using the Mfold web server 
(http://www.unafold.org/mfold/applications/rna-folding-form.php) (Zuker, 2003)  in which 
the 5’UTR and 3’UTR were separated by a poly(A) stretch of 100 nt (Khromykh et al., 2001).

In vitro replicon RNA transcription, purification, and electro-
poration
The construction of the SP6-driven TMUVrep-C20 or TMUVrep-C38 replicon, encoding the 
first 20 or 38 N-terminal amino acids of the capsid protein, respectively, has been described in 
(Comes, Poniman, et al., 2023) and Chapter 3. Replicon-encoding DNA plasmids were purified 
using the endotoxin-free Nucleobond Midiprep kit (Macherey-Nagel) and linearized using PacI 
(TMUV-derived replicons) or NotI (VEEV-derived replicons) restriction enzymes. Capped in 
vitro transcribed replicon RNAs were generated by using 2.5 micrograms of linearized plasmid 
DNA in an SP6- or a T7-polymerase reaction (both from New England Biolabs) for TMUV 
and VEEV replicon constructs, respectively. The reaction was incubated for 2 h at 37°C and 
thereafter incubated for 30 min at 37°C with RNAse-free DNAse (Promega). Replicon RNA 
was purified using the RNeasy Midiprep kit (Qiagen) according to the manufacturer’s RNA 
Cleanup protocol. Both the quantity and quality of the in vitro transcribed RNA were analyzed 
using the spectrophotometer ND-1000 (Nanodrop) and via conventional electrophoresis 
using a 1% agarose gel in tris-acetate-EDTA (TAE) buffer for 15 min at 150V. The generated 
replicon RNA was stored at -80°C until further use. For the evaluation of replicon RNA, BHK-
21 cells were electroporated using the Gene Pulser Xcell (Bio-Rad Laboratories). Purified 
replicon RNA was mixed with 6 x 106 resuspended BHK-21 cells in DPBS and pulsed twice
 (850 V/25 μF) in a 0.4 cm electroporation cuvette (Bio-Rad Laboratories). After electroporation, 
cells were recovered in 10 mL supplemented medium and incubated at 37°C under 5% CO2. 
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Replicon formulation into lipid nanoparticles
The purified replicon RNA and DNA-encoded replicon plasmids were formulated into LNPs. 
First, a mixture of ionizable lipids, cholesterol, distearoylphosphatidylcholine (DSCP), 
and polyethylene glycol (PEG) C14 was dissolved at a molar ratio of 58:30:10:2 to a final 
lipid concentration of 22.34 mM in absolute ethanol. The lipid mixture was then emulsified
(N/P ratio 6) with a citrate buffer (pH 5) containing the purified DNA or RNA stock using the 
NanoAssemblr microfluidic system (Precision Nanosystems). Next, the resulting LNPs were 
dialyzed against ddH2O for 3-6 h at RT and subsequently against TRIS-G buffer (10mM TRIS, 
70mM NaCl, 5% sucrose) for 12-18 h at 2-8°C. The dialyzed LNPs were then filter sterilized 
using a double-layer filter (Acrodisc PF syringe filter, 0.8/0.2 µm/25 mm; Thermo Fisher 
Scientific). Following this, the LNP particle size (Z-average) and polydispersity (pdi) were 
measured by dynamic light scattering (DLS). Additionally, the concentration and formulation 
efficiency were determined by an LNP disruption assay specific for either DNA or RNA. For 
the DNA:LNP disruption assay, 10 μL of each DNA:LNP formulation was treated using 4% 
(v/v) Triton-X-100 in DPBS and incubated at 37°C for 10 min. Hereafter, the disrupted LNP 
were mixed with 0.2% SybrGold in DPBS solution, incubated for 60 seconds while agitating 
at 500 rpm, and measured using the ClarioStar spectrofluorometer (ex.: 485 nm, em.: 530 nm; 
BMG Labtech). A plasmid DNA standard was used to determine the DNA concentration. For the 
RNA:LNP disruption assay, 10 μL of each RNA:LNP formulation was treated using 4% (v/v) 
Triton-X-100 in DEPC-treated ddH2O and incubated at 37°C for 10 min. The released RNA was 
separated using conventional gel-electrophoresis (1% agarose in tris-acetate-EDTA buffer) for 
30 min at 150V. Quantitative and qualitative analysis of the released RNA was accomplished 
using an in-house replicon RNA standard and Image Lab software (Bio-Rad Laboratories). 

Coomassie Brilliant Blue staining and western blotting
Cell fractions and precipitated supernatant fractions were dissolved in DPBS and incubated 
at 95°C for 5-10 min with a loading buffer containing β-mercaptoethanol. Protein samples 
were then separated using an 8-16% Mini-PROTEAN TGX Precast Protein gel (Bio-Rad 
Laboratories). After electrophoresis, proteins were visualized by Coomassie brilliant blue 
(CBB) staining or transferred to a polyvinylidene difluoride membrane (PVDF; Invitrogen) 
for immunodetection. Membranes were blocked overnight at 4°C with 5-10 mL DPBS-T 
containing 1% skimmed milk (blocking buffer). Then, membranes were incubated for 1 h at 
room temperature with diluted convalescent α-HA serum (chicken, 1:500) or α-VP2 (mouse, 
R63)(k ) antibodies in blocking buffer. Thereafter, secondary antibodies α-chicken IgY 
conjugated with alkaline phosphatase (AP; goat, 1:2500; Sigma-Aldrich) or α-mouse IgG-AP 
(goat, 1:2500; Sigma-Aldrich) were added and incubated for 1 h at RT. Membranes were 
washed and proteins were visualized by incubation of 5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP; Sigma-Aldrich) staining in 5 ml AP-buffer. To remove the N-glycosylated 
groups from the glycoproteins, cell lysates were treated using peptide-N-glycosidase F 
(PNGase F; New England Biolabs) according to the manufacturer’s recommendation. 
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Indirect immunofluorescence assay
Indirect immunofluorescence assays were performed to detect the presence of viral (glyco) 
proteins in replicon-transfected cells. A monolayer of BHK-21 cells was washed using DPBS 
and fixed using 4% paraformaldehyde in DPBS at RT for 10 min. The cells were washed and 
permeabilized using 0.1% sodium dodecyl sulfate (SDS) in DPBS at RT for 10 min. Next, the 
monolayer was blocked by 5% FBS in DPBS at 37°C for 1 h and incubated at 37°C for 1 h 
with primary antibody diluted in 5% FBS in DPBS; for α-VP2 (mouse, 1:1000), α-HA serum 
(chicken, 1:500). Hereafter, cells were incubated with a secondary α-mouse or α-chicken IgG 
conjugated with Alexa fluor 546 (goat, 1:2000; Invitrogen) antibody in 5% FBS in DPBS at 
37°C for 1 h. Cells were then stained with Hoechst (1:100; Thermo Fisher Scientific) in DPBS 
for 5 min. Photos were acquired using the Axio Observer Z1 fluorescence microscope (Zeiss).

Chicken vaccination and sampling
One-day-old, specific-pathogen-free (SPF) chickens (white leghorn layers) were divided 
into six groups with 10 chickens in each group. The chickens assigned to each group were 
tagged and placed in a housing isolator with water and feed ad libitum. Day-old chickens were 
vaccinated via the intramuscular route with 10 μg or 3 μg LNP-formulated replicon RNA or 
DREP, respectively. At T=3 weeks, an additional booster injection of 10 μg (LNP:RNA) or
3 μg (LNP:DREP) was administered. One-day-old chickens belonging to the positive control 
group were vaccinated subcutaneously in the neck with Vaccine M or Innovax-ND-IBD® (both 
MSD Animal Health, Boxmeer). The mock group received no vaccination. Blood samples 
(1.1 mL) were collected from the left- and right-wing vein of all individuals in each group at 
T=3, 5, 7, 10, and 13 weeks post-vaccination. Serum was collected using Bio-One Vacuette Z 
Serum clot activator tubes (Greiner). Clotting of the blood was achieved by inverting the tubes 
and incubation at 4°C for 30 min. Subsequently, the tubes were centrifuged at 3.000 x g at 20°C 
for 10 min and then heat-inactivated at 56°C for 30 min. The serum samples were stored at -20°C. 

Serology
HA- and VP2-specific antibodies from the collected serum were detected with a commercially 
available antibody ELISA kit (ID Screen Influenza H5 indirect or ID Screen IBD VP2; IDvet) or 
reversed competition ELISA kit (IDscreen Influenza H5 antibody competition; IDvet) following 
the standard protocol provided by the manufacturer. Hemagglutination inhibition (HI) assays were 
used to differentiate HA-specific antibodies against the H5N1 subtype according to the World 
Health Organization guidelines (World Health Organization, 2002). An unpaired, two-tailed 
t-test (Mann-Whitney) was used to assess the statistical significance of the antibody readouts 
detected in the indirect ELISAs or HI assay (p ≤ 0.05 was considered statistically significant).  



66

3.	 Results

Design and construction of a DNA-launched replicon con-
struct
The design of the DREP was based on the Tembusu virus isolate Perak (Genbank accession 
nr: KX097989), which is a virus isolated from ducks (Homonnay et al., 2014). TMUV Perak 
shows a high nucleotide (92%) and protein (99%) sequence identity to the previously described 
TMUV WU2016 (Genbank accession no.: OQ920272). Whole genome analysis shows that 
the TMUV Perak clusters together with other duck-derived TMUV isolates. A more distant 
relationship is observed for mosquito and chicken-derived isolates such as TMUV MM1775 and 
Sitiawan virus (STWV), respectively (Figure 1A). (Kumar et al., 2016; Nei & Kumar, 2000)
For the TMUV DREP platform, the design contained only the first 20 amino acids of the 
capsid protein and the last 22 amino acids of the envelope protein (Figure 1B), similar 
to the RNA replicon design (Comes, Poniman, et al., 2023). The DREP constructs were 
transfected into BHK-21 cells and the expression of viral transgenes was visualized using 
an indirect immunofluorescence assay (Figures 1C & 1D). The expression of pVP2 
(Figure 1C) and HA (Figure 1D) from TMUV DREPs was detectable by IFA despite the 
lower transfection efficiency compared to the benchmark VEEV DREP or the TMUV replicon 
RNA. These differences in expression efficiency might be explained by the significantly 
larger size of the TMUV DREP (pCC1BAC, 11.6 kbp + TMUV replicon, ~ 10.5 kbp ≈ 
22 kbp) compared to the VEEV DREP (pUC57, 3.1 kb + VEEV replicon ~ 9.5 kbp ≈ 12.6 kbp).

Viral (glyco)protein translocation and glycosylation status
To investigate whether the viral (glyco)proteins expressed from the different replicons were 
correctly processed intracellularly, BHK-21 cells were transfected with replicon RNA of either 
the TMUVrep-C20-pVP2, VEEVrep-pVP2, TMUVrep-C20-HA, or VEEVrep-HA to determine 
the localization of the pVP2 and HA proteins. Since the pVP2 protein of wildtype IBDV is 
autoproteolytically processed in the cytoplasm (Méndez et al., 2017), it is expected that pVP2 
accumulates in a similar location when expressed from the replicon RNA (Figure 2A). The 
AIV membrane protein HA naturally encodes both a signal sequence (SS) and a transmembrane 
domain (TMD) targeting the protein to the ER and subsequently via the Golgi to the plasma 
membrane (Figure 2A). The intracellular localization of pVP2 and HA was determined by 
an indirect immunofluorescence assay using α-VP2 and α-HA antibodies (Figure 2B). The 
pVP2 protein was detected in clusters dispersed throughout the cytoplasm, and only in SDS-
permeabilized cells, whereas HA could be detected both in the presence and absence of SDS. 
This indicates that the pVP2 protein remained inside the cells and that the HA protein was 
displayed on the outside of the plasma membrane, as expected. To investigate whether the 
viral (glyco)proteins showed the correct molecular mass and whether HA was glycosylated, 
cell lysates of replicon RNA-transfected BHK-21 cells were analyzed on a western blot 
(Figures 2C-E). The pVP2 protein migrated at the expected molecular mass of ~ 48 kDa
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(Figure 2C). An additional faint band of 55 kDa was observed, which could result from incomplete 
ribosome skipping by FMDV-2A (Figure 2A) (Furler et al., 2001; Minskaia et al., 2013).
For the detection of HA glycosylation, the cell lysates of transfected cells with either the TMUV or 
VEEV replicon RNA were treated with peptide-N-glycosidase F (PNGase F) to remove putative 
N-linked oligosaccharides (Figure 2D). The expression of HA from either replicon RNAs was 
detected at a molecular mass of ~ 70-100 kDa. In the PNGase F-treated samples, both detected 

Figure 1. Construction and validation of the TMUV DNA-launched replicon (DREP). (A) Phylogenetic 
analysis of the TMUV isolate Perak based on a multiple sequence alignment of the complete flavivirus 
genomes retrieved from Genbank. The tree was constructed using the maximum likelihood method based 
on the general time reversible model. A discrete gamma (+G) distribution was used to model evolutionary 
rate differences among sites. The tree with the highest likelihood is shown in which the percentage indicates 
the constructed trees were the included isolates clustered together (100 replicates) (Kumar et al., 2016; Nei 
& Kumar, 2000). (B) Design of the TMUV Perak DREP is similar to the replicon RNA construct. The AscI 
and AvrII cloning sites (bold) within the DREP construct allow for in-frame insertion of the avian influenza 
virus haemagglutinin (HA) and infectious bursal disease virus nucleocapsid protein (pVP2) flanked by 
foot-and-mouth disease virus (FMDV) 2A elements. The RNA transcription is under control of the human 
cytomegalovirus promoter (CMVp) starting from the 5’ untranslated region (5’UTR). To ensure that the 
highly conserved 3’ untranslated region (UTR) contained an authentic nucleotide end, a Hepatitis δ virus-
like ribozyme (HDVr) followed by the simian virus 40 (SV40) polyadenylation signal (pA) was inserted 
downstream of the last nucleotide of the 3’UTR. C20: first 20 amino acids of capsid; E22: last 22 amino acids 
of envelope protein are indicated. BHK-21 cells transfected with TMUV replicon RNA, TMUV DREP or 
VEEV DREP expressing the viral (glyco) proteins (C) pVP2) or (D) HA were detected using an indirect 
immunofluorescence assay. Primary antibodies: α-HA convalescent sera (chicken), monoclonal α-VP2 IgG 
(mouse). Secondary antibody: Alexa Fluor 546-conjugated α-chicken IgY (goat) or α-mouse IgG (goat).
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Figure 2. Cellular location and processing of viral (glyco)proteins expressed using replicon RNA in 
BHK-21 cells. (A) A schematic overview of the replication and translation of in vitro transcribed replicon 
RNA and the membrane topology of the viral (glyco)proteins in the cytoplasm or the lumen of the endoplasmic 
reticulum (ER). C20: first 20 amino acids of capsid (C) protein, E22: last 22 amino acids of envelope (E) 
protein, 2A: foot-and-mouth disease virus element 2A, HP: trypsin-like protease cleavage site, SS: signal 
peptide cleavage sites, TMD: trans-membrane domain, NS1: viral nonstructural protein 1. (B) Indirect 
immunofluorescence assay of transfected BHK-21 cell in the presence (left) or absence (right) of 0.1% SDS 
for the localization of viral (glyco)proteins. (C) Western blot analysis of transfected BHK-21 cell lysate 
for the detection of pVP2. (D) Lysate from BHK-21 cells transfected with TMUV replicon RNA (left) or 
VEEV replicon RNA (right) were analyzed using western blot for the presence of N-glycosylation of HA (E) 
Western blot (WB; top panel) and Coomassie brilliant Blue (CBB; bottom panel) of HA detection in both the 
cellular fraction (c) and concentrated supernatant (s) of transfected BHK-21 cells. Primary antibodies: α-HA 
convalescent chicken sera and monoclonal α-VP2 IgG (mouse). Secondary antibodies for immunofluorescence 
assay: Alexa Fluor 488 or 546-conjugated α-chicken IgY (goat) or α-mouse IgG (goat) respectively. 
Secondary antibodies for western blot: alkaline phosphatase-conjugated α-chicken IgY (goat) or α-mouse 
IgG (goat). Cell nuclei were counterstained using Hoechst. Protein sizes in kDa are indicated on the left.

protein bands shifted to a single protein band at a molecular mass of ~ 60kDa, suggesting 
that HA was indeed N-glycosylated. To confirm the tethering of the HA protein in the plasma 
membrane, the (concentrated) supernatant was screened for the presence of any soluble HA 
protein (Figure 2E), which confirmed that no HA protein could be detected in the supernatant. 
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Formulation of DREP and Replicon RNA into lipid 
nanoparticles
Replicon RNA or DREP was formulated in LNPs for the in vivo delivery to chickens. Both 
VEEV and TMUV replicon RNAs and DREPs were purified and formulated using the 
NanoAssemblr Ignite microfluidic system to mix an organic phase of lipids in ethanol with 
an aqueous phase containing the nucleic acids into LNPs (Figure 3A). These LNPs were then 
analyzed using transmission electron microscopy (TEM) and dynamic light scattering (DLS) 
to characterize the LNP shape and size (Figures 3B-D). Particles were detected ranging from 
50 to 600 nm in diameter (Figure 3B). Although no significant difference was detected in the 
mean particle size between the various formulations, LNPs sized larger than 300 nm were 
only observed when LNPs contained a nucleic acid cargo (Figure 3C). The analysis of LNPs 
using DLS yielded an average size of 150 nm with a similar diversity in particle size and a 
comparable trend in size distribution as for empty LNPs (Figure 3D). For 1-day-old chickens 
to be vaccinated with 10 μg or 3 μg of LNP:RNA or LNP:DREP, respectively, a minimal 
concentration of 50 ng/μL formulated vaccine should be achieved to minimize the injection 
volume. To accurately determine the vaccination dose and quality of the formulated replicon 
RNA, an LNP:RNA disruption assay was performed (Figure 3E). This assay showed that a 
concentration of 94-140 ng of replicon RNA/μL of the formulated vaccine was realized and that 
the quality of replicon RNA was similar to before the formulation. Furthermore, it was shown 
that a formulation efficiency of more than 50% was obtained in all formulations (Table 1). 

RNA replicon and DREP vaccination of chickens against IBDV
To test the ability of TMUV replicons to induce an antigen-specific immune response in chickens, 
the LNP:RNAs and LNP:DREPs encoding either HA (Figure 4) or pVP2 (Figures 5 & 6)
were used in a prime-boost vaccination study. Each experimental group consisted of ten 
chickens, while the positive control (HVT-ND-H5) and unvaccinated (Mock) groups included 
five chickens each. At T=0 weeks, prime vaccination with 10 μg of LNP:RNA or 3 μg 
LNP:DREP encoding the HA protein was conducted by injection into the right leg of day-old 
chickens. At T=3 weeks, a booster injection of 10 μg or 3 μg was administered, respectively 
(Figure 4A). Serum was obtained at timepoints T=3, 5, and 7 weeks post prime vaccination 
(ppv), and the antibody response was detected by reversed competition ELISA, indirect 
ELISA (Figures 4B-E), or hemagglutinin inhibition assay (Figure S1). In all the sera and 
at all time points, no significant response against HA passed the manufacturer’s threshold 
for seroconversion in the reversed competition ELISA, irrespective of whether the chickens 
were vaccinated with TMUV or VEEV replicon RNA (Figure 4B), whereas the positive 
control showed seroconversion at all time points. Only one chicken in the group vaccinated 
with VEEVrep-H5 replicon RNA showed both a positive seroconversion for the reversed 
competition ELISA (Figure 4B) and a positive response in the HI test (Figure S1) at 7 
weeks ppv. Similar to the reversed competition assay, no significant HA-specific antibody 
response was detected in the sera of TMUV replicon RNA vaccinated chickens using an 
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Figure 3. Replicon RNA and DREP formulation in lipid nanoparticles. (A) Schematic overview of the 
formulation of lipid nanoparticles (LNPs) using the NanoAssemblr Ignite microfluidic system by mixing an 
aqueous phase, containing replicon RNA in a citrate buffer (pH 5.0) and an organic phase, containing ionizable 
lipids, cholesterol, distearoylphosphatidylcholine (DSCP), and polyethylene glycol (PEG). (B) Empty and RNA-
containing LNPs were analyzed by transmission electron microscopy (TEM) and the size distribution determined 
via (C) semiquantitative analysis from the acquired TEM images or (D) dynamic light scattering (DLS). For the 
measurements using DLS, the average particle size (Z-average; left axis) and size polydispersity index (Pdi; right 
axis) were visualized in the graph. (E) An LNP disruption assay was performed to determine the quantity and 
quality of the formulated LNPs against a replicon RNA standard visualized via conventional gel electrophoresis. 
The dilution factors of the RNA standard (1x-256x) are indicated above the images. ‘Input’ resembles unpurified, 
unformulated in vitro-transcribed RNA. Error bars represent standard error. Scale bars represent 200 nm.
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Table 1. Formulation efficiency of the replicon RNA formulation in LNPs.	

indirect ELISA (Figure 4C). Only at T=7 weeks ppv, the detection of α-HA antibodies in 
the VEEV replicon RNA vaccinated group were significantly higher than in the mock group. 

Chickens were also vaccinated with DREP:LNP formulations. In this experiment, immunization 
with TMUV DREP did not result in a detectable antibody response determined by the reversed 
competition ELISA nor the indirect ELISA, (Figures 4D & E). In contrast, the VEEV DREP 
vaccinated chickens showed the initiation of seroconversion in the reversed competition ELISA 
after a single vaccination at T = 3 weeks ppv (Figures 4D & 4E). After the booster vaccination, 
the antibody response induced by VEEV DREP vaccinated chickens became markedly 
higher, surpassing the antibody titers induced by the Vaccine M vaccinated control group.

Another immunization trial was performed to test the function of the TMUV in comparison to 
VEEV replicons in eliciting an immune response against VP2 (IBDV). Sample groups were 
set up similarly as for the HA study, except that the positive control was immunized using 
Innovax-ND-IBD® (MSD Animal Health). At T=0 weeks, the prime vaccination of 10 μg of 
LNP:RNA (Figure 5) or 3 μg LNP:DREP (Figure 6) was injected into the right leg of day-old 
chickens. At T=3 weeks ppv, an additional booster injection (10 μg for LNP:RNAs or 3 μg 
for LNP:DREPs) was administered (Figures 5A or 6A). Following this prime vaccination, no 
significant increase in antibody titers was detected at 3 weeks ppv (T=3 weeks) with LNP:RNA 
(Figure 5B). However, two weeks after the booster vaccination (T=5 weeks) seroconversion 
was detected in both TMUVrep-C20-pVP2 and TMUVrep-C38-pVP2 vaccinated groups, which 
clearly differed from the VEEVrep-pVP2 vaccinated group (p ≤ 0.05) which showed no 
humoral immune response at this time point. Unfortunately, due to a technical failure in two 
isolators, 80% of the chickens assigned to the positive control group and 100% of chickens 
assigned to the TMUVrep-C20-pVP2 replicon RNA group were lost during this experiment. 
For the LNP:DREP-vaccinated chickens a different response profile was observed (Figure 
6B). The presence of antibodies in VEEVrep-pVP2 DREP-vaccinated chickens was detected as 
early as 3 weeks ppv (T=3 weeks; Figure 6B). Although both were not significantly different 
from the mock (p = 0.178), a noticeably higher antibody titer was detected in the VEEVrep-
pVP2 DREP-vaccinated group compared to the TMUVrep-pVP2 DREP-vaccinated group (p = 
0.0325) at T=3 weeks (Figure 6C). Following the booster vaccination, a progressive increase 
in antibody titers was observed in VEEVrep-pVP2 DREP-vaccinated chickens for up to 13 
weeks ppv, approaching the antibody titers observed in the positive control group. In contrast, 
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TMUV DREP-vaccinated chickens demonstrated a slower but still significant difference 
in α-VP2 antibody titers starting from ten weeks ppv (T=10 weeks). Throughout the VP2 
immunization trial, an overall increase in antibody titer readouts was observed for all groups 
and was particularly notable in mock, VEEVrep-pVP2 replicon RNA- and VEEVrep-pVP2 
(DREP)-vaccinated groups. This increase often coincided with the rise in plasma viscosity 
as the chickens aged also resulting in a higher background (Robertson & Maxwell, 1996).

4.	 Discussion

In the wake of the success of mRNA vaccination, self-amplifying replicon vaccines are 
gaining renewed attention as a highly versatile and safe vaccination alternative for a range 
of animal species. It has been demonstrated that the well-studied VEEV replicon platform 
provided protective immunity against SARS-CoV-2 or Rabies virus in mice (Langereis et al., 
2021; H. Zhang et al., 2020); Ebolavirus in non-human primates (Herbert et al., 2013); and 
influenza A virus or PEDV in swine (Crawford et al., 2016; Erdman et al., 2010). However, 
the VEEV-based replicon vaccine underperformed in mounting a protective immune response 
in young chickens (Schultz-Cherry et al., 2000). In our research, our aim was to develop a 
bird-adapted TMUV replicon platform that induced a potent antibody response against common 
poultry infections such as AIV and IBDV. We demonstrated a DNA-launched replicons can 
be successfully used to express viral antigens in vitro. For the expression of pVP2 of IBDV, 
the FMDV-2A ribosomal skipping elements released the pVP2 from the TMUV polyprotein 
and demonstrated a molecular mass and intracellular localization in line with what has 
been described for a wildtype IBDV infection (Chevalier et al., 2002; Irigoyen et al., 2012; 
Maraver et al., 2003). The AIV HA expressed from the TMUV replicon was displayed on the 
plasma membrane similar to other heterologously expressed HA proteins (Hsu et al., 2016). 
Immunoblotting of the cell lysate showed two distinct protein bands at ~ 70 and ~ 100 kDa. 
Heterogeneity in glycosylation patterns and protein processing have been observed amongst 
HA proteins (Cruz et al., 2018; Koroleva et al., 2020; C. Li et al., 2010), suggesting that 
HA is N-glycosylated similar to a wildtype avian influenza infection (Mishin et al., 2005). 

After successful in vitro expression of viral (glyco)proteins, the formulation of both replicon 
modalities (RNA and DREP constructs of TMUV and VEEV) in LNPs was performed in 

◄ Figure 4. Immunogenicity of SPF-chickens using LNP-formulated replicon RNAs (left) and DREPs 
(right) expressing HA (AIV) antigen. (A) Timeline of immunizations and key points. (B) Competitive 
and (C) indirect ELISA assay detecting the presence of α-HA in the serum of replicon RNA, Vaccine M, 
or mock vaccinated chickens. (D) Competitive and (E) indirect ELISA assay detecting the presence of 
α-HA in the serum of DREP, Vaccine M, or mock vaccinated chickens. Dotted lines in the competitive 
ELISA graphs (40-50%) correspond with an “uncertain” competition percentage (100%-S/N%) according 
to the manufacturers protocol. Data equal or above 50% are considered positive while data equal or 
less than 40% are considered negative. Arithmetic mean values are indicated by the colored line in each  
group. Statistical significance was determined compared to the mock group using the Mann-Whitney 
U-test ( * = p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, **** = p ≤ 0.0001, ns = no significant difference).
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Figure 5. Immunogenicity of SPF-chickens vaccinated using LNP-formulated replicon RNAs expressing 
pVP2 (IBDV) antigen. (A) Timeline of immunizations and key points (B-C) Indirect ELISA detecting 
α-VP2 antibodies in groups vaccinated with Innovax-ND-IBD® (brown), TMUVrep-C20-pVP2 (green), 
TMUVrep-C38-pVP2 (red), VEEVrep-pVP2 in (blue), mock (black). Arithmetic mean values are indicated 
by the black line in each group. Statistical significance was determined compared to the mock group using 
the Mann-Whitney U-test (* = p ≤ 0.05, ** = p ≤ 0.01, ns = no significant difference).		
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Figure 6. Immunogenicity of SPF-chickens vaccinated using LNP-formulated DREPs expressing 
pVP2 (IBDV) antigen. (A) Timeline of immunizations and key points (B-C) Indirect ELISA detecting 
α-VP2 IgY in chicken sera in groups vaccinated with Innovax-ND-IBD® (brown), TMUVrep-C20-pVP2 
DREP (green), VEEVrep-pVP2 in (blue), mock (black). Arithmetic mean values are indicated by the 
black line in each group. Statistical significance was determined compared to the mock group using 
the Mann-Whitney U-test (* = p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, ns = no significant difference). 
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preparation for the animal study. The formulated LNPs displayed a variable size ranging from 
small (~ 30 nm) to very large (~ 700 nm) measured via digital image analysis and DLS. Although 
DLS is used to measure the hydrodynamic radius and not the actual particle size, it should 
be noted that size variation was expected between both measuring techniques. Additionally, 
the analyses only provided a snapshot of the current size homogeneity of the LNPs while 
these might have temporal dynamics or be affected by the sample preparation for analysis 
(Jakubek et al., 2023). The understanding of the impact of LNP particle size is reported to be 
an important parameter for enabling potent LNP vaccines. A study in mice reporting an average 
particle size of around 100 nm was ideal for the consistent production of high antibody titers 
(Hassett et al., 2021). Since this is the first study considering LNP-formulated RNA or DNA in 
chickens, further validation of the optimal size homogeneity of the LNPs should be performed. 

We demonstrated that a prime-boost vaccination trial in SPF layers using LNP-formulated 
TMUV replicon RNA induced higher antibody titers against the pVP2 of IBDV than for 
VEEV replicon RNA expressing the same antigen. It is expected, that the slower but robust 
transgene expression in addition to the minimal CPE of the TMUV replicon RNA in vitro, 
contributes to a more sustained response in chickens compared to the VEEV replicon RNA 
(Gehrke et al., 2005; He et al., 2021; Pijlman et al., 2006). Notably, TMUVrep-C38-pVP2 was 
significantly different from the mock at 7 weeks until the end of the study (13 weeks), whereas 
VEEV replicon RNA was not. Interestingly, TMUVrep-C20-pVP2 was already significant 
at week 5, suggesting that both TMUV replicon variants outperformed VEEV replicon. 

In contrast to the successful induction of IBDV VP2-specific antibodies in the VP2 study, 
neither TMUV nor VEEV replicon RNA vaccinated groups showed significant induction 
of HA-specific antibodies in both reversed competition and indirect ELISA at week 3 and 
5 ppv in the HA study. Despite much lower titers than the positive control, a few individual 
responders in the replicon RNA vaccinated groups showed the first indication of seroconversion 
beyond week 3, with the VEEV replicon RNA vaccinated group showing a significantly 
higher induction of HA-specific antibodies compared to the mock vaccinated group at week 
7. Whether these low antibody titers confer protection during a homologous or heterologous 
challenge remains untested. Since no studies have been performed with LNP-formulated 
replicon RNA in chickens, it is still unresolved if the induction of α-HA antibodies requires 
a higher dose or longer incubation times before seroconversion is observed. Different studies 
tested the administration of various LNP-formulated replicon RNA doses ranging from 0.5 
µg·kg-1 to 500 µg·kg-1 (Geall et al., 2012; McKay et al., 2020; Melo et al., 2019), which is 
in line with, the in this study, estimated 200 µg·kg-1. However, it should be noted that these 
studies only evaluated the delivery of VEEV replicon RNA in mice and not in chickens.

Of note, however, VEEV DREP in both the pVP2 and HA study showed an early onset (T=3) 
of antibody response after a single vaccination. Intriguingly, the VEEV DREP vaccinated group 
in the HA study even outcompeted the positive control at week 7, while the HVT-vectored 
vaccines used to immunize chickens maintain the ability to spread from cell to cell and therefore 
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persist much longer than most RNA and DNA vaccines (Ingrao et al., 2017). In contrast to 
the VEEV DREP, the TMUV-based DREP only induced a significant response in the pVP2 
study after the administration of the booster. Whether the slower seroconversion of the TMUV 
DREP vaccinated animals had to do with the inherent different expression kinetics compared to 
VEEV replicon remains untested. Another reason why the constructed TMUV DREP efficacy 
tested both in vitro as well as in vivo differs compared to the VEEV DREP, could be explained 
by the difference in molar mass between the constructs (TMUV DREP = 13.6 x 106 gmol-1 

vs VEEV DREP = 7.8 x 106 g·mol-1). In this study, only 3 µg of DREP was administered in 
each dose without considering the normalization for the DREP size. This would mean that 
the TMUV DREP dose per chicken is 43% less than for VEEV DREP-vaccinated chickens. 
Whether DREP vaccination in general, conveys a longer protection compared to replicon 
RNA has not been evaluated. However, it is known that conventional plasmid DNA as well as 
replicon-encoding DNA plasmids can be maintained in cells for months (Gehrke et al., 2005; 
Morris-Downes et al., 2001; Pietschmann et al., 2001). Furthermore, it was expected that from 
both replicon modalities, the replicon RNA might show an earlier onset of antigen production 
than its DNA counterpart. The required nuclear delivery to initiate RNA transcription compared 
to the direct translation of in vitro transcribed replicon RNA in the cytoplasm, might explain 
the delayed generation of an antibody response of TMUV DREP compared to the TMUV 
replicon RNA in the VP2 vaccination study. As a next step, performing an optimal dose finding 
in combination with a virus challenge study would be critical to identify the requirements to 
elicit a protective immune response in chickens. Overall, the successful implementation of the 
bird-adapted flavivirus replicon system demonstrated in this study holds promise for driving 
future research and fostering the development of innovative vaccines against avian viral diseases.
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6.	 Supplemental data

Figure S1. Heterologous (AIV H5N6) haemagglutinin inhibition test. (Left) HI titer of replicon RNA 
vaccinated or (Right) DREP vaccinated chickens The dotted line represents the suggested titer for protection 
against AIV H5N6. Arithmetic mean values are indicated by the colored line in each group. Error bars 
represent standard error. Statistical significance was determined using the Mann-Whitney U-test ( * = p ≤ 
0.05, **** = p ≤ 0.0001, ns = no significant difference).					   
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Abstract
Virus-like replicon particles (VRPs) are useful delivery vehicles for self-amplifying (replicon) 
RNA to vaccinate livestock against emerging viral pathogens. VRPs are produced by co-
transfecting cells with a packaging plasmid encoding the viral structural genes along with 
replicon RNA. In this study, the objective was to establish a stable packaging cell line capable 
of large-scale production of flavivirus-derived VRPs. We screened several mammalian-, 
avian- and mosquito-derived cell lines using the duck-derived Tembusu virus (TMUV; 
family Flaviviridae) WU2016 isolate to identify a suitable packaging cell line to produce 
VRPs. Our results demonstrate that TMUV WU2016 replicated to high viral titers in both 
human (HEK293T), avian (DF-1 and EB66), and mosquito (Chao ball, Aag2, and C6/36) 
cell lines. We transduced HEK293T cells using a recombinant lentiviral vector to introduce a 
doxycycline-inducible structural gene cassette, encoding for the TMUV capsid, premembrane, 
and envelope proteins. Following a novel approach, incorporating FACS-mediated clonal cell 
selection and RNA electroporation, a monoclonal packaging cell line capable of efficiently 
producing VRPs was generated. The infectivity of the produced VRPs was assessed in naive 
chicken cells and insights into potential factors influencing VRP production were obtained 
with the help of transmission electron microscopy. Overall, our findings demonstrated the 
development of a straightforward pipeline for the development of a clonal packaging cell 
line using lentiviral transduction for the efficient production of flavivirus-derived VRPs. 
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1.	 Introduction
During the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, family Coronaviridae) 
pandemic, highly versatile mRNA vaccines emerged as a new-generation vaccine platform. 
Notably, two out of three FDA-approved COVID-19 vaccines were lipid nanoparticle (LNP)-
formulated mRNA vaccines. These synthetically produced mRNA vaccines are easily adapted, 
scalable, and safe-by-design (Pardi et al., 2018; Pourseif et al., 2022). However, despite the 
recent advancements in mRNA vaccine design, storage, and delivery techniques, challenges 
regarding vaccine efficacy and the requirement for prime-boost regimens still remain (Comes, 
Pijlman, et al., 2023; Rosa et al., 2021; C. Zeng et al., 2020).				  
		
A potential solution to mitigate these challenges is the use of self-amplifying mRNA, 
commonly known as ‘replicons’. These replicons are typically derived from positive-sense, 
single-stranded RNA viruses of the Togaviridae or Flaviviridae families. Replicons encode, 
next to their heterologous gene of interest, the genes necessary for the self-amplification of 
the mRNA, resulting in high-level and durable transgene expression (de Alwis et al., 2021). 
Replicon RNA exhibits the unique ability to be packaged into synthetic non-viral (e.g. lipid 
nanoparticles, liposomes, cationic polymers, etc.) as well as viral carriers, the latter known 
as virus-like replicon particles (VRPs) (Erasmus et al., 2020; Jawalagatti et al., 2022; Y. Li 
et al., 2020). VRPs effectively deliver replicon RNA to the target cells, and in general elicit 
a robust immunogenic response against the selected candidate antigen without conferring 
antivector immunity (Aberle et al., 2005; Kamrud et al., 2008; MacDonald & Johnston, 2000; 
Uematsu et al., 2012; Walczak et al., 2011; White et al., 2007; H.-Q. Zhang et al., 2022). VRPs 
are traditionally produced in cells by trans-complementation of replicon RNA with the viral 
structural genes (helpers). The alphavirus Venezuelan equine encephalitis virus (VEEV) replicon 
has been widely explored for its application for VRP-based vaccines. VEEV VRPs have been 
used to immunize small mammals and non-human primates against a wide range of infectious 
diseases and cancers. Furthermore, the VEEV replicon technology entered clinical phase I/II in 
the protection against SARS-CoV-2 and for the treatment of carcinoembryonic antigen-based 
malignancies in humans (Hooper et al., 2009; Langereis et al., 2021; Reap, Watson, et al., 2007; 
Scholte et al., 2019; Spengler et al., 2022; Y.-N. Zhang et al., 2020). However, immunization 
using VEEV VRPs or replicon RNA in poultry was less successful (Schultz-Cherry et al., 
2000; Sylte et al., 2007) (Chapter 4). It is possible that vector-specific cytopathicity of VEEV 
nonstructural proteins adversely affects the efficacy of the VEEV replicon platform in poultry 
(Atasheva et al., 2008; Garmashova et al., 2007; M. L. Li & Stollar, 2004; Polo et al., 1999). 

In contrast to alphavirus replicons, those derived from flaviviruses have a less cytopathic 
nature (Chapters 3 and 4). Flaviviruses are positive-sense, single-stranded RNA viruses 
with a genome length of approximately 11-kb encoding a single open reading frame. Post-
translation processing yields three structural proteins: capsid (C), premembrane (prM), 
and envelope (E) protein and seven nonstructural proteins: NS1, NS2A, NS2B, NS3, 
NS4A, NS4B, and NS5 (Pierson & Diamond, 2020; Schmaljohn & McClain, 1996). 	
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Flavivirus-based replicon RNA retains at least the initial 20 codons of the capsid gene - containing 
structured cis-acting RNA elements – to allow for genome replication and translation initiation, 
and the last 22 codons of the E gene for translocation of the nonstructural protein NS1 into the 
ER (He et al., 2021; Khromykh & Westaway, 1997). Previously, we constructed a poultry-adapted 
replicon derived from the Tembusu virus (TMUV; family Flaviviridae). TMUV has been detected 
in diverse avian species, including ducks, geese, chickens, and pigeons (Hamel et al., 2021). 
It was demonstrated that the TMUV replicon RNA successfully induced a humoral response 
against a replicon-expressed viral antigen in chickens (Chapters 1, 3, and 4). However, since 
the replicon RNA was delivered using lipid nanoparticles, no TMUV VRPs were evaluated. 

Similar to alphavirus-derived VRPs, flavivirus-derived VRPs also require trans-complementation 
with the complete (CprME) structural cassette (Harvey et al., 2004; Khromykh et al., 1998; 
Lücke et al., 2022; Qing et al., 2010). However, in contrast to alphavirus VRPs, various 
complementation strategies have been described to produce flaviviruses VRPs, such as transient 
expression of the structural cassette using a DNA vector or the bicistronic expression vectors 
based on alphavirus replicons (Khromykh, Varnavski, & Westaway, 1998b; Lücke et al., 2022b; 
Scholle et al., 2004a; Varnavski & Khromykh, 1999). However, large-scale VRP production 
requires a substantial amount of purified DNA and in vitro transcribed RNA to be delivered into 
the same cells. A stable packaging cell line can potentially mitigate these complications and make 
VRP production more efficient. Several flavivirus-based packaging cell lines have successfully 
been established and demonstrated the production of various VRPs (W. Li et al., 2017; Lücke 
et al., 2022), yet limited research has been conducted on selecting the most suitable cell line 
for flavivirus-specific VRP production (Gehrke et al., 2003; He et al., 2019; W. Li et al., 2017).

In this study, we investigate and compare the growth kinetics of TMUV MM1775 and 
WU2016 isolates on several vertebrate and invertebrate cell lines to identify the most 
suitable cell line for VRP production. A stable, doxycycline-inducible monoclonal packaging 
cell line was generated using lentiviral transduction with the aim to produce higher VRP 
titers compared to the complementation of structural proteins via typical co-transfection.

2.	 Material and methods

Cells and Virus preparation
Vertebrate cell lines derived from human embryonic kidney (HEK293T; ATCC CRL-3216), 
chicken embryonic fibroblasts (DF-1; ATCC CRL-3586), and baby hamster kidney fibroblast 
cells (BHK-21; Clone 13, ECACC 84011433) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco) complemented with 10% (v/v) fetal bovine serum (FBS; Thermo 
Fisher Scientific), 100 U·mL-1 penicillin and 100 μg·mL-1 streptomycin (Gibco; hereafter 
called complete DMEM). The suspension cell line derived from duck embryonic stem cells 
(EB66; Valneva) was cultured in serum-free Ex-cell growth II medium (SAFC Biosciences) 
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complemented with 100 U·mL-1 penicillin and 100 μg·mL-1 streptomycin. To determine the 
cell viability and the pH of the suspension cultures, the NucleoCounter NC-100 (ChemoMetec) 
and 766-Laboratory pH meter (Knick International) were used, respectively. The invertebrate 
cell lines derived from Culex pipiens (Cpip), Aedes albopictus (C6/36), Culex tarsalis (Chao 
Ball), and Aedes aegypti (Aag2) were cultured in Leibovitz’s L-15 medium complemented 
with L-glutamine (Sigma-Aldrich), 10% (v/v) FBS, 100 U·mL-1 penicillin and 100 μg·mL-1 
streptomycin. All vertebrate cells were maintained at 37°C under 5% CO2 and invertebrate cells 
at 28°C without CO2. TMUV WU2016 and TMUV MM1775 passage 1 stocks were generated 
as previously described (Chapter 2). To determine virus growth kinetics, 6-well plates were 
seeded at sub-confluent densities and infected in triplicate at a multiplicity of infection (MOI) 
of 0.01 or 0.1 median tissue culture infectious dose per milliliter TCID50·mL-1 for vertebrate 
and invertebrate cells, respectively. After 2 h of incubation, the supernatant was removed 
and the cells were washed once with Dulbecco’s phosphate-buffered saline (DPBS; Gibco). 
Complete DMEM+HEPES (Gibco) was added to infected cells and the virus was collected 
every 24 h and stored at -80°C. The virus was titrated on DF-1 cells by end-point dilution 
assay (EPDA) in 60-well microtiter plates (Greiner). The plates were incubated and scored 
by the observation of cytopathic effect (CPE) using brightfield microscopy after 5-7 days. 

Plasmid construction
Lentiviral expression vectors were created based on the third-generation inducible transfer 
plasmid pCW57.1 (a gift from David Root laboratory; Addgene no.: 41393). The TMUV WU2016 
(accession no.: OQ920272) structural genes were isolated by PCR amplification of the infectious 
cDNA clone described in Chapter 2 using TMUV-CprME-F (5’ atggcgcgccatgtctaacaaaaaaccaggaa 
3’) and TMUV-CprME-R (5’ gattaattaacttaggcattgacatttactgc 3’) primers. The isolated PCR 
fragment was cloned into the Gateway entry vector pENTR 11 (Invitrogen), sequenced, and 
then transferred into pCW57.1 backbone via Gateway cloning which resulted in pCW-CprME. 
A GFP-control transfer vector (pCW-GFP) was constructed for validation of the lentiviral 
transduction and induction. pCW-CprME or pCW-GFP were transfected in BHK-21 to evaluate 
the functioning and responsiveness to doxycycline (Sigma-Aldrich). BHK-21 cells were induced 
24 hours after transfection by adding doxycycline at various concentrations (ranging from 
0 to 500 ng·mL-1) to complete DMEM. For the construction of the VEEV replicon-derived 
helper (VEEVrep-CprME) or DNA-helper (pCMV-CprME), the CprME cassette isolated 
using PCR amplification using the previous TMUV-CprME-F forward and reverse primer (5’ 
gtcgcggccgcttaggcattgacatttactgcca 3’). The isolated fragments were cloned into the T7-driven 
VEEV replicon RNA vector (described in Chapter 3) or pEGFP-N1 (Novopro) using AscI 
and PacI restriction digestion, sequenced and used as a template for in vitro RNA transcription 
reaction or directly used for Lipofectamine 2000 transfection in BHK-21 cells, respectively. 

Preparation of lentiviral stocks and transduction of cells
Recombinant VSV-G pseudotyped lentiviral particles were produced by introducing a three-
vector packaging system via calcium chloride (CaCl2) transfection in HEK-293T cells. The 
phCMV-VSV-G (envelope plasmid), psPAX (packaging plasmid), and the (constructed) 
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transfer plasmids (e.g. pCW57.1-CprME or pLOV-eGFP) were added in a 1.2:1.1:1 (μg) 
ratio to HEPES buffered saline (HBS) and 0.3M CaCl2 solution. After 2 min incubation at 
37°C, the solution was added in a dropwise manner to a 60% confluent T25-flask containing 
completed DMEM. After 16 h, the media was replaced with DMEM containing 5% FBS 
and incubated at 37°C. After a 48-hour incubation period, the lentiviral particles were 
harvested by centrifugation at 900 x g for 15 minutes. Following this, the supernatant was 
filtered through a 0.45 μm filter, divided into aliquots, and then stored at -80°C. Lentiviral 
transductions were performed by incubating HEK293T cells with 0.5 mL cleared supernatant. 
After two days, transduced cells were subjected to puromycin selection (0.5 μg·mL-1). After 
two passages, resistant cells were subjected to fluorescence-activated cell sorting (FACS) for 
clonal selection. A confluent 25 cm2 T-flask containing puromycin-resistant cells was collected 
using trypsinization, washed twice using DPBS, and resuspended in a chilled FACS-buffer 
(DPBS, 1%BSA, and 0.5 mM EDTA) to a concentration of 2 x 106 cells·mL-1. Uninduced 
cells were sorted based on fluorescence (pLOV-GFP-transduced cells) or randomly (pCW57.1-
transduced cells) using the SH800S Cell Sorter (Sony) with a 100 μm sorting chip (Sony). 
Subsequently. single cells were sorted using the single-cell 3-drop sort protocol and deposited 
in a 96-well cell culture plate containing 200 μL of prewarmed DMEM complemented by 
20% FBS, fungizone (2.5 μg·mL-1), and penicillin-streptomycin (100 U·mL-1 penicillin and 
100 μg·mL-1 streptomycin). Cells were clonally expanded for 1-2 weeks at 37°C under 5% 
CO2. Flow cytometry data was analyzed using FlowJo software (TreeStar, Ashland, OR, USA). 

Indirect immunofluorescence assay
HEK293T cells were washed using DPBS and fixed with 4% paraformaldehyde in PBS for 
5 min at RT. Afterward, cells were washed and permeabilized using 0.1% sodium dodecyl 
sulfate (SDS; Sigma-Aldrich) in DPBS for 10 min at RT. Next, the monolayer was blocked 
using 5% FBS in DPBS for 1 h at 37°C and subsequently incubated using the primary antibody 
pan-flavi α-E (mouse; Sigma-Aldrich, MAB10216) diluted in DPBS containing 5% FBS for 
1 h at 37°C. Hereafter, cells were washed and incubated with the secondary antibody Alexa 
Fluor 488- or 568-conjugated α-mouse IgG (goat; Abcam) in DPBS containing 5% FBS 
at 37°C for 1 h. Cells were then stained with Hoechst (Thermo Fisher Scientific) in DPBS 
for 5 min. Photos were acquired using the Observer Z1 fluorescence microscope (Zeiss). 

In vitro RNA transcription
The TMUV replicon or VEEV replicon plasmids were purified using the endotoxin-free 
Nucleobond Midiprep kit (Macherey-Nagel) and linearized using PacI (TMUV-derived 
replicon) or NotI (VEEV-derived replicon restriction enzyme (New England Biolabs). 
Capped in vitro transcribed replicon RNA was generated by using 2.5 micrograms of 
linearized plasmid DNA in an SP6- or a T7-polymerase reaction (both from New England 
Biolabs) and incubated for 2 h at 37°C in the presence of RNAse inhibitor (Promega). The 
quality of the capped RNA was assessed via conventional gel electrophoresis using 1% 
agarose gel in tris-acetate-EDTA (TAE) buffer for 15 min at 150 V.			 
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RNA transfection and electroporation
Transfection of HEK293T cells was performed in 6-well plates seeded with 5 x 105 cells/
well. After 24 h, the culture medium was replaced with Opti-MEM (Gibco), and cells were 
transfected with Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s 
protocol. After 4 h, the transfection mixture was replaced with complete DMEM, and cells 
were incubated for the duration of the assay at 37°C with 5% CO2. For the electroporation of 
monoclonal HEK293T packaging cells with replicon RNA, cells were grown to approximately 
80% confluency and harvested using trypsinization. The cells were washed and resuspended 
at 5 x 106 cells·mL-1 in DPBS. Next, 0.4 mL of resuspended cells were mixed with capped, 
in vitro transcribed RNA and transferred to a 0.4-cm cuvette (Bio-Rad Laboratories). The 
electroporation was carried out using the Gene Pulser Xcell (Bio-Rad Laboratories) at 230 V 
with a single, square-wave pulse of 4 ms. Transformed cells were recovered for two minutes 
at room temperature and subsequently seeded in a 25cm2 T-flask in complete DMEM in the 
absence or presence of doxycycline. Electroporation of the EB66 and BHK suspension cells 
was performed using the BTX electroporator (ECM830 Electro Square Porator, Thermo Fisher 
Scientific). First cells were harvested, washed, and resuspended at 1.25-2.0 x 108 cells·mL-1 

in DPBS. Hereafter, 0.6 mL of concentrated cells were mixed with 30 μg of capped, in vitro 
transcribed RNA and transferred into 0.4 cm gap width BTX electroporation Cuvette Plus 
(BTX) and pulsed (EB66: voltage: 580 V, pulse duration: 400 μs, pulse interval: 1 s, pulses: 4; 
BHK: voltage 650 V, pulse duration: 400 μs, pulse interval: 1s, pulses: 4). Electroporated cells 
were immediately transferred to shaker flasks containing pre-warmed OptiPRO SFM medium 
(Gibco) complemented with 1 M HEPES (Gibco), 50 g/L L-Glutamine and non-essential 
amino acids (Gibco) and incubated for the duration of the experiment at 37°C under 5% CO2.

RNA isolation and RT-qPCR
The detection of viral copies was evaluated using reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR). Several monoclonal HEK293T packaging cell lines were 
electroporated using in vitro transcribed replicon RNA. After 72 h, electroporated cells were 
collected via centrifugation at 900 x g for 5 minutes and the viral RNA was extracted from 
the cleared supernatant using TRIzol (Invitrogen) according to the manufacturer’s protocol. 
Both the quantity and quality of the extracted RNA were analyzed using the spectrophotometer 
ND-1000 (Nanodrop). Following the isolation, the RNA was reverse transcribed using the 
SuperScript III First-strand synthesis Supermix (Invitrogen) and amplified using the SYBR 
Green Supermix (Bio-Rad Laboratories) with specific primers targeting the NS3 gene of TMUV 
WU2016 (forward primer: 5’ gagcgccattgacaaacg 3’, reverse primer: 5’ gtatgctccctctttactgc 3’). 
An in-house RNA standard was prepared by serially diluting purified capped, in vitro transcribed 
replicon RNA with a known concentration. The RT-qPCR was run on the CFX-96 touch PCR 
detection system (Bio-Rad Laboratories) in opaque 96-well plates (Bio-Rad Laboratories). Data 
was analyzed using CFX Real-Time analysis software (version 4.0; Bio-Rad Laboratories). 
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3.	 Results

Tembusu virus growth kinetics in (in)vertebrate cell lines
To select a suitable cell line for the production of VRPs, the growth characteristics of TMUV 
were assessed on various vertebrate and invertebrate cell lines. One-step growth curves 
of the duck-derived WU2016 and the mosquito-derived MM1775 TMUV isolates were 
conducted on baby hamster kidney fibroblast cells (mammalian; BHK-21), human kidney 
epithelial cells (mammalian; HEK293T) and primary chicken embryonic fibroblasts cells 
(avian; DF-1) (Figure 1A). The highest viral titer was observed for the TMUV WU2016 
isolate between 48 and 72 hours post-infection (hpi) in all three cell lines. HEK293T cells 
showed the highest viral titer of 1.4 x 109 TCID50·mL-1 for TMUV WU2016 at 72 hpi, 
whereas BHK-21 and DF-1 cells reached 1.3 x 108 TCID50·mL-1 and 1.9 x109 TCID50·mL-1 

for TMUV WU2016, respectively. Although all cell lines showed clear cytopathic effect 
(CPE) at 96 hpi, the CPE in BHK-21 cells was already observed at 72 hpi (Figure 1B). 

Next, two invertebrate cell lines derived from the mosquitoes Culex pipiens (Cpip; Figure 
2A) and Aedes albopictus (C6/36, Figure 2B) were evaluated for their susceptibility to the 
TMUV virus isolates. For TMUV WU2016, two additional cell lines derived from Culex 
tarsalis (Chao Ball, Figure 2C) and Aedes aegypti (Aag2, Figure 2D) were screened. 
Despite the low viral yields for both TMUV isolated in Cpip cells, viral titers of C6/36, Chao 
Ball, and Aag2 cells peaked at 1.4 x 108, 3 x 108, and 9.5 x 107 TCID50·mL-1, respectively. 
In addition to these viral yields, clear CPE was observed in C6/36 cells (Figure 2B), which 
might relate to the absence of a functional antiviral RNAi response (Brackney et al., 2010). 

As an alternative, suspension cell lines are attractive for biomanufacturing due to scalability and 
high efficiency in (attenuated) virus propagation. Suspension BHK-21, EB66 (duck), and CCX 
E10 (quail) were infected with TMUV MM1775 at an MOI of 0.01 TCID50·mL-1 (Figure 3A). 
Similar to the adherent BHK-21 cells, the viral titers of TMUV MM1775 propagated in BHK 
suspension cells peaked at 48 hpi. However, a sudden drop in virus titer was then observed, 
which coincided with a decrease in cell viability (Figure 3B) and an increase in culture acidity 
(Figure 3C). In contrast, the EB66 and CCX E10 cells did not exhibit a substantial drop in viral 
titers. TMUV in EB66 cells reached titers up to 2 x 108 TCID50·mL-1 without a decline in cell 
viability. CCX E10 cells did not yield high viral titers for TMUV MM1775 isolate within the 
timeframe of 96 hpi. Both EB66 and CCX E10 cells continued to proliferate during the established 
TMUV infection, whereas BHK-21 suspension cells stopped dividing from 48 hpi onwards 
(Figure 3B). No change in the culture pH was observed for both avian cell lines (Figure 3C) 
which is important to retain full infectivity of the produced viral particles (Baloch et al., 2019).

Virus-like replicon particle production in BHK cells
VRP production was first tested in BHK-21 cells. Capped, in vitro transcribed TMUV-C20-
Scarlet replicon RNA was co-transfected with a replicon RNA helper (VEEVrep-CprME) or 
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Figure 1. One-step growth curves of duck-derived TMUV WU2016 and mosquito-derived TMUV 
MM1775 on adherent vertebrate cells. (A) BHK-21 (left), HEK293T (middle) and DF-1 (right) were 
infected with TMUV WU2016 or MM1775 at a multiplicity of infection of 0.01 median tissue culture 
infectious dose per milliliter (TCID50·mL-1). The viral titers were determined by an end-point dilution assay 
at 24, 48, 72 and 96 hours post infection (hpi). Mean viral titers with standard errors are indicated in each 
graph with a lower detection limit of 103 TCID50·mL-1. All infections were performed in triplicate. (B) BHK-
21, HEK293T and DF-1 cells infected with TMUV WU2016 were visualized by bright field microscopy.
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Figure 2. One-step growth curves of duck-derived TMUV WU2016 and mosquito-derived TMUV 
MM1775 on invertebrate cells. (A) Mosquito cell lines Cpip (Culex pipiens) and (B) C6/36 (Aedes albopictus) 
were infected with TMUV WU2016 or MM1775 at a multiplicity of infection (MOI) of 0.1 median tissue 
culture infectious dose per milliliter (TCID50·mL-1). Cell viability at 96 hours post infection (hpi) for the 
TMUV WU2016-infected samples were observed using bright field microscopy and visualized next to the 
corresponding graph. (C) Chao Ball (Culex tarsalis) and (D) Aag2 (Aedes aegypti) cell lines were infected 
with TMUV WU2016 at an MOI of 0.1 TCID50·mL-1. All viral titers were determined by an end-point dilution 
assay (EPDA) at 24, 48, 72 and 96 hpi. Mean titers with standard errors are indicated in each graph with a lower 
detection limit of 103 TCID50·mL-1 indicated with a dotted line. All infections were performed in triplicate.

DNA helper (pCMV-CprME) into BHK-21 cells (Figure 4A). Both replicon RNA helper and 
DNA helper approaches successfully produced VRPS as was demonstrated from the detection 
of mScarlet fluorescence in naive BHK-21 cells infected with the undiluted culture fluid 
collected from co-transfected cells (Figure 4B). However, substantial CPE was observed in 
BHK-21 cells (co-)-transfected with the VEEV RNA helper (Figure 4B). The additional CPE 
could be attributed to the host translational shutoff by the nonstructural protein 2 encoded 
by the VEEV replicon RNA favoring alphavirus replication (Khromykh et al., 1998). An 
additional factor contributing to the low VRP production (< 100 VRPs·mL-1), is the inefficient 
co-delivery of two replicon RNAs into a single cell, as was seen from the limited number of 
cells co-expressing both envelope and mScarlet protein in the immunostaining (Figure 4C). 

Virus-like replicon particle production in HEK293T cells
Having demonstrated that the highest viral titers for TMUV MM1775 and WU2016 isolates 
were detected in HEK293T cells, we suggest that these cells could be suitable for VRP 
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Figure 3. One-step growth curves, cell density and cell viability of mammalian BHK-21 and avian EB66 
and CCX E10 suspension cells infected with TMUV MM1775 virus. (A) The cell density and viability of 
BHK-21, EB66 and CCX E10 cell lines infected with TMUV MM1775 at an MOI of 0.01 median tissue culture 
infectious dose per milliliter (TCID50·mL-1) was assessed using NucleoCounter® NC-100® (ChemoMetec) throught 
the 96-hours time period. (B) Virus supernatant of TMUV MM1775 infected cells were titrated on DF-1 cells and 
scored 5-7 days post infection to determine the viral titer. (C) The acidification of the (infected) culture media 
was determine using a pH-probe. All viral titers were determined by an end-point dilution assay (EPDA) at 24, 
48, 72 and 96 hours post infection (hpi). Mean viral titers with standard errors are indicated in each graph with a 
lower detection limit of 103 TCID50·mL-1 indicated with a dotted line. All infections were performed in duplicate.
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Figure 4. The production TMUV VRPs via the co-transfection of a VEEV-based replicon RNA (VEEVrep-
CprME) or CMV-driven DNA (pCMV-CprME) helper construct together with the TMUV replicon RNA 
in BHK-21 cells. (A) Schematic representation of the SP6-driven TMUV replicon encoding the mScarlet gene 
(TMUVrep-C20-Scarlet) and the T7-driven VEEV replicon RNA (VEEVrep-CprME) or the CMV-driven DNA 
helper (pCMV-CprME) expressing the TMUV structural proteins. (B) (Fluorescent) Microscopic images showing 
the detection of mScarlet after the (co-)transfection of TMUVrep-C20-Scarlet and VEEV replicon RNA - or DNA 
helper in BHK-21 cells. At 48 hours post transfection (hpt), the supernatant of transfected BHK-21 cells was 
collected and used to infect naive BHK-21 cells. (C) Indirect immunofluorescence assay of the (co-) transfected 
cells at 48 hpt for the detection of envelope (E) after removal of the culture supernatant containing VRPs. Primary 
antibody: pan-flavi α-E (4G2; mouse). Secondary antibody: Alexa Fluor 488-conjugated α-mouse IgG (goat).
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production via trans complementation of the TMUV structural proteins using a DNA helper 
(Figure 5). HEK293T cells were co-transfected using the replicons TMUVrep-C20-GFP, 
TMUVrep-C38-GFP, or TMUVrep-C109-GFP, previously described in Chapter 3, along with 
pCMV-CprME (Figure 5A). Despite the relatively low transfection efficiency observed at 24 
hours post-transfection (hpt), the GFP expression confirmed the functionality of the TMUV 
replicon variants in HEK293T cells (Figure 5B). The onset of reporter gene expression at 24 
hpt and the GFP intensity was similar to what has been described in BHK-21 cells in Chapter 3. 
From 48 hpt onwards, the co-expression of the TMUV structural proteins resulted in 
the observation of clear GFP-positive ‘plaques’ for the constructs TMUVrep-C38-GFP 
and TMUVrep-C109-GFPs. These plaques were indicative of the reinfection by VRPs of 
neighboring cells since the number and size of these plaques increased over time. Next, 
the supernatant of co-transfected cells was collected and titrated to determine the highest 
VRP release titer (Figure 5C). At 72 hpt, the highest VRP titer of 7.3 x 103 RP·mL-1 
was detected in HEK293T co-transfected with TMUVrep-C109-GFP replicon RNA.	
 
To enhance VRP production on HEK293T cells, a more efficient packaging strategy is 
necessary. Co-transfections using RNA or DNA helpers often result in low transfection 
efficiencies due to the requirement of delivering the replicon and helper constructs to the 
same cell (Figures 4C and 5C). Hence, a cell line with the stably integrated structural gene 
cassette of TMUV is preferred. Since the HEK293T cells are commonly used for recombinant 
protein production and are easily transduced (E. Tan et al., 2021; Thomas & Smart, 2005), a 
lentiviral strategy was designed (Figure 6). To avoid unwanted cytotoxicity resulting from 
the presence of the TMUV structural proteins, an inducible “all-in-one” lentiviral expression 
vector was used (Figure 6A). The structural genes were amplified via PCR and cloned 
into the pCW57.1 expression plasmid to generate pCW-CprME. As a visual control to 
track the transfection efficiency, the structural genes were replaced by a GFP reporter gene 
resulting in the pCW-GFP construct. The constitutively expressed reversed tetracycline-
transactivator (rtTA) binds to the tetracycline response element (TREtight) upon the addition 
of doxycycline, facilitating the expression of the transgene. In the absence of doxycycline, 
rtTA undergoes a conformational change which prevents the binding to the TREtight element 
and the expression of the transgene. Firstly, BHK-21 cells were transfected with pCW-
GFP and cultured in the presence of varying concentrations of doxycycline ranging from 
0 to 500 ng·mL-1 (Figure 6B). The expression of GFP was first detected at 24 hpt and 
2 hours post-induction (hi) in the presence of 50 ng·mL-1 doxycycline. The highest GFP 
expression was achieved with an excess (≥ 100ng·mL-1) of doxycycline supplied in the culture 
medium. Additionally, a complete suppression of GFP expression was seen in the absence 
of doxycycline, suggesting that the induction is tightly controlled. Next, BHK-21 cells were 
transfected with pCW-CprME to express TMUV structural proteins and after 24 hpt, 200 
ng·mL-1 of doxycycline was supplied to the culture medium (Figure 6C). After 24 hi, an 
immunofluorescence assay was performed on BHK-21 cells transfected with pCW-CprME. The 
induced cells clearly showed the expression of TMUV E protein in the presence of doxycycline.
In order to establish a stable packaging cell line for the efficient production of TMUV VRPs, 
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Figure 5. GFP expression of TMUV replicon capsid variants and the transient production of VRP by 
HEK293T cells. (A) Overview of the various TMUV replicon capsid variants and schematic representation 
of the trans-complementation of structural proteins by a DNA helper – expressing C-prM-E under control 
of a cytomegalovirus promoter (CMVp) for the production of virus-like replicon particles (VRPs) by 
HEK293T cells. (B) Fluorescence images of co-transfected HEK293T cells expressing GFP expressed 
by the TMUV replicon capsid variants. White arrows indicate the formation of GFP ‘plaques (P)’ as a 
result from the production of VRPs. (C) Fluorescence images of a two-fold VRP titration on DF-1 cells 
expressing replicon-encoded GFP. The associated VRP titer of the supernatant at 72 hpt was expressed in 
replicon particles (RP)·mL-1 and indicated to the right.					   

HEK293T cells were co-transfected with a packaging plasmid (psPAX), an envelope plasmid 
(phCMV-VSV-G), and the constructed pCW-CprME (Figure 7A). Additionally, a visual control 
plasmid (pLOV-GFP), constitutively expressing GFP, was included to follow the transduction 
without the need for induction while pCW-GFP served as an induction control. After 48 hpt, 
the supernatant containing the recombinant lentiviral particles was harvested and used to 
transduce naive HEK293T (Figure 7B). After incubation for two days, cells were split and 
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either cultured in the presence of doxycycline - to check expression levels and transduction 
efficiency - or selected using puromycin to establish a stable cell line. After 72 hi, the induced 
cells were subjected to an indirect immunofluorescence assay to detect the E protein (Figure 
7B). Approximately 5-10% of the cells showed the presence of envelope protein in the case of 
pCW-CprME or GFP protein in the case of pCW-GFP or pLOV-GFP. However, following the 
induction of the puromycin-selected cells, the population of cells harboring the inducible gene 
cassette increased, and more than 50% of the cells showed the synthesis of either the envelope or 
GFP protein indicating the successful generation of a polyclonal packaging cell line (Figure 7C).

Figure 6. Schematic representation of the lentiviral transfer vector and its responsiveness to doxycycline. 
(A) The transfer vector based on the pCW57.1 vector (in kind provided by David Root) is an “all-in-one” 
TET-on plasmid system that is compatible with the 3rd generation lentiviral vector system containing the 
lentiviral packaging signal sequence (Ψ), Rev responsive element (RRE), central polypurin tract (cPPT/CTS) 
and the following TETon elements: tetracycline response element (TREtight), transgene (GFP or CprME), and 
a human phosphoglycerate kinese promotor (hPGK) controlling the expression of the puromyicin resistance 
gene (PuroR) and reverse teetracycline transactivator (rtTA). All the latter elements are flanked by 3’ and 5’ 
long terminal repeats (LTR) for packaging into recombinant lentiviral particles. The transgene transcripton 
from the pCW57.1 expression cassette can be controlled by the addition (+) or removal (-) of doxycyline 
from the culture medium. (B) The functionality of the TET-on system was tested by transfecting pCW-GFP to 
BHK-21 cells and supplying 0 to 500 ng·mL-1 doxycycline to the culture medium. (C) Fluorescence images of 
an indirect immunofluorescence assay detecting the envelope protein expressed by pCW-CprME in BHK-21 
cells in the presence of 200 ng·mL-1 of doxycycline for 24 h. Primary antibody: pan-flavi α-E protein (4G2; 
mouse). Secondary antibody: Alexa Fluor 546-conjugated α-mouse IgG (goat). hi = hours post induction.
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In order to establish a stable, monoclonal packaging cell line, the heterogenous population 
of transduced cells was subjected to fluorescence-activated cell sorting (Figure 8A). As no 
induction was applied during the clonal selection, the process involved random selection 
of single cells without knowing individual CprME expression levels. The gating strategy 
for single-cell selection was based on the pLOV-GFP transduced cells, prioritizing the 
selection of live cells (Figure 8B). For the positive control pLOV-GFP, 98% of the cells 

Figure 7. Generation of an inducible TMUV-packaging cell line using lentivirus transduction. (A) 
Schematic overview of the lentiviral packaging plasmid, envelope plasmid, and the constructed inducible 
transfer plasmids encoding CprME (pCW-CprME) or GFP (pCW-GFP). As a visual control to track the 
transduction, an additional transfer plasmid (pLOV-GFP) constitutively expressing GFP under the control 
of a cytomegalovirus promoter (CMVp) was used. The three vector lentiviral system was introduced into 
HEK293T cells by CaCl2 transfection. At 48 hours post-transfection, the supernatant containing recombinant 
lentiviruses was used to (B) infect naive HEK293T cells. At 2 days post-transduction, cells were split, induced 
using doxycycline for 72 h, and subsequently analyzed using immunodetection to visualize cells expressing 
the envelope (E) protein. The transduced cells were subjected to antibiotic selection and (C) the resistant cells 
were culture in the absence or presence of doxycycline and immunostained to detect the E protein. Primary 
antibody: pan-flavi α-E protein (4G2; mouse). Secondary antibody: Alexa Fluor 546-conjugated α-IgG (goat).
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showed expression of GFP as anticipated. From the pool of gated single cells, non-induced 
pCW-CprME and pCW-GFP cells were randomly selected, sorted in 96-well plates, and 
proliferated to sub-confluent densities. Notably, not all clonal cells resulted in the same 
visual phenotype as healthy HEK293T cells. Aberrant cells exhibiting excessive proliferation, 
atypical morphology, or increased cell dissociation were excluded during the initial screening 
process (Figure 8C). After two passages, clonal cell lines were screened for E protein 
expression upon induction with doxycycline (Figure 8D). Three selected cell lines, C9, E5, 
and C4 exhibited a typical cell morphology, robust E gene expression upon induction with 
doxycycline, and complete suppression of E gene expression in the absence of doxycycline. 
Furthermore, western blot analysis of the cell lysates of the selected clones demonstrated the 
prolonged synthesis of the E protein up to 96 hours of induction (Figure 8E). Altogether, these 
results confirmed the establishment of several monoclonal inducible packaging cell lines.
 
To investigate the potential of monoclonal packaging cells to enhance the overall viral replicon 
particle (VRP) yield, capped, in vitro-transcribed TMUV replicon RNA was electroporated 
into monoclonal C3 and C9 cells and immediately induced with doxycycline (200 ng·mL-1)
(Figure 9). Previously, the highest VRP release titer was achieved between 48-72 hpt for both 
TMUVrep-C38-GFP and TMUVrep-C109-GFP through the trans-supplementation of a DNA helper 
(Figure 4). Consequently, only these two replicon RNA capsid variants were electroporated 
in the clonal packaging cell lines C4 and C9 and cultured in the presence of doxycycline in 
the culture medium (Figure 9B). As expected, the absence of doxycycline resulted in no 
observable increase in the number of GFP-expressing cells which coincided with the lack of 
RNA copies in the supernatant (Figure S1). Conversely, in the presence of doxycycline, the 
cells electroporated with TMUVrep-C38-GFP or TMUVrep-C109-GFP replicon RNA showed an 
increase in the number of GFP-producing cells over time. Interestingly, a difference in the total 
number of GFP-expressing cells was observed between TMUVrep-C38-GFP and TMUVrep-C109-
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◄Figure 8. Clonal selection and expansion of lentiviral-transduced TMUV packaging cells. (A) 
Experimental strategy for fluorescence-activated cell sorting (FACS)-mediated clonal selection from a pool of 
pCW-CprME-transduced packaging cells. (B) Gating strategy of transduced HEK293T cells. The percentage of 
cells expressing GFP (GFP+) was calculated relative to the total number of gated single cells. Red arrow indicates 
the pool of cells selected for single-cell sorting. (C) Brightfield images of proliferated single-cell clones were 
acquired one week post-sorting. Sorted cells reveal diverse cell morphologies such as [1] distinct high density 
cell clusters with abnormal proliferation rates, others showed [2] increased rounding and detachment from 
the cell monolayer, while certain cells [3] maintained a regular phenotype akin to that of healthy HEK293T 
cells (D) Fluorescence images of an immunostaining performed on (non-) induced clonal cell lines C9, E5, 
and C4 for the detection of envelope (E) protein. pCW-GFP-transduced cells served as an induction control 
by the expression of GFP. (E) Western blot analysis of E protein expression in clonal cell lines C9, E5 and 
E5 over 96-hour induction period (hi) in the presence (+) or absence (-) of doxycycline (200 ng·mL-1) in the 
culture medium. As a positive control (PC) the pCMV-CprME was introduced in regular HEK293T cells 
constitutively expressing the E protein. Regular HEK293T cells were included as a negative control (NC).

GFP replicon RNA electroporated cells (Figure 9B). At 96 hours post electroporation (hpe), a 
limited number of cells electroporated with TMUVrep-C109-GFP synthesized GFP while nearly 
all cells produced GFP when TMUVrep-C38-GFP was introduced. VRP titers, however, were 
very similar and ranged from 3.9 x 104 to 7.9 x 104 VRPs·mL-1 observed at 72 hpe (Figure 9C). 
Interestingly, a higher number of RNA copies was detected in the supernatant of TMUVrep-
C38-GFP transfected cells compared to the TMUVrep-C109-GFP transfected cells (Figure S1).  
 
Although VRP production was observed in HEK293T cells, it remains unclear why the VRP 
titers are markedly lower than the viral titers in a wildtype TMUV infection. To study this in 
more detail, HEK293T packaging cells electroporated with TMUV replicon RNA were analyzed 
using the transmission electron microscope (TEM; Figure 10). Patches of organized protein 
aggregates, enclosed within a membrane and positioned closely to the ER, were observed 
within the cell (Figure 10A-1). Conversely, these aggregates could not be detected in non-
induced packaging cells, as well as in healthy or TMUV WU2016-infected cells (Figure S2). 
Furthermore, the detection of virions in the ER was clearly visible in TMUW WU2016-infected 
cells while no distinct particles were detected within the ER of VRP-producing packaging 
cells. When analyzing the size of the individual VRP-like structures within these aggregates 
(Figure 10-A1) or the ER (Figure 10-B3), an average size of between ~25 nm and ~38 nm was 
observed, respectively (Figure 10C). In the culture medium collected from VRP- or TMUV 
WU2016-producing cells, the particle size was on average ~25 nm and ~35 nm, respectively. 

4.	 Discussion 

During the COVID-19 pandemic, the interest in vaccine platform technologies gained 
ground. The mRNA vaccines, consisting of the more conventional mRNA and the novel, self-
amplifying RNA (replicon) vaccines took center stage in this vaccine revolution (Anderluzzi 
et al., 2022; Künzli et al., 2022; Luisi et al., 2020; Palmer et al., 2022, 2023). Despite 
the major development around conventional mRNA vaccines and the numerous trials 
involving fully synthetic carriers such as LNPs, replicon RNA can benefit from both 
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Figure 9. VRP production by introducing TMUV replicon RNA into the monoclonal packaging cells via 
electroporation. (A) Schematic representation illustrating the difference between the transient production of 
VRPs or using a clonal packaging cell line. Upon electroporation of TMUV replicon RNA into the monoclonal 
packaging cells, the produced VRP can infect naive, neighboring packaging cells thereby enhancing the 
number of cells producing VRP, while the production of VRPs via transient expression of the structural 
proteins will be limited to cells only co-transfected with the DNA helper and replicon RNA. (B) Fluorescence 
images of doxycycline-induced (+ doxycycline) or non-induced (- no doxycycline) C4 and C9 packaging 
cells electroporated with TMUVrep-C38-GFP or TMUVrep-C109-GFP replicon RNA visualized over a 96-hour 
period. Merged images showcased the difference in the number of GFP-expressing cells across the different 
TMUV replicon capsid variants. (C) Fluorescence images of DF-1 cells infected with the culture supernatant 
collected at 72 hours post-electroporation (hpe) to assess the VRP release titers expressed in VRP·mL-1. Non-
induced C4 packaging cells electroporated with TMUVrep-C38-GFP replicon RNA served as a negative control.
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Figure 10. Transmission electron microscopy (TEM) images of HEK293T cells producing TMUV 
VRPs or wildtype TMUV virions. (A) The clonal HEK293T packaging [1] cell electroporated with 
TMUV replicon RNA showed dense protein aggregates within the cytosol and secretion of virus-like 
replicon particles (VRPs) in the [2] culture supernatant. (B) HEK293T [3] cell infected at a multiplicity 
of infection of 0.1 median tissue culture infectious dose per milliter (TCID50·mL-1) with TMUV WU2016 
isolate showed virions within the ER and secreted virions in the [4] culture supernatant. (C) The particle 
size (in nm) distribution was determined using ImageJ analysis of the acquired TEM photos. Indicated 
statistics showed the p-value ≤ 0.0001 in an unpaired student’s t-test.				  
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non-viral and viral formulation (Blakney, Ip, et al., 2021; Comes, Pijlman, et al., 2023; 
Erasmus et al., 2020; Langereis et al., 2021; McCullough et al., 2014; Velders et al., 2001).

In this chapter, we continued the development of the TMUV replicon platform by performing 
a viral growth analysis using the infectious clones of mosquito-derived TMUV MM1775 and 
duck-derived TMUV WU2016 in vertebrate and invertebrate cells to select the best cell line 
for VRP production. During the initial screening, the TMUV MM1775 isolate demonstrated 
overall lower viral titers than the TMUV WU2016 isolate in adherent vertebrate cells. It has 
been demonstrated by others, that the mosquito isolate replicates differently in vertebrate 
cells than duck-derived TMUV isolates (X. Wang et al., 2021; D. Yan et al., 2018). In contrast 
to the previous studies, our duck-isolated TMUV WU2016 outperformed the mosquito-
derived TMUV MM1775 in the cell line derived from its natural vector Culex pipiens (Cpip) 
and the commonly used Aedes aegypti (C6/36) cells. In general, the titer of both TMUV 
MM1775 and TMUV WU2016 was lower in invertebrate cells than in vertebrate cells. 
Hence, vertebrate cells were considered more suitable for the selection of a packaging cell 
line. BHK-21 cells have been evaluated frequently both in the propagation, but also as a VRP 
helper cell line for flaviviruses (Arias-Arias & Mora-Rodríguez, 2021; C. Feng et al., 2020; 
Lv et al., 2019; Mandl et al., 2001). Since the viral titers of TMUV MM1775 and WU2016 
produced by BHK-21 in our study compared with what is known from the literature (Hu et 
al., 2023; Liang et al., 2016; Lv et al., 2019; Mao et al., 2022; D. Yan et al., 2022), an initial 
evaluation of VRP production in BHK-21 was performed. Similar to studies describing the 
production of Kunjin or TMUV VRPs by trans-complementing the structural proteins using 
a Semliki forest virus-derived replicon in BHK-21 cells (He et al., 2019; Khromykh et al., 
1998), our VEEV replicon-derived helper demonstrated limited transfection efficiency due 
to the cytopathic nature of the alphavirus replicons. Additionally, attempts to generate VRPs 
in BHK-21 cells through the trans-complementation of structural proteins using a DNA 
helper did not yield the expected results reported for TMUV by others (He et al., 2019).

During the evaluation of other vertebrate cell lines both avian DF-1 and EB66 cells but also 
the mammalian HEK293T cells demonstrated remarkably higher titers than the BHK-21 cells. 
Despite the high viral titers by DF-1 cells in this study, these cells do not meet the industrial 
standards yet due to their low proliferation capacity and absence of suspension growth 
(Lin et al., 2019). EB66 cells, however, are used for the large-scale production of modified 
vaccinia virus Ankara (MVA) vaccines but also for the propagation of Zika, yellow fever 
virus 17D, and inactivated TMUV virus vaccines (Léon et al., 2016; Nikolay et al., 2018; 
Z. Yang et al., 2020). Although TMUV titers in EB66 cells typically peak between 36-42 
hpi (Z. Yang et al., 2020), we demonstrated that in these cells the TMUV MM1775 yields 
increased up to 96 hpi without a noticeable effect on the cell viability, cell proliferation, or 
acidification of the medium. Unfortunately, due to the high-cost Valneva research license to 
evaluate EB66 cells further, the viral growth kinetics of TMUV WU2016 and the production 
of VRPs could not be investigated on these cells.					   
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Ultimately, HEK293T cells were selected, as these cells maintained their high viral titers even in 
the presence of observable cytopathic effects. HEK293 cells are commonly used as a platform 
for the propagation or production of flavivirus VLP vaccines (Powers et al., 2022; Queiroz et 
al., 2018), adenovirus-based COVID-19 vaccines (Joe et al., 2022), and studying permissive 
to persistent flavivirus infections (Mlera et al., 2015, 2016; Sempere & Arias, 2019). Contrary 
to earlier reports of TMUV sensitivity to human interferon (Ma et al., 2019) and the moderate 
susceptibility to TMUV infection reported for HEK293T cells (Ruangrung et al., 2021), our 
experiments demonstrate an early onset of virus propagation and high virus titers at 72 hpi. 
Additionally, the TMUV replicon RNA was efficiently translated, and the accumulation of 
GFP was readily detected. In the VRP production assay, we demonstrated that HEK293T cells 
were capable of producing VRPs upon trans-complementation of a DNA helper. Surprisingly, 
a noticeable difference was observed between the viral release titer of cells electroporated 
with TMUVrep-C38- or TMUVrep-C109-GFP compared to those electroporated with TMUVrep-
C20-GFP. It is unknown whether the mature capsid synthesized from the TMUVrep-C109-GFP 
replicon RNA and the DCS-PK RNA element in the capsid gene contributes to the enhanced 
production or release of VRPs. The production of the full-size capsid protein production has 
been reported to prevent early-phase cell apoptosis during flavivirus infection (Urbanowski & 
Hobman, 2013) and enhance virus production (Ishida et al., 2019; Mori et al., 2005a; Sangiambut 
et al., 2008a). However, it should be noted that due to the low GFP fluorescence intensity in 
cells infected with TMUVrep-C20- and TMUVrep-C38-GFP VRPs, it was more challenging to 
score single GFP-positive cells compared to cells infected with TMUVrep-C109-GFP VRPs.

To further improve the VRP production yield, an alternative for transient and constitutive 
expression of the structural gene cassette was explored. By the use of lentiviral-mediated 
transduction of the inducible transfer plasmid in HEK293T and subsequent single-cell sorting 
using flow cytometry, multiple monoclonal packaging cell lines were established. Inducible 
expression of the envelope gene was confirmed using indirect immunofluorescence assay and 
western blot analysis in all clonal cell lines, but the number of VRPs secreted in the supernatant 
differed between the two clonal cell lines and among the replicon RNA variants. Interestingly, the 
difference in VRP titer between the TMUVrep-C38-GFP and TMUVrep-C109-GFP was not reflected 
by the number of genome copies in the supernatant despite detecting generally more replicon RNA 
in the monoclonal cell line C4 compared to C9. Whether this is a limitation of the limited visibility 
of individual cells expressing GFP mediated from the TMUVrep-C38-GFP remains untested.

Despite the increase of VRP titers produced by stable cell lines compared to transient expression 
of TMUV structural genes, other reports demonstrate even higher VRP titers produced with 
stable packaging cells (Garg et al., 2017; Harvey et al., 2004). To assess this difference between 
VRP production by packaging cells and cells producing wildtype TMUV virus, the clonal 
packaging cells were analyzed using the TEM. Interestingly, clonal cells electroporated with 
TMUV replicon RNA and induced with doxycycline showed the presence of large protein 
aggregates surrounded by a membrane. In the absence of doxycycline, these aggregates could 
not be detected. It is possible that the early and separate expression of C-prM-E under control 
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of the highly active, doxycycline-inducible TREtight promoter, disturbs a normally highly 
coordinated viral process that ultimately results in a low amount of C-prM-E processing by the 
NS2B-NS3 protease. As a consequence, the unprocessed virions might accumulate. Despite 
the equal size of the VRPs in the supernatant compared to the VRP-like structures of these 
aggregates within the cell, it remains unknown whether these VRP-like structures contain 
replicon RNA. Moreover, there seems no effect of the expression of different capsid gene 
variants (e.g. TMUVrep-C109-GFP) on the formation of aggregates in these cells (Figure S2). 
Identifying whether these aggregates indeed contain viral proteins and are infectious could 
partly be answered by immunogold labelling against any of the TMUV structural proteins.
Next to the formation of aggregates, a difference in particle size was observed between the 
virions in the supernatant of wildtype TMUV WU2016 infected cells compared to the VRPs 
in the supernatant of packaging cells. However, it was confirmed that the smaller VRPs were 
infectious and contained replicon RNA. Size differences between wildtype virions and VRPs 
have been described earlier, demonstrating the structural flexibility of VRPs containing either 
flavivirus replicon RNA (Khromykh et al., 1998), alphavirus RNA genomes (Barrett et al., 1984; 
Johnston et al., 1975; Nanda et al., 2009) or coronavirus replicon RNA (L. Tian et al., 2022). 

Our findings demonstrated that TMUV WU2016 can be propagated in a series of different 
(in)vertebrate cell lines although notable differences in CPE can be observed. While we 
successfully generated a clonal HEK293T packaging cell line and demonstrated the TMUV 
VRP production, further efforts are needed to optimize VRP production to develop a 
robust packaging cell line for future VRP vaccines. 					   
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6.	 Supplemental data

Figure S1. RT-qPCR analysis for the detection of genome copies in the supernatant of VRP producing 
packaging cells. TMUVrep-C38-GFP (C38), TMUVrep-C109-GFP (C109) replicon RNA were electroporated 
in monoclonal packaging cells C4, C9 or regular HEK293T (HEK) cells and culture in the absence (-) 
or presence (+) of doxycycline. As a positive control (P), regular HEK293T cells were infected with 
TMUV WU2016 at an MOI of 0.01 TCID50·mL-1. As a negative control (N), regular HEK293T cells or 
monoclonal packaging cell C4 were electroporated using PBS. After 72 h, the supernatant was collected 
and RNA isolated using TRIzol and used for RT-qPCR. Specific primers for nonstructural protein 3 gene  
were used to assess the amount of genome copies in the culture supernatant.			 
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Figure S2 Transmission electron microscopy images of packaging cells producing VRPs. (A) 
Naive HEK293, (B) TMUV WU2016 (MOI 0.01 TCID50·mL-1) infected HEK293T cells and TMUVrep-
C38-GFP or TMUVrep-C109-GFP electroporated packaging cells cultured in the (C-D) absence or (E-
F) presence of doxycycline (dox).							     
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Abstract
mRNA vaccines have won the race for early COVID-19 vaccine approval, yet improvements 
are necessary to retain this leading role in combating infectious diseases. A next generation 
of self-amplifying mRNAs, also known as replicons, form an ideal vaccine platform. 
Replicons induce potent humoral and cellular responses with few adverse effects upon 
a minimal, single-dose immunization. Delivery of replicons is achieved with virus-like 
replicon particles (VRPs), or in nonviral vehicles such as liposomes or lipid nanoparticles. 
Here, we discuss innovative advances, including multivalent, mucosal, and therapeutic 
replicon vaccines, and highlight novelties in replicon design. As soon as essential safety 
evaluations have been resolved, this promising vaccine concept can transform into a widely 
applied clinical platform technology taking center stage in pandemic preparedness.	
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The mRNA vaccine landscape – what is on the horizon?
Synthetic mRNA vaccines made their grand entrance during the coronavirus disease 2019 
(COVID19) pandemic after many years of fundamental and preclinical research. Given 
their rapid development, cell-free manufacturing (see Supplementary - Glossary) and high 
clinical efficacy, mRNA vaccines outcompeted conventional live-attenuated, inactivated, 
and protein-based subunit vaccines in the race for early vaccine approval (Bio, 2021). 
However, the massive roll-out of mRNA vaccines also revealed challenges in balancing the 
high administration dose with adverse effects, the requirement of prime–boost vaccinations, 
and the necessity of cold-chain storage. These challenges can be overcome by the next 
generation of mRNA vaccines based on self-amplifying mRNA, also known as replicon 
RNA (de Alwis et al., 2021; Vogel et al., 2018; Voigt et al., 2022).			 

Whereas mRNA vaccines encode a protein of interest, replicons have been engineered as a 
molecular chassis encoding the gene of interest (GOI; transgene) and all essential elements 
allowing self-amplification of the replicon RNA. The rapid amplification of replicon RNA 
in target cells increases the expression of the protein of interest (e.g., a viral (glyco)protein) 
(Figure 1) and induces a protective immune response at a markedly lower initial RNA 
dose than conventional mRNA vaccines (de Alwis et al., 2021; Vogel et al., 2018). The 
self-amplifying replicon genes have been derived from a wide variety of positive-stranded 
RNA viruses. In this review, we focus on alpha- and flavivirus-based replicons as they 
are best studied for both human and veterinary applications (Hikke & Pijlman, 2017; 
Lundstrom, 2016). Because the viral structural genes have been replaced by a transgene, the 
replicon RNA cannot spread in the environment, which is a key difference with chimeric or 
recombinant virus vaccines (Supplementary - Box 1) (Kamrud et al., 2010; Suzuki et al., 2014). 
The replicon technology has several key advantages over traditional vaccines. First, 
as the transgene is synthetically derived and the replicon cannot spread, replicon 
manufacturing processes have low biocontainment restrictions and application is safe-
by-design (Meechan & Potts, 2020). Second, the transgene can simply be inserted into 
the ‘plug-and-play’ replicon (e.g., the commercially available Simplicon plasmid of 
Merck/Sigma–Aldrich), allowing rapid application in case of emerging infectious disease 
outbreaks. Finally, due to the self-amplifying character of the replicon vaccine, both
humoral and cellular immune responses are triggered, which promises induction of protective 
immunity with a single low-dose immunization (de Alwis et al., 2021; Erasmus et al., 2020; Vogel et 
al., 2018). Despite a thorough understanding of the biology and the benefits of replicon technology,
commercial application of alphavirus- and flavivirus-based replicons has only just commenced.

Here, we provide an overview of current challenges in replicon formulation and delivery and 
the safety considerations that need to be overcome. We discuss future opportunities for mucosal 
and therapeutic vaccination as well as novel advances in replicon design that can be exploited 
to transform this promising vaccine concept into a widely applied clinical platform technology.
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Developments in replicon vaccine formulation and delivery
The most straightforward replicon formulation is based on naked delivery of the nucleic acids 
to the target cell. Early studies showed that direct injection of a low dose (10 μg) of naked 
RNA was sufficient to establish potent cellular and humoral immune responses in mice (Zhou 
et al., 1994). However, throughout the years, studies continued to report the susceptibility of 
naked RNA to nucleases and thus their underperformance in clinical applications (Démoulins 
et al., 2021; Diken et al., 2011). While the replicon RNA amplifies itself and mediates the 
production of the protein of interest reaching 15–20% of total cell protein, the high sensitivity 
to RNases and poor capacity for internalization into the host cell, compromise the full 
capabilities of the naked replicon RNA (Geall et al., 2012; Kamrud et al., 2010). Hence, 
several more stable modalities have been developed and are still being optimized, such 
as VRPs, as well as nonviral delivery systems, such as liposomes and lipid nanoparticles.

VRPs	
Replicon RNA is packaged into VRPs by the viral structural proteins expressed in trans from 
helper RNAs (Figure 2A). The natural tropism of these particles, which are structurally similar 

Figure 1. Schematic representation of the protein of interest expression induced by a conventional 
mRNA and a replicon vaccine. Once released in the cell, the mRNA is translated to produce the protein of 
interest. In contrast to mRNA, replicon RNA encodes alongside the protein of interest, self-amplifying genes 
(depicted in blue) that amplify the replicon RNA. This intracellular amplification will subsequently result in 
higher expression levels of the protein of interest.						    
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to a virus, enables the efficient delivery of the replicon to dendritic cells (direct priming) or 
target cells that indirectly prime antigen-presenting cells, resulting in the induction of a robust 
immune response (Huckriede et al., 2004; Rayner et al., 2002). Although the genetic cargo of 
the VRP consists of replicon RNA, which is limited to a single round of transduction, there is 
an anticipated risk of recombination between the replicon RNA and the trans-provided helper 
RNA resulting in the generation of replication competent virus (RCV) during manufacturing 
(Weiss & Schlesinger, 1991). RCV is an undesirable contamination in clinical products. To 
eliminate the risk for RCV formation, split-helper systems are used for VRP production 
with one helper RNA encoding the capsid protein and the other helper RNA the envelope 
glycoproteins. Both helpers lack subgenomic promoter sequences to reduce homologous 
overlap with the replicon. At least two independent, nonhomologous recombination events 
would be required to generate RCVs, but this has never been observed (Pushko et al., 1997).

Another potential concern for VRP delivery is antivector immunity induced after repetitive 
application of the highly immunogenic VRPs. Antivector immunity reduces the efficiency of 
vaccines as a consequence of antibody binding to the delivery vehicle. These expectations 
were based on interfering antivector responses in the adenovirus and vaccinia virus vector 
field (Barouch et al., 2004; Sharpe et al., 2001). Although vaccination with alphavirus or 
flavivirus VRPs can trigger vector-immune responses, these did not adversely influence 
the vaccine efficiency after repetitive vaccinations with the same VRP (Aberle et al., 

Figure 2. Schematic overview of replicon delivery vehicles. (A) In trans co-expression of replicon RNA and 
helper RNAs in a mammalian production cell line enables encapsulation of replicon RNA in virus-like replicon 
particles. Delivery vehicles can also be based on nonviral carriers that encapsulate the replicon RNA in (B) 
liposomes, (C) lipid nanoparticles, or (D) nanostructured lipid carriers in a cell-free manufacturing process. 
The delivery vehicles protect the replicon RNA and allow efficient delivery to target cells upon immunization.
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2005; Erasmus et al., 2020; Uematsu et al., 2012; Walczak et al., 2011; White et al., 
2007). Another study showed that five repetitive vaccinations with the same VRP did not 
cause a decrease in serum antibody levels against a subsequent vaccination encoding a 
new protein of interest (Uematsu et al., 2012). These results demonstrate that VRPs can 
repeatedly be applied against diverse antigens in a platform technology strategy without 
excessive interference of antivector immunity. However, to fully exclude antivector immunity, 
nonviral and lipid-based carriers for replicon RNA delivery can be considered.		

Liposomes, lipid nanoparticles, and other nonviral carriers
Besides the VRP system, several alternative nucleic acid delivery methods based on chemical 
formulations have been developed and optimized over the years; namely, liposomes, liquid 
lipid nanoparticles (LNPs), and solid lipid nanoparticles (SNPs). These synthetic formulations 
improve vaccine stability, allow efficient replicon delivery, and rely on manufacturing 
processes without (mammalian) cell substrates. Most of these synthetic carriers are also 
extensively used in the pharmaceutical industry for the delivery of antibodies, peptides, 
or contrast substances (Musielak et al., 2022). 					   

Liposomes consist of a charged lipid bilayer with an aqueous core that can capture hydrophilic 
molecules such as DNA and RNA (Tenchov et al., 2021) (Figure 2B). The surface of liposome 
complexes can easily be adapted with other moieties, such as polyethylene glycol (PEG)–lipid 
conjugates or small molecules (e.g., antibodies), to facilitate tissue-specific vaccine delivery. 
Although most phospholipids used in liposomes spontaneously self-assemble when exposed 
to water, the ability to scale up the production procedure, the efficient trapping of RNA, 
and the flexibility in liposomes size are confined (Tenchov et al., 2021). Early-generation 
cationic liposomes used in the formulation of RNA might be challenged by the fact that 
RNA is sometimes exposed on the outside of the carrier compromising both the stability and 
toxicity of the vaccine (Xue et al., 2015). In contrast to VRPs, the bare lipid exterior lacks 
immunogenic proteins, which prevents unfavorable antivector immunity (Chen & Huang, 2005). 

A more flexible delivery platform for nucleic acids are LNPs, which are composed of a 
single layer of lipids combined with surfactants (Figure 2C). The core is not required to be 
aqueous, but can consist of liquid lipids (e.g., LNPs), solid lipids (e.g., SNPs), or a combination 
known as nanostructured-lipid carriers (NLCs). Similar to liposomes, the lipid membrane of 
LNPs allows for additional modification to either the surface as well as the drug cargo itself 
(Buschmann et al., 2021; Xue et al., 2015). For example, in 1998 the implementation of 
ionizable lipids revolutionized the LNP characteristics and reduced innate immunogenicity 
towards the exterior lipid molecules used in early-generation lipid carriers. In contrast to 
liposomes, these newer-generation LNPs require a carefully controlled manufacturing process 
that first captures the RNA at low pH while an additional step neutralizes the lipid charge for 
effective in vivo delivery. As a result, a more precise cargo formulation, broader application 
due to the variability in core composition, and better control over LNP size are achieved. 
These LNPs are taken up by antigen-presenting cells via receptor-mediated endocytosis. 
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Subsequently, the pH drop within the endosome results in protonation of the ionizable 
lipids and facilitates membrane fusion of the LNP and release of the RNA into the cytosol.
The delivery of the replicon RNA formulated in LNPs does however require precise and 
extensive testing as was observed in a study comparing the intradermal delivery of LNP-
encapsulated replicon RNA and naked replicon RNA in vivo. Upon injection of a high-dose 
replicon RNA:LNP complex in mice, a short-lived peak in innate immune responses resulted in 
a lower replicon-mediated protein expression compared to an injection with a low-dose replicon 
RNA:LNP complex. This highlights that highly efficient delivery of the LNP-formulated RNA 
to the cells can sometimes induce a strong local innate immune response that counteracts the 
protein expression via mRNA translational blockage (Huysmans et al., 2019). To better control 
the delivery of the replicon RNA, the use of SNPs or NLCs may be exploited. Both are developed 
to overcome the weaknesses of liposomes and LNPs, such as stability, large-scale production, 
and drug release. The hybrid composition of liquid and solid lipids in NLCs (Figure 2D) makes 
these superior to SNPs. The increased drug loading capacity, the prolonged drug release and 
ability to stockpile vaccines in preparation for a pandemic makes the NLCs a valuable delivery 
method (Gerhardt et al., 2021; Ghasemiyeh & Mohammadi-Samani, 2018; Mishra et al., 2018).

DNA-launched replicons
In the early race for nucleic acid vaccines, the primary focus was on DNA instead of RNA. In 
the case of replicon vaccines, a prerequisite of the in vitro transcription of replicon RNA is a 
DNA template. Since the DNA template can also be delivered directly to the cell itself, thereby 
surpassing the need of an in vitro RNA reaction, DNA-launched replicon (DREP) constructs 
were designed. A DREP is typically a circular double-stranded DNA molecule with a strong 
promoter (e.g., human cytomegalovirus immediate early promoter) enabling RNA polymerase 
II-driven transcription of replicon RNA in the nuclei of transfected cells (Agapov et al., 1998; 
Berglund et al., 1998; Varnavski & Khromykh, 1999) (Figure 3). The replicon RNA is then 
transported to the cytoplasm as a capped mRNA and is translated to initiate self-amplification, 
similar to the direct delivery of in vitro transcribed replicon RNA (Kallen & Theß, 2014). 
A DREP shows less susceptibility to nucleases, is intrinsically more stable, and simplifies 
storage requirements in the logistic pipeline. However, the delivery of naked plasmid DNA to 
the nucleus is more challenging than the delivery of mRNA to the cytoplasm (Gómez-Aguado 
et al., 2020; Johansson et al., 2012). Nonetheless, combining advanced physical delivery 
techniques such as electroporation can aid the delivery of DNA to the nuclei and result in 
similar levels of immune response elicited by naked replicon RNA. Electroporation is mostly 
optimized for intradermal delivery of vaccines, which somewhat restricts their application 
(Ljungberg & Liljeström, 2014); however, DNA can efficiently be delivered by LNPs both in 
vitro and in vivo. It was observed that both protein of interest production and immunogenicity 
of LNP-delivered DNA was higher compared with naked DNA (Mucker et al., 2020). To 
improve nuclear DNA delivery, specific sequence elements can facilitate recognition by 
transcription factors and aid the translocation of the DNA via nuclear pores (Dean et al., 1999).
A potential safety concern of DNA vaccines is the theoretical risk of DNA vector integration 
into the host genome or adverse (health) effects of prokaryotic elements. Fortunately, several 
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studies have shown that the risk of plasmid integration is negligible under a variety of 
experimental conditions (Ledwith et al., 2000; Manam et al., 2000; Nichols et al., 1995). 
Provided that incidents of integration described in literature are rare, actual integration might 
depend on factors such as the route of administration, the cell type, the expressed antigen, and 
the presence of prokaryotic elements (Doerfler, 2021, p. 2003; Ledwith et al., 2000; Würtele 
et al., 2003). In contrast to RNA vaccines, DNA vaccines typically require a prokaryotic host 
for plasmid propagation; therefore, functional elements such as a replication origin and an 
antibiotic resistance gene are encoded on the DNA vector. Research shows that the prokaryotic 
sequence elements could affect expression in the eukaryotic cells or cause DNA vector 
instability (Williams et al., 2009). To tackle this, several strategies could be implemented in 
the DNA vector design, such as the use of ministring/minicircle DNA (Nafissi et al., 2014).

Safety considerations that challenge vaccine registration
Widespread commercial application of replicon vaccines can have an impact on pathogen 
control strategies, but to reach full potential of the replicon technology, registration as a 
vaccine platform is required. The vaccine platform concept relies on licensing a single 

Figure 3. Schematic overview of heterologous gene expression using a liposomal-delivered DNA-launched 
RNA replicon (DREP). (A) Upon liposomal delivery to a cell, (B) the DREP migrates to the nucleus 
where (C) it serves as a template for the RNA polymerase II-mediated transcription of replicon RNA. (D) 
Subsequently, the replicon RNA is transported to the cytoplasm where the self-amplification, mediated by 
replicase proteins, occurs. (E) During amplification, cellular sensors recognize amplification intermediates 
(double-stranded RNA), enhancing host immunity. (F) At the same time, translation of the replicon RNA 
produces the protein of interest (POI). (G) This will induce an antigen-specific immune response.	
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replicon vector, a standardized delivery method, and a well-defined process for inserting the 
transgene to generate different replicon vaccines which do not require extensive re-evaluation 
as part of the authorization procedure. Indeed, the United States Department of Agriculture 
(USDA) already registered alphavirus-based Venezuelan equine encephalitis virus (VEEV; 
vaccine strain TC83) replicon particles as veterinary platform technology (product code 
9PP0.00), allowing rapid delivery of customized replicon vaccine for farmers (Animal and 
Plant Health Inspection Service & Veterinary Services, 2023). EU regulations on veterinary 
platform technologies are currently in development to help increase the availability of 
vaccines (EMA, 2021). Confidence in replicon platform registration in the veterinary field 
will help establishing similar procedures for the human vaccine field. Recently, the first 
human replicon vaccine was granted an Emergency Use Approval by Indian regulators 
(Central Drugs Standard Control Organization; CDSCO). This CDSCO-approved VEEV-
TC83-based replicon vaccine expresses a severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) spike gene and is encapsulated in LNPs (license number MF/BIO/22/000064 
under PD/Vacc-06) (Dauer, 1955; Erasmus et al., 2020; Hawman et al., 2022, 2022).	

Global authorization of alphavirus- and flavivirus-based replicon vaccines is expected now 
that others have paved the way. The USDA-approved VEEV-TC83 replicon vaccine already 
showed successful utilization in the immunization of millions of animals against a swine 
coronavirus – porcine epidemic diarrhea virus (Vander Veen et al., 2012). Furthermore, a 
live-attenuated, chimeric flavivirus vector vaccine platform (ChimeriVax) is commercially 
available in Australia, Thailand, Mexico, the Philippines, and Brazil (Condit et al., 2016). 
In this chimeric yellow fever virus (YFV) vectored vaccine, the YFV envelope gene is 
replaced by a heterologous flavivirus gene to induce protective immunity against Japanese 
encephalitis virus and dengue virus (DENV) in humans (Monath et al., 2002). Whereas the 
Chimerivax live-attenuated vaccines still encode structural genes, replicon vaccines do not 
encode the structural alphavirus or flavivirus genes, cannot spread in the environment, and 
consequently are anticipated safer. Despite these recent successes, there are still challenges 
ahead for global authorization of alphavirus and flavivirus replicon vaccines.		

At present, the main challenges involved in the global authorization are potential safety concerns 
regarding the replicative character of these vaccines. As for all self-amplifying vaccines, 
concerns have been raised over adverse events in vulnerable individuals. For example, replicon 
vaccines could persist in immunocompromised individuals as clearance may be less efficient. 
Another group of consideration is pregnant women, especially when using replicon vectors 
derived from viruses that cause congenital infections (e.g., VEEV and YFV) (Charlier et al., 
2017; Platt et al., 2018). Nevertheless, it is expected that replicon RNA will not disseminate 
to the fetus, because the most common route of replicon vaccine administration, intramuscular 
injection, is associated with local distributions at the injection site. Intravenous injections can 
cause systemic distribution, but the placenta will hinder passage of the replicon (Colmenero 
et al., 2001; Morris-Downes et al., 2001). Even if the replicon spreads to the fetus, it is not 
expected to affect the development of the fetus as was shown for an attenuated YFV17D vector 
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vaccine (Kum et al., 2018; Silva et al., 2020). However, additional preclinical and clinical studies 
are required to safeguard the implementation of replicon vaccines in vulnerable individuals.

Lastly, the ability of replicon vaccines to recombine with circulating viruses must be considered. 
This potential safety risk is based on reported genetic interactions between traditional 
live-attenuated vaccines and viruses in nature (Becher et al., 2001; Camus-Bouclainville 
et al., 2011; Chong et al., 2010; Kew et al., 2004; Lee et al., 2012; Moussatché et al., 
2008; Wenhui et al., 2012). Moreover, several recombination events have been described 
for alphaviruses of which the most intriguing has been the ancient recombination event 
between two distinct alphaviruses resulting in the pathogenic western equine encephalitis 
virus (Hahn et al., 1988). Although genetic interactions between flaviviruses have been 
described as well, these are less likely to occur (McGee et al., 2011; Twiddy & Holmes, 2003). 
Nevertheless, even if the incidence of recombination is considered low, the consequences of 
such an event need to be evaluated prior to the widespread distribution of replicon vaccines.

Revolutionizing replicon technology
A diverse spectrum of replicon vaccines has been developed, yet still new innovative 
advancements and applications arise. Here, we provide some examples of recent and current 
developments that can revolutionize the replicon vaccine field.				    

Multivalent replicon vaccines
Multivalent vaccines are useful tools to control and prevent the spread of co-circulating or 
seasonal pathogens as a greater number of protective antigens are presented to the immune 
system. In the case of multivalent replicon vaccines, a single replicon can encode multiple 
antigens, or multiple replicons each expressing a different antigen are mixed in one vaccine 
formulation. Both designs have shown protection against a mixture of seasonal influenza 
strains, and cocirculating Lassa and Ebola viruses (Magini et al., 2016; Pushko et al., 2001). 
Although multivalent replicon vaccines can be rapidly developed and formulated, optimizing 
the composition of the individual target antigens can be laborious and may require extensive 
testing. This is particularly important when cross reactivity against different virus isolates of a 
virus is observed and antibody-dependent enhancement leads to adverse effects in the vaccinated 
individual. For example, incomplete protection of a tetravalent live-attenuated DENV vaccine 
against all DENV subtypes resulted in an increased replication of non-neutralized DENV 
subtypes (Shukla et al., 2020). If antigen ratios are less important and a platform technology is 
in place, multivalent replicon vaccine formulations can be a great solution to effectively combat 
dynamic virus outbreaks, for example, SARS-CoV-2 with novel variants continuously emerging.

Replicons targeting the mucosa
It becomes increasingly clear that local immune responses in mucosal tissue are important in 
the protection against a wide range of pathogens (Morens et al., 2023). Since the majority of 
viral pathogens enter the host via the mucosal surfaces such as the respiratory, gastrointestinal, 
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or urogenital tract, mucosal vaccination deserves more attention. In the ongoing SARS-
CoV-2 pandemic, vaccines are delivered via direct intramuscular injection and are mostly 
focused on systemic cellular and humoral immunity without conferring sufficient mucosal 
immunity (Bleier et al., 2021; Singanayagam et al., 2021). As such, the full potential of 
reducing viral entry and shedding is not obtained.					   

In the past, the focus was on mucosal delivery of mostly live-attenuated vaccines as these 
showed an effective immune response for an array of pathogens including poliovirus (Dauer, 
1955), influenza A virus (Belshe et al., 1998), and rotavirus (Bernasconi et al., 2016). However, 
the associated risk of reversion to virulence with live-attenuated vaccines, and the lack of well-
defined mucosal adjuvants, held back the exploration of the mucosal administration route. The 
latter is mainly what self-adjuvating replicon vaccines may be able to tackle. In a recent study 
on intranasal vaccination with therapeutic VEEV-TC83 replicon particles, effective delivery of 
the replicon RNA and a long-lasting expression of the proteins of interest (anti-SARS-CoV-2 
neutralizing antibodies) were able to prevent the onset of viral infection (J. Q. Li et al., 2021). 
On top of that, recent advances in liposome formulation and LNP encapsulation for RNA 
vaccines, and the propensity of these molecules to be taken up by the mucosal tissue, creates new 
opportunities for replicon RNA application (M. Li et al., 2017; Phua et al., 2014). These add to 
the capabilities of mucosal vaccines to be more easily mass delivered via noninvasive methods, 
for instance via nasal sprays in humans, or via water and feed for livestock (Walsh et al., 2020).

Therapeutic application of replicon vectors
In addition to the versatile application of alphavirus- and flavivirus-based replicon vectors 
as vaccine platforms, replicon vectors have also been utilized in cancer immunotherapy. 
These therapeutic replicon vaccines express tumor antigens to activate tumor-specific 
T cells and antibody responses. The antigen target can be a general tumor factor such 
as carcinoembryonic antigen, or a specific tumor-associated protein such as the human 
papillomavirus E6 and E7 antigens (Morse et al., 2010; van de Wall et al., 2018). Expression 
of the antigens by replicon vectors demonstrated promising immune modulation and efficient 
tumor regression in recent clinical trials (Crosby et al., 2019, 2020; Komdeur et al., 2021; 
Morse et al., 2010; van de Wall et al., 2018). These encouraging clinical results support 
additional studies to enhance immune responses and develop novel delivery strategies, for 
example, intratumoral injection of LNP-encapsulated replicon RNA (Y. Li et al., 2020).

The future of replicons and replicons of the future
The replicon vector technology is constantly advancing. One recent development is the 
establishment of a bipartite replicon vector system (Beissert et al., 2020). Whereas a 
monopartite replicon encodes the self-amplifying genes and the transgene on one RNA 
strand, the bipartite replicon expresses the protein of interest from a trans-amplifying RNA. 
This carries a safety advantage for proteins of interest that may otherwise package the 
replicon vector in a monopartite system, for example, glycoprotein of rabies virus (Zhang 
et al., 2020). Furthermore, this modular system allows pre-production of the replicon 
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vector and fast, on demand production of the variable RNA for the protein of interest.
New strategies are explored to improve the efficiency of the replicon vector by reducing the 
replicon-induced interferon activation, which inhibits translation. Elements such as the vaccinia 
virus E3L protein (Simplicon expression plasmid of Merck/Sigma–Aldrich) and Middle East 
respiratory syndrome coronavirus ORF4a protein have been inserted in the VEEV-TC83-based 
replicon to evade innate immune recognition (Blakney et al., 2021). It was demonstrated that 
these elements can abate the nonlinear dose dependency and enhance immunogenicity. However, 
putative recombination events involving such a replicon may potentially generate viruses that are 
more pathogenic than the wild-type virus the replicon was derived from, and thus strict safety 
testing is required before deliberate release of such replicons in the environment is allowed.
We also foresee developments in a few other areas. First, there is a drive for miniaturization 
of the replicon to reduce the length of the mRNA molecule. The replicons used most widely 
are based on the alphavirus replicases, which consist of several interacting multifunctional 
proteins encoded by a relatively long 8 – 9 kb gene cassette. A shorter replicon RNA molecule 
will ease manufacturing, increase RNA delivery efficiency, and reduce administration dose 
and possibly production cost. Arguably, not all functions within the alphavirus replicase are 
required for RNA self-amplification (Tan et al., 2023). Through rational design in combination 
with directed evolution experiments, smaller replicases may be generated that outperform 
the canonical alphavirus replicase. To take this further, in theory an RNA-dependent RNA 
polymerase (RdRp) in combination with the essential 5′ and 3′ noncoding regions at the 
replicon RNA termini is sufficient for self-amplification. Viral genomes with RdRps sized 
~2 kb are present in nature (Wolf et al., 2018) and these may inspire future replicon design. 

Second, de novo designed replicons may in the future not be subject to current genetically 
modified organism (GMO) legislation. With the implementation of artificial intelligence 
in the design of proteins, we expect it will be possible to engineer small RdRps (based on 
sequence information of all viral RdRp in public databases) using deep learning algorithms 
(Dauparas et al., 2022). Various de novo assembled proteins have been realized, demonstrating 
advantages in protein size and stability compared to natural proteins (Korendovych & 
DeGrado, 2020). In a similar way, novel synthetic RdRps not derived from, or associated 
with, any particular virus family may be engineered. If successful, a replicon encoding such 
RdRp plus a transgene (e.g., coronavirus spike gene) will have a similar legal status as the 
currently licensed mRNA vaccines. In other words, these sophisticated ‘RNA machines’ 
will not be subject to GMO legislation and/or registration procedures that may now restrict, 
or at least delay, market authorization of alphavirus- and flavivirus-based replicons.

Lastly, circular RNAs (circRNAs) are a novel recent direction in the mRNA vaccine field (Bai 
et al., 2023; Meganck et al., 2018; Wesselhoeft et al., 2018). As these circRNAs lack free ends 
susceptible to exonuclease degradation, they have an increased stability compared to capped, 
polyadenylated, linear mRNA vectors. Furthermore, circRNA in eukaryotic cell lines led to 
increased protein expression levels and improved protein production half-life compared to the linear 
mRNA counterpart (Wesselhoeft et al., 2018). Although the delivery of circRNA vectors in mice 
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was promising, optimization was shown to be essential for specific tissues (Meganck et al., 2018). 
To improve RNA stability, the development of replicon circRNA vaccines can be explored.

Concluding remarks	
From all recent advances in the delivery, efficacy, and safety of nucleic acid vaccines, a clear 
role emerges for self-amplifying mRNA vaccines in the battle against current and future 
infectious disease outbreaks, and in the rapidly growing field of cancer immunotherapy. The 
most attractive feature is that replicons encode their own replication machinery to boost their 
copy numbers directly after administration in target cells. The self-amplifying nature dramatically 
lowers the required initial mRNA dose and consequently reduces adverse effects in patients. 
However, the current application of replicon technology barely touches the surface of what 
the system is capable of (see Supplementary - Outstanding questions). Our view is that it 
is possible to revise or simplify regulatory procedures to license replicon vaccine platforms 
without extensive safety re-evaluations every time the GOI changes. The paradigm shift in 
the vaccine field from protein to mRNA will definitely help to mature replicon technology 
in general and promote the further improvement of these sophisticated RNA machines.
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Supplementary  - Glossary 
Antibody-dependent enhancement: the increased severity of disease as a result of pre-
existing, non-neutralizing antibodies against the pathogen. Carcinoembryonic antigen: a 
protein found in a wide range of cells that is often associated with certain tumors and fetal 
development when detected at elevated levels.					   

Cell-free manufacturing: the production of biological compounds (e.g., RNA, DNA, or 
proteins) without the interference of a living cell.				  

Circular RNA (circRNA): novel type of mRNA vectors that are synthetically derived 
by ligation of in vitro transcribed linear RNA fragments.			 

Helper RNA: in vitro transcribed RNA that encodes and supplements structural proteins to 
the replicon mRNA, allowing encapsulation of the mRNA in VRPs.		

Intramuscular injection: administration of a biological compound directly into specifically 
selected muscles.								     

Intravenous injection: administration of a biological compound directly into the vein.

Ministring DNA: a small linear, covalently closed plasmid DNA without any undesirable 
bacterial sequences. Multivalent vaccine: a vaccine that aims to induce protective immunity 
against various pathogens or serotypes.						    

Nanostructured-lipid carrier (NLC): LNP that consists of solid lipids, liquid lipids, 
surfactants, water, and the active pharmaceutical ingredients.				  

Plug-and-play principle (replicon): straightforward and effortless exchange of genetic elements 
of an existing platform technology (often from a fully synthetic origin).			

Replication-competent virus (RCV): a propagation-competent virus that originates from a 
propagation-defective viral vector (replicon) that acquired structural genes for propagation 
via an RNA recombination event.						    

Replicon RNA: an mRNA molecule that encodes the genetic elements necessary for 
the self-amplification and transient protein of interest expression.		

RNA-dependent RNA polymerase (RdRp): a versatile enzyme that catalyzes genomic RNA 
replication and transcription.						    

Safe-by-design principle (replicon): a genetic design that is self-limiting and cannot 
escape the host cell.								      
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Supplementary - Box 1. Mode of action of (viral) nu-
cleic acid vaccines

mRNA
The structure of in vitro transcribed mRNA closely resembles cellular mRNA, and in 
general consists of a 5′-terminal 7-methylguanosine cap analog; a 5′ and 3′ untranslated 
region (UTR); the gene of interest (GOI); and a polyadenosine (poly-A) tail (Figure IA). To 
optimize the mRNA for vaccination purposes, modifications have been applied to increase 
the vector stability, translation efficacy, or immunogenicity. Since these nucleic acid vaccines 
encode solely the GOI, they are unable to replicate in, or spread to, neighboring cells.

Replicon RNA
Replicon RNA resembles in vitro transcribed mRNA, but additionally encodes viral replicase 
genes. These genes allow the rapid amplification of the mRNA and thereby increase the 
production of the GOI in comparison to non-amplifying mRNAs. The self-amplifying viral 
genes originated from viruses, for example, alphaviruses and flaviviruses (Figure IB). 
Alphavirus-based replicons contain a separated open-reading frame (ORF) upstream of the 
GOI that encodes all the replicase proteins. In contrast, in flavivirus-based replicons, these 
replicase proteins are encoded in a single ORF downstream of the GOI. Since replicon RNA 
does not encode all alphavirus or flavivirus structural proteins, the RNA is propagation 
defective. As a result, replicon RNA vaccines are, similar to the non-amplifying mRNA 
vaccines, categorized as synthetic nucleic acid vaccines.				  

Chimeric virus
Similar to replicon RNA vaccines, chimeric virus vaccines are used to express protective 
antigens of a heterologous viral pathogen. The genomes of chimeric viruses encode 
their own replicase, but the structural genes are (partly) substituted for genes of a 
heterologous virus to induce protective immune responses against these structural proteins 
upon vaccination. Since both viral structural and replicase genes are maintained, viral 
propagation is observed in contrast to the non-propagative character of replicon vaccines. 
Therefore, chimeric virus vaccines are categorized as live-virus vaccines (Figure IC).
Recent chimeric alphavirus vaccine research focused on the development of a safe chimeric 
alphavirus vaccine platform based on the insect-restricted Eilat virus. The Eilat virus 
structural genes were replaced with the genes of highly pathogenic alphaviruses, such as 
VEEV, eastern equine encephalitis virus, and chikungunya virus (Erasmus et al., 2017).
For flaviviruses, the production of a chimeric vaccine was successfully demonstrated for the well-
studied and attenuated YFV 17D strain. This strain was modified to express the structural genes 
of the heterologous West Nile virus, DENV, and Japanese encephalitis virus (JEV). The YFV 
17D vaccine vector for DENV or JEV structural genes has been approved for human application 
(Arroyo et al., 2004; Biedenbender et al., 2011; Guirakhoo et al., 2006; Monath et al., 2003).
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Recombinant virus
Similar to chimeric virus vaccines, recombinant virus vaccines are based on modified viral genomes 
to express an exogenous GOI (Figure ID). However, in contrast to chimeric virus vaccines, the 
recombinant viruses encode all the genes for viral replication and encapsidation/transmission. 
Despite the many applications of the alphavirus-based replicon platform, the cytopathic 
nature of the complete alphavirus genome makes them less favorable as recombinant virus 
vaccines. In contrast, recombinant flavivirus vaccines have been considered feasible in 
their use as an immunotherapy or for the protection against bacterial or viral infectious 
diseases (McAllister et al., 2000; Nogueira et al., 2013; Sanchez-Felipe et al., 2021). 
Notwithstanding, other viruses such as vesicular stomatitis virus, adenovirus or measles 
virus have been described more frequently in their use as recombinant viral vectors and pose 
a suitable alternative (Cross et al., 2022; Fischer et al., 2021; Mateo et al., 2021). Similarly 
to chimeric viruses, recombinant-vectored viruses are categorized as live-virus vaccines.	

Figure I. Schematic overview of (viral) nucleic acid vectors. (A) An mRNA molecule contains the 
coding sequence of the gene of interest (GOI) flanked by a 5 m7G cap analog and a 3’ poly-A-tail. 
Similar to the mRNA vector, (B) virus-based replicons encode the GOI but also self-amplification genes, 
allowing RNA amplification. Both mRNA and replicon vectors are propagation deficient as they do not 
encode a complete structural gene cassette. This is in contrast to (C) chimeric and (D) recombinant 
virus vectors that encode a complete (heterologous) structural gene cassette. These genes facilitate viral 
propagation, not limiting transduction of the viral vector to a single cell.				  
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The importance of RNA vaccines in combatting emerging 
diseases

As the global population continues to surge and welfare increases, placing ever-growing 
demands on the worldwide food supply chain, intensive livestock husbandry emerges as 
a pivotal source of animal protein. The numerous animals involved in this supply chain 
concurrently increase the contact between livestock and other individuals providing ideal 
environments for novel viruses to emerge. The past COVID-19 pandemic showed that 
intensive contact between humans and livestock can result in a great global threat from 
emerging pathogens such as SARS-CoV-2. Although the initial spill-over event that led 
to the virus pandemic remains unsure, the animal origin of SARS-CoV-2 is very probable 
(W. J. Liu et al., 2023; Lytras et al., 2021). Other viruses with a similar pandemic potential 
can be found in the poultry industry and often relate to gastrointestinal or respiratory 
viruses such as the avian influenza virus (AIV) and infectious bronchitis virus (IBV), 
respectively. Although not all viruses are a direct threat to human health (e.g. zoonosis), 
the impact on poultry health is the main reason for concern (Trapp & Rautenschlein, 2022). 

With the annual mortality of 50 million chickens in Europe as a result of highly pathogenic 
avian influenza (HPAI) alone, the need for an effective vaccination platform becomes clear 
(Adlhoch et al., 2023). Most of the diseases in poultry are caused by naturally occurring 
pathogens circulating among wild birds that travel long distances. As such, they contribute 
to the constant evolution of viruses among uninfected domesticated birds (de Wit, Sjaak, 
2011; Graziosi et al., 2022; H. Tian et al., 2015). 					   

Human vaccines, similar to veterinary vaccines, are constantly being developed to prevent 
the disease-causing effects of viruses and other pathogens. Since past pandemics often greatly 
impacted society, there are numerous incentives for the rapid development of novel vaccine 
types (Kudlay & Svistunov, 2022). As seen for the COVID-19 pandemic conventional vaccines 
such as inactivated or live-attenuated virus vaccines, were a prudent first choice due to their 
well-established production pipeline (Lazarus et al., 2022; Nouailles et al., 2023; Tanriover 
et al., 2021; Y. Wang et al., 2021; Z. Wu et al., 2022). However, the concerns regarding the 
limited vaccine efficacy and safety coupled with the rapid emergence of new variants of concern 
demonstrate the need for a modular platform to take center stage in COVID-19 disease control 
(Grubaugh et al., 2019; Lim et al., 2021). As discussed in this thesis, RNA vaccines are a 
novel vaccine type, that is easily adapted, well-defined, and scalable. Moreover, these mRNA 
vaccines showed great effectiveness in the protection against coronavirus disease. As a result 
of this efficacy, novel RNA vaccines also gained the interest of the veterinary industry. Despite 
past considerations of these RNA vaccines to combat important veterinary diseases (Borrego 
et al., 2013; Crawford et al., 2016; Gerdts & Zakhartchouk, 2017; Pulido et al., 2010) only 
conditional licenses have been approved. The swift progress made in the RNA vaccine field 
as a result of COVID-19 offered promising prospects for the licensure of future vaccines (Le 
et al., 2022; J. Li et al., 2022). The certain bottlenecks that hold back the broad application of 
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these RNA vaccines for veterinary application are the requirement for a high dose, multiple 
booster administration, and the high cost. This is where self-amplifying RNA vaccines represent 
a promising alternative (Bloom et al., 2021; de Alwis et al., 2021; Pollock et al., 2022).

In this concluding chapter, I discuss why we need a more elaborate understanding of the 
adaptive immune system for the development of an effective vaccination strategy. Moreover, 
I emphasize the value of how and where vaccines are being administered, and to conclude, I 
provide an outlook for future RNA vaccines in the veterinary sector, exploring the potential of 
AI in the design of RNA vaccines and discussing its impact on the approval of novel vaccines. 

Immunity beyond antibodies
In the pursuit of developing an effective universal vaccine technology, it is crucial to recognize 
that the role of immunity extends beyond the scope of humoral responses alone, particularly 
the antibody response. While antibody responses have traditionally been considered the 
primary indicator for protective immunity due to well-established, cost-effective, and 
easily interpretable serological assays, the role of the cellular immune system is often 
underestimated (Moss, 2022). Understanding the intricate interplay between these two 
branches of the adaptive immune system and how they relate to protection against a specific 
pathogen is crucial when designing a universal vaccine platform, challenging the prevailing 
belief that a neutralizing antibody response alone is the primary inducer of immunity 
(Khoury et al., 2021; Shrotri et al., 2021; Zajac & Harrington, 2014).			    

The importance of cellular immunity became increasingly evident from the combined global 
research efforts amid the SARS-CoV-2 pandemic where the complex interaction of both 
the innate and adaptive immune system was carefully studied (Khoury et al., 2021; Moss, 
2022). Several studies indicated that a positive clinical outcome was observed despite the 
absence of detectable levels of neutralizing antibodies either after vaccination or natural 
infection, which can be attributed to a robust cellular response (Iannetta et al., 2021; 
Kornek et al., 2022; McMahan et al., 2021; Wyllie et al., 2021). Moreover, studies with 
recombinant viral vector vaccines in chickens demonstrated good protection even in the 
absence of detectable levels of antibodies during the first initial weeks post-vaccination 
(Ingrao et al., 2018), further indicating the important role of the cellular immune system. 
Despite our research efforts in developing a new replicon platform with the aim to provide 
protective immunity in chickens, we only assessed the seroconversion in young chickens 
vaccinated with LNP-formulated replicon RNA (Chapter 4), while the core strength of the 
replicon RNA platform technology may predominantly lie in the cellular response (Blakney, 
Ip, et al., 2021; McCafferty et al., 2022). As such, before delving into the role of replicon 
RNA in the induction of cellular immunity, it is essential to first understand the role of 
innate immunity and how they can affect the outcome of the adaptive immune response.
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Self-amplifying RNA and innate immunity: less is more? 
When administering replicon vaccines to the host, the RNA will either be taken up by scavenging 
immune cells or end up in the cytosol of local epithelial and muscle cells. In these cells, the first 
response is the innate immune response activated by encountering pattern recognition receptors 
(PRRs) that recognize this non-self RNA as pathogen-associated molecular patterns (PAMPs). 
The primary aim of innate immunity is to sense invading pathogens and activate immune cells 
that bridge the innate and adaptive immune systems (Alberts et al., 2017). Replicon RNAs are 
adept at activating multiple innate signaling pathways due to the presence of dsRNA replication 
intermediates that are formed during the self-amplification of the replicon RNA. The dsRNA 
may be recognized by toll-like receptors (TLR) such as TLR-3, Retinoic acid-inducible gene 
I (RIG-I)-like receptors (RLR), Melanoma differentiation-associated gene-5 (MDA-5), and 
oligoadenylate synthetase receptor family (OAS), which senses specific RNAs as a pathogen-
associated molecular pattern (PAMP) (Ho et al., 2022; Nasirudeen et al., 2011; Nikonov et 
al., 2013). Chickens have lost the single-stranded (ss) RNA sensor RIG-I during evolution, 
possibly explaining the increased sensitivity of chickens to AIV and other ssRNA viruses 
compared to different avian species that retained the RIG-I receptors (Barber et al., 2010, 
2010; S. Chen et al., 2013; Karpala et al., 2011; Zou et al., 2009). Whether or not the lack of 
chicken RIG-I also impacts the response to other viruses such as alpha- or flaviviruses has not 
been investigated. Interestingly, a study investigating the interferon response upon alphavirus 
infection demonstrated that human cells expressing only RIG-I induced more interferon as a 
result of VEEV replication than cells only expressing MDA-5 (Akhrymuk et al., 2016). Whether 
this effect is similar in chickens and can explain the lack of effective immune stimulation upon 
vaccination with VEEV replicon RNA remains unknown. Similar to alphaviruses, TMUV is 
primarily detected by MDA-5 (Z. Wu et al., 2022), making it less likely that the lack of RIG-I 
is the primary reason why the VEEV replicon system only partially protects chickens (Schultz-
Cherry et al., 2000). The slower onset of heterologous protein expression (Chapter 3) and most 
likely delayed production of dsRNA intermediates, however, might lower the innate immune 
reaction elicited in chickens in response to TMUV replicon vaccination (Näslund et al., 2011).

The sensing of PAMPs triggers intracellular signaling cascades leading to the expression and 
release of type I interferon (IFN), a group of cytokines crucial for an immediate response to 
cope with the infection or in this case, the effects of the replicon RNA. Additionally, IFN 
signals neighboring cells to induce an antiviral state, blocking foreign mRNA translation 
and activating the transcription of numerous antiviral effector proteins (e.g. interferon-
stimulated genes), and may ultimately lead to the death of the infected cell (Dalskov et al., 
2023; Linares-Fernández et al., 2020). Another mode of action of IFN is to enhance viral 
antigen presentation by the infected cell and activate cells, such as dendritic cells (DCs), that 
transmit these danger signals to the effector cells of the adaptive immune system (Le Bon 
& Tough, 2002; Y. Liu et al., 2022; Näslund et al., 2011; Zhu & Fernandez-Sesma, 2020).
Not only the direct effects of IFN but also replicon amplification and expression might shape 
the innate immune response, as was demonstrated by the various transgene expression levels 
and degree of replicon-induced cytopathicity of cells (CPE) defective in the production 
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of type I interferons such as BHK-21 cells used in this study. Whether this is the direct 
consequence of the amount of dsRNA replication intermediates or the presence of viral 
non-strucutral proteins, or the indirect effect from the high abundance of heterologous 
protein, or a combination of both, remains to be tested (Aliahmad et al., 2023; Beissert et 
al., 2017; Pan et al., 2021). In our study, depending on the type of replicon platform (VEEV 
vs TMUV) and the length of the TMUV capsid coding sequence (C20, C38, or C109), various 
levels of replicon-induced CPE were observed (Chapters 2 and 3). It did become apparent 
that when the expression level of the TMUV replicon was enhanced by incorporating the 
DCS-PK (present in C38 and C109 but lacking in C20), it was accompanied by an increase 
in CPE. Whether the latter is the result of enhanced expression levels or an effect of the 
number of replicon copies within these cells, as was observed when the DCS-PK structures 
in flavivirus were affected (He et al., 2021; Z.-Y. Liu et al., 2013), remains to be tested. 

Another important factor prompting the IFN response might be the administration of high doses 
of conventional mRNA vaccines. These high doses might lead to excessive IFN responses that 
block the translation of the RNA vaccines and ultimately reduce the efficacy of vaccine-induced 
protective immunity (Alameh & Weissman, 2022; S. Davis & Watson, 1996; Linares-Fernández 
et al., 2020). This dual-edged sword makes the design of effective mRNA vaccines without side 
effects very challenging. To mitigate the excessive IFN response, the potency of conventional 
RNA vaccines can be enhanced through the incorporation of modified bases (i.e. pseudouridine), 
avoidance of highly stable secondary RNA structures, and the use of high production temperatures 
to prevent dsRNA intermediates in the vaccine formulation that are recognized by cellular 
PRRs (Anderson et al., 2010; Leppek et al., 2022; Morais et al., 2021; Nance & Meier, 2021). 

While not all of these modifications can be incorporated into the replicon design, replicon 
RNA can be administered at a low dose, holding promise for reducing the risk of an immediate 
IFN-induced translational shutdown. Alternatively, the replicon RNA could be administered 
as a DREP, which alters the innate response by avoiding the use of non-self RNA, but trigger 
different TLR and cyclic GMP-AMP synthase receptors recognizing (bacterial) plasmid DNA 
(Fu et al., 2020; Häcker et al., 2002). Previous studies demonstrated that mice vaccinated 
with DREPs exhibited a lower IFN response compared to those vaccinated with replicon RNA 
(Ljungberg et al., 2007; Näslund et al., 2011). This finding could elucidate why seroconversion 
was not observed in chickens receiving VEEVrep-pVP2 replicon RNA but only in chickens 
receiving VEEVrep-pVP2 DREP. The VEEV DREP might be inherently less immunogenic, 
as it possibly induces a milder immediate interferon response compared to the high amounts 
of VEEV replicon RNA delivered in the cytosol (Ljungberg et al., 2007). Although no direct 
comparison between VEEV DREP and VEEV replicon RNA was presented in this thesis, less 
cytopathic effect were observed for the VEEV DREP (Chapter 4) compared to the VEEV RNA 
(Chapter 3) in vitro which can be indicative that the kind of vaccine modality also plays a large 
role in determining the immune response, which was similar as demonstrated in other research 
comparing these different replicon modalities (Berglund et al., 1998; Ljungberg et al., 2007). 
Altogether, this might indicate that the gradual transcription of VEEV replicon RNA from a 
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DNA vector may temper the initial innate responses resulting in lower amounts of apoptosis, 
higher heterologous gene expression, and ultimately enhance seroconversion in a later phase.

Additionally, and in contrast to conventional mRNA vaccines, replicon RNAs encode their 
own viral-derived nonstructural proteins, highly specialized in manipulating the host’s 
immune response, with the primary goal of facilitating self-amplification and translation of 
the encoded genes. In flavivirus replicons, many reports describe the antagonistic function 
of these nonstructural proteins in evading the host’s innate immunity in which for example 
NS1 of WNV can inhibit TLR-3 signaling, a PRR recognizing dsRNA (J. R. Wilson et al., 
2008), NS2 of KUNV can inhibit phosphorylation of STAT-1 and 2: transcription activators 
for downstream interferon stimulating genes (W. J. Liu et al., 2005), Zika NS3 can antagonize 
the RIG-I and MDA-5 mediated innate immunity (Riedl et al., 2019), and NS5 of TBEV can 
directly bind to the interferon receptor preventing the JAK-STAT-signaling (Best, 2017; Best et 
al., 2005). Wildtype VEEV also harbors antagonistic viral proteins that can interfere with the 
host’s innate immune responses. However, many of these functions are performed by the capsid 
protein, which is not encoded by the VEEV replicon RNA (Atasheva et al., 2008; Lundberg et 
al., 2017). Whether the absence of the capsid protein causes an increased susceptibility of the 
VEEV replicon to the chicken’s antiviral response remains unclear. The reason behind selectively 
affecting the VEEV replicon RNA but not the VEEV DREP might be attributed to the absence 
of an interferon-induced translational shutoff. This could be due to the comparatively lower 
quantities of DNA delivered to the cell, in contrast to the higher amounts of foreign replicon 
RNA, or the potentially slower initiation of VEEV replicon transcription from the DNA vector.

Self-amplifying RNA in cellular Immunity
Once the optimal dosage of replicon vaccines is established, they will trigger a robust innate 
immune response and deliver the essential costimulatory signals to evoke a response tailored 
to the specific type of pathogen. For instance in the case of obligate intracellular pathogens 
such as viruses, the adaptive immune system shifts towards a predominantly T-helper 
(Th) 1 response, while in the case of an obligate extracellular pathogen (e.g. helminths), a 
Th2-phenotype is favored. Inactivated viral and subunit vaccines lack the ability to enter or 
replicate inside the cell, and, without proper adjuvants, typically yield a Th2-biased response 
(Hui & Hashimoto, 2008; Luan et al., 2022), whereas RNA vaccines, which act within cells, 
are known to trigger a more robust Th1-biased response (Aberle et al., 2005; Ganneru et 
al., 2021; McKay et al., 2020; Voigt et al., 2022). In the case of Th2 responses, the immune 
system focuses mostly on the production of high serum levels of neutralizing antibodies, 
and Th1-mediated immunity is inhibited (Chaplin, 2010; Spellberg & Edwards, 2001).

In the following section, I will briefly outline a conceptual framework that elucidates the 
adaptive immune response orchestrated by LNP-formulated replicon RNA vaccination against 
AIV (Figure 1). Firstly, upon internalization of the LNPs by the cells at the site of injection 
(e.g epithelial cells, muscle cells, but also immune cells), the LNP undergoes degradation by 
the endosome, releasing the replicon RNA into the cytosol (Paunovska et al., 2022). Next, the 
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replicon RNA will be amplified and subsequently recognized as non-self dsRNA by cytosolic 
PRRs, triggering a signaling cascade that results in the predominant production of type-I IFN 
(N. Li et al., 2020). While a portion of the replicon-positive, antigen-producing cells undergo 
apoptosis, releasing numerous PAMPS, these signals are detected by antigen-presenting cells 
(APCs), including dendritic cells (DCs), which engage in the process of scavenging antigen-
producing cells. Once APCs are stimulated, they interact with T-lymphocytes through the 
presentation of co-stimulatory signals and secretion of proinflammatory cytokines along with 
displaying (captured) antigens produced by the replicon. These antigens will be displayed in two 
distinct ways: DCs will process the engulfed antigens directly and process them into peptides 
that are presented on MHC class II molecules to activate naive CD4+ helper T-lymphocytes, 
or alternatively, cross-present the antigens on MHC class-I molecules to CD8+ cytotoxic 
T-lymphocytes (CTLs). Especially these activated antigen-specific CD4+T lymphocytes 
play a pivotal role in mediating the antibody responses by activating B-cell, promoting 

Figure 1. Mechanistic model on how replicon RNA induces both humoral and cellular immune responses. 
Upon intramuscular injection (i.m.) of LNP-formulated replicon RNA, the LNPs will be internalized in a 
wide variety of cells such as epithelial, muscle, and immune cells (e.g. dendritic cells). Within the cell’s 
cytosol, the replicon RNA cargo is released, undergoing translation and replication. The latter results in the 
formation of dsRNA replication intermediates, recognized as pathogen-associated molecular pattern (PAMP) 
by cellular pattern recognition receptors (PRR) leading to the production of type-I interferon (IFN-I) and thus 
pro-inflammatory microenvironment (1). Simultaneously, the replicon-encoded candidate antigen is translated 
and scavenged by antigen presenting cells (APC) (2). The scavenged antigen will be processed and presented 
on  MHC-class II complex (3). Upon recognition of the MHC/antigen complex by the Th-lymphocyte and 
additional co-stimulatory signals from the APC, the T-cell becomes activated and can performs its effector 
function. Activated Th-lymphocyte will recognize naive B-lymphocytes that present a similar combination of 
MHC/antigen complex (4), subsequently activating the B-lymphocyte to differentiate into long-lived memory 
cells, stimulate antibody affinity maturation, and isotype switching. These all contribute to a robust humoral 
response. APCs also (cross)present the scavenged antigen on MHC-I molecules along with co-stimulatory signals 
to CD8+ T-lymphocytes (5). These activated CD8+ T-lymphocytes develop into cytotoxic T-lymphocytes (CTLs). 
Th-lymphocytes (6) will increase the CTL’s killing potency and stimulate the differentiation into memory CTLs.
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isotype switching, enhancing antibody affinity maturation through somatic hypermutation, 
and instigating the production of memory B-cells. An additional function of these CD4+ 
helper T lymphocytes is to further enhance the killing potency of the activated CTLs, thus 
contributing to enhancing cellular immunity (Elliott et al., 2022; Englezou et al., 2018; Heine 
et al., 2021; Hershkovitz et al., 2008; Natarajan et al., 1999; van Montfoort et al., 2014). 
 
Although most viruses initially enter the host as an extracellular pathogen and require a 
robust humoral response to neutralize the initial virus particles, the obligate intracellular 
characteristics of these pathogens require CTLs to directly kill infected cells. The coordinated 
interplay between these cellular and humoral responses prompted by these replicon RNAs 
enhances the potency and breadth of mounted adaptive immune responses. 		

An important difference between the humoral and cellular responses seen during a wildtype 
virus infection compared to an RNA vaccine-induced response is the wide array of available 
epitopes derived from virus-encoded proteins. While most vaccine designs tend to emphasize 
encoding the major external viral antigens to neutralize the target pathogen, they may 
inadvertently overlook the potential of targeting intracellular antigens or viral nonstructural 
proteins, which are often conserved and elicit cross-protective cellular responses (Geers et al., 
2021; McCaffrey, 2022; Tarke et al., 2021). This has been well-documented for AIV (Figure 
2), where CD8+ T-cells exhibit specific responses targeting highly conserved proteins shared 
among different subtypes such as the RNA polymerase (PB1), nucleocapsid protein (NP) or 
other matrix proteins (MP) (Noisumdaeng et al., 2021; Seo & Webster, 2001; Singh et al., 2010). 

In the pursuit of designing future replicon RNA vaccines, it may be worthwhile to move 
beyond solely expressing crucial surface (glyco)proteins such as HA, which primarily aims 
to confer protection via neutralizing antibodies (Chapter 4). Instead, a multivalent approach 
including multiple (conserved) antigens such as HA and NP could be considered (Figure 2). 
The comprehensive design could be complemented by mapping specific T-cell antigen epitopes 
that hold the potential to confer protection. Additionally, the development of robust assays to 
assess the host’s cellular immune status becomes imperative. In this way, the immune system 
might provide cross-protection against heterosubtypic influenza as a result of annual drift 
variants, where viruses might escape recognition by virus-specific antibodies (Duvvuri et al., 
2014; Gotch et al., 1987; Kees & Krammer, 1984; Noisumdaeng et al., 2021; Rimmelzwaan 
et al., 2007; Stanekov & Varekov, 2010; Townsend & Skehel, 1984; Yewdell et al., 1985). 

Ultimately, this synergistic effect of both robust humoral and cellular immunity, not only 
aids in preventing new infections and clearing established infections but also advances the 
development of a more universally applicable vaccine platform (Speiser & Bachmann, 2020).

Mucosal route of vaccine administration 
It has become evident that immune responses elicited by a vaccine are not solely determined by 
its type but also by the site of administration. Traditionally, vaccines were mostly administered 
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via parenteral routes, such as epidermal, intramuscular, or subcutaneous injections, with the 
primary focus on the seroconversion and the detection of IgG (IgY in chickens) in the blood 
(Zuckerman, 2000). Despite the myriad of immune cells present in the skin, recent research 
focused on the first point of pathogen contact: the mucosal surfaces (Nochi et al., 2018; 
Russell et al., 2020). The mucosal surfaces are characterized by dedicated mucosal immune 
properties such as specific humoral (IgA-specific) or cellular (resident CD4+ and CD8+ specific 
T cells) components, which are recognized as crucial in preventing viral pathogen entry.

Despite the limited number of mucosal vaccines licensed for human use (Donlan & Petri, 2020; 
Hird & Grassly, 2012; Jelinek & Kollaritsch, 2008; S.-H. Kim & Jang, 2014; Surman et al., 
2014; Ward & Bernstein, 2009), the veterinary sector has more commonly adapted mucosal 
vaccination, especially in hatcheries, due to its more readily employed mass-delivery systems (H. 
L. Wilson et al., 2020b). Traditionally, poultry vaccines were primary administered via parenteral 
routes, resulting in a robust systemic immunity but facing challenges in eliciting local, mucosal 
responses. Most mucosal vaccination includes inactivated whole-cell preparation with adjuvants 
such as enterotoxins, TLR ligands, or interleukins with specific mucoadhesive properties to 
confer a robust response (Nochi et al., 2018; T. Wang et al., 2020). However, these adjuvants 
often come with undesired adverse effects and still require a high antigenic dose or multiple 

Figure 2. Schematic overview of humoral and cellular immune responses against (A) influenza virus 
and (B) multivalent replicon RNA. HA = hemagglutinin, NA = neuraminidase, M2 = Matrix protein 2, NP = 
nucleocapsid protein, Pol = RNA-dependent RNA polymerase complex, nAB = neutralizing antibody, Sia = 
sialic acid-linked receptor.								      
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booster vaccination to achieve protective immunity (Pavot et al., 2012; Spickler & Roth, 2003). 
This is, in contrast to live (recombinant) vaccines which retain the ability to replicate within the 
host and thus the intrinsic self-adjuvating properties, overcoming the challenges of the mucosal 
immune barrier. Self-amplifying RNA vaccines, similar to live (recombinant) vaccines, also 
demonstrate this self-adjuvating effect, and thus provide a suitable alternative for this difficult 
immune site. During the COVID-19 pandemic, mucosal administration of replicon vaccines 
demonstrated protective immunity against a SARS-CoV-2 in cats (Langereis et al., 2021), 
while conventional RNA vaccines faced limitations in adjuvating effect, immunotolerance at 
certain mucosal sites, and degradative properties of RNase (Hameed et al., 2022).	  

In chickens, the mucosal immune system closely resembles that of mammals, including the 
bronchus-associated lymphoid tissue (BALT), skin-associated lymphoid tissue (SALT), and 
gut-associated lymphoid tissue (GALT). Chickens also possess specific immune sites such 
as the nasal-associated lymphoid tissue (NALT) and the head-associated lymphoid tissue 
(HALT) consisting of the conjunctiva-associated lymphoid tissue (CALT) and Harderian 
gland (Figure 3) (Nochi et al., 2018). 						    

Among these, the CALT is the first lymphoid tissue to come into contact with pathogens. 
Although these lymphoid tissues mature differently during embryonic development, lymphocytes, 
and germinal centers can be observed in the CALT in 2-week-old chickens (Fix & Arp, 1991; 
Kang et al., 2013; Maslak & Reynolds, 1995). Although these lymphoid tissues mature 
differently during embryonic development, lymphocytes, and germinal centers can be observed 
in the CALT in 2-week-old chickens. Notably, the CALT exhibits a close association with 
M-cells, cells specialized in the uptake of antigens and microorganisms, and efficient in the 
transport of lipid nanoparticles to the underlying immune cells (Illum, 2007; Peek et al., 2008; 
van Ginkel et al., 2012). In our study, we demonstrated that after a parenteral prime-boost 
vaccination of lipid nanoparticle-formulated TMUV replicon RNA, chickens induced a humoral 
response against the VP2 capsid protein (Chapter 4). However, it remains unknown whether 
the antibody response against VP2 is systemic and whether a local IgA response would also 
be elicited. In the absence of a mucosal IgA response, trans-nasal or spray administration of 
the LNP-formulated replicon vaccine to chickens would be interesting to explore, testing for 
the presence of both systemic and mucosal adaptive immune responses, thus providing a less 
invasive and mass administration route for poultry vaccination using replicon RNA. Previous 
research has demonstrated that ocularly administered adenovirus vectors or attenuated IBV 
vaccines in chickens increased the localization of T- and B-lymphocytes in CALT and provided 
robust mucosal IgA and systemic IgG responses after prime-boost vaccination (Orr-Burks et 
al., 2014; van Ginkel et al., 2012). Another of advantage of focusing on IgA antibodies is the 
limited interference during early life immunization due to the presence of very low amount of 
maternally derived IgA antibodies (MDA) in the plasma of young chicks (Hamal et al., 2006).
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The (future) role of artificial intelligence in vaccine platform 
technology 	

The impact of artificial intelligence (AI) on various facets of modern life is becoming 
increasingly apparent. Currently, AI has found diverse applications including the implementation 
as a linguistics model and for visual content creation but its primary characterization 
lies in the development of computer systems that process extensive datasets to create 
algorithms and models that mimic human cognitive behavior often utilizing neural networks 
or deep learning techniques. A less recognized implementation of AI is its involvement 
in bioinformatics where it plays a crucial role in analyses of complex data sets related to 
genomics, proteomics, and immunology (McCaffrey, 2022).			    

In the context of mRNA vaccine development, AI emerges as a valuable tool in designing 
and optimizing vaccines. For the current SARS-CoV-2 mRNA vaccine, deep-learning trained 

Figure 3. Schematic overview of the common immunization routes in chickens and the associated lymphoid 
tissues. Nasal-associated lymphoid tissue (NALT), conjunctiva-associated lymphoid tissue (CALT), head-
associated lymphoid tissue (HALT), bronchus-associated lymphoid tissue (BALT), gut-associated lymphoid 
tissue (GALT), and skin-associated lymphoid tissue (SALT).					   
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models were used to optimize the mRNA molecule half-life and stabilize the encoded Spike 
protein to enhance expression (H. Zhang et al., 2023). Despite the apparent simplicity of the 
1273-codon-containing mRNA vaccine, it can be encoded by more than a septuagintillion 
(10693) different mRNA sequences, albeit not all efficiently translated. The same applies 
to whole virus vaccines, where it was demonstrated that by altering the dinucleotide bias 
using bioinformatic analysis of conserved sequences of related flaviviruses, the viral growth 
kinetics can be attenuated rendering a safe alternative approach for creating live-attenuated 
vaccines (Fros et al., 2021; Kunec & Osterrieder, 2016).				  

Another interesting application of AI dives into the more immunological aspect of vaccine 
design. Deep learning algorithms have been trained with immunological phenotyping of 
patients’ immune cells, and cytokine responses but also data from structural biology methods 
such as X-ray crystallography, cryo-electron microscopy, or nuclear magnetic resonance, 
that visualized antigen-antibody and antigen-MHC complexes (D. A. S. Davis et al., 2022; 
McCaffrey, 2022; Mueller et al., 2022; Sahoo et al., 2021). Especially the latter could be of 
high value in future replicon vaccine design. Careful consideration in the selection of (parts 
of) the target transgene can result in the precise induction of the adaptive immune system. 
Despite specific epitope requirements for either humoral or cellular immune responses, most 
conventional vaccine designs solely copy-paste the major immunogenic antigen in the hope 
of inducing an effective immune response (Purcell et al., 2007). Leveraging the current 
computational power can be used to train deep learning algorithms. This approach facilitates 
the design and manipulation to enhance their selectivity for antigen processing in specific 
MHC-complexes, leading to a more targeted and precise induction of the adaptive immune 
system (Ahmad et al., 2016; Kapingidza et al., 2020; Tahir et al., 2021). A bioinformatic 
approach for designing specific B and T cell epitopes has already been demonstrated in a 
subunit vaccine, resulting in a multi-peptide SARS-CoV-2 vaccine that elicited both humoral 
and cellular immune responses (Y. Feng et al., 2021) Although most of these bioinformatically 
optimized vaccines are administered as peptide-based vaccines, a similar approach can be 
applied to replicon platforms by encoding multiple of these optimized peptide sequences under 
separate promoters (Pushko et al., 2001; Reap, Dryga, et al., 2007; M. Wang et al., 2018).

Feasibility-by-design
Vaccines have long been at the forefront of safeguarding human health against a multitude 
of diseases, particularly those with zoonotic origins (Dehove, 2010; Taylor et al., 2001). 
Remarkably, many vaccines developed for human use have demonstrated the potential not only 
to protect humans but also other non-human species, most notably evident with the SARS-CoV-2 
mRNA vaccines (Kalnin et al., 2021; Langereis et al., 2021; McMahan et al., 2021; Nouailles 
et al., 2023). Despite the existence of robust RNA vaccine pipelines available nowadays, the 
utilization of these vaccines beyond their intended target groups remains largely untapped, 
primarily due to the high costs, cold storage requirements, and time-consuming registration 
process. Therefore, the feasibility of RNA vaccines for their use in veterinary vaccination 
is discussed in the following section looking beyond costs as the principal limiting factor.
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While in this thesis I frequently referred to self-amplifying RNA as a platform technology, 
it is noteworthy, at present, only the United States has conditionally licensed the use of 
(self-amplifying) RNA vaccines based on VEEV as a platform technology for treating 
swine Influenza, porcine epidemic diarrhea virus, rabies, and other animal pathogens. 
The authorization is granted as long as these vaccines share the same fundamental safety 
characteristics and thus comply with the regulation concerning platform technology (Canadian 
food inspection agency, 2018; U.S. department of agriculture, 2023). However, in Europe, 
conventional RNA and self-amplifying RNA vaccines do not yet benefit from the platform 
status within the European Union. A new legislative proposal is currently under review to 
authorize the use of vaccine platform technologies as an immunological veterinary medicinal 
product, which includes a wide variety of vaccine types such as recombinant live (viral) 
vectors, virus-like particles, and nucleic acids vaccines (European medicines agency, 2021; 
Francis, 2022). The impending authorization of platform technologies by the European 
Medicin Agency (EMA) will accelerate forthcoming market approvals including the derivates 
of the already approved RNA vaccines, as long as the same backbone carrier is used. 

RNA vaccines, in particular, will benefit from a platform technology status, as the production 
solely relies on enzymatic transcription reaction, not completely and directly reliant on 
biological systems (e.g., eggs, animals or mammalian cell culture). Furthermore, the individual 
reaction constituents are fully defined with no involvement of live pathogens, simplifying the 
biosafety evaluations (Rosa et al., 2021; World health organization, 2020; C. Zhang et al., 
2019). Moreover, the recent strides in addressing the logistic challenges, such as cold-storage 
requirements, and physical stability of RNA vaccines, have greatly improved. While the early 
developmental phases of LNP-formulated RNA vaccines only demonstrated a shelf-life of up 
to 30 days when refrigerated or hours at room temperature (Crommelin et al., 2021; Tinari, 
2021), second-generation formulations have focused more on enhancing physical and chemical 
stability. These formulations demonstrated the potential of extending the shelf-lives to 24 
weeks under refrigeration or 12 weeks at room temperature without compromising the vaccine 
efficacy, achieved through innovative techniques like lyophilization (e.g freeze-drying) (R. L. 
Ball et al., 2017; Hong et al., 2021; Muramatsu et al., 2022). Additionally, alternative non-viral 
carriers such as nanostructured lipid carriers (NLC), have demonstrated even greater physical 
and chemical stability than LNPs with shelf-lives up to 8 months at room temperature. This 
durability permits RNA vaccine stockpiling and the novel carrier for the point-of-care mixing of 
nucleic vaccines (Gerhardt et al., 2022). Other non-viral carriers and their ease in administration 
concerning RNA vaccine feasibility have been evaluated in more detail in Chapter 6. 
Arguably, the most pivotal determinant for vaccine feasibility is cost. However, the perception 
of cost is notably subjective. From a manufactures standpoint, novel RNA vaccines are 
relatively costly due to their high risk of failure during the initial research phases when 
pipelines are being developed. The development of COVID-19 RNA vaccines developed for 
human use necessitated substantial financial investment in discovery, preclinical and clinical 
evaluation. Notably, the most substantial contributor to the developmental cost of human 
RNA vaccines in humans is the stringent regulatory requirements and safety assessments 
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involved in these clinical phases, accounting for at least 20-60% of the total development 
cost (Adams & Brantner, 2006; Moore et al., 2020; Wong et al., 2014) and almost 50% of 
the development time (Francis, 2020; Martin et al., 2017; Warimwe et al., 2021) (Figure 4).
In contrast, the veterinary vaccine development process centers around field trials that result 
in less stringent regulatory and preclinical trial requirements saving both time and cost in 
the vaccine development (Meeusen et al., 2007). Most importantly, veterinary vaccines 
can be evaluated in the target species thereby minimizing the risk of failure in later stages. 

Therefore, implementing an already-established RNA technology with a known manufacturing 
process and excessive safety evaluation performed in humans would be a waste of valuable 
(financial) resources and confer substantial advantages to the veterinary vaccine sector. Despite 
the smaller veterinary vaccine market, the linear cost profile – characterized by its high variable 
costs due to the raw materials and relatively low fixed costs due to the small-scale production 
facilities- renders RNA vaccines an attractive alternative for small markets or as an emergency 

vaccine pipeline in response to newly emerging diseases (Kis et al., 2020; Newall et al., 2023). 
From a consumer perspective, such as an average Dutch poultry farmer, buying RNA vaccines 
for an entire hatchery of around 5,000 chickens becomes a substantial investment (van Horne, 
2020; R. van Leeuwen, personal communication, May 24, 2023). Nevertheless, from a One-
Health perspective, the vaccination of either humans or animals that reduces infectious disease 
morbidity and mortality, even with the current expense of effective RNA vaccines, outweighs 
the costs linked to disease treatment and healthcare expenses. This was demonstrated in the 
case of smallpox eradication, where a merely 100 million USD investment in an eradication 
vaccination program yielded a total cost savings of 1.35 billion USD annually (Fenner et al., 
1988). Different from smallpox, which typically affects humans, controlling AIV via a worldwide 
eradication program has been described before but is challenged by the wide variety of local 

Figure 4. Human and veterinary vaccine development pipeline showing the estimated costs and 
lead times from the initial antigen discovery phase to the final market approval. The data used for 
this representation are derived from Frances (2020), Martin et al. (2017), and Warimwe et al. (2021).
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variants and a permanent AIV reservoir in wild birds (Marangon et al., 2008). Although other 
countries already implemented local vaccination of poultry to combat AIV (Swayne, 2012a), 
the Netherlands, despite the sharp rise in the cost of controlling bird flu and the constant risk 
of zoonotic events, remains cautious about implementing a vaccination eradication program 
due to the expected negative impact on the export of poultry products (Rekenkamer, 2023). 

In a broader context, in the face of newly emerging threats, the most important factor is the 
implementation of an adaptable technology, like RNA vaccines, capable of keeping pace 
with the evolving pathogenic threat. The advancements outlined here, share a common 
denominator which is to speed up the process of developing new vaccine variants based 
on established technologies in which the primary focus can be relayed to vaccine efficacy 
testing to maintain the health of both the animals as well as those responsible for their care. 

Conclusion & future directions
In the rapidly evolving field of vaccinology, the search for effective vaccines to combat 
disease-causing pathogens and reduce the burden of illnesses on the host is a constant pursuit. 

This thesis was dedicated to delving into the development of a novel self-amplifying RNA 
technology with the specific aim to fill a niche in the poultry-vaccine portfolio. The ultimate goal 
was to create a platform that is safe-by-design, effective in poultry, and versatile in case of newly 
emerging pathogens. The insight gained from the research outlined in Chapters 2 and 3 on the 
novel bird-adapted TMUV replicon provided valuable information about the onset of expression, 
the total amount of heterologous protein production but also the level of viral-induced CPE in 
cells. Additionally, it was demonstrated that the TMUV replicon harbored great flexibility in the 
capsid-coding region, enhancing the adjustability of the replicon platform. By contrasting these 
distinctive characteristics with those of the established VEEV replicon platform, a plausible 
explanation emerged for the observed low efficacy of VEEV replicon RNA in chickens.

In Chapter 4 we presented the first preliminary data on the vaccination of layers using LNP-
formulated TMUV replicon RNA. We demonstrated that this completely synthetic vaccine was 
able to successfully seroconvert layers against IBDV. However, it also revealed that the sort 
of replicon delivery modality (e.g. DREP) could significantly impact vaccine efficacy. Further 
investigation into the presence and duration of replicon RNA levels in the host, especially 
in comparison to DNA-launched replicon RNA, holds promise in optimizing future vaccine 
delivery strategies. Additionally, conducting a challenge study to assess whether the reported 
presence or absence of a humoral response against IBDV or AIV respectively, could still 
protect the chickens against future infections is crucial. This aligns with the importance of 
elucidating the adaptive immune system, particularly the cellular immunity discussed in this 
chapter. Developing host-specific cellular immune assays will enhance our comprehension 
of how the vaccine-mediated immune response correlates with that of a wildtype infection.
Beyond the successful vaccination of the TMUV replicon RNA formulated in a synthetic 
carrier, the strength of replicon RNA lies in the encapsidation into a viral-derived carrier. 
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Chapter 5 demonstrated the successful generation of a helper cell line capable of producing 
virus-like replicon particles. The next step would be to evaluate these VRPs in a challenge 
study in chickens, comparing their efficacy to the established VEEV VRPs. This evaluation 
will provide crucial insights into the wide range of modalities that can be harnessed as a 
suitable vaccine platform for this host. Looking ahead, the scope of research could extend to 
other avian species to create an even more versatile bird-adapted replicon platform technology



143

VII



144

Abstract



C
ha

pt
er

References

RChapter



146

Abdul-Cader, M. S., Palomino-Tapia, V., Amarasinghe, A., Ahmed-Hassan, H., De Silva Senapathi, U., & 
Abdul-Careem, M. F. (2018). Hatchery vaccination against poultry viral diseases: potential mech-
anisms and limitations. Viral Immunology, 31(1), 23–33.

Aberle, J. H., Aberle, S. W., Kofler, R. M., & Mandl, C. W. (2005). Humoral and cellular immune response 
to RNA immunization with flavivirus replicons derived from tick-borne encephalitis virus. Jour-
nal of Virology, 79(24), 15107–15113.

Abu-Raddad, L. J., Chemaitelly, H., & Butt, A. A. (2021). Effectiveness of the BNT162b2 covid-19 vaccine 
against the B.1.1.7 and B.1.351 variants. New England Journal of Medicine, 385(2), 187–189.

Adams, C. P., & Brantner, V. V. (2006). Estimating the cost of new drug development: Is it really $802 
million? Health Affairs, 25(2), 420–428.

Adlhoch, C., Fusaro, A., Gonzales, J. L., Kuiken, T., Marangon, S., Niqueux, É., Staubach, C., Terregino, 
C., Aznar, I., Guajardo, I. M., & Baldinelli, F. (2023). Avian influenza overview September – 
December 2022. EFSA Journal, 21(1), e07786.

Agapov, E. V., Frolov, I., Lindenbach, B. D., Prágai, B. M., Schlesinger, S., & Rice, C. M. (1998). Noncyto-
pathic Sindbis virus RNA vectors for heterologous gene expression. Proceedings of the National 
Academy of Sciences of the United States of America, 95(22), 12989–12994.

Ahmad, T. A., Eweida, A. E., & Sheweita, S. A. (2016). B-cell epitope mapping for the design of vaccines 
and effective diagnostics. Trials in Vaccinology, 5, 71–83.

Akhrymuk, I., Frolov, I., & Frolova, E. I. (2016). Both RIG-I and MDA5 detect alphavirus replication in 
concentration-dependent mode. Virology, 487, 230–241.

Alameh, M.-G., & Weissman, D. (2022). Nucleoside modifications of in vitro transcribed mRNA to reduce 
immunogenicity and improve translation of prophylactic and therapeutic antigens. In P. H. Gi-
angrande, V. de Franciscis, & J. J. Rossi (Eds.), RNA Therapeutics (pp. 141–169).

Alberts, B., Johnson, A., Lewis, J., Morgan, D., Raff, M., Roberts, K., & Walter, P. (2017). Molecular biolo-
gy of the cell (S. G. Lewis, E. Zayatz, & A. Bochicchio, Eds.; 6th ed.). Garland Science.

Aliahmad, P., Miyake-Stoner, S. J., Geall, A. J., & Wang, N. S. (2023). Next generation self-replicating 
RNA vectors for vaccines and immunotherapies. Cancer Gene Therapy, 30(6), 785–793.

Almazán, F., DeDiego, M. L., Sola, I., Zuñiga, S., Nieto-Torres, J. L., Marquez-Jurado, S., Andrés, G., & 
Enjuanes, L. (2013). Engineering a replication-competent, propagation-defective Middle East 
respiratory syndrome coronavirus as a vaccine candidate. MBio, 4(5), e00650-00613.

Anderluzzi, G., Lou, G., Woods, S., Schmidt, S. T., Gallorini, S., Brazzoli, M., Johnson, R., Roberts, C. W., 
O’Hagan, D. T., Baudner, B. C., & Perrie, Y. (2022). The role of nanoparticle format and route of 
administration on self-amplifying mRNA vaccine potency. Journal of Controlled Release, 342, 
388–399.

Anderson, B. R., Muramatsu, H., Nallagatla, S. R., Bevilacqua, P. C., Sansing, L. H., Weissman, D., & 
Karikó, K. (2010). Incorporation of pseudouridine into mRNA enhances translation by diminish-
ing PKR activation. Nucleic Acids Research, 38(17), 5884–5892.	

Animal and Plant Health Inspection Service, & Veterinary Services. (2023). Veterinary Biological Products. 
United States Department of Agriculture. https:// www.aphis.usda.gov/animal_health/vet_biolog-
ics/publications/ currentprodcodebook.pdf

Arias-Arias, J. L., & Mora-Rodríguez, R. (2021). Generation and implementation of reporter BHK-21 cells 
for live imaging of flavivirus infection. Bio-Protocol, 11(5), e3942.

Arroyo, J., Miller, C., Catalan, J., Myers, G. A., Ratterree, M. S., Trent, D. W., & Monath, T. P. (2004). 
ChimeriVax-West Nile virus live-attenuated vaccine: preclinical evaluation of safety, immunoge-
nicity, and efficacy. Journal of Virology, 78(22), 12497–12507.

Atasheva, S., Garmashova, N., Frolov, I., & Frolova, E. (2008). Venezuelan equine encephalitis virus capsid 
protein inhibits nuclear import in mammalian but not in mosquito cells. Journal of Virology, 
82(8), 4028–4041.

Aubry, F., Nougairède, A., Gould, E. A., & De Lamballerie, X. (2015). Flavivirus reverse genetic systems, 
construction techniques and applications: A historical perspective. Antiviral Research, 114, 
67–85.

Awad, F., Chhabra, R., Baylis, M., & Ganapathy, K. (2014). An overview of infectious bronchitis virus in 
chickens. World’s Poultry Science Journal, 70(2), 375–384.

Azar, S. R., Campos, R. K., Bergren, N. A., Camargos, V. N., & Rossi, S. L. (2020). Epidemic alphaviruses: 
Ecology, emergence and outbreaks. Microorganisms, 8(8), Article 8.

Bai, Y., Liu, D., He, Q., Liu, J., Mao, Q., & Liang, Z. (2023). Research progress on circular RNA vaccines. 
Frontiers in Immunology, 13, 1091797.

Ball, P. (2021). The lightning-fast quest for COVID vaccines — and what it means for other diseases. 
Nature, 589(7840), 16–18.

Ball, R. L., Bajaj, P., & Whitehead, K. A. (2017). Achieving long-term stability of lipid nanoparticles: 
examining the effect of pH, temperature, and lyophilization. International Journal of 



147

R

Nanomedicine, 12, 305–315.
Ballesteros-Briones, M. C., Silva-Pilipich, N., Herrador-Cañete, G., Vanrell, L., & Smerdou, C. (2020). 

A new generation of vaccines based on alphavirus self-amplifying RNA. Current Opinion in 
Virology, 44, 145–153.

Baloch, A. S., Liu, C., Liang, X., Liu, Y., Chen, J., Cao, R., & Zhou, B. (2019). Avian flavivirus enters 
BHK-21 cells by a low pH-dependent endosomal pathway. Viruses, 11(12), 1112.

Barber, M. R. W., Aldridge, J. R., Webster, R. G., & Magor, K. E. (2010). Association of RIG-I with innate 
immunity of ducks to influenza. Proceedings of the National Academy of Sciences of the United 
States of America, 107(13), 5913–5918.

Bar-On, Y. M., Goldberg, Y., Mandel, M., Bodenheimer, O., Freedman, L., Kalkstein, N., Mizrahi, B., Al-
roy-Preis, S., Ash, N., Milo, R., & Huppert, A. (2021). Protection of BNT162b2 vaccine booster 
against covid-19 in Israel. New England Journal of Medicine, 385(15), 1393–1400.

Barouch, D. H., Pau, M. G., Custers, J. H. H. V., Koudstaal, W., Kostense, S., Havenga, M. J. E., Truitt, D. 
M., Sumida, S. M., Kishko, M. G., Arthur, J. C., Korioth-Schmitz, B., Newberg, M. H., Gorgone, 
D. A., Lifton, M. A., Panicali, D. L., Nabel, G. J., Letvin, N. L., & Goudsmit, J. (2004). Immuno-
genicity of recombinant adenovirus serotype 35 vaccine in the presence of pre-existing anti-Ad5 
immunity. Journal of Immunology, 172(10), 6290–6297.

Barrett, A. D. T., Cubitt, W. D., & Dimmock, N. J. (1984). Defective interfering particles of Semliki Forest 
virus are smaller than particles of standard virus. Journal of General Virology, 65(12), 2265–
2268.

Baz, M., Luke, C. J., Cheng, X., Jin, H., & Subbarao, K. (2013). H5N1 vaccines in humans. Virus Research, 
178(1), 78–98.

Becher, P., Orlich, M., & Thiel, H.-J. (2001). RNA recombination between persisting pestivirus and a 
vaccine strain: Generation of cytopathogenic virus and induction of lethal disease. Journal of 
Virology, 75(14), 6256–6264.

Beissert, T., Koste, L., Perkovic, M., Walzer, K. C., Erbar, S., Selmi, A., Diken, M., Kreiter, S., Türeci, Ö., 
& Sahin, U. (2017). Improvement of in vivo expression of genes delivered by self-amplifying 
RNA using vaccinia virus immune evasion proteins. Human Gene Therapy, 28(12), 1138–1146.

Beissert, T., Perkovic, M., Vogel, A., Erbar, S., Walzer, K. C., Hempel, T., Brill, S., Haefner, E., Becker, R., 
Türeci, Ö., & Sahin, U. (2020). A trans-amplifying RNA vaccine strategy for induction of potent 
protective immunity. Molecular Therapy: The Journal of the American Society of Gene Therapy, 
28(1), 119–128.

Belshe, R. B., Mendelman, P. M., Treanor, J., King, J., Gruber, W. C., Piedra, P., Bernstein, D. I., Hayden, 
F. G., Kotloff, K., Zangwill, K., Iacuzio, D., & Wolff, M. (1998). The efficacy of live attenuated, 
cold-adapted, trivalent, intranasal influenza virus vaccine in children. The New England Journal 
of Medicine, 338(20), 1405–1412.

Benzarti, E., Linden, A., Desmecht, D., & Garigliany, M. (2019). Mosquito-borne epornitic flaviviruses: An 
update and review. Journal of General Virology, 100(2), 119–132.

Berger Rentsch, M., & Zimmer, G. (2011). A vesicular stomatitis virus replicon-based bioassay for the rapid 
and sensitive determination of multi-species type I interferon. PloS One, 6(10), e25858.

Berglund, P., Smerdou, C., Fleeton, M. N., Tubulekas, L., & Liljeström, P. (1998). Enhancing immune 
responses using suicidal DNA vaccines. Nature Biotechnology, 16(6), 562–565.

Bernasconi, V., Norling, K., Bally, M., Höök, F., & Lycke, N. Y. (2016). Mucosal vaccine development 
based on liposome technology. Journal of Immunology Research, 2016, 5482087.

Best, S. M. (2017). The many faces of the flavivirus NS5 protein in antagonism of type I interferon signal-
ing. Journal of Virology, 91(3), 10.1128/jvi.01970-16.

Best, S. M., Morris, K. L., Shannon, J. G., Robertson, S. J., Mitzel, D. N., Park, G. S., Boer, E., Wolfinbarg-
er, J. B., & Bloom, M. E. (2005). Inhibition of interferon-stimulated JAK-STAT signaling by a 
tick-borne flavivirus and identification of NS5 as an interferon antagonist. Journal of Virology, 
79(20), 12828–12839.

Bhuiyan, M. S. A., Amin, Z., Rodrigues, K. F., Saallah, S., Shaarani, S. M., Sarker, S., & Siddiquee, S. 
(2021). Infectious bronchitis virus (Gammacoronavirus) in poultry farming: Vaccination, immune 
response and measures for mitigation. Veterinary Sciences, 8(11), 273.

Biedenbender, R., Bevilacqua, J., Gregg, A. M., Watson, M., & Dayan, G. (2011). Phase II, randomized, 
double-blind, placebo-controlled, multicenter study to investigate the immunogenicity and safety 
of a West Nile virus vaccine in healthy adults. The Journal of Infectious Diseases, 203(1), 75–84.

Bio, S. (2021). Status of COVID-19 Vaccines within WHO EUL/PQ evaluation process. Guidance Docu-
ment.

Blacker, H. P., Kirkpatrick, N. C., Rubite, A., O’Rourke, D., & Noormohammadi, A. H. (2011). Epidemi-
ology of recent outbreaks of infectious laryngotracheitis in poultry in Australia. Australian Veteri-
nary Journal, 89(3), 89–94.



148

Blakney, A. K., Ip, S., & Geall, A. J. (2021). An update on self-amplifying mRNA vaccine development. 
Vaccines, 9(2), 97.

Blakney, A. K., McKay, P. F., Bouton, C. R., Hu, K., Samnuan, K., & Shattock, R. J. (2021). Innate in-
hibiting proteins enhance expression and immunogenicity of self-amplifying RNA. Molecular 
Therapy: The Journal of the American Society of Gene Therapy, 29(3), 1174–1185.

Bleier, B. S., Ramanathan, M., & Lane, A. P. (2021). COVID-19 vaccines may not prevent nasal SARS-
CoV-2 infection and asymptomatic transmission. Otolaryngology--Head and Neck Surgery: Offi-
cial Journal of American Academy of Otolaryngology-Head and Neck Surgery, 164(2), 305–307.

Bloom, K., van den Berg, F., & Arbuthnot, P. (2021). Self-amplifying RNA vaccines for infectious diseases. 
Gene Therapy, 28(3–4), 117–129.

Boni, M. F., Lemey, P., Jiang, X., Tsan-Yuk Lam, T., Perry, B. W., Castoe, T. A., Rambaut, A., & Robertson, 
D. L. (2020). Evolutionary origins of the SARS-CoV-2 sarbecovirus lineage responsible for the 
COVID-19 pandemic. Nature Microbiology, 5, 1408–1417.

Borrego, B., Rodríguez-Pulido, M., Mateos, F., de la Losa, N., Sobrino, F., & Sáiz, M. (2013). Delivery of 
synthetic RNA can enhance the immunogenicity of vaccines against foot-and-mouth disease virus 
(FMDV) in mice. Vaccine, 31(40), 4375–4381.

Brackney, D. E., Scott, J. C., Sagawa, F., Woodward, J. E., Miller, N. A., Schilkey, F. D., Mudge, J., Wilusz, 
J., Olson, K. E., Blair, C. D., & Ebel, G. D. (2010). C6/36 Aedes albopictus cells have a dysfunc-
tional antiviral RNA interference response. PLoS Neglected Tropical Diseases, 4(10), e856.

Brandt, M., Yao, K., Liu, M., Heckert, R. A., & Vakharia, V. N. (2001). Molecular determinants of vir-
ulence, cell tropism, and pathogenic phenotype of infectious bursal disease virus. Journal of 
Virology, 75(24), 11974–11982.

Bridges, C. B., Lim, W., Hu-Primmer, J., Sims, L., Fukuda, K., Mak, K. H., Rowe, T., Thompson, W. W., 
Conn, L., Lu, X., Cox, N. J., & Katz, J. M. (2002). Risk of influenza A (H5N1) infection among 
poultry workers, Hong Kong, 1997–1998. The Journal of Infectious Diseases, 185(8), 1005–
1010.

Burns, C. C., Campagnoli, R., Shaw, J., Vincent, A., Jorba, J., & Kew, O. (2009). Genetic inactivation of 
poliovirus infectivity by increasing the frequencies of CpG and UpA dinucleotides within and 
across synonymous capsid region codons. Journal of Virology, 83(19), 9957–9969.

Buschmann, M. D., Carrasco, M. J., Alishetty, S., Paige, M., Alameh, M. G., & Weissman, D. (2021). Nano-
material delivery systems for mRNA vaccines. Vaccines, 9(1), 65.

Camus-Bouclainville, C., Gretillat, M., Py, R., Gelfi, J., Guérin, J.-L., & Bertagnoli, S. (2011). Genome 
sequence of SG33 strain and recombination between wild-type and vaccine myxoma viruses. 
Emerging Infectious Diseases, 17(4), 633–638.

Canadian food inspection agency. (2018, December 10). Environmental assessment for Merck Animal 
Health’s RNA particle prescription products for swine influenza and other disease agents. https://
inspection.canada.ca/animal-health/veterinary-biologics/environmental-assessments/merck-ani-
mal-health-s-rna-particle-prescription-pr/eng/1544130596594/1544130646137

Cao, Z., Zhang, C., Liu, Y., Ye, W., Han, J., Ma, G., Zhang, D., Xu, F., Gao, X., Tang, Y., Shi, S., Wan, C., 
Zhang, C., He, B., Yang, M., Lu, X., Huang, Y., Diao, Y., Ma, X., & Zhang, D. (2011). Tembusu 
virus in ducks, China. Emerging Infectious Diseases, 17(10), 1873–1875.

Cardador, L., Tella, J. L., Anadón, J. D., Abellán, P., & Carrete, M. (2019). The European trade ban on wild 
birds reduced invasion risks. Conservation Letters, 12(3), 12631.

Cavanagh, D. (2007). Coronavirus avian infectious bronchitis virus. Veterinary Research, 38(2), 281.
Chan, K. R., Ismail, A. A., Thergarajan, G., Raju, C. S., Yam, H. C., Rishya, M., & Sekaran, S. D. (2022). 

Serological cross-reactivity among common flaviviruses. Frontiers in Cellular and Infection 
Microbiology, 12, 975398.

Chaplin, D. D. (2010). Overview of the immune response. Journal of Allergy and Clinical Immunology, 
125(2, Supplement 2), S3–S23.

Charlier, C., Beaudoin, M.-C., Couderc, T., Lortholary, O., & Lecuit, M. (2017). Arboviruses and pregnan-
cy: maternal, fetal, and neonatal effects. The Lancet. Child & Adolescent Health, 1(2), 134–146.

Chen, H., & Bu, Z. (2009). Development and application of avian influenza vaccines in China. In R. W. 
Compans & W. A. Orenstein (Eds.), Vaccines for Pandemic Influenza (Vol. 333, pp. 153–162). 
Springer Berlin Heidelberg.

Chen, S., Cheng, A., & Wang, M. (2013). Innate sensing of viruses by pattern recognition receptors in birds. 
Veterinary Research, 44(1), 82.

Chen, S., Quan, K., Wang, H., Li, S., Xue, J., Qin, T., Chu, D., Fan, G., Du, Y., & Peng, D. (2021). A live 
attenuated H9N2 avian influenza vaccine prevents the viral reassortment by exchanging the HA 
and NS1 packaging signals. Frontiers in Microbiology, 11, 3586.

Chen, W. C., & Huang, L. (2005). Non‐viral vector as vaccine carrier. Advances in Genetics, 54, 315–337.
Chevalier, C., Lepault, J., Erk, I., Da Costa, B., & Delmas, B. (2002). The maturation process of pVP2 



149

R

requires assembly of infectious bursal disease virus capsids. JOURNAL OF VIROLOGY, 76(5), 
2384–2392.

Chong, Y. L., Padhi, A., Hudson, P. J., & Poss, M. (2010). The effect of vaccination on the evolution and 
population dynamics of avian paramyxovirus-1. PLoS Pathogens, 6(4), e1000872.

Coker, R., Rushton, J., Mounier-Jack, S., Karimuribo, E., Lutumba, P., Kambarage, D., Pfeiffer, D. U., 
Stärk, K., & Rweyemamu, M. (2011). Towards a conceptual framework to support one-health 
research for policy on emerging zoonoses. The Lancet Infectious Diseases, 11(4), 326–331.

Colmenero, P., Berglund, P., Kambayashi, T., Biberfeld, P., Liljeström, P., & Jondal, M. (2001). Recombi-
nant Semliki Forest virus vaccine vectors: the route of injection determines the localization of 
vector RNA and subsequent T cell response. Gene Therapy, 8(17), 1307–1314.

Comes, J. D. G., Pijlman, G. P., & Hick, T. A. H. (2023). Rise of the RNA machines – self-amplification in 
mRNA vaccine design. Trends in Biotechnology, 0(0).

Comes, J. D. G., Poniman, M., van Oosten, L., Doets, K., de Cloe, S., Geertsema, C., & Pijlman, G. P. 
(2023). Infectious clone of a contemporary Tembusu virus and replicons expressing reporter 
genes or heterologous antigens from poultry viruses. Biotechnology Journal, e2300254.

Condit, R. C., Williamson, A.-L., Sheets, R., Seligman, S. J., Monath, T. P., Excler, J.-L., Gurwith, M., 
Bok, K., Robertson, J. S., Kim, D., Michael Hendry, R., Singh, V., Mac, L. M., Chen, R. T., & 
Brighton Collaboration Viral Vector Vaccines Safety Working Group (V3SWG). (2016). Unique 
safety issues associated with virus-vectored vaccines: Potential for and theoretical consequences 
of recombination with wild type virus strains. Vaccine, 34(51), 6610–6616.

Crawford, K., Lager, K. M., Kulshreshtha, V., Miller, L. C., & Faaberg, K. S. (2016). Status of vaccines for 
porcine epidemic diarrhea virus in the United States and Canada. Virus Research, 226, 108–116.

Crommelin, D. J. A., Anchordoquy, T. J., Volkin, D. B., Jiskoot, W., & Mastrobattista, E. (2021). Address-
ing the cold reality of mRNA vaccine stability. Journal of Pharmaceutical Sciences, 110(3), 
997–1001.

Crosby, E. J., Gwin, W., Blackwell, K., Marcom, P. K., Chang, S., Maecker, H. T., Broadwater, G., Hyslop, 
T., Kim, S., Rogatko, A., Lubkov, V., Snyder, J. C., Osada, T., Hobeika, A. C., Morse, M. A., 
Lyerly, H. K., & Hartman, Z. C. (2019). Vaccine-induced memory CD8+ T cells provide clinical 
benefit in HER2 expressing breast cancer: A mouse to human translational study. Clinical 
Cancer Research: An Official Journal of the American Association for Cancer Research, 25(9), 
2725–2736.

Crosby, E. J., Hobeika, A. C., Niedzwiecki, D., Rushing, C., Hsu, D., Berglund, P., Smith, J., Osada, T., 
Gwin Iii, W. R., Hartman, Z. C., Morse, M. A., & Lyerly, H. K. (2020). Long-term survival 
of patients with stage III colon cancer treated with VRP-CEA(6D), an alphavirus vector that 
increases the CD8+ effector memory T cell to Treg ratio. Journal for Immunotherapy of Cancer, 
8(2), e001662.

Cross, R. W., Woolsey, C., Prasad, A. N., Borisevich, V., Agans, K. N., Deer, D. J., Geisbert, J. B., Dobias, 
N. S., Fenton, K. A., & Geisbert, T. W. (2022). A recombinant VSV-vectored vaccine rapidly 
protects nonhuman primates against heterologous lethal Lassa fever. Cell Reports, 40(3), 111094.

Cruz, E., Cain, J., Crossett, B., & Kayser, V. (2018). Site-specific glycosylation profile of influenza A 
(H1N1) hemagglutinin through tandem mass spectrometry. Human Vaccines & Immunotherapeu-
tics, 14(3), 508–517.

Cserep, T. (2008). Chapter 5 - Vaccines and vaccination. In M. Pattison, P. F. McMullin, J. M. Bradbury, & 
D. J. Alexander (Eds.), Poultry Diseases (Sixth Edition) (pp. 66–81). W.B. Saunders.

Cui, Y., Pan, Y., Guo, J., Wang, D., Tong, X., Wang, Y., Li, J., Zhao, J., Ji, Y., Wu, Z., Zeng, P., Zhou, J., 
Feng, X., Hou, L., & Liu, J. (2022). The evolution, genomic epidemiology, and transmission 
dynamics of tembusu Virus. Viruses, 14(6), 1236.

da Silva, F. C., Magaldi, F. M., Sato, H. K., & Bevilacqua, E. (2020). Yellow fever vaccination in a mouse 
model is associated with uninterrupted pregnancies and viable neonates except when adminis-
tered at implantation period. Frontiers in Microbiology, 11, 245.

Dalmo, R. A. (2018). DNA vaccines for fish: Review and perspectives on correlates of protection. Journal 
of Fish Diseases, 41(1), 1–9.

Dalskov, L., Gad, H. H., & Hartmann, R. (2023). Viral recognition and the antiviral interferon response. The 
EMBO Journal, 42(14), e112907.

Darty, K., Denise, A., & Ponty, Y. (2009). VARNA: Interactive drawing and editing of the RNA secondary 
structure. Bioinformatics, 25(15), 1974–1975.

Dauer, C. C. (1955). Poliomyelitis in the United States, 1954. Public Health Reports, 70(11), 1125–1127.
Dauparas, J., Anishchenko, I., Bennett, N., Bai, H., Ragotte, R. J., Milles, L. F., Wicky, B. I. M., Courbet, 

A., de Haas, R. J., Bethel, N., Leung, P. J. Y., Huddy, T. F., Pellock, S., Tischer, D., Chan, F., 
Koepnick, B., Nguyen, H., Kang, A., Sankaran, B., … Baker, D. (2022). Robust deep learn-
ing-based protein sequence design using ProteinMPNN. Science, 378(6615), 49–56.



150

Davis, D. A. S., Mun, S., Smith, J. M., Hammill, D., Garrett, J., Gosling, K., Price, J., Elsaleh, H., Syed, F. 
M., Atmosukarto, I. I., & Quah, B. J. C. (2022). Machine learning predicts cancer subtypes and 
progression from blood immune signatures. PLOS ONE, 17(2), e0264631.

Davis, S., & Watson, J. C. (1996). In vitro activation of the interferon-induced, double-stranded RNA-de-
pendent protein kinase PKR by RNA from the 3’ untranslated regions of human alpha-tropomyo-
sin. Proceedings of the National Academy of Sciences, 93(1), 508–513.

de Alwis, R., Gan, E. S., Chen, S., Leong, Y. S., Tan, H. C., Zhang, S. L., Yau, C., Low, J. G. H., Kalimud-
din, S., Matsuda, D., Allen, E. C., Hartman, P., Park, K.-J. J., Alayyoubi, M., Bhaskaran, H., Du-
kanovic, A., Bao, Y., Clemente, B., Vega, J., … Ooi, E. E. (2021). A single dose of self-transcrib-
ing and replicating RNA-based SARS-CoV-2 vaccine produces protective adaptive immunity in 
mice. Molecular Therapy, 29(6), 1970–1983.

de Wit, Sjaak, J. J. (2011). Infectious bronchitis virus variants: a review of the history, current situation and 
control measures. Avian Pathology, 40(3), 223–235.

Dean, D. A., Dean, B. S., Muller, S., & Smith, L. C. (1999). Sequence requirements for plasmid nuclear 
import. Experimental Cell Research, 253(2), 713–722.

Dehove, A. (2010). One world, one health. Transboundary and Emerging Diseases, 57(1–2), 3–6.
Démoulins, T., Ruggli, N., Gerber, M., Thomann-Harwood, L. J., Ebensen, T., Schulze, K., Guzmán, C. 

A., & McCullough, K. C. (2020). Self-amplifying pestivirus replicon RNA encoding influenza 
virus nucleoprotein and hemagglutinin promote humoral and cellular immune responses in pigs. 
Frontiers in Immunology, 11, 622385.

Diken, M., Kreiter, S., Selmi, A., Britten, C. M., Huber, C., Türeci, Ö., & Sahin, U. (2011). Selective uptake 
of naked vaccine RNA by dendritic cells is driven by macropinocytosis and abrogated upon DC 
maturation. Gene Therapy, 18(7), 702–708.

Doerfler, W. (2021). Adenoviral vector DNA- and SARS-CoV-2 mRNA-based covid-19 vaccines: Possible 
integration into the human genome - are adenoviral genes expressed in vector-based vaccines? 
Virus Research, 302, 198466.

Donlan, A. N., & Petri, W. A. (2020). Mucosal immunity and the eradication of polio. Science (New York, 
N.Y.), 368(6489), 362–363.

dos Anjos Borges, L. G., Pisanelli, G., Khatun, O., García-Sastre, A., & Tripathi, S. (2020). Live visual-
ization of hemagglutinin dynamics during infection by using a novel reporter influenza A virus. 
Viruses, 12(6), Article 6.

Dou, D., Revol, R., Östbye, H., Wang, H., & Daniels, R. (2018). Influenza A virus cell entry, replication, 
virion assembly and movement. Frontiers in Immunology, 9(JUL), 1581.

Du, L., Yang, Y., & Zhang, X. (2021). Neutralizing antibodies for the prevention and treatment of 
COVID-19. Cellular & Molecular Immunology, 18(10), 2293–2306.

Duvvuri, V. R., Duvvuri, B., Alice, C., Wu, G. E., Gubbay, J. B., & Wu, J. (2014). Preexisting CD4+ T-cell 
immunity in human population to avian influenza H7N9 virus: Whole proteome-wide immunoin-
formatics analyses. PLOS ONE, 9(3), e91273.

Eldemery, F., Joiner, K. S., Toro, H., & van Santen, V. L. (2017). Protection against infectious bronchitis 
virus by spike ectodomain subunit vaccine. Vaccine, 35(43), 5864–5871.

Elliott, T., Cheeseman, H. M., Evans, A. B., Day, S., McFarlane, L. R., O’Hara, J., Kalyan, M., Amini, 
F., Cole, T., Winston, A., Fidler, S., Pollock, K. M., Harker, J. A., & Shattock, R. J. (2022). 
Enhanced immune responses following heterologous vaccination with self-amplifying RNA and 
mRNA COVID-19 vaccines. PLOS Pathogens, 18(10), e1010885.

Ellis, T., Leung, C., Chow, M., Bissett, L., Wong, W., Guan, Y., & Malik Peiris, J. (2004). Vaccination of 
chickens against H5N1 avian influenza in the face of an outbreak interrupts virus transmission. 
Avian Pathology : Journal of the W.V.P.A, 33(4).

Endale, A., Medhin, G., Darfiro, K., Kebede, N., & Legesse, M. (2021). Magnitude of antibody cross-re-
activity in medically important mosquito-borne flaviviruses: A systematic review. Infection and 
Drug Resistance, 14, 4291.

Englezou, P. C., Sapet, C., Démoulins, T., Milona, P., Ebensen, T., Schulze, K., Guzman, C.-A., Poulhes, F., 
Zelphati, O., Ruggli, N., & McCullough, K. C. (2018). Self-amplifying replicon RNA delivery to 
dendritic cells by cationic lipids. Molecular Therapy - Nucleic Acids, 12, 118–134.

Erasmus, J. H., Auguste, A. J., Kaelber, J. T., Luo, H., Rossi, S. L., Fenton, K., Leal, G., Kim, D. Y., Chiu, 
W., Wang, T., Frolov, I., Nasar, F., & Weaver, S. C. (2017). A chikungunya fever vaccine utilizing 
an insect-specific virus platform. Nature Medicine, 23(2), 192–199.

Erasmus, J. H., Khandhar, A. P., O’connor, M. A., Walls, A. C., Hemann, E. A., Murapa, P., Archer, J., 
Leventhal, S., Fuller, J. T., Lewis, T. B., Draves, K. E., Randall, S., Guerriero, K. A., Duthie, M. 
S., Carter, D., Reed, S. G., Hawman, D. W., Feldmann, H., Gale, M., … Fuller, D. H. (2020). An 
Alphavirus-derived replicon RNA vaccine induces SARS-CoV-2 neutralizing antibody and T cell 
responses in mice and nonhuman primates. In Sci. Transl. Med (Vol. 12, p. 9396). https://www.



151

R

science.org
Erdman, M. M., Kamrud, K. I., Harris, D. L., & Smith, J. (2010). Alphavirus replicon particle vaccines 

developed for use in humans induce high levels of antibodies to influenza virus hemagglutinin in 
swine: Proof of concept. Vaccine, 28(3), 594–596.

Espeseth, D. A., & Lasher, H. (2010). Early history of regulatory requirements for poultry biologics in the 
United States. Avian Diseases, 54(4), 1136–1143.

European medicines agency. (2021, January 29). Data requirements for vaccine platform technology master 
files (PTMF) - Scientific guideline. European Medicines Agency [EMA]. https://www.ema.euro-
pa.eu/en/data-requirements-vaccine-platform-technology-master-files-ptmf-scientific-guideline

FAO. (2023, August 21). Crops and livestock products. Food and Agriculture Data. https://www.fao.org/
faostat/

Feng, C., Jin, M., Yang, L., Lv, J., Qu, S., Meng, R., Yang, B., Wang, X., & Zhang, D. (2020). Pathogenic-
ity of a Jinding duck-origin cluster 2.1 isolate of Tembusu virus in 3-week-old Pekin ducklings. 
Veterinary Microbiology, 251, 108870.

Feng, Y., Jiang, H., Qiu, M., Liu, L., Zou, S., Li, Y., Guo, Q., Han, N., Sun, Y., Wang, K., Lu, L., Zhuang, 
X., Zhang, S., Chen, S., & Mo, F. (2021). Multi-epitope vaccine design using an immunoinfor-
matic approach for SARS-CoV-2. Pathogens, 10(6), 737.

Fenner, F., Henderson, D. A., Arita, I., Jezek, Z., Ladnyi, I. D., & Organization, W. H. (1988). Smallpox and 
its eradication. In History of international public health (6th ed.). World Health Organization. 
https://apps.who.int/iris/handle/10665/39485

Ferreira, H. L., Reilley, A. M., Goldenberg, D., Ortiz, I. R. A., Gallardo, R. A., & Suarez, D. L. (2020). 
Protection conferred by commercial NDV live attenuated and double recombinant HVT vaccines 
against virulent California 2018 Newcastle disease virus (NDV) in chickens. Vaccine, 38(34), 
5507–5515.

Fischer, R. J., Purushotham, J. N., van Doremalen, N., Sebastian, S., Meade-White, K., Cordova, K., Letko, 
M., Jeremiah Matson, M., Feldmann, F., Haddock, E., LaCasse, R., Saturday, G., Lambe, T., 
Gilbert, S. C., & Munster, V. J. (2021). ChAdOx1-vectored Lassa fever vaccine elicits a robust 
cellular and humoral immune response and protects guinea pigs against lethal Lassa virus chal-
lenge. NPJ Vaccines, 6(1), 32.

Fix, A. S., & Arp, L. H. (1991). Morphologic characterization of conjunctiva-associated lymphoid tissue in 
chickens. American Journal of Veterinary Research, 52(11), 1852–1859.

Flaherty, D. (2012). Vaccine-preventable diseases. Immunology for Pharmacy, 1, 197–213.
Francis, M. J. (2020). A veterinary vaccine development process map to assist in the development of new 

vaccines. Vaccine, 38(29), 4512–4515.
Francis, M. J. (2022). Considerations for rapid development and licencing of conventional and platform 

technology veterinary vaccines. Avian Pathology, 51(2), 107–112.
Freire, J. M., Veiga, A. S., Conceição, T. M., Kowalczyk, W., Mohana-Borges, R., Andreu, D., Santos, N. 

C., Poian, A. T. D., & Castanho, M. A. R. B. (2013). Intracellular nucleic acid delivery by the 
supercharged dengue virus capsid protein. PLOS ONE, 8(12), e81450.

Frolov, I., & Schlesinger, S. (1994). Comparison of the effects of Sindbis virus and Sindbis virus replicons 
on host cell protein synthesis and cytopathogenicity in BHK cells. Journal of Virology, 68(3), 
1721–1727.

Fros, J. J., Dietrich, I., Alshaikhahmed, K., Passchier, T. C., Evans, D. J., & Simmonds, P. (2017). CpG 
and UpA dinucleotides in both coding and non-coding regions of echovirus 7 inhibit replication 
initiation post-entry. ELife, 6, e29112.

Fros, J. J., Visser, I., Tang, B., Yan, K., Nakayama, E., Visser, T. M., Koenraadt, C. J. M., Oers, M. M. van, 
Pijlman, G. P., Suhrbier, A., & Simmonds, P. (2021). The dinucleotide composition of the Zika 
virus genome is shaped by conflicting evolutionary pressures in mammalian hosts and mosquito 
vectors. PLOS Biology, 19(4), e3001201.

Fu, Y., Fang, Y., Lin, Z., Yang, L., Zheng, L., Hu, H., Yu, T., Huang, B., Chen, S., Wang, H., Xu, S., Bao, 
W., Chen, Q., & Sun, L. (2020). Inhibition of cGAS-mediated interferon response facilitates 
transgene expression. IScience, 23(4), 101026.

Furler, S., Paterna, J.-C., Weibel, M., & Büeler, H. (2001). Recombinant AAV vectors containing the foot 
and mouth disease virus 2A sequence confer efficient bicistronic gene expression in cultured cells 
and rat substantia nigra neurons. Gene Therapy, 8(11), 864–873.

Galanis, E., Vile, R., & Russell, S. J. (2001). Delivery systems intended for in vivo gene therapy of cancer: 
targeting and replication competent viral vectors. Critical Reviews in Oncology/Hematology, 
38(3), 177–192.

Ganneru, B., Jogdand, H., Daram, V. K., Das, D., Molugu, N. R., Prasad, S. D., Kannappa, S. V., Ella, K. 
M., Ravikrishnan, R., Awasthi, A., Jose, J., Rao, P., Kumar, D., Ella, R., Abraham, P., Yadav, 
P. D., Sapkal, G. N., Shete-Aich, A., Desphande, G., … Vadrevu, K. M. (2021). Th1 skewed 



152

immune response of whole virion inactivated SARS-CoV-2 vaccine and its safety evaluation. 
IScience, 24(4), 102298.

Garg, H., Sedano, M., Plata, G., Punke, E. B., & Joshi, A. (2017). Development of virus-like-particle vac-
cine and reporter assay for Zika virus. Journal of Virology, 91(20), 10.1128/jvi.00834-17.

Garmashova, N., Gorchakov, R., Volkova, E., Paessler, S., Frolova, E., & Frolov, I. (2007). The Old World 
and New World alphaviruses use different virus-specific proteins for induction of transcriptional 
shutoff. Journal of Virology, 81(5), 2472–2484.

Geall, A. J., Verma, A., Otten, G. R., Shaw, C. A., Hekele, A., Banerjee, K., Cu, Y., Beard, C. W., Brito, L. 
A., Krucker, T., O’Hagan, D. T., Singh, M., Mason, P. W., Valiante, N. M., Dormitzer, P. R., Bar-
nett, S. W., Rappuoli, R., Ulmer, J. B., & Mandl, C. W. (2012). Nonviral delivery of self-amplify-
ing RNA vaccines. Proceedings of the National Academy of Sciences, 109(36), 14604–14609.

Geers, D., Shamier, M. C., Bogers, S., den Hartog, G., Gommers, L., Nieuwkoop, N. N., Schmitz, K. S., 
Rijsbergen, L. C., van Osch, J. A. T., Dijkhuizen, E., Smits, G., Comvalius, A., van Mourik, D., 
Caniels, T. G., van Gils, M. J., Sanders, R. W., Oude Munnink, B. B., Molenkamp, R., de Jager, 
H. J., … GeurtsvanKessel, C. H. (2021). SARS-CoV-2 variants of concern partially escape 
humoral but not T-cell responses in COVID-19 convalescent donors and vaccinees. Science 
Immunology, 6(59), eabj1750.

Gehrke, R., Ecker, M., Aberle, S. W., Allison, S. L., Heinz, F. X., & Mandl, C. W. (2003). Incorporation of 
tick-borne encephalitis virus replicons into virus-like particles by a packaging cell line. Journal 
of Virology, 77(16), 8924–8933.

Gehrke, R., Heinz, F. X., Davis, N. L., & Mandl, C. W. (2005). Heterologous gene expression by infectious 
and replicon vectors derived from tick-borne encephalitis virus and direct comparison of this fla-
vivirus system with an alphavirus replicon. The Journal of General Virology, 86(4), 1045–1053.

Gerdts, V., & Zakhartchouk, A. (2017). Vaccines for porcine epidemic diarrhea virus and other swine coro-
naviruses. Veterinary Microbiology, 206, 45–51.

Gerhardt, A., Voigt, E., Archer, M., Reed, S., Larson, E., Van Hoeven, N., Kramer, R., Fox, C., & Casper, 
C. (2021). A Thermostable, Flexible RNA Vaccine Delivery Platform for Pandemic Response. 
BioRxiv, 2021.02.01.429283.

Gerhardt, A., Voigt, E., Archer, M., Reed, S., Larson, E., Van Hoeven, N., Kramer, R., Fox, C., & Casper, C. 
(2022). A flexible, thermostable nanostructured lipid carrier platform for RNA vaccine delivery. 
Molecular Therapy. Methods & Clinical Development, 25, 205–214.

Ghasemiyeh, P., & Mohammadi-Samani, S. (2018). Solid lipid nanoparticles and nanostructured lipid 
carriers as novel drug delivery systems: applications, advantages and disadvantages. Research in 
Pharmaceutical Sciences, 13(4), 288–303.

Göertz, G. P., van Bree, J. W. M., Hiralal, A., Fernhout, B. M., Steffens, C., Boeren, S., Visser, T. M., 
Vogels, C. B. F., Abbo, S. R., Fros, J. J., Koenraadt, C. J. M., van Oers, M. M., & Pijlman, G. 
P. (2019). Subgenomic flavivirus RNA binds the mosquito DEAD/H-box helicase ME31B and 
determines Zika virus transmission by Aedes aegypti. Proceedings of the National Academy of 
Sciences of the United States of America, 116(38), 19136–19144.

Gómez-Aguado, I., Rodríguez-Castejón, J., Vicente-Pascual, M., Rodríguez-Gascón, A., del Pozo-Rodrí-
guez, A., & Solinís Aspiazu, M. Á. (2020). Nucleic acid delivery by solid lipid nanoparticles 
containing switchable lipids: Plasmid DNA vs. messenger RNA. Molecules, 25(24), Article 24.

Gotch, F., McMichael, A., Smith, G., & Moss, B. (1987). Identification of viral molecules recognized by 
influenza-specific human cytotoxic T lymphocytes. The Journal of Experimental Medicine, 
165(2), 408–416.

Graziosi, G., Catelli, E., Fanelli, A., & Lupini, C. (2022). Infectious bursal disease virus in free-living wild 
birds: A systematic review and meta-analysis of its sero-viroprevalence on a global scale. Trans-
boundary and Emerging Diseases, 69(5), 2800–2815.

Grubaugh, N. D., Ladner, J. T., Lemey, P., Pybus, O. G., Rambaut, A., Holmes, E. C., & Andersen, K. G. 
(2019). Tracking virus outbreaks in the twenty-first century. Nature Microbiology, 4(1), 10–19.

Gržinić, G., Piotrowicz-Cieślak, A., Klimkowicz-Pawlas, A., Górny, R. L., Ławniczek-Wałczyk, A., Piech-
owicz, L., Olkowska, E., Potrykus, M., Tankiewicz, M., Krupka, M., Siebielec, G., & Wolska, L. 
(2023). Intensive poultry farming: A review of the impact on the environment and human health. 
Science of The Total Environment, 858, 160014.

Guirakhoo, F., Kitchener, S., Morrison, D., Forrat, R., McCarthy, K., Nichols, R., Yoksan, S., Duan, X., 
Ermak, T. H., Kanesa-Thasan, N., Bedford, P., Lang, J., Quentin-Millet, M.-J., & Monath, T. P. 
(2006). Live attenuated chimeric yellow fever dengue type 2 (ChimeriVax-DEN2) vaccine: Phase 
I clinical trial for safety and immunogenicity: effect of yellow fever pre-immunity in induction of 
cross neutralizing antibody responses to all 4 dengue serotypes. Human Vaccines, 2(2), 60–67.

Häcker, G., Redecke, V., & Häcker, H. (2002). Activation of the immune system by bacterial CpG-DNA. 
Immunology, 105(3), 245–251.



153

R

Hahn, C. S., Lustig, S., Strauss, E. G., & Strauss, J. H. (1988). Western equine encephalitis virus is a recom-
binant virus. Proceedings of the National Academy of Sciences of the United States of America, 
85(16), 5997–6001.

Hall, V. J., Foulkes, S., Saei, A., Andrews, N., Oguti, B., Charlett, A., Wellington, E., Stowe, J., Gillson, 
N., Atti, A., Islam, J., Karagiannis, I., Munro, K., Khawam, J., Chand, M. A., Brown, C. S., 
Ramsay, M., Lopez-Bernal, J., Hopkins, S., … Heeney, J. (2021). COVID-19 vaccine coverage in 
health-care workers in England and effectiveness of BNT162b2 mRNA vaccine against infection 
(SIREN): a prospective, multicentre, cohort study. The Lancet, 397(10286), 1725–1735.

Hamal, K. R., Burgess, S. C., Pevzner, I. Y., & Erf, G. F. (2006). Maternal antibody transfer from dams 
to their egg Yolks, egg whites, and chicks in meat lines of chickens. Poultry Science, 85(8), 
1364–1372.

Hameed, S. A., Paul, S., Dellosa, G. K. Y., Jaraquemada, D., & Bello, M. B. (2022). Towards the future 
exploration of mucosal mRNA vaccines against emerging viral diseases; lessons from existing 
next-generation mucosal vaccine strategies. Npj Vaccines, 7(1), 1–20.

Hamel, R., Phanitchat, T., Wichit, S., Morales Vargas, R. E., Jaroenpool, J., Diagne, C. T., Pompon, J., & 
Missé, D. (2021). New insights into the biology of the emerging Tembusu virus. Pathogens, 
10(8), 1010.

Harvey, T. J., Jun Liu, W., Ju Wang, X., Linedale, R., Jacobs, M., Davidson, A., Le, T. T. T., Anraku, I., 
Suhrbier, A., Shi, P.-Y., & Khromykh, A. A. (2004). Tetracycline-inducible packaging cell line for 
production of flavivirus replicon particles. Journal of Virology, 78(1), 531–538.

Hassett, K. J., Higgins, J., Woods, A., Levy, B., Xia, Y., Hsiao, C. J., Acosta, E., Almarsson, Ö., Moore, M. 
J., & Brito, L. A. (2021). Impact of lipid nanoparticle size on mRNA vaccine immunogenicity. 
Journal of Controlled Release, 335, 237–246.

Haveri, A., Solastie, A., Ekström, N., Österlund, P., Nohynek, H., Nieminen, T., Palmu, A. A., & Melin, M. 
(2022). Neutralizing antibodies to SARS-CoV-2 Omicron variant after third mRNA vaccination 
in health care workers and elderly subjects. European Journal of Immunology, 52(5), 816–824.

Hawman, D. W., Meade-White, K., Clancy, C., Archer, J., Hinkley, T., Leventhal, S. S., Rao, D., Stamper, 
A., Lewis, M., Rosenke, R., Krieger, K., Randall, S., Khandhar, A. P., Hao, L., Hsiang, T.-Y., 
Greninger, A. L., Gale, M., Berglund, P., Fuller, D. H., … Erasmus, J. H. (2022). Replicating 
RNA platform enables rapid response to the SARS-CoV-2 Omicron variant and elicits enhanced 
protection in naïve hamsters compared to ancestral vaccine. EBioMedicine, 83.

He, Y., Liu, P., Wang, T., Wu, Y., Lin, X., Wang, M., Jia, R., Zhu, D., Liu, M., Zhao, X., Yang, Q., Wu, Y., 
Zhang, S., Liu, Y., Zhang, L., Yu, Y., Pan, L., Chen, S., & Cheng, A. (2019). Genetically stable 
reporter virus, subgenomic replicon and packaging system of duck Tembusu virus based on a 
reverse genetics system. Virology, 533, 86–92.

He, Y., Wang, M., Chen, S., & Cheng, A. (2020). The role of capsid in the flaviviral life cycle and perspec-
tives for vaccine development. Vaccine, 38(44), 6872–6881.

He, Y., Wang, X., Guo, J., Mao, L., Zhang, S., Hu, T., Wang, M., Jia, R., Zhu, D., Liu, M., Zhao, X., Yang, 
Q., Wu, Y., Zhang, S., Huang, J., Mao, S., Ou, X., Gao, Q., Sun, D., … Chen, S. (2021). Repli-
cation/assembly defective avian flavivirus with internal deletions in the capsid can be used as an 
approach for living attenuated vaccine. Frontiers in Immunology, 12, 694959.

Heine, A., Juranek, S., & Brossart, P. (2021). Clinical and immunological effects of mRNA vaccines in 
malignant diseases. Molecular Cancer, 20(1), 52.

Herbert, A. S., Kuehne, A. I., Barth, J. F., Ortiz, R. A., Nichols, D. K., Zak, S. E., Stonier, S. W., Muham-
mad, M. A., Bakken, R. R., Prugar, L. I., Olinger, G. G., Groebner, J. L., Lee, J. S., Pratt, W. D., 
Custer, M., Kamrud, K. I., Smith, J. F., Hart, M. K., & Dye, J. M. (2013). Venezuelan equine 
encephalitis virus replicon particle vaccine protects nonhuman primates from intramuscular and 
aerosol challenge with ebolavirus. Journal of Virology, 87(9), 4952–4964.

Hershkovitz, O., Zilka, A., Bar-Ilan, A., Abutbul, S., Davidson, A., Mazzon, M., Kümmerer, B. M., Monso-
engo, A., Jacobs, M., & Porgador, A. (2008). Dengue virus replicon expressing the nonstructural 
proteins suffices to enhance membrane expression of HLA class I and inhibit lysis by human NK 
cells. Journal of Virology, 82(15), 7666–7676.

Hikke, M. C., & Pijlman, G. P. (2017). Veterinary replicon vaccines. Annual Review of Animal Biosciences, 
5(1), 89–109.

Hird, T. R., & Grassly, N. C. (2012). Systematic review of mucosal immunity induced by oral and inac-
tivated poliovirus vaccines against virus shedding following oral poliovirus challenge. PLOS 
Pathogens, 8(4), e1002599.

Ho, W.-H. J., Law, A. M. K., Masle-Farquhar, E., Castillo, L. E., Mawson, A., O’Bryan, M. K., Goodnow, 
C. C., Gallego-Ortega, D., Oakes, S. R., & Ormandy, C. J. (2022). Activation of the viral sensor 
oligoadenylate synthetase 2 (Oas2) prevents pregnancy-driven mammary cancer metastases. 
Breast Cancer Research: BCR, 24(1), 31.



154

Hoang-Le, D., Smeenk, L., Anraku, I., Pijlman, G. P., Wang, X. J., de Vrij, J., Liu, W. J., Le, T. T., Schroder, 
W. A., Khromykh, A. A., & Suhrbier, A. (2008). A Kunjin replicon vector encoding granulocyte 
macrophage colony-stimulating factor for intra-tumoral gene therapy. Gene Therapy 2009 16:2, 
16(2), 190–199.

Homonnay, Z. G., Kovács, E. W., Bányai, K., Albert, M., Fehér, E., Mató, T., Tatár-Kis, T., & Palya, V. 
(2014). Tembusu-like flavivirus (Perak virus) as the cause of neurological disease outbreaks in 
young Pekin ducks. Avian Pathology, 43(6), 552–560.

Hong, H. C., Kim, K. S., Park, S. A., Chun, M. J., Hong, E. Y., Chung, S. W., Kim, H. J., Shin, B. G., Braka, 
A., Thanappan, J., Jang, S., Wu, S., Cho, Y. J., & Kim, S.-H. (2021). An mRNA vaccine against 
SARS-CoV-2: Lyophilized, liposome-based vaccine candidate EG-COVID induces high levels of 
virus neutralizing antibodies.

Hooper, J. W., Ferro, A. M., Golden, J. W., Silvera, P., Dudek, J., Alterson, K., Custer, M., Rivers, B., Mor-
ris, J., Owens, G., Smith, J. F., & Kamrud, K. I. (2009). Molecular smallpox vaccine delivered by 
alphavirus replicons elicits protective immunity in mice and non-human primates. Vaccine, 28(2), 
494–511.

Hou, X., Zaks, T., Langer, R., & Dong, Y. (2021). Lipid nanoparticles for mRNA delivery. Nature Reviews 
Materials 2021 6:12, 6(12), 1078–1094.

Hsu, H. L., Millet, J. K., Costello, D. A., Whittaker, G. R., & Daniel, S. (2016). Viral fusion efficacy of spe-
cific H3N2 influenza virus reassortant combinations at single-particle level. Scientific Reports, 6.

Hu, D., Wu, C., Wang, R., Yao, X., Nie, K., Lv, Q., Fu, S., Yin, Q., Su, W., Li, F., Xu, S., He, Y., Liang, G., 
Li, X., & Wang, H. (2023). Persistence of Tembusu virus in Culex tritaeniorhynchus in Yunnan 
province, China. Pathogens, 12(3), 490.

Hubby, B., Talarico, T., Maughan, M., Reap, E. A., Berglund, P., Kamrud, K. I., Copp, L., Lewis, W., Cecil, 
C., Norberg, P., Wagner, J., Watson, A., Negri, S., Burnett, B. K., Graham, A., Smith, J. F., & 
Chulay, J. D. (2007). Development and preclinical evaluation of an alphavirus replicon vaccine 
for influenza. Vaccine, 25(48), 8180–8189.

Huckriede, A., Bungener, L., Holtrop, M., de Vries, J., Waarts, B.-L., Daemen, T., & Wilschut, J. (2004). 
Induction of cytotoxic T lymphocyte activity by immunization with recombinant Semliki Forest 
virus: indications for cross-priming. Vaccine, 22(9–10), 1104–1113.

Hui, G. S., & Hashimoto, C. N. (2008). Adjuvant formulations possess differing efficacy in the potentiation 
of antibody and cell mediated responses to a human malaria vaccine under selective immune 
genes knockout environment. International Immunopharmacology, 8(7), 1012–1022.

Huysmans, H., Zhong, Z., De Temmerman, J., Mui, B. L., Tam, Y. K., Mc Cafferty, S., Gitsels, A., Van-
rompay, D., & Sanders, N. N. (2019). Expression kinetics and innate immune response after 
electroporation and LNP-mediated delivery of a self-amplifying mRNA in the skin. Molecular 
Therapy - Nucleic Acids, 17, 867–878.

Iannetta, M., Landi, D., Cola, G., Malagnino, V., Teti, E., Fraboni, D., Buccisano, F., Grelli, S., Coppola, L., 
Campogiani, L., Andreoni, M., Marfia, G. A., & Sarmati, L. (2021). T-cell responses to SARS-
CoV-2 in multiple sclerosis patients treated with ocrelizumab healed from COVID-19 with absent 
or low anti-spike antibody titers. Multiple Sclerosis and Related Disorders, 55, 103157.

Ignjatovic, J., Sapats, S., Reece, R., Gould, A., Gould, G., Selleck, P., Lowther, S., Boyle, D., & Westbury, 
H. (2004). Virus strains from a flock exhibiting unusually high mortality due to infectious bursal 
disease. Australian Veterinary Journal, 82(12), 763–768.

Illum, L. (2007). Nanoparticulate systems for nasal delivery of drugs: A real improvement over simple 
systems? Journal of Pharmaceutical Sciences, 96(3), 473–483.

Ingrao, F., Rauw, F., Steensels, M., van den Berg, T., & Lambrecht, B. (2018). Early immune responses 
and profiling of cell-mediated immunity-associated gene expression in response to rHVT-IBD 
vaccination. Vaccine, 36(5), 615–623.

Ingrao, F., Rauw, F., van den Berg, T., & Lambrecht, B. (2017). Characterization of two recombinant HVT-
IBD vaccines by VP2 insert detection and cell-mediated immunity after vaccination of specific 
pathogen-free chickens. Avian Pathology: Journal of the World Veterinary Poultry Association, 
46(3), 289–299.

Irigoyen, N., Castón, J. R., & Rodríguez, J. F. (2012). Host proteolytic activity Is necessary for infectious 
bursal disease virus capsid protein assembly. The Journal of Biological Chemistry, 287(29), 
24473–24482.

Ishida, K., Goto, S., Ishimura, M., Amanuma, M., Hara, Y., Suzuki, R., Katoh, K., & Morita, E. (2019). 
Functional correlation between subcellular localizations of Japanese encephalitis virus capsid 
protein and virus production. Journal of Virology, 93(19), e00612-19.

Ismail, N. M., Saif, Y. M., & Moorhead, P. D. (1988). Lack of pathogenicity of five serotype 2 infectious 
bursal disease viruses in chickens. Avian Diseases, 32(4), 757–759.

Jackwood, D. H., & Saif, Y. M. (1987). Antigenic diversity of infectious bursal disease viruses. Avian Dis-



155

R

eases, 31(4), 766–770.
Jakubek, Z. J., Chen, S., Zaifman, J., Tam, Y. Y. C., & Zou, S. (2023). Lipid nanoparticle and liposome 

reference materials: Assessment of size homogeneity and long-term -70 °C and 4 °C storage 
stability. Langmuir: The ACS Journal of Surfaces and Colloids, 39(7), 2509–2519.

Jang, H., Elaish, M., Kc, M., Abundo, M. C., Ghorbani, A., Ngunjiri, J. M., & Lee, C.-W. (2018). Efficacy 
and synergy of live-attenuated and inactivated influenza vaccines in young chickens. PloS One, 
13(4), e0195285.

Jawalagatti, V., Kirthika, P., Hewawaduge, C., Yang, M. sik, Park, J. Y., Oh, B., & Lee, J. H. (2022). Bacte-
ria-enabled oral delivery of a replicon-based mRNA vaccine candidate protects against ancestral 
and delta variant SARS-CoV-2. Molecular Therapy, 30(5), 1926–1940.

Jelinek, T., & Kollaritsch, H. (2008). Vaccination with Dukoral® against travelers’ diarrhea (ETEC) and 
cholera. Expert Review of Vaccines, 7(5), 561–567.

Joe, C. C. D., Jiang, J., Linke, T., Li, Y., Fedosyuk, S., Gupta, G., Berg, A., Segireddy, R. R., Mainwaring, 
D., Joshi, A., Cashen, P., Rees, B., Chopra, N., Nestola, P., Humphreys, J., Davies, S., Smith, N., 
Bruce, S., Verbart, D., … Douglas, A. D. (2022). Manufacturing a chimpanzee adenovirus-vec-
tored SARS-CoV-2 vaccine to meet global needs. Biotechnology and Bioengineering, 119(1), 
48–58.

Johansson, D. X., Ljungberg, K., Kakoulidou, M., & Liljeström, P. (2012). Intradermal electroporation of 
naked Replicon RNA elicits strong immune responses. PLOS ONE, 7(1), e29732.

Johnson, R. (2015). US-EU poultry dispute on the use of pathogen reduction treatments (PRTs). Congres-
sional Research Service Washington, DC. https://sgp.fas.org/crs/misc/R40199.pdf

Johnston, R. E., Tovell, D. R., Brown, D. T., & Faulkner, P. (1975). Interfering passages of Sindbis virus: 
concomitant appearance of interference, morphological variants, and truncated viral RNA. Jour-
nal of Virology, 16(4), 951–958.

Kalhoro, N. H., Veits, J., Rautenschlein, S., & Zimmer, G. (2009). A recombinant vesicular stomatitis virus 
replicon vaccine protects chickens from highly pathogenic avian influenza virus (H7N1). Vac-
cine, 27(8), 1174–1183.

Kallen, K. J., & Theß, A. (2014). A development that may evolve into a revolution in medicine: mRNA as 
the basis for novel, nucleotide-based vaccines and drugs. Therapeutic Advances in Vaccines, 2(1), 
10–31.

Kalnin, K. V., Plitnik, T., Kishko, M., Zhang, J., Zhang, D., Beauvais, A., Anosova, N. G., Tibbitts, T., 
DiNapoli, J., Ulinski, G., Piepenhagen, P., Cummings, S. M., Bangari, D. S., Ryan, S., Huang, 
P.-W. D., Huleatt, J., Vincent, D., Fries, K., Karve, S., … Casimiro, D. (2021). Immunogenicity 
and efficacy of mRNA COVID-19 vaccine MRT5500 in preclinical animal models. Npj Vaccines, 
6(1), 1–12.

Kamrud, K. I., Alterson, K. D., Andrews, C., Copp, L. O., Lewis, W. C., Hubby, B., Patel, D., Rayner, J. O., 
Talarico, T., & Smith, J. F. (2008). Analysis of Venezuelan equine encephalitis replicon particles 
packaged in different coats. PLoS ONE, 3(7), e2709.

Kamrud, K. I., Coffield, V. M., Owens, G., Goodman, C., Alterson, K., Custer, M., Murphy, M. A., Lewis, 
W., Timberlake, S., Wansley, E. K., Berglund, P., & Smith, J. (2010). In vitro and in vivo char-
acterization of microRNA-targeted alphavirus replicon and helper RNAs. Journal of Virology, 
84(15), 7713–7725.

Kang, H., Yan, M., Yu, Q., & Yang, Q. (2013). Characteristics of nasal-associated lymphoid tissue (NALT) 
and nasal absorption capacity in chicken. PLOS ONE, 8(12), e84097.

Kapingidza, A. B., Kowal, K., & Chruszcz, M. (2020). Antigen–Antibody Complexes: Vertebrate and inver-
tebrate respiratory proteins, lipoproteins and other body fluid proteins (U. Hoeger & J. R. Harris, 
Eds.; pp. 465–497). Springer International Publishing.

Karpala, A. J., Stewart, C., McKay, J., Lowenthal, J. W., & Bean, A. G. D. (2011). Characterization of 
chicken MDA5 activity: regulation of IFN-β in the absence of RIG-I functionality. Journal of 
Immunology, 186(9), 5397–5405.

Kato, F., & Hishiki, T. (2016). Dengue virus reporter replicon is a valuable tool for antiviral drug discovery 
and analysis of virus replication mechanisms. Viruses, 8(5), 122.

Kees, U., & Krammer, P. H. (1984). Most influenza A virus-specific memory cytotoxic T lymphocytes react 
with antigenic epitopes associated with internal virus determinants. The Journal of Experimental 
Medicine, 159(2), 365–377.

Kent, S. J., De Rose, R., Mokhonov, V. V., Mokhonova, E. I., Fernandez, C. S., Alcantara, S., Rollman, E., 
Mason, R. D., Loh, L., Peut, V., Reece, J. C., Wang, X. J., Wilson, K. M., Suhrbier, A., & Khro-
mykh, A. (2008). Evaluation of recombinant Kunjin replicon SIV vaccines for protective efficacy 
in macaques. Virology, 374(2), 528–534.

Kew, O. M., Wright, P. F., Agol, V. I., Delpeyroux, F., Shimizu, H., Nathanson, N., & Pallansch, M. A. 
(2004). Circulating vaccine-derived polioviruses: current state of knowledge. Bulletin of the 



156

World Health Organization, 82(1), 16–23.
Khoury, D. S., Cromer, D., Reynaldi, A., Schlub, T. E., Wheatley, A. K., Juno, J. A., Subbarao, K., Kent, 

S. J., Triccas, J. A., & Davenport, M. P. (2021). Neutralizing antibody levels are highly predic-
tive of immune protection from symptomatic SARS-CoV-2 infection. Nature Medicine, 27(7), 
1205–1211.

Khromykh, A. A., Meka, H., Guyatt, K. J., & Westaway, E. G. (2001). Essential role of cyclization sequenc-
es in flavivirus RNA replication. Journal of Virology, 75(14), 6719–6728.

Khromykh, A. A., Varnavski, A. N., & Westaway, E. G. (1998). Encapsidation of the flavivirus Kunjin repl-
icon RNA by using a complementation system providing Kunjin virus structural proteins in trans. 
Journal of Virology, 72(7), 5967–5977.

Khromykh, A. A., & Westaway, E. G. (1997). Subgenomic replicons of the flavivirus Kunjin: construction 
and applications. Journal of Virology, 71(2), 1497–1505.

Kim, D. Y., Atasheva, S., McAuley, A. J., Plante, J. A., Frolova, E. I., Beasley, D. W. C., & Frolov, I. (2014). 
Enhancement of protein expression by alphavirus replicons by designing self-replicating subge-
nomic RNAs. Proceedings of the National Academy of Sciences, 111(29), 10708–10713.

Kim, S.-H., & Jang, Y.-S. (2014). Antigen targeting to M cells for enhancing the efficacy of mucosal vac-
cines. Experimental & Molecular Medicine, 46(3), e85–e85.

Kis, Z., Kontoravdi, C., Shattock, R., & Shah, N. (2020). Resources, production scales and time required for 
producing RNA vaccines for the global pandemic demand. Vaccines, 9(1), 3.

Klous, G., Huss, A., Heederik, D. J. J., & Coutinho, R. A. (2016). Human-livestock contacts and their 
relationship to transmission of zoonotic pathogens, a systematic review of literature. One Health, 
2, 65–76.

Komdeur, F. L., Singh, A., van de Wall, S., Meulenberg, J. J. M., Boerma, A., Hoogeboom, B. N., Paijens, 
S. T., Oyarce, C., de Bruyn, M., Schuuring, E., Regts, J., Marra, R., Werner, N., Sluis, J., van der 
Zee, A. G. J., Wilschut, J. C., Allersma, D. P., van Zanten, C. J., Kosterink, J. G. W., … Daemen, 
T. (2021). First-in-human phase I clinical trial of an SFV-based RNA replicon cancer vaccine 
against HPV-induced cancers. Molecular Therapy: The Journal of the American Society of Gene 
Therapy, 29(2), 611–625.

Koopmans, M., Wilbrink, B., Conyn, M., Natrop, G., Van Der Nat, H., Vennema, H., Meijer, A., Van 
Steenbergen, J., Fouchier, R., Osterhaus, A., & Bosman, A. (2004). Transmission of H7N7 avian 
influenza A virus to human beings during a large outbreak in commercial poultry farms in the 
Netherlands. Lancet, 363(9409), 587–593.

Korendovych, I. V., & DeGrado, W. F. (2020). De novo protein design, a retrospective. Quarterly Reviews 
of Biophysics, 53, e3.

Kornek, B., Leutmezer, F., Rommer, P. S., Koblischke, M., Schneider, L., Haslacher, H., Thalhammer, R., 
Zimprich, F., Zulehner, G., Bsteh, G., Dal‐Bianco, A., Rinner, W., Zebenholzer, K., Wimmer, I., 
Steinmaurer, A., Graninger, M., Mayer, M., Roedl, K., Berger, T., … Tobudic, S. (2022). B cell 
depletion and SARS‐CoV‐2 vaccine responses in neuroimmunologic patients. Annals of Neurol-
ogy, 91(3), 342–352.

Koroleva, M., Batarse, F., Moritzky, S., Henry, C., Chaves, F., Wilson, P., Krammer, F., Richards, K., & 
Sant, A. J. (2020). Heterologous viral protein interactions within licensed seasonal influenza 
virus vaccines. Npj Vaccines, 5(1), 1–10.

Kudlay, D., & Svistunov, A. (2022). COVID-19 vaccines: An overview of different platforms. Bioengi-
neering, 9(2), 72.

Kuiken, T., Fouchier, R., Rimmelzwaan, G., van den Brand, J., van Riel, D., & Osterhaus, A. (2011). Pigs, 
poultry, and pandemic influenza: how zoonotic pathogens threaten human health. Hot Topics in 
Infection and Immunity in Children VIII, 59–66.

Kum, D. B., Mishra, N., Boudewijns, R., Gladwyn-Ng, I., Alfano, C., Ma, J., Schmid, M. A., Marques, R. 
E., Schols, D., Kaptein, S., Nguyen, L., Neyts, J., & Dallmeier, K. (2018). A yellow fever–Zika 
chimeric virus vaccine candidate protects against Zika infection and congenital malformations in 
mice. Npj Vaccines, 3(1), 1–14.

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular evolutionary genetics analysis version 
7.0 for bigger datasets. Molecular Biology and Evolution, 33(7), 1870–1874.

Kunec, D., & Osterrieder, N. (2016). Codon pair bias is a direct consequence of dinucleotide bias. Cell 
Reports, 14(1), 55–67.

Künzli, M., O’Flanagan, S. D., LaRue, M., Talukder, P., Dileepan, T., Stolley, J. M., Soerens, A. G., Quarn-
strom, C. F., Wijeyesinghe, S., Ye, Y., McPartlan, J. S., Mitchell, J. S., Mandl, C. W., Vile, R., 
Jenkins, M. K., Ahmed, R., Vezys, V., Chahal, J. S., & Masopust, D. (2022). Route of self-ampli-
fying mRNA vaccination modulates the establishment of pulmonary resident memory CD8 and 
CD4 T cells. Science Immunology, 7(78), eadd3075.

Laconi, A., Weerts, E. A. W. S., Bloodgood, J. C. G., Deniz Marrero, J. P., Berends, A. J., Cocciolo, G., de 



157

R

Wit, J. J., & Verheije, M. H. (2020). Attenuated live infectious bronchitis virus QX vaccine dis-
seminates slowly to target organs distant from the site of inoculation. Vaccine, 38(6), 1486–1493.

Lai, M. M., & Cavanagh, D. (1997). The molecular biology of coronaviruses. Advances in Virus Research, 
48, 1–100.

Lamb, Y. N. (2021). BNT162b2 mRNA COVID-19 vaccine: First approval. Drugs, 81(4), 495–501.
Langereis, M. A., Albulescu, I. C., Stammen-Vogelzangs, J., Lambregts, M., Stachura, K., Miller, S., 

Bosco-Lauth, A. M., Hartwig, A. E., Porter, S. M., Allen, M., Mogler, M., van Kuppeveld, F. J. 
M., Bosch, B.-J., Vermeij, P., de Groof, A., Bowen, R. A., Davis, R., Xu, Z., & Tarpey, I. (2021). 
An alphavirus replicon-based vaccine expressing a stabilized Spike antigen induces protective 
immunity and prevents transmission of SARS-CoV-2 between cats. NPJ Vaccines, 6(1), 122.

Lazarus, R., Querton, B., Ramljak, I. C., Dewasthaly, S., Jaramillo, J. C., Dubischar, K., Krammer, M., 
Weisova, P., Hochreiter, R., Eder-Lingelbach, S., Taucher, C., Finn, A., Bethune, C., Boffito, M., 
Bula, M., Burns, F. M., Clark, R., Dasyam, D., Drysdale, S., … Torku, D. (2022). Immunogenic-
ity and safety of an inactivated whole-virus COVID-19 vaccine (VLA2001) compared with the 
adenoviral vector vaccine ChAdOx1-S in adults in the UK (COV-COMPARE): interim analysis 
of a randomised, controlled, phase 3, immunobridging trial. The Lancet Infectious Diseases, 
22(12), 1716–1727.

Le Bon, A., & Tough, D. F. (2002). Links between innate and adaptive immunity via type I interferon. Cur-
rent Opinion in Immunology, 14(4), 432–436.

Le Gros, F. X., Dancer, A., Giacomini, C., Pizzoni, L., Bublot, M., Graziani, M., & Prandini, F. (2009). 
Field efficacy trial of a novel HVT-IBD vector vaccine for 1-day-old broilers. Vaccine, 27(4), 
592–596.

Le, T., Sun, C., Chang, J., Zhang, G., & Yin, X. (2022). mRNA vaccine development for emerging animal 
and zoonotic diseases. Viruses, 14(2), 401.

Ledwith, B. J., Manam, S., Troilo, P. J., Barnum, A. B., Pauley, C. J., Griffiths, T. G., Harper, L. B., Beare, 
C. M., Bagdon, W. J., & Nichols, W. W. (2000). Plasmid DNA vaccines: investigation of inte-
gration into host cellular DNA following intramuscular injection in mice. Intervirology, 43(4–6), 
258–272.

Lee, S.-W., Markham, P. F., Coppo, M. J. C., Legione, A. R., Markham, J. F., Noormohammadi, A. H., 
Browning, G. F., Ficorilli, N., Hartley, C. A., & Devlin, J. M. (2012). Attenuated vaccines can 
recombine to form virulent field viruses. Science, 337(6091), 188.

Legnardi, M., Tucciarone, C. M., Franzo, G., & Cecchinato, M. (2020). Infectious bronchitis virus evolu-
tion, diagnosis and control. Veterinary Sciences, 7(2), 79.

Lei, W., Guo, X., Fu, S., Feng, Y., Tao, X., Gao, X., Song, J., Yang, Z., Zhou, H., & Liang, G. (2017). The 
genetic characteristics and evolution of Tembusu virus. Veterinary Microbiology, 201, 32–41.

Léon, A., David, A.-L., Madeline, B., Guianvarc’h, L., Dureau, E., Champion-Arnaud, P., Hebben, M., 
Huss, T., Chatrenet, B., & Schwamborn, K. (2016). The EB66® cell line as a valuable cell sub-
strate for MVA-based vaccines production. Vaccine, 34(48), 5878–5885.

Leppek, K., Byeon, G. W., Kladwang, W., Wayment-Steele, H. K., Kerr, C. H., Xu, A. F., Kim, D. S., 
Topkar, V. V., Choe, C., Rothschild, D., Tiu, G. C., Wellington-Oguri, R., Fujii, K., Sharma, E., 
Watkins, A. M., Nicol, J. J., Romano, J., Tunguz, B., Diaz, F., … Das, R. (2022). Combinatorial 
optimization of mRNA structure, stability, and translation for RNA-based therapeutics. Nature 
Communications, 13(1), 1536.

Li, C., & Chen, H. (2014). Enhancement of influenza virus transmission by gene reassortment. Current 
Topics in Microbiology and Immunology, 385, 185–204.

Li, C., Shao, M., Cui, X., Song, Y., Li, J., Yuan, L., Fang, H., Liang, Z., Cyr, T. D., Li, F., Li, X., & Wang, 
J. (2010). Application of deglycosylation and electrophoresis to the quantification of influenza 
viral hemagglutinins facilitating the production of 2009 pandemic influenza (H1N1) vaccines at 
multiple manufacturing sites in China. Biologicals, 38(2), 284–289.

Li, D., Aaskov, J., & Lott, W. B. (2011). Identification of a cryptic prokaryotic promoter within the cDNA 
encoding the 5′ end of dengue virus RNA genome. PLoS ONE, 6(3), 1–9.

Li, J., Liu, Q., Liu, J., Wu, X., Lei, Y., Li, S., Zhao, D., Li, Z., Luo, L., Peng, S., Ou, Y., Yang, H., Jin, J., 
Li, Y., & Peng, Y. (2022). An mRNA-based rabies vaccine induces strong protective immune 
responses in mice and dogs. Virology Journal, 19(1), 184.

Li, J.-Q., Zhang, Z.-R., Zhang, H.-Q., Zhang, Y.-N., Zeng, X.-Y., Zhang, Q.-Y., Deng, C.-L., Li, X.-D., 
Zhang, B., & Ye, H.-Q. (2021). Intranasal delivery of replicating mRNA encoding neutralizing 
antibody against SARS-CoV-2 infection in mice. Signal Transduction and Targeted Therapy, 
6(1), 1–8.

Li, M. L., & Stollar, V. (2004). Alphaviruses and apoptosis. International Reviews of Immunology, 23(1–2), 
7–24.

Li, M., Li, Y., Peng, K., Wang, Y., Gong, T., Zhang, Z., He, Q., & Sun, X. (2017). Engineering intranasal 



158

mRNA vaccines to enhance lymph node trafficking and immune responses. Acta Biomaterialia, 
64, 237–248.

Li, N., Zhao, J., Yang, Y., Zeng, Y., & Liu, S. (2020). Innate immune responses to duck Tembusu virus 
infection. Veterinary Research, 51, 87.

Li, W., Ma, L., Guo, L. P., Wang, X. L., Zhang, J. W., Bu, Z. G., & Hua, R. H. (2017). West Nile virus infec-
tious replicon particles generated using a packaging-restricted cell line is a safe reporter system. 
Scientific Reports, 7(1), 1–10.

Li, Y., Su, Z., Zhao, W., Zhang, X., Momin, N., Zhang, C., Wittrup, K. D., Dong, Y., Irvine, D. J., & Weiss, 
R. (2020). Multifunctional oncolytic nanoparticles deliver self-replicating IL-12 RNA to elimi-
nate established tumors and prime systemic immunity. Nature Cancer, 1(9), 882–893.

Liang, T., Liu, X., Cui, S., Qu, S., Wang, D., Liu, N., Wang, F., Ning, K., Zhang, B., & Zhang, D. (2016). 
Generation of a reliable full-length cDNA of infectious Tembusu virus using a PCR-based proto-
col. Virus Research, 213, 255–259.

Liljeström, P., & Garoff, H. (1991). A new generation of animal cell expression vectors based on the Semli-
ki forest virus replicon. Bio/Technology, 9(12), 1356–1361.

Lim, S. M., Chan, H. C., Santosa, A., Quek, S. C., Liu, E. H. C., & Somani, J. (2021). Safety and side effect 
profile of Pfizer-BioNTech COVID-19 vaccination among healthcare workers: A tertiary hospital 
experience in Singapore. Ann Acad Med Singap, 50(9), 703–711.

Lin, J., Yi, X., & Zhuang, Y. (2019). Medium optimization based on comparative metabolomic analysis of 
chicken embryo fibroblast DF-1 cells. RSC Advances, 9(47), 27369–27377.

Linares-Fernández, S., Lacroix, C., Exposito, J.-Y., & Verrier, B. (2020). Tailoring mRNA vaccine to bal-
ance innate/adaptive immune response. Trends in Molecular Medicine, 26(3), 311–323.

Liu, L., Wang, T., Wang, M., Tong, Q., Sun, Y., Pu, J., Sun, H., & Liu, J. (2019). Recombinant turkey 
herpesvirus expressing H9 hemagglutinin providing protection against H9N2 avian influenza. 
Virology, 529, 7–15.

Liu, W. J., Liu, P., Lei, W., Jia, Z., He, X., Shi, W., Tan, Y., Zou, S., Wong, G., Wang, J., Wang, F., Wang, G., 
Qin, K., Gao, R., Zhang, J., Li, M., Xiao, W., Guo, Y., Xu, Z., … Wu, G. (2023). Surveillance of 
SARS-CoV-2 at the Huanan seafood market. Nature, 1–3.

Liu, W. J., Wang, X. J., Mokhonov, V. V., Shi, P.-Y., Randall, R., & Khromykh, A. A. (2005). Inhibition of 
interferon signaling by the New York 99 strain and Kunjin subtype of West Nile virus involves 
blockage of STAT1 and STAT2 activation by nonstructural proteins. Journal of Virology, 79(3), 
1934–1942.

Liu, Y., Yuan, Y., & Zhang, L. (2022). Innate immune evasion by alphaviruses. Frontiers in Immunology, 
13, 1005586.

Liu, Z.-Y., Li, X.-F., Jiang, T., Deng, Y.-Q., Zhao, H., Wang, H.-J., Ye, Q., Zhu, S.-Y., Qiu, Y., Zhou, X., 
Qin, E.-D., & Qin, C.-F. (2013). Novel cis-acting element within the capsid-coding region 
enhances flavivirus viral-RNA replication by regulating genome cyclization. Journal of Virology, 
87(12), 6804–6818.

Ljungberg, K., & Liljeström, P. (2015). Self-replicating alphavirus RNA vaccines. Expert Review of Vac-
cines, 14(2), 177–194.

Ljungberg, K., Whitmore, A. C., Fluet, M. E., Moran, T. P., Shabman, R. S., Collier, M. L., Kraus, A. A., 
Thompson, J. M., Montefiori, D. C., Beard, C., & Johnston, R. E. (2007). Increased immunoge-
nicity of a DNA-launched Venezuelan equine encephalitis virus-based replicon DNA vaccine. 
Journal of Virology, 81(24), 13412–13423.

Luan, N., Li, T., Wang, Y., Cao, H., Yin, X., Lin, K., & Liu, C. (2022). Th2-oriented immune serum after 
SARS-CoV-2 vaccination does not enhance infection in vitro. Frontiers in Immunology, 13, 
882856.

Lücke, A.-C., vom Hemdt, A., Wieseler, J., Fischer, C., Feldmann, M., Rothenfusser, S., Drexler, J. F., & 
Kümmerer, B. M. (2022). High-throughput platform for detection of neutralizing antibodies 
using flavivirus reporter replicon particles. Viruses, 14(2), 346.

Luisi, K., Morabito, K. M., Burgomaster, K. E., Sharma, M., Kong, W.-P., Foreman, B. M., Patel, S., Fisher, 
B., Aleshnick, M. A., Laliberte, J., Wallace, M., Ruckwardt, T. J., Gordon, D. N., Linton, C., 
Ruggiero, N., Cohen, J. L., Johnson, R., Aggarwal, K., Ko, S.-Y., … Yu, D. (2020). Development 
of a potent Zika virus vaccine using self-amplifying messenger RNA. Science Advances, 6(32), 
eaba5068.

Lundberg, L., Carey, B., & Kehn-Hall, K. (2017). Venezuelan equine encephalitis virus capsid—The clever 
caper. Viruses, 9(10), 279.

Lundstrom, K. (2016). Replicon RNA viral vectors as vaccines. Vaccines, 4(4).
Lundstrom, K. (2021). Viral vectors for COVID-19 vaccine development. Viruses, 13(2), 317.
Lv, J., Yang, L., Qu, S., Meng, R., Li, Q., Liu, H., Wang, X., & Zhang, D. (2019). Detection of neutralizing 

antibodies to Tembusu virus: Implications for infection and immunity. Frontiers in Veterinary 



159

R

Science, 6, 442.
Lytras, S., Xia, W., Hughes, J., Jiang, X., & Robertson, D. L. (2021). The animal origin of SARS-CoV-2. 

Science, 373(6558), 968–970.
Ma, Y., Liang, Y., Wang, N., Cui, L., Chen, Z., Wu, H., Zhu, C., Wang, Z., Liu, S., & Li, H. (2019). Avian 

flavivirus infection of monocytes/macrophages by extensive subversion of host antiviral innate 
immune responses. Journal of Virology, 93(22), e00978-19.

MacDonald, G. H., & Johnston, R. E. (2000). Role of dendritic cell targeting in Venezuelan equine encepha-
litis virus pathogenesis. Journal of Virology, 74(2), 914–922.

Magini, D., Giovani, C., Mangiavacchi, S., Maccari, S., Cecchi, R., Ulmer, J. B., De Gregorio, E., Geall, 
A. J., Brazzoli, M., & Bertholet, S. (2016). Self-amplifying mRNA vaccines expressing multiple 
conserved influenza antigens confer protection against homologous and heterosubtypic viral 
challenge. PloS One, 11(8), e0161193.

Manam, S., Ledwith, B. J., Barnum, A. B., Troilo, P. J., Pauley, C. J., Harper, L. B., Griffiths, T. G., Niu, Z., 
Denisova, L., Follmer, T. T., Pacchione, S. J., Wang, Z., Beare, C. M., Bagdon, W. J., & Nichols, 
W. W. (2000). Plasmid DNA vaccines: tissue distribution and effects of DNA sequence, adjuvants 
and delivery method on integration into host DNA. Intervirology, 43(4–6), 273–281.

Mandl, C. W., Kroschewski, H., Allison, S. L., Kofler, R., Holzmann, H., Meixner, T., & Heinz, F. X. 
(2001). Adaptation of tick-borne encephalitis virus to BHK-21 cells results in the formation of 
multiple heparan sulfate binding sites in the envelope protein and attenuation in vivo. Journal of 
Virology, 75(12), 5627–5637.

Manservigi, R., Argnani, R., & Marconi, P. (2010). HSV recombinant vectors for gene therapy. The Open 
Virology Journal, 4, 123–156.

Mao, L., He, Y., Wu, Z., Wang, X., Guo, J., Zhang, S., Wang, M., Jia, R., Zhu, D., Liu, M., Zhao, X., Yang, 
Q., Mao, S., Wu, Y., Zhang, S., Huang, J., Ou, X., Gao, Q., Sun, D., … Chen, S. (2022). Stem-
loop I of the Tembusu virus 3′-untranslated region is responsible for viral host-specific adaptation 
and the pathogenicity of the virus in mice. Microbiology Spectrum, 10(5), e02449-22.

Marangon, S., & Busani, L. (2007). The use of vaccination in poultry production. Revue Scientifique Et 
Technique (International Office of Epizootics), 26(1), 265–274.

Marangon, S., Cecchinato, M., & Capua, I. (2008). Use of vaccination in avian influenza control and eradi-
cation. Zoonoses and Public Health, 55(1), 65–72.

Maraver, A., Oña, A., Abaitua, F., González, D., Clemente, R., Ruiz-Díaz, J. A., Castón, J. R., Pazos, F., & 
Rodriguez, J. F. (2003). The oligomerization domain of VP3, the scaffolding protein of infec-
tious bursal disease virus, plays a critical role in capsid assembly. Journal of Virology, 77(11), 
6438–6449.

Mardani, K., Noormohammadi, A. H., Ignjatovic, J., & Browning, G. F. (2010). Naturally occurring re-
combination between distant strains of infectious bronchitis virus. Archives of Virology, 155(10), 
1581–1586.

Martin, L., Hutchens, M., & Hawkins, C. (2017). Clinical trial cycle times continue to increase despite 
industry efforts. Nature Reviews Drug Discovery, 16(3), 157–157.

Maslak, D. M., & Reynolds, D. L. (1995). B cells and T-lymphocyte subsets of the head-associated lym-
phoid tissues of the chicken. Avian Diseases, 39(4), 736.

Mateo, M., Reynard, S., Journeaux, A., Germain, C., Hortion, J., Carnec, X., Picard, C., Baillet, N., 
Borges-Cardoso, V., Merabet, O., Vallve, A., Barron, S., Jourjon, O., Lacroix, O., Duthey, A., 
Dirheimer, M., Jouvion, G., Moreau, P.-H., Fellmann, L., … Baize, S. (2021). A single-shot Lassa 
vaccine induces long-term immunity and protects cynomolgus monkeys against heterologous 
strains. Science Translational Medicine, 13(597), eabf6348.

Mazeaud, C., Freppel, W., & Chatel-Chaix, L. (2018). The multiples fates of the flavivirus RNA genome 
during pathogenesis. Frontiers in Genetics, 9, 1–19.

McAllister, A., Arbetman, A. E., Mandl, S., Peña-Rossi, C., & Andino, R. (2000). Recombinant yellow 
fever viruses are effective therapeutic vaccines for treatment of murine experimental solid tumors 
and pulmonary metastases. Journal of Virology, 74(19), 9197–9205.

McCafferty, S., Haque, A. K. M. A., Vandierendonck, A., Weidensee, B., Plovyt, M., Stuchlíková, M., 
François, N., Valembois, S., Heyndrickx, L., Michiels, J., Ariën, K. K., Vandekerckhove, L., 
Abdelnabi, R., Foo, C. S., Neyts, J., Sahu, I., & Sanders, N. N. (2022). A dual-antigen self-am-
plifying RNA SARS-CoV-2 vaccine induces potent humoral and cellular immune responses and 
protects against SARS-CoV-2 variants through T cell-mediated immunity. Molecular Therapy, 
30(9), 2968–2983.

McCaffrey, P. (2022). Artificial Intelligence for Vaccine Design. In S. Thomas (Ed.), Vaccine Design: Meth-
ods and Protocols, Volume 3. Resources for Vaccine Development (pp. 3–13). Springer US.

McCullough, K. C., Milona, P., Thomann-Harwood, L., Démoulins, T., Englezou, P., Suter, R., & Ruggli, N. 
(2014). Self-amplifying replicon RNA vaccine delivery to dendritic cells by synthetic nanoparti-



160

cles. Vaccines, 2(4), 735–754.
McGee, C. E., Tsetsarkin, K. A., Guy, B., Lang, J., Plante, K., Vanlandingham, D. L., & Higgs, S. (2011). 

Stability of yellow fever virus under recombinatory pressure as compared with chikungunya 
virus. PLOS ONE, 6(8), e23247.

McKay, P. F., Hu, K., Blakney, A. K., Samnuan, K., Brown, J. C., Penn, R., Zhou, J., Bouton, C. R., Rogers, 
P., Polra, K., Lin, P. J. C., Barbosa, C., Tam, Y. K., Barclay, W. S., & Shattock, R. J. (2020). 
Self-amplifying RNA SARS-CoV-2 lipid nanoparticle vaccine candidate induces high neutraliz-
ing antibody titers in mice. Nature Communications, 11(1), 3523.

McKinley, E. T., Hilt, D. A., & Jackwood, M. W. (2008). Avian coronavirus infectious bronchitis attenuated 
live vaccines undergo selection of subpopulations and mutations following vaccination. Vaccine, 
26(10), 1274–1284.

McMahan, K., Yu, J., Mercado, N. B., Loos, C., Tostanoski, L. H., Chandrashekar, A., Liu, J., Peter, L., 
Atyeo, C., Zhu, A., Bondzie, E. A., Dagotto, G., Gebre, M. S., Jacob-Dolan, C., Li, Z., Nampa-
nya, F., Patel, S., Pessaint, L., Van Ry, A., … Barouch, D. H. (2021). Correlates of protection 
against SARS-CoV-2 in rhesus macaques. Nature, 590(7847), 630–634.

Meechan, P. J., & Potts, J. (2020). Biosafety in Microbiological and Biomedical Laboratories (6th edition), 
Centers for Disease Control and Prevention. https://stacks.cdc.gov/view/cdc/97733.

Meeusen, E. N. T., Walker, J., Peters, A., Pastoret, P.-P., & Jungersen, G. (2007). Current status of veterinary 
vaccines. Clinical Microbiology Reviews, 20(3), 489–510.

Meganck, R. M., Borchardt, E. K., Castellanos Rivera, R. M., Scalabrino, M. L., Wilusz, J. E., Marzluff, 
W. F., & Asokan, A. (2018). Tissue-dependent expression and translation of circular RNAs with 
recombinant AAV vectors in vivo. Molecular Therapy. Nucleic Acids, 13, 89–98.

Melo, M., Porter, E., Zhang, Y., Silva, M., Li, N., Dobosh, B., Liguori, A., Skog, P., Landais, E., Menis, S., 
Sok, D., Nemazee, D., Schief, W. R., Weiss, R., & Irvine, D. J. (2019). Immunogenicity of RNA 
replicons encoding HIV Env immunogens designed for self-assembly into nanoparticles. Molecu-
lar Therapy, 27(12), 2080–2090.

Méndez, F., Romero, N., Cubas, L. L., Delgui, L. R., Rodríguez, D., & Rodríguez, J. F. (2017). Non-lytic 
egression of infectious bursal disease virus (IBDV) particles from infected cells. PLoS ONE, 
12(1).

Minskaia, E., Nicholson, J., & Ryan, M. D. (2013). Optimisation of the foot-and-mouth disease virus 2A 
co-expression system for biomedical applications. BMC Biotechnology, 13(1), 67.

Mishin, V. P., Novikov, D., Hayden, F. G., & Gubareva, L. V. (2005). Effect of hemagglutinin glycosyla-
tion on influenza virus susceptibility to neuraminidase inhibitors. Journal of Virology, 79(19), 
12416–12424.

Mishra, V., Bansal, K. K., Verma, A., Yadav, N., Thakur, S., Sudhakar, K., & Rosenholm, J. M. (2018). 
Solid lipid nanoparticles: Emerging colloidal nano drug delivery systems. Pharmaceutics, 10(4), 
191.

Mlera, L., Lam, J., Offerdahl, D. K., Martens, C., Sturdevant, D., Turner, C. V., Porcella, S. F., & Bloom, M. 
E. (2016). Transcriptome analysis reveals a signature profile for tick-borne flavivirus persistence 
in HEK 293T cells. MBio, 7(3), e00314-16.

Mlera, L., Offerdahl, D. K., Martens, C., Porcella, S. F., Melik, W., & Bloom, M. E. (2015). Development 
of a model system for tick-borne flavivirus persistence in HEK 293T cells. MBio, 6(3), e00614.

Monath, T. P., Guirakhoo, F., Nichols, R., Yoksan, S., Schrader, R., Murphy, C., Blum, P., Woodward, S., 
McCarthy, K., Mathis, D., Johnson, C., & Bedford, P. (2003). Chimeric live, attenuated vaccine 
against Japanese encephalitis (ChimeriVax-JE): Phase 2 clinical trials for safety and immunoge-
nicity, effect of vaccine dose and schedule, and memory response to challenge with inactivated 
Japanese encephalitis antigen. The Journal of Infectious Diseases, 188(8), 1213–1230.

Monath, T. P., McCarthy, K., Bedford, P., Johnson, C. T., Nichols, R., Yoksan, S., Marchesani, R., Knauber, 
M., Wells, K. H., Arroyo, J., & Guirakhoo, F. (2002). Clinical proof of principle for ChimeriVax: 
recombinant live, attenuated vaccines against flavivirus infections. Vaccine, 20(7–8), 1004–1018.

Moore, T. J., Heyward, J., Anderson, G., & Alexander, G. C. (2020). Variation in the estimated costs of 
pivotal clinical benefit trials supporting the US approval of new therapeutic agents, 2015–2017: a 
cross-sectional study. BMJ Open, 10(6), e038863.

Moraga-Llop, F. (2023). Vaccination against COVID-19 from 6 months of age on. Completing the circle of 
prevention in paediatrics. Vacunas (English Edition), 24(2), 84–87.

Morais, P., Adachi, H., & Yu, Y.-T. (2021). The critical contribution of pseudouridine to mRNA COVID-19 
vaccines. Frontiers in Cell and Developmental Biology, 9, 789427.

Moreno, A., Franzo, G., Massi, P., Tosi, G., Blanco, A., Antilles, N., Biarnes, M., Majó, N., Nofrarías, M., 
Dolz, R., Lelli, D., Sozzi, E., Lavazza, A., & Cecchinato, M. (2017). A novel variant of the infec-
tious bronchitis virus resulting from recombination events in Italy and Spain. Avian Pathology, 
46(1), 28–35.



161

R

Morens, D. M., Taubenberger, J. K., & Fauci, A. S. (2023). Rethinking next-generation vaccines for corona-
viruses, influenzaviruses, and other respiratory viruses. Cell Host & Microbe, 31(1), 146–157.

Mori, Y., Okabayashi, T., Yamashita, T., Zhao, Z., Wakita, T., Yasui, K., Hasebe, F., Tadano, M., Konishi, 
E., Moriishi, K., & Matsuura, Y. (2005a). Nuclear localization of Japanese encephalitis virus core 
protein enhances viral replication. Journal of Virology, 79(6), 3448–3458.

Mori, Y., Okabayashi, T., Yamashita, T., Zhao, Z., Wakita, T., Yasui, K., Hasebe, F., Tadano, M., Konishi, E., 
Moriishi, K., & Matsuura, Y. (2005b). Nuclear Localization of Japanese Encephalitis Virus Core 
Protein Enhances Viral Replication. Journal of Virology, 79(6), 3448–3458.

Morris-Downes, M. M., Phenix, K. V., Smyth, J., Sheahan, B. J., Lileqvist, S., Mooney, D. A., Liljeström, 
P., Todd, D., & Atkins, G. J. (2001). Semliki Forest virus-based vaccines: persistence, distribution 
and pathological analysis in two animal systems. Vaccine, 19(15–16), 1978–1988.

Morse, M. A., Hobeika, A. C., Osada, T., Berglund, P., Hubby, B., Negri, S., Niedzwiecki, D., Devi, G. R., 
Burnett, B. K., Clay, T. M., Smith, J., & Lyerly, H. K. (2010). An alphavirus vector overcomes 
the presence of neutralizing antibodies and elevated numbers of Tregs to induce immune respons-
es in humans with advanced cancer. The Journal of Clinical Investigation, 120(9), 3234–3241.

Moss, P. (2022). The T cell immune response against SARS-CoV-2. Nature Immunology, 23(2), 186–193.
Moussatché, N., Damaso, C. R., & McFadden, G. (2008). When good vaccines go wild: Feral orthopox-

virus in developing countries and beyond. Journal of Infection in Developing Countries, 2(3), 
156–173.

Mucker, E. M., Karmali, P. P., Vega, J., Kwilas, S. A., Wu, H., Joselyn, M., Ballantyne, J., Sampey, D., 
Mukthavaram, R., Sullivan, E., Chivukula, P., & Hooper, J. W. (2020). Lipid nanoparticle formu-
lation increases efficiency of DNA-vectored vaccines/Immunoprophylaxis in animals including 
transchromosomic bovines. Scientific Reports, 10(1), 8764.

Mueller, Y. M., Schrama, T. J., Ruijten, R., Schreurs, M. W. J., Grashof, D. G. B., van de Werken, H. J. G., 
Lasinio, G. J., Álvarez-Sierra, D., Kiernan, C. H., Castro Eiro, M. D., van Meurs, M., Brou-
wers-Haspels, I., Zhao, M., Li, L., de Wit, H., Ouzounis, C. A., Wilmsen, M. E. P., Alofs, T. 
M., Laport, D. A., … Katsikis, P. D. (2022). Stratification of hospitalized COVID-19 patients 
into clinical severity progression groups by immuno-phenotyping and machine learning. Nature 
Communications, 13(1), 915.

Müller, H., Mundt, E., Eterradossi, N., & Islam, M. R. (2012). Current status of vaccines against infectious 
bursal disease. Avian Pathology: Journal of the World Veterinary Poultry Association, 41(2), 
133–139.

Münster, M., Płaszczyca, A., Cortese, M., Neufeldt, C. J., Goellner, S., Long, G., & Bartenschlager, R. 
(2018). A reverse genetics system for Zika virus based on a simple molecular cloning strategy. 
Viruses, 10(7), 368.

Muramatsu, H., Lam, K., Bajusz, C., Laczkó, D., Karikó, K., Schreiner, P., Martin, A., Lutwyche, P., Heyes, 
J., & Pardi, N. (2022). Lyophilization provides long-term stability for a lipid nanoparticle-formu-
lated, nucleoside-modified mRNA vaccine. Molecular Therapy, 30(5), 1941–1951.

Musielak, E., Feliczak-Guzik, A., & Nowak, I. (2022). Synthesis and potential applications of lipid 
nanoparticles in medicine. Materials, 15(2), 682.

Mutso, M., Saul, S., Rausalu, K., Susova, O., Žusinaite, E., Mahalingam, S., & Merits, A. (2017). Reverse 
genetic system, genetically stable reporter viruses and packaged subgenomic replicon based on a 
Brazilian zika virus isolate. Journal of General Virology, 98(11), 2712–2724.

Nafissi, N., Alqawlaq, S., Lee, E. A., Foldvari, M., Spagnuolo, P. A., & Slavcev, R. A. (2014). DNA minis-
trings: highly safe and effective gene delivery vectors. Molecular Therapy. Nucleic Acids, 3(6), 
e165.

Nance, K. D., & Meier, J. L. (2021). Modifications in an emergency: The role of N1-methylpseudouridine 
in COVID-19 vaccines. ACS Central Science, 7(5), 748–756.

Nanda, K., Vancini, R., Ribeiro, M., Brown, D. T., & Hernandez, R. (2009). A high capacity Alphavirus 
heterologous gene delivery system. Virology, 390(2), 368–373.

Nasirudeen, A. M. A., Wong, H. H., Thien, P., Xu, S., Lam, K.-P., & Liu, D. X. (2011). RIG-I, MDA5 and 
TLR3 synergistically play an important role in restriction of dengue virus infection. PLOS Ne-
glected Tropical Diseases, 5(1), e926.

Näslund, T. I., Kostic, L., Nordström, E. K., Chen, M., & Liljeström, P. (2011). Role of innate signalling 
pathways in the immunogenicity of alphaviral replicon-based vaccines. Virology Journal, 8, 36.

Natarajan, K., Li, H., Mariuzza, R. A., & Margulies, D. H. (1999). MHC class I molecules, structure and 
function. Reviews in Immunogenetics, 1(1), 32–46.

Nei, M., & Kumar, S. (2000). Molecular evolution and phylogenetics. Oxford University Press, USA.
Newall, A. T., Beutels, P., Kis, Z., Towse, A., & Jit, M. (2023). Placing a value on increased flexible vaccine 

manufacturing capacity for future pandemics. Vaccine, 41(14), 2317–2319.
Nguyen Ba, A. N., Pogoutse, A., Provart, N., & Moses, A. M. (2009). NLStradamus: a simple Hidden Mar-



162

kov Model for nuclear localization signal prediction. BMC Bioinformatics, 10(1), 202.
Nicholls, H. (2006). Pandemic influenza: The inside story. PLoS Biology, 4(2), 156–160.
Nichols, W. W., Ledwith, B. J., Manam, S. V., & Troilo, P. J. (1995). Potential DNA vaccine integration into 

host cell genome. Annals of the New York Academy of Sciences, 772, 30–39.
Nikolay, A., Léon, A., Schwamborn, K., Genzel, Y., & Reichl, U. (2018). Process intensification of EB66® 

cell cultivations leads to high-yield yellow fever and Zika virus production. Applied Microbiolo-
gy and Biotechnology, 102(20), 8725–8737.

Nikonov, A., Mölder, T., Sikut, R., Kiiver, K., Männik, A., Toots, U., Lulla, A., Lulla, V., Utt, A., Merits, 
A., & Ustav, M. (2013). RIG-I and MDA-5 detection of viral RNA-dependent RNA polymerase 
activity restricts positive-strand RNA virus replication. PLoS Pathogens, 9(9), e1003610.

Nochi, T., Jansen, C. A., Toyomizu, M., & van Eden, W. (2018). The well-developed mucosal immune 
systems of birds and mammals allow for similar approaches of mucosal vaccination in both types 
of animals. Frontiers in Nutrition, 5, 60.

Nogueira, R. T., Nogueira, A. R., Pereira, M. C. S., Rodrigues, M. M., Neves, P. C. da C., Galler, R., & 
Bonaldo, M. C. (2013). Recombinant yellow fever viruses elicit CD8+ T cell responses and 
protective immunity against Trypanosoma cruzi. PloS One, 8(3), e59347.

Noisumdaeng, P., Roytrakul, T., Prasertsopon, J., Pooruk, P., Lerdsamran, H., Assanasen, S., Kitphati, R., 
Auewarakul, P., & Puthavathana, P. (2021). T cell mediated immunity against influenza H5N1 
nucleoprotein, matrix and hemagglutinin derived epitopes in H5N1 survivors and non-H5N1 
subjects. PeerJ, 9, e11021.

Nouailles, G., Adler, J. M., Pennitz, P., Peidli, S., Teixeira Alves, L. G., Baumgardt, M., Bushe, J., Voss, A., 
Langenhagen, A., Langner, C., Martin Vidal, R., Pott, F., Kazmierski, J., Ebenig, A., Lange, M. 
V., Mühlebach, M. D., Goekeri, C., Simmons, S., Xing, N., … Trimpert, J. (2023). Live-attenu-
ated vaccine sCPD9 elicits superior mucosal and systemic immunity to SARS-CoV-2 variants in 
hamsters. Nature Microbiology, 8(5), 860–874.

Oreshkova, N., Myeni, S. K., Mishra, N., Albulescu, I. C., Dalebout, T. J., Snijder, E. J., Bredenbeek, P. J., 
Dallmeier, K., & Kikkert, M. (2021). A yellow fever 17D virus replicon-based vaccine platform 
for emerging coronaviruses. Vaccines, 9(12), 1492.

Orr-Burks, N., Gulley, S. L., Toro, H., & van Ginkel, F. W. (2014). Immunoglobulin A as an early humoral 
responder after mucosal avian coronavirus vaccination. Avian Diseases, 58(2), 279–286.

Palka, A. P. G., Assunção de Matos, T. R., de Souza, C., Eugênio, D. S., Krieger, M. A., Fragoso, S. P., & 
Pavoni, D. P. (2021). Assessing the antigenicity of different VP3 regions of infectious bursal 
disease virus in chickens from South Brazil. BMC Veterinary Research, 17(1), 259.

Palmer, C. D., Rappaport, A. R., Davis, M. J., Hart, M. G., Scallan, C. D., Hong, S.-J., Gitlin, L., Kraemer, 
L. D., Kounlavouth, S., Yang, A., Smith, L., Schenk, D., Skoberne, M., Taquechel, K., Marrali, 
M., Jaroslavsky, J. R., Nganje, C. N., Maloney, E., Zhou, R., … Jooss, K. (2022). Individualized, 
heterologous chimpanzee adenovirus and self-amplifying mRNA neoantigen vaccine for ad-
vanced metastatic solid tumors: phase 1 trial interim results. Nature Medicine, 28(8), 1619–1629.

Palmer, C. D., Scallan, C. D., Kraemer Tardif, L. D., Kachura, M. A., Rappaport, A. R., Koralek, D. O., 
Uriel, A., Gitlin, L., Klein, J., Davis, M. J., Venkatraman, H., Hart, M. G., Jaroslavsky, J. R., 
Kounlavouth, S., Marrali, M., Nganje, C. N., Bae, K., Yan, T., Leodones, K., … Ustianowski, 
A. (2023). GRT-R910: a self-amplifying mRNA SARS-CoV-2 vaccine boosts immunity for ≥6 
months in previously-vaccinated older adults. Nature Communications, 14(1), 3274.

Palya, V., Kiss, I., Tatár-Kis, T., Mató, T., Felföldi, B., & Gardin, Y. (2012). Advancement in vaccination 
against Newcastle disease: Recombinant HVT NDV provides high clinical protection and reduces 
challenge virus shedding with the absence of vaccine reactions. Avian Diseases, 56(2), 282–287.

Pan, Y., Cheng, A., Wang, M., Yin, Z., & Jia, R. (2021). The dual regulation of apoptosis by flavivirus. 
Frontiers in Microbiology, 12.

Pardi, N., Hogan, M. J., Porter, F. W., & Weissman, D. (2018). mRNA vaccines — a new era in vaccinolo-
gy. Nature Reviews Drug Discovery, 17(4), 261–279.

Patkar, C. G., Jones, C. T., Chang, Y., Warrier, R., & Kuhn, R. J. (2007). Functional requirements of the 
yellow fever virus capsid protein. Journal of Virology, 81(12), 6471–6481.

Paunovska, K., Loughrey, D., & Dahlman, J. E. (2022). Drug delivery systems for RNA therapeutics. Na-
ture Reviews Genetics, 23(5), 265–280.

Pavot, V., Rochereau, N., Genin, C., Verrier, B., & Paul, S. (2012). New insights in mucosal vaccine devel-
opment. Vaccine, 30(2), 142–154.

Peek, L. J., Middaugh, C. R., & Berkland, C. (2008). Nanotechnology in vaccine delivery. Advanced Drug 
Delivery Reviews, 60(8), 915–928.

Peiris, J. S. M. (2009). Avian influenza viruses in humans. Revue Scientifique et Technique (International 
Office of Epizootics), 28(1), 161.

Pejkovski, C., Davelaar, F. G., & Kouwenhoven, B. (1979). Immunosuppressive effect of infectious bursal 



163

R

disease virus on vaccination against infectious bronchitis. Avian Pathology, 8(1), 95–106.
Petrakova, O., Volkova, E., Gorchakov, R., Paessler, S., Kinney, R. M., & Frolov, I. (2005). Noncytopathic 

replication of Venezuelan equine encephalitis virus and eastern equine encephalitis virus repli-
cons in mammalian cells. Journal of Virology, 79(12), 7597–7608.

Philippa, J., Baas, C., Beyer, W., Bestebroer, T., Fouchier, R., Smith, D., Schaftenaar, W., & Osterhaus, 
A. (2007). Vaccination against highly pathogenic avian influenza H5N1 virus in zoos using an 
adjuvanted inactivated H5N2 vaccine. Vaccine, 25(19), 3800–3808.

Phua, K. K. L., Staats, H. F., Leong, K. W., & Nair, S. K. (2014). Intranasal mRNA nanoparticle vaccination 
induces prophylactic and therapeutic anti-tumor immunity. Scientific Reports, 4, 5128.

Pierson, T. C., & Diamond, M. S. (2020). The continued threat of emerging flaviviruses. Nature Microbio-
logy, 5(6), 796–812.

Pietschmann, T., Lohmann, V., Rutter, G., Kurpanek, K., & Bartenschlager, R. (2001). Characterization of 
cell lines carrying self-replicating hepatitis C virus RNAs. Journal of Virology, 75(3), 1252–
1264.

Pijlman, G. P., Suhrbier, A., & Khromykh, A. A. (2006). Kunjin virus replicons: an RNA-based, non-cyto-
pathic viral vector system for protein production, vaccine and gene therapy applications. Expert 
Opinion on Biological Therapy, 6(2), 135–145.

Pikuła, A., & Lisowska, A. (2022). Genetics and `pathogenicity of natural reassortant of infectious bursal 
disease virus emerging in Latvia. Pathogens, 11(10), 1081.

Pikuła, A., Lisowska, A., Jasik, A., & Śmietanka, K. (2018). Identification and assessment of virulence of a 
natural reassortant of infectious bursal disease virus. Veterinary Research, 49, 89.

Platt, D. J., Smith, A. M., Arora, N., Diamond, M. S., Coyne, C. B., & Miner, J. J. (2018). Zika virus-related 
neurotropic flaviviruses infect human placental explants and cause fetal demise in mice. Science 
Translational Medicine, 10(426), eaao7090.

Pollock, K. M., Cheeseman, H. M., Szubert, A. J., Libri, V., Boffito, M., Owen, D., Bern, H., Mcfarlane, L. 
R., O’hara, J., Lemm, N.-M., Mckay, P., Rampling, T., Ting, Y., Yim, N., Milinkovic, A., Kings-
ley, C., Cole, T., Fagerbrink, S., Aban, M., … Shattock, R. J. (2022). Safety and immunogenicity 
of a self-amplifying RNA vaccine against COVID-19: COVAC1, a phase I, dose-ranging trial. 
EClinicalMedicine, 44, 101262.

Polo, J. M., Belli, B. A., Driver, D. A., Frolov, I., Sherrill, S., Hariharan, M. J., Townsend, K., Perri, S., 
Mento, S. J., Jolly, D. J., Chang, S. M. W., Schlesinger, S., & Dubensky, T. W. (1999). Stable 
alphavirus packaging cell lines for Sindbis virus and Semliki Forest virus-derived vectors. Pro-
ceedings of the National Academy of Sciences of the United States of America, 96(8), 4598–4603.

Pourseif, M. M., Masoudi-Sobhanzadeh, Y., Azari, E., Parvizpour, S., Barar, J., Ansari, R., & Omidi, Y. 
(2022). Self-amplifying mRNA vaccines: Mode of action, design, development and optimization. 
Drug Discovery Today, 27(11), 103341.

Powers, J. A., Skinner, B., Davis, B. S., Biggerstaff, B. J., Robb, L., Gordon, E., de Souza, W. M., Fuma-
galli, M. J., Calvert, A. E., & Chang, G.-J. (2022). Development of HEK-293 cell lines con-
stitutively expressing flaviviral antigens for use in diagnostics. Microbiology Spectrum, 10(3), 
e00592-22.

Pu, S.-Y., Wu, R.-H., Yang, C.-C., Jao, T.-M., Tsai, M.-H., Wang, J.-C., Lin, H.-M., Chao, Y.-S., & Yueh, A. 
(2011). Successful propagation of flavivirus infectious cDNAs by a novel method to reduce the 
cryptic bacterial promoter activity of virus genomes. Journal of Virology, 85(6), 2927–2941.

Pulido, M. R., Sobrino, F., Borrego, B., & Sáiz, M. (2010). RNA immunization can protect mice against 
foot-and-mouth disease virus. Antiviral Research, 85(3), 556–558.

Pulmanausahakul, R., Ketsuwan, K., Jaimipuk, T., Smith, D. R., Auewarakul, P., & Songserm, T. (2022). 
Detection of antibodies to duck Tembusu virus in human population with or without the history 
of contact with ducks. Transboundary and Emerging Diseases, 69(2), 870–873.

Purcell, A. W., McCluskey, J., & Rossjohn, J. (2007). More than one reason to rethink the use of peptides in 
vaccine design. Nature Reviews Drug Discovery, 6(5), 404–414.

Pushko, P., Geisbert, J., Parker, M., Jahrling, P., & Smith, J. (2001). Individual and bivalent vaccines based 
on alphavirus replicons protect guinea pigs against infection with Lassa and Ebola viruses. Jour-
nal of Virology, 75(23), 11677–11685.

Pushko, P., Parker, M., Ludwig, G. V., Davis, N. L., Johnston, R. E., & Smith, J. F. (1997). Replicon-helper 
systems from attenuated Venezuelan equine encephalitis virus: Expression of heterologous genes 
in vitro and immunization against heterologous pathogens in vivo. Virology, 239(2), 389–401.

Qin, F., Xia, F., Chen, H., Cui, B., Feng, Y., Zhang, P., Chen, J., & Luo, M. (2021). A guide to nucleic acid 
vaccines in the prevention and treatment of infectious diseases and cancers: from basic principles 
to current applications. Frontiers in Cell and Developmental Biology, 9, 1–13.

Qin, Y., Xu, Z., Wang, Y., Li, X., Cao, H., & Zheng, S. J. (2017). VP2 of Infectious bursal disease virus 
induces apoptosis via triggering oral cancer overexpressed 1 (ORAOV1) protein degradation. 



164

Frontiers in Microbiology, 8, 1351.
Qing, M., Liu, W., Yuan, Z., Gu, F., & Shi, P. Y. (2010). A high-throughput assay using dengue-1 virus-like 

particles for drug discovery. Antiviral Research, 86(2), 163–171.
Queiroz, S. R. de A., Silva Júnior, J. V. J., Silva, A. N. M. R. da, Carvalho, A. G. de O., Santos, J. J. da S., & 

Gil, L. H. V. G. (2018). Development and characterization of a packaging cell line for pseudo-in-
fectious yellow fever virus particle generation. Revista Da Sociedade Brasileira de Medicina 
Tropical, 51, 66–70.

Rahman, S. A. E., El-Kenawy, A. A., Neumann, U., Herrler, G., & Winter, C. (2009). Comparative analysis 
of the sialic acid binding activity and the tropism for the respiratory epithelium of four different 
strains of avian infectious bronchitis virus. Avian Pathology: Journal of the World Veterinary 
Poultry Association, 38(1), 41–45.

Ranganathan, J., Vennard, D., Waite, R., Lipinski, B., Searchinger, T., & Dumas, P. (2016). Shifting diets for 
a sustainable food future: Creating a sustainable food future. sources Institute. https://www.wri.
org/research/shifting-diets-sustainable-food-future

Rautenschlein, S., Simon, A., Jung, B., Prandini, & Lemiere. (2009). Protective efficacy of VAXXITEK® 
HVT+IBD in commercial layers and broilers against challenge with very virulent infectious 
bursal disease virus. 16th World Veterinary Poultry Association (WVPA), Marrakesh.

Rautenschlein, S., Yeh, H.-Y., & Sharma, J. M. (2002). The role of T cells in protection by an inactivated 
infectious bursal disease virus vaccine. Veterinary Immunology and Immunopathology, 89(3), 
159–167.

Rayner, J. O., Dryga, S. A., & Kamrud, K. I. (2002). Alphavirus vectors and vaccination. Reviews in Medi-
cal Virology, 12(5), 279–296.

Reap, E. A., Dryga, S. A., Morris, J., Rivers, B., Norberg, P. K., Olmsted, R. A., & Chulay, J. D. (2007). 
Cellular and humoral immune responses to alphavirus replicon vaccines expressing cytomegalo-
virus pp65, IE1, and gB proteins. Clinical and Vaccine Immunology : CVI, 14(6), 748–755.

Reap, E. A., Watson, A. D., Norberg, P. K., Cecil, C., Dornsife, R. E., Kamrud, K. I., & Smith, J. (2007). 
Evaluation of the immunogenicity of an alphavirus replicon particle vaccine expressing the 
SARS-CoV spike (S) glycoprotein in non-human primates (B191). The Journal of Immunology, 
178, LB40.

Reeves, W. C., Hutson, G. A., Bellamy, R. E., & Scrivani, R. P. (1958). Chronic latent infections of birds 
with western equine encephalomyelitis virus. Proceedings of the Society for Experimental Biolo-
gy and Medicine, 97(4), 733–736.

Rekenkamer, A. (2023, June 14). Sharp rise in cost of controlling bird flu - News item - Netherlands 
Court of Audit [News item]. Algemene Rekenkamer. https://english.rekenkamer.nl/latest/
news/2023/06/14/sharp-rise-in-cost-of-controlling-bird-flu

Riedl, W., Acharya, D., Lee, J.-H., Liu, G., Serman, T., Chiang, C., Chan, Y. K., Diamond, M. S., & Gack, 
M. U. (2019). Zika virus NS3 mimics a cellular 14-3-3-binding motif to antagonize RIG-I- and 
MDA5-mediated innate immunity. Cell Host & Microbe, 26(4), 493-503.e6.

Rimmelzwaan, G. F., Fouchier, R. A., & Osterhaus, A. D. (2007). Influenza virus-specific cytotoxic T 
lymphocytes: a correlate of protection and a basis for vaccine development. Current Opinion in 
Biotechnology, 18(6), 529–536.

Robertson, G. W., & Maxwell, M. H. (1996). Plasma viscosity values and the relationship with age and 
sex in normal commercial broiler and layer strains of chickens. British Poultry Science, 37(2), 
309–316.

Rosa, S. S., Prazeres, D. M. F., Azevedo, A. M., & Marques, M. P. C. (2021). mRNA vaccines manufactur-
ing: Challenges and bottlenecks. Vaccine, 39(16), 2190–2200.

Ruangrung, K., Chakritbudsabong, W., Rungarunlert, S., Smith, D. R., Hongeng, S., Sirinonthanawech, 
N., Boonarkart, C., Pulmanausahakul, R., Suptawiwat, O., & Auewarakul, P. (2021). Analysis 
of Tembusu virus infection of human cell lines and human induced pluripotent stem cell derived 
hepatocytes. Virus Research, 292, 198252.

Russell, M. W., Moldoveanu, Z., Ogra, P. L., & Mestecky, J. (2020). Mucosal immunity in COVID-19: A 
neglected but critical aspect of SARS-CoV-2 infection. Frontiers in Immunology, 11, 611337.

Sahoo, D., Katkar, G. D., Khandelwal, S., Behroozikhah, M., Claire, A., Castillo, V., Tindle, C., Fuller, M., 
Taheri, S., Rogers, T. F., Beutler, N., Ramirez, S. I., Rawlings, S. A., Pretorius, V., Smith, D. M., 
Burton, D. R., Alexander, L. E. C., Duran, J., Crotty, S., … Ghosh, P. (2021). AI-guided discov-
ery of the invariant host response to viral pandemics. EBioMedicine, 68, 103390.

Samuel, G. H., Wiley, M. R., Badawi, A., Adelman, Z. N., & Myles, K. M. (2016). Yellow fever virus cap-
sid protein is a potent suppressor of RNA silencing that binds double-stranded RNA. Proceedings 
of the National Academy of Sciences, 113(48), 13863–13868.

Sanchez-Felipe, L., Vercruysse, T., Sharma, S., Ma, J., Lemmens, V., Van Looveren, D., Arkalagud Javarap-
pa, M. P., Boudewijns, R., Malengier-Devlies, B., Liesenborghs, L., Kaptein, S. J. F., De Keyzer, 



165

R

C., Bervoets, L., Debaveye, S., Rasulova, M., Seldeslachts, L., Li, L.-H., Jansen, S., Yakass, M. 
B., … Dallmeier, K. (2021). A single-dose live-attenuated YF17D-vectored SARS-CoV-2 vaccine 
candidate. Nature, 590(7845), 320–325.

Sangiambut, S., Keelapang, P., Aaskov, J., Puttikhunt, C., Kasinrerk, W., Malasit, P., & Sittisombut, N. 
(2008a). Multiple regions in dengue virus capsid protein contribute to nuclear localization during 
virus infection. The Journal of General Virology, 89(Pt 5), 1254–1264.

Sangiambut, S., Keelapang, P., Aaskov, J., Puttikhunt, C., Kasinrerk, W., Malasit, P., & Sittisombut, N. 
(2008b). Multiple regions in dengue virus capsid protein contribute to nuclear localization during 
virus infection. Journal of General Virology, 89(5), 1254–1264.

Sawicki, D. L., & Sawicki, S. G. (1980). Short-lived minus-strand polymerase for Semliki Forest virus. 
Journal of Virology, 34(1), 108–118.

Schlesinger, S., & Dubensky, T. W. (1999). Alphavirus vectors for gene expression and vaccines. Current 
Opinion in Biotechnology, 10(5), 434–439.

Schmaljohn, A. L., & McClain, D. (1996). Alphaviruses (Togaviridae) and flaviviruses (Flaviviridae). In S. 
Baron (Ed.), Medical Microbiology (4th ed.). University of Texas Medical Branch at Galveston. 
http://www.ncbi.nlm.nih.gov/books/NBK7633/

Scholte, F. E. M., Spengler, J. R., Welch, S. R., Harmon, J. R., Coleman-McCray, J. A. D., Freitas, B. T., 
Kainulainen, M. H., Pegan, S. D., Nichol, S. T., Bergeron, É., & Spiropoulou, C. F. (2019). 
Single-dose replicon particle vaccine provides complete protection against Crimean-Congo hem-
orrhagic fever virus in mice. Emerging Microbes and Infections, 8(1), 575–578.

Schrauf, S., Schlick, P., Skern, T., & Mandl, C. W. (2008). Functional analysis of potential carboxy-ter-
minal cleavage sites of tick-borne encephalitis virus capsid protein. Journal of Virology, 82(5), 
2218–2229.

Schuck-Paim, C. (2020). Intensive animal farming conditions are a major threat to global health. Animal 
Sentience, 5(30), 8.

Schultz-Cherry, S., Dybing, J. K., Davis, N. L., Williamson, C., Suarez, D. L., Johnston, R., & Perdue, M. 
L. (2000). Influenza virus (A/HK/156/97) hemagglutinin expressed by an alphavirus replicon 
system protects chickens against lethal infection with Hong Kong-origin H5N1 viruses. Virology, 
278(1), 55–59.

Scott, M. S., Troshin, P. V., & Barton, G. J. (2011). NoD: A nucleolar localization sequence detector for 
eukaryotic and viral proteins. BMC Bioinformatics, 12(1), 317.

Scudellari, M. (2020). The sprint to solve coronavirus protein structures--and disarm them with drugs. 
Nature, 581(7808), 252–255.

Sempere, R. N., & Arias, A. (2019). Establishment of a cell culture model of persistent flaviviral infection: 
Usutu virus shows sustained replication during passages and resistance to extinction by antiviral 
nucleosides. Viruses, 11(6), 560.

Seo, S. H., & Webster, R. G. (2001). Cross-reactive, cell-mediated immunity and protection of chickens 
from lethal H5N1 influenza virus infection in Hong Kong poultry markets. Journal of Virology, 
75(6), 2516–2525.

Sharpe, S., Polyanskaya, N., Dennis, M., Sutter, G., Hanke, T., Erfle, V., Hirsch, V., & Cranage, M. (2001). 
Induction of simian immunodeficiency virus (SIV)-specific CTL in rhesus macaques by vacci-
nation with modified vaccinia virus Ankara expressing SIV transgenes: influence of pre-existing 
anti-vector immunity. The Journal of General Virology, 82(9), 2215–2223.

Shortridge, K. F. (2005). Avian influenza viruses in Hong Kong: zoonotic considerations. In Schrijver S. R. 
& G. Koch (Eds.), Avian Influenza - Prevention and Control (Vol. 1, pp. 9–18). Springer.

Shrotri, M., Navaratnam, A. M. D., Nguyen, V., Byrne, T., Geismar, C., Fragaszy, E., Beale, S., Fong, W. L. 
E., Patel, P., Kovar, J., Hayward, A. C., & Aldridge, R. W. (2021). Spike-antibody waning after 
second dose of BNT162b2 or ChAdOx1. The Lancet, 398(10298), 385–387.

Shu, L. P., Sharp, G. B., Lin, Y. P., Claas, E. C., Krauss, S. L., Shortridge, K. F., & Webster, R. G. (1996). 
Genetic reassortment in pandemic and interpandemic influenza viruses. A study of 122 viruses 
infecting humans. European Journal of Epidemiology, 12(1), 63–70.

Shukla, R., Ramasamy, V., Shanmugam, R. K., Ahuja, R., & Khanna, N. (2020). Antibody-dependent en-
hancement: A challenge for developing a safe dengue vaccine. Frontiers in Cellular and Infection 
Microbiology, 10, 572681.

Siegel, P. B., & Honaker, C. F. (2014). General principles of stress and well-being. Livestock Handling and 
Transport, 4, 14–22.

Singanayagam, A., Hakki, S., Dunning, J., Madon, K. J., Crone, M. A., Koycheva, A., Derqui-Fernan-
dez, N., Barnett, J. L., Whitfield, M. G., Varro, R., Charlett, A., Kundu, R., Fenn, J., Cutajar, 
J., Quinn, V., Conibear, E., Barclay, W., Freemont, P. S., Taylor, G. P., … Lackenby, A. (2022). 
Community transmission and viral load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant in 
vaccinated and unvaccinated individuals in the UK: a prospective, longitudinal, cohort study. The 



166

Lancet Infectious Diseases, 22(2), 183–195.
Singh, S., Briles, W. E., Lupiani, B., & Collisson, E. W. (2010). Avian influenza viral nucleocapsid and 

hemagglutinin proteins induce chicken CD8+ memory T lymphocytes. Virology, 399(2), 
231–238.

Slovin, S. F., Kehoe, M., Durso, R., Fernandez, C., Olson, W., Gao, J. P., Israel, R., Scher, H. I., & Mor-
ris, S. (2013). A phase I dose escalation trial of vaccine replicon particles (VRP) expressing 
prostate-specific membrane antigen (PSMA) in subjects with prostate cancer. Vaccine, 31(6), 
943–949.

Śmietanka, K., Tyborowska, J., Olszewska-Tomczyk, M., Domańska-Blicharz, K., Minta, Z., Rabalski, 
L., Czarnota, A., Kucharczyk, K., & Szewczyk, B. (2019). A recombinant turkey herpesvirus 
expressing F and HN genes of avian avulavirus-1 (AAvV-1) genotype VI confers cross-protection 
against challenge with virulent AAvV-1 genotypes IV and VII in chickens. Viruses, 11(9), 784.

Snyder, D. B., Lana, D. P., Cho, B. R., & Marquardt, W. W. (1988). Group and strain-specific neutraliza-
tion sites of infectious bursal disease virus defined with monoclonal antibodies. Avian Diseases, 
32(3), 527–534.

Soejoedono, R. D., Murtini, S., Palya, V., Felföldi, B., Mató, T., & Gardin, Y. (2012). Efficacy of a recom-
binant HVT-H5 vaccine against challenge with two genetically divergent indonesian HPAI H5N1 
strains. Avian Diseases, 56(4s1), 923–927.

Spackman, E., Stephens, C. B., & Pantin-Jackwood, M. J. (2017). The effect of infectious bursal disease vi-
rus–induced immunosuppression on vaccination against highly pathogenic avian influenza virus. 
Https://Doi.Org/10.1637/11769-110717-Reg.1, 62(1), 36–44.

Speiser, D. E., & Bachmann, M. F. (2020). COVID-19: Mechanisms of vaccination and immunity. Vaccines, 
8(3), 404.

Spellberg, B., & Edwards, J. E., Jr. (2001). Type 1/type 2 immunity in infectious diseases. Clinical Infec-
tious Diseases, 32(1), 76–102.

Spencer, A. J., McKay, P. F., Belij-Rammerstorfer, S., Ulaszewska, M., Bissett, C. D., Hu, K., Samnuan, 
K., Blakney, A. K., Wright, D., Sharpe, H. R., Gilbride, C., Truby, A., Allen, E. R., Gilbert, S. C., 
Shattock, R. J., & Lambe, T. (2021). Heterologous vaccination regimens with self-amplifying 
RNA and adenoviral COVID vaccines induce robust immune responses in mice. Nature Commu-
nications, 12(1), 2893.

Spengler, J. R., Kainulainen, M. H., Welch, S. R., Coleman-McCray, J. D., Harmon, J. R., Condrey, J. A., 
Scholte, F. E. M., Nichol, S. T., Montgomery, J. M., Albariño, C. G., & Spiropoulou, C. F. (2022). 
Lassa virus replicon particle vaccine protects strain 13/N guinea pigs against challenge with 
geographically and genetically diverse viral strains. The Journal of Infectious Diseases, 226(9), 
1545–1550.

Spickler, A. R., & Roth, J. A. (2003). Adjuvants in veterinary vaccines: Modes of action and adverse effects. 
Journal of Veterinary Internal Medicine, 17(3), 273–281.

Stanekov, Z., & Varekov, E. (2010). Conserved epitopes of influenza A virus inducing protective immunity 
and their prospects for universal vaccine development. Virology Journal, 7(1), 1–13.

Suarez, D. L., & Pantin-Jackwood, M. J. (2017). Recombinant viral-vectored vaccines for the control of 
avian influenza in poultry. Veterinary Microbiology, 206, 144–151.

Surman, S. L., Jones, B. G., Sealy, R. E., Rudraraju, R., & Hurwitz, J. L. (2014). Oral retinyl palmitate 
or retinoic acid corrects mucosal IgA responses toward an intranasal influenza virus vaccine in 
vitamin A deficient mice. Vaccine, 32(22), 2521–2524.

Suzuki, R., Ishikawa, T., Konishi, E., Matsuda, M., Watashi, K., Aizaki, H., Takasaki, T., & Wakita, T. 
(2014). Production of single-round infectious chimeric flaviviruses with DNA-based Japanese 
encephalitis virus replicon. Journal of General Virology, 95(1), 60–65.

Swayne, D. E. (2012a). The role of vaccines and vaccination in high pathogenicity avian influenza control 
and eradication. Expert Review of Vaccines, 11(8), 877–880.

Swayne, D. E. (2012b). Impact of vaccines and vaccination on global control of avian influenza. Avian 
Diseases, 56(4 SUPPL.1), 818–828.

Sylte, M. J., Hubby, B., & Suarez, D. L. (2007). Influenza neuraminidase antibodies provide partial protec-
tion for chickens against high pathogenic avian influenza infection. Vaccine, 25(19), 3763–3772.

Tacken, M. G. J., Peeters, B. P. H., Thomas, A. A. M., Rottier, P. J. M., & Boot, H. J. (2002). Infectious 
bursal disease virus capsid protein VP3 interacts both with VP1, the RNA-dependent RNA poly-
merase, and with viral double-stranded RNA. Journal of Virology, 76(22), 11301–11311.

Tahir, S., Bourquard, T., Musnier, A., Jullian, Y., Corde, Y., Omahdi, Z., Mathias, L., Reiter, E., Crépieux, 
P., Bruneau, G., & Poupon, A. (2021). Accurate determination of epitope for antibodies with 
unknown 3D structures. MAbs, 13(1), 1961349.

Tan, E., Chin, C. S. H., Lim, Z. F. S., & Ng, S. K. (2021). HEK293 cell line as a platform to produce recom-
binant proteins and viral vectors. Frontiers in Bioengineering and Biotechnology, 9.



167

R

Tan, Y. B., Law, M. C. Y., & Luo, D. (2023). Targeting the alphavirus virus replication process for antiviral 
development. Antiviral Research, 210, 105494.

Tang, N., Zhang, Y., Pedrera, M., Chang, P., Baigent, S., Moffat, K., Shen, Z., Nair, V., & Yao, Y. (2018). 
A simple and rapid approach to develop recombinant avian herpesvirus vectored vaccines using 
CRISPR/Cas9 system. Vaccine, 36(5), 716–722.

Tang, Y., Gao, X., Diao, Y., Feng, Q., Chen, H., Liu, X., Ge, P., & Yu, C. (2013). Tembusu virus in human, 
China. Transboundary and Emerging Diseases, 60(3), 193–196.

Tanriover, M. D., Doğanay, H. L., Akova, M., Güner, H. R., Azap, A., Akhan, S., Köse, Ş., Erdinç, F. Ş., 
Akalın, E. H., Tabak, Ö. F., Pullukçu, H., Batum, Ö., Şimşek Yavuz, S., Turhan, Ö., Yıldırmak, 
M. T., Köksal, İ., Taşova, Y., Korten, V., Yılmaz, G., … CoronaVac Study Group. (2021). Effica-
cy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): interim results 
of a double-blind, randomised, placebo-controlled, phase 3 trial in Turkey. Lancet, 398(10296), 
213–222.

Tarke, A., Sidney, J., Methot, N., Yu, E. D., Zhang, Y., Dan, J. M., Goodwin, B., Rubiro, P., Sutherland, A., 
Wang, E., Frazier, A., Ramirez, S. I., Rawlings, S. A., Smith, D. M., da Silva Antunes, R., Peters, 
B., Scheuermann, R. H., Weiskopf, D., Crotty, S., … Sette, A. (2021). Impact of SARS-CoV-2 
variants on the total CD4+ and CD8+ T cell reactivity in infected or vaccinated individuals. Cell 
Reports. Medicine, 2(7), 100355.

Taylor, L. H., Latham, S. M., & Woolhouse, M. E. (2001). Risk factors for human disease emergence. Phil-
osophical Transactions of the Royal Society of London. Series B, Biological Sciences, 356(1411), 
983–989.

Tenchov, R., Bird, R., Curtze, A. E., & Zhou, Q. (2021). Lipid nanoparticles─from liposomes to mRNA 
vaccine delivery, a landscape of research diversity and advancement. ACS Nano, 15(11), 
16982–17015.

Terregino, C., Toffan, A., Beato, M. S., De Nardi, R., Vascellari, M., Meini, A., Ortali, G., Mancin, M., & 
Capua, I. (2008). Pathogenicity of a QX strain of infectious bronchitis virus in specific pathogen 
free and commercial broiler chickens, and evaluation of protection induced by a vaccination pro-
gramme based on the Ma5 and 4/91 serotypes. Avian Pathology: Journal of the World Veterinary 
Poultry Association, 37(5), 487–493.

Thomas, P., & Smart, T. G. (2005). HEK293 cell line: A vehicle for the expression of recombinant proteins. 
Journal of Pharmacological and Toxicological Methods, 51(3), 187–200.

Thorne, N., Inglese, J., & Auld, D. S. (2010). Illuminating insights into firefly luciferase and other biolumi-
nescent reporters used in chemical biology. Chemistry & Biology, 17(6), 646.

Tian, H., Zhou, S., Dong, L., Van Boeckel, T. P., Cui, Y., Newman, S. H., Takekawa, J. Y., Prosser, D. J., 
Xiao, X., Wu, Y., Cazelles, B., Huang, S., Yang, R., Grenfell, B. T., & Xu, B. (2015). Avian 
influenza H5N1 viral and bird migration networks in Asia. Proceedings of the National Academy 
of Sciences, 112(1), 172–177.

Tian, L., Liu, Q., Pei, R., Chen, Y., Xu, C., Tang, J., Sun, H., Liu, K., Yang, Q., Yang, L., Li, L., Zhang, Y., 
Zhou, Y., Shan, C., Hu, X., Chen, X., & Wang, Y. (2022). Comparison of viral propagation and 
drug response among SARS-CoV-2 VOCs using replicons capable of recapitulating virion assem-
bly and release. Virologica Sinica, 37(5), 695–703.

Tinari, S. (2021). The EMA covid-19 data leak, and what it tells us about mRNA instability. BMJ, 372, 
n627.

Townsend, A. R. M., & Skehel, J. J. (1984). The influenza A virus nucleoprotein gene controls the induction 
of both subtype specific and cross-reactive cytotoxic T cells. The Journal of Experimental Medi-
cine, 160(2), 552–563.

Trapp, J., & Rautenschlein, S. (2022). Infectious bursal disease virus’ interferences with host immune cells: 
what do we know? Avian Pathology: Journal of the World Veterinary Poultry Association, 51(4), 
303–316.

Treffers, E. E., Tas, A., Scholte, F. E. M., Ru, A. H. de, Snijder, E. J., Veelen, P. A. van, & Hemert, M. J. 
van. (2023). The alphavirus nonstructural protein 2 NTPase induces a host translational shut-off 
through phosphorylation of eEF2 via cAMP-PKA-eEF2K signaling. PLOS Pathogens, 19(2), 
e1011179.

Tsuda, Y., Mori, Y., Abe, T., Yamashita, T., Okamoto, T., Ichimura, T., Moriishi, K., & Matsuura, Y. (2006). 
Nucleolar protein B23 interacts with Japanese encephalitis virus core protein and participates in 
viral replication. Microbiology and Immunology, 50(3), 225–234.

Twiddy, S. S., & Holmes, E. C. (2003). The extent of homologous recombination in members of the genus 
Flavivirus. The Journal of General Virology, 84, 429–440.

Uematsu, Y., Vajdy, M., Lian, Y., Perri, S., Greer, C. E., Legg, H. S., Galli, G., Saletti, G., Otten, G. R., Rap-
puoli, R., Barnett, S. W., & Polo, J. M. (2012). Lack of interference with immunogenicity of a 
chimeric alphavirus replicon particle-based influenza vaccine by preexisting antivector immunity. 



168

Clinical and Vaccine Immunology : CVI, 19(7), 991–998.
Urbanowski, M. D., & Hobman, T. C. (2013). The West Nile virus capsid protein blocks apoptosis through 

a phosphatidylinositol 3-kinase-dependent mechanism. Journal of Virology, 87(2), 872–881.
U.S. department of agriculture. (2023, February 2). Licensed veterinary biological product information. 

Licensed Veterinary Biological Product Information. https://www.aphis.usda.gov/aphis/ourfocus/
animalhealth/veterinary-biologics/ct_vb_licensed_products

Vagnozzi, A., Zavala, G., Riblet, S. M., Mundt, A., & García, M. (2012). Protection induced by commer-
cially available live-attenuated and recombinant viral vector vaccines against infectious laryngo-
tracheitis virus in broiler chickens. Avian Pathology, 41(1), 21–31.

van de Sandt, C. E., Kreijtz, J. H. C. M., & Rimmelzwaan, G. F. (2012). Evasion of Influenza A viruses 
from innate and adaptive immune responses. Viruses, 4(9), 1438–1476.

van de Wall, S., Ljungberg, K., Ip, P. P., Boerma, A., Knudsen, M. L., Nijman, H. W., Liljeström, P., & 
Daemen, T. (2018). Potent therapeutic efficacy of an alphavirus replicon DNA vaccine expressing 
human papilloma virus E6 and E7 antigens. Oncoimmunology, 7(10), e1487913.

van den Berg, T. P., Eterradossi, N., Toquin, D., & Meulemans, G. (2000). Infectious bursal disease 
(Gumboro disease). Revue Scientifique et Technique (International Office of Epizootics), 19(2), 
509–543.

van den Pol, A. N., & Davis, J. N. (2013). Highly attenuated recombinant vesicular stomatitis virus 
VSV-12′GFP displays immunogenic and oncolytic activity. Journal of Virology, 87(2), 1019–
1034.

van der Velden, M. V. W., Geisberger, A., Dvorak, T., Portsmouth, D., Fritz, R., Crowe, B. A., Herr, W., 
Distler, E., Wagner, E. M., Zeitlinger, M., Sauermann, R., Stephan, C., Ehrlich, H. J., Barrett, P. 
N., & Aichinger, G. (2014). Safety and immunogenicity of a vero cell culture-derived whole-vi-
rus H5N1 influenza vaccine in chronically ill and immunocompromised patients. Clinical and 
Vaccine Immunology, 21(6), 867–876.

van Ginkel, F. W., Gulley, S. L., Lammers, A., Hoerr, F. J., Gurjar, R., & Toro, H. (2012). Conjunctiva-asso-
ciated lymphoid tissue in avian mucosal immunity. Developmental & Comparative Immunology, 
36(2), 289–297.

van Horne, P. (2020). Economics of broiler production systems in the Netherlands: Economic aspects 
within the Greenwell sustainability assessment model (Issues 2020–027). Wageningen Economic 
Research.

van Hulten, M. C. W., Cruz-Coy, J., Gergen, L., Pouwels, H., ten Dam, G. B., Verstegen, I., de Groof, 
A., Morsey, M., & Tarpey, I. (2021). Efficacy of a turkey herpesvirus double construct vaccine 
(HVT-ND-IBD) against challenge with different strains of Newcastle disease, infectious bursal 
disease and Marek’s disease viruses. Avian Pathology, 50(1), 18–30.

van Leeuwen, R. (2023, May 24). Estimated vaccine costs in poultry industry [Phone].
van Montfoort, N., van der Aa, E., & Woltman, A. M. (2014). Understanding MHC class I presentation 

of viral antigens by human dendritic cells as a basis for rational design of therapeutic vaccines. 
Frontiers in Immunology, 5, 182.

Vander Veen, R., Kamrud, K., Mogler, M., Loynachan, A. T., McVicker, J., Berglund, P., Owens, G., Tim-
berlake, S., Lewis, W., Smith, J., & Harris, D. H. (2009). Rapid development of an efficacious 
swine vaccine for novel H1N1. PLoS Currents, 1, RRN1123.

Vander Veen, R. L., Loynachan, A. T., Mogler, M. A., Russell, B. J., Harris, D. L. H., & Kamrud, K. I. 
(2012). Safety, immunogenicity, and efficacy of an alphavirus replicon-based swine influenza 
virus hemagglutinin vaccine. Vaccine, 30(11), 1944–1950.

Varnavski, A. N., & Khromykh, A. A. (1999). Noncytopathic flavivirus replicon RNA-based system for 
expression and delivery of heterologous genes. Virology, 255(2), 366–375.

Velders, M. P., McElhiney, S., Cassetti, M. C., Eiben, G. L., Higgins, T., Kovacs, G. R., Elmishad, A. G., 
Kast, W. M., & Smith, L. R. (2001). Eradication of established tumors by vaccination with Vene-
zuelan equine encephalitis virus replicon particles delivering human papillomavirus 16 E7 RNA. 
Cancer Research, 61(21), 7861–7867.

Verbeke, R., Lentacker, I., De Smedt, S. C., & Dewitte, H. (2021). The dawn of mRNA vaccines: The 
COVID-19 case. Journal of Controlled Release, 333, 511–520.

Vogel, A. B., Lambert, L., Kinnear, E., Busse, D., Erbar, S., Reuter, K. C., Wicke, L., Perkovic, M., Beissert, 
T., Haas, H., Reece, S. T., Sahin, U., & Tregoning, J. S. (2018). Self-amplifying RNA vaccines 
give equivalent protection against influenza to mRNA vaccines but at much lower doses. Molecu-
lar Therapy: The Journal of the American Society of Gene Therapy, 26(2), 446–455.

Voigt, E. A., Gerhardt, A., Hanson, D., Jennewein, M. F., Battisti, P., Reed, S., Singh, J., Mohamath, R., 
Bakken, J., Beaver, S., Press, C., Soon-Shiong, P., Paddon, C. J., Fox, C. B., & Casper, C. (2022). 
A self-amplifying RNA vaccine against COVID-19 with long-term room-temperature stability. 
Npj Vaccines, 7(1), 1–13.



169

R

Walczak, M., de Mare, A., Riezebos-Brilman, A., Regts, J., Hoogeboom, B.-N., Visser, J. T., Fiedler, 
M., Jansen-Dürr, P., van der Zee, A. G. J., Nijman, H. W., Wilschut, J., & Daemen, T. (2011). 
Heterologous prime-boost immunizations with a virosomal and an alphavirus replicon vaccine. 
Molecular Pharmaceutics, 8(1), 65–77.

Wan, H., & Perez, D. R. (2007). Amino acid 226 in the hemagglutinin of H9N2 influenza viruses deter-
mines cell tropism and replication in human airway epithelial cells. Journal of Virology, 81(10), 
5181–5191.

Wang, H.-J., Li, X.-F., Liu, L., Xu, Y.-P., Ye, Q., Deng, Y.-Q., Huang, X.-Y., Zhao, H., Qin, E.-D., Shi, P.-Y., 
Gao, G. F., & Qin, C.-F. (2016). The emerging duck flavivirus is not pathogenic for primates 
and is highly sensitive to mammalian interferon antiviral signaling. Journal of Virology, 90(14), 
6538–6548.

Wang, J., Lei, C.-Q., Ji, Y., Zhou, H., Ren, Y., Peng, Q., Zeng, Y., Jia, Y., Ge, J., Zhong, B., Li, Y., Wei, J., 
Shu, H.-B., & Zhu, Q. (2016). Duck Tembusu virus nonstructural protein 1 antagonizes IFN-β 
signaling pathways by targeting VISA. Journal of Immunology, 197(12), 4704–4713.

Wang, M., Jokinen, J., Tretyakova, I., Pushko, P., & Lukashevich, I. S. (2018). Alphavirus vector-based 
replicon particles expressing multivalent cross-protective Lassa virus glycoproteins. Vaccine, 
36(5), 683–690.

Wang, T., Wei, F., & Liu, J. (2020). Emerging role of mucosal vaccine in preventing infection with avian 
influenza A viruses. Viruses, 12(8), 862.

Wang, X., He, Y., Guo, J., Jiang, B., Wang, M., Jia, R., Zhu, D., Liu, M., Zhao, X., Yang, Q., Wu, Y., Zhang, 
S., Liu, Y., Zhang, L., Yu, Y., Cheng, A., & Chen, S. (2021). Construction of an infectious clone 
for mosquito-derived Tembusu virus prototypical strain. Virologica Sinica, 36(6), 1678–1681.

Wang, Y., Yang, C., Song, Y., Coleman, J. R., Stawowczyk, M., Tafrova, J., Tasker, S., Boltz, D., Baker, R., 
Garcia, L., Seale, O., Kushnir, A., Wimmer, E., & Mueller, S. (2021). Scalable live-attenuated 
SARS-CoV-2 vaccine candidate demonstrates preclinical safety and efficacy. Proceedings of the 
National Academy of Sciences of the United States of America, 118(29), e2102775118.

Ward, R. L., & Bernstein, D. I. (2009). Rotarix: A rotavirus vaccine for the world. Clinical Infectious Dis-
eases, 48(2), 222–228.

Warimwe, G. M., Francis, M. J., Bowden, T. A., Thumbi, S. M., & Charleston, B. (2021). Using cross-spe-
cies vaccination approaches to counter emerging infectious diseases. Nature Reviews Immunolo-
gy, 21(12), 815–822.

Weaver, S. C., Ferro, C., Barrera, R., Boshell, J., & Navarro, J.-C. (2004). Venezuelan equine encephalitis. 
Annu. Rev. Entomol, 49, 141–174.

Wecker, M., Gilbert, P., Russell, N., Hural, J., Allen, M., Pensiero, M., Chulay, J., Chiu, Y.-L., Abdool 
Karim, S. S., Burke, D. S., HVTN 040/059 Protocol Team, & NIAID HIV Vaccine Trials Net-
work. (2012). Phase I safety and immunogenicity evaluations of an alphavirus replicon HIV-1 
subtype C gag vaccine in healthy HIV-1-uninfected adults. Clinical and Vaccine Immunology: 
CVI, 19(10), 1651–1660.

Weiss, B. G., & Schlesinger, S. (1991). Recombination between Sindbis virus RNAs. Journal of Virology, 
65(8), 4017–4025.

Wenhui, L., Zhongyan, W., Guanqun, Z., Zhili, L., JingYun, M., Qingmei, X., Baoli, S., & Yingzuo, B. 
(2012). Complete genome sequence of a novel variant porcine reproductive and respiratory syn-
drome virus (PRRSV) strain: evidence for recombination between vaccine and wild-type PRRSV 
strains. Journal of Virology, 86(17), 9543.

Wesselhoeft, R. A., Kowalski, P. S., & Anderson, D. G. (2018). Engineering circular RNA for potent and 
stable translation in eukaryotic cells. Nature Communications, 9(1), 2629.

White, L. J., Parsons, M. M., Whitmore, A. C., Williams, B. M., de Silva, A., & Johnston, R. E. (2007). An 
immunogenic and protective alphavirus replicon particle-based dengue vaccine overcomes mater-
nal antibody interference in weanling mice. Journal of Virology, 81(19), 10329–10339.

Williams, J. A., Carnes, A. E., & Hodgson, C. P. (2009). Plasmid DNA vaccine vector design: impact on 
efficacy, safety and upstream production. Biotechnology Advances, 27(4), 353–370.

Wilson, H. L., Gerdts, V., & Babiuk, L. A. (2020a). Mucosal vaccine development for veterinary and aquat-
ic diseases. Mucosal Vaccines, 811–829.

Wilson, H. L., Gerdts, V., & Babiuk, L. A. (2020b). Chapter 48 - Mucosal vaccine development for vet-
erinary and aquatic diseases. In H. Kiyono & D. W. Pascual (Eds.), Mucosal Vaccines (Second 
Edition) (pp. 811–829). Academic Press.

Wilson, J. R., de Sessions, P. F., Leon, M. A., & Scholle, F. (2008). West Nile virus nonstructural protein 1 
inhibits TLR3 signal transduction. Journal of Virology, 82(17), 8262–8271.

Wolf, Y. I., Kazlauskas, D., Iranzo, J., Lucía-Sanz, A., Kuhn, J. H., Krupovic, M., Dolja, V. V., & Koonin, E. 
V. (2018). Origins and evolution of the global RNA virome. MBio, 9(6).

Wong, H.-H., Jessup, A., Sertkaya, A., Birkenbach, A., Berlind, A., & Eyraud, J. (2014). Examination of 



170

clinical trial costs and barriers for drug development final (pp. 1–92). US Department of Health 
& Human Services.

World Health Organization. (2002). WHO manual on animal influenza diagnosis and surveillance. 2002. 
Department of Communicable Diseases Surveillance and Control, WHO, Geneva.

World health organization. (2020, December 22). Evaluation of the quality, safety and efficacy of RNA-
based prophylactic vaccines for infectious diseases: regulatory considerations. Call for Public 
Consultation – Evaluation of the Quality, Safety and Efficacy of RNA-Based Prophylactic 
Vaccines for Infectious Diseases: Regulatory Considerations. https://www.who.int/news-
room/articles-detail/call-for-public-consultation-evaluation-of-the-quality-safety-and-effica-
cy-of-rna-based-prophylactic-vaccines-for-infectious-diseases-regulatory-considerations

World Health Organization. (2023). Cumulative number of confirmed human cases for avian influenza 
A(H5N1). World Health Organization (WHO). https://www.who.int/publications/m/item/cumu-
lative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-
2022-26-jan-2023

Wu, D., Zou, S., Bai, T., Li, J., Zhao, X., Yang, L., Liu, H., Li, X., Yang, X., Xin, L., Xu, S., Zou, X., Li, X., 
Wang, A., Guo, J., Sun, B., Huang, W., Zhang, Y., Li, X., … Shu, Y. (2015). Poultry farms as a 
source of avian influenza A (H7N9) virus reassortment and human infection. Scientific Reports, 
5, 7630.

Wu, Y., Hong, L., Ye, J., Huang, Z., & Zhou, J. (2009). The VP5 protein of infectious bursal disease virus 
promotes virion release from infected cells and is not involved in cell death. Archives of Virology, 
154(12), 1873–1882.

Wu, Z., Hu, T., Chen, W., Cheng, Y., Wang, M., Jia, R., Zhu, D., Liu, M., Zhao, X., Yang, Q., Wu, Y., 
Zhang, S., Huang, J., Mao, S., Ou, X., Gao, Q., Sun, D., Cheng, A., & Chen, S. (2022). The auto-
phagy-related degradation of MDA5 by Tembusu virus nonstructural 2B disrupts IFNβ produc-
tion. The FASEB Journal, 36(7), e22417.

Würtele, H., Little, K. C. E., & Chartrand, P. (2003). Illegitimate DNA integration in mammalian cells. 
Gene Therapy, 10(21), 1791–1799.

Wyllie, D., Jones, H. E., Mulchandani, R., Trickey, A., Taylor-Phillips, S., Brooks, T., Charlett, A., Ades, 
A. E., Investigators, E.-H., Moore, P., Boyes, J., Hormis, A., Todd, N., Reckless, I., Makin, A., 
& Oliver, I. (2021). SARS-CoV-2 responsive T cell numbers and anti-Spike IgG levels are both 
associated with protection from COVID-19: A prospective cohort study in keyworkers. medRxiv.

Xu, L., Ren, M., Sheng, J., Ma, T., Han, Z., Zhao, Y., Sun, J., & Liu, S. (2019). Genetic and biological char-
acteristics of four novel recombinant avian infectious bronchitis viruses isolated in China. Virus 
Research, 263, 87–97.

Xue, H. Y., Guo, P., Wen, W.-C., & Wong, H. L. (2015). Lipid-based nanocarriers for RNA delivery. Cur-
rent Pharmaceutical Design, 21(22), 3140–3147.

Yamshchikov, V., Mishin, V., & Cominelli, F. (2001). A new strategy in design of (+)RNA virus infectious 
clones enabling their stable propagation in E. coli. Virology, 281(2), 272–280.

Yan, D., Shi, Y., Wang, H., Li, G., Li, X., Wang, B., Su, X., Wang, J., Teng, Q., Yang, J., Chen, H., Liu, Q., 
Ma, W., & Li, Z. (2018). A single mutation at position 156 in the envelope protein of Tembusu 
virus is responsible for virus tissue tropism and transmissibility in ducks. Journal of Virology, 
92(17), e00427-18.

Yan, D., Wang, B., Shi, Y., Ni, X., Wu, X., Li, X., Liu, X., Wang, H., Su, X., Teng, Q., Yang, J., Liu, Q., & 
Li, Z. (2022). A single mutation at position 120 in the envelope protein attenuates Tembusu virus 
in ducks. Viruses, 14(3), 447.

Yan, P., Zhao, Y., Zhang, X., Xu, D., Dai, X., Teng, Q., Yan, L., Zhou, J., Ji, X., Zhang, S., Liu, G., Zhou, 
Y., Kawaoka, Y., Tong, G., & Li, Z. (2011). An infectious disease of ducks caused by a newly 
emerged Tembusu virus strain in mainland China. Virology, 417(1), 1–8.

Yang, M. R., Lee, S. R., Oh, W., Lee, E. W., Yeh, J. Y., Nah, J. J., Joo, Y. S., Shin, J., Lee, H. W., Pyo, S., & 
Song, J. (2008). West Nile virus capsid protein induces p53-mediated apoptosis via the sequestra-
tion of HDM2 to the nucleolus. Cellular Microbiology, 10(1), 165–176.

Yang, Y., Halloran, M. E., Sugimoto, J. D., & Ira M. Longini, Jr. (2007). Detecting human-to-human trans-
mission of avian influenza A (H5N1). Emerging Infectious Diseases, 13(9), 1348.

Yang, Z., Wang, J., Wang, X., Duan, H., He, P., Yang, G., Liu, L., Cheng, H., Wang, X., Pan, J., Zhao, J., Yu, 
H., Yang, B., Liu, Y., & Lin, J. (2020). Immunogenicity and protective efficacy of an EB66 ® cell 
culture-derived duck Tembusu virus vaccine. Avian Pathology, 49(5), 448–456.

Yee, K. S., Carpenter, T. E., & Cardona, C. J. (2009). Epidemiology of H5N1 avian influenza. Comparative 
Immunology, Microbiology and Infectious Diseases, 32(4), 325–340.

Yewdell, J. W., Bennink, J. R., Smith, G. L., & Moss, B. (1985). Influenza A virus nucleoprotein is a major 
target antigen for cross-reactive anti-influenza A virus cytotoxic T lymphocytes. Proceedings of 
the National Academy of Sciences of the United States of America, 82(6), 1785–1789.



171

R

Zai, X., Shi, B., Shao, H., Qian, K., Ye, J., Yao, Y., Nair, V., & Qin, A. (2022). Identification of a novel in-
sertion site HVT-005/006 for the generation of recombinant turkey herpesvirus vector. Frontiers 
in Microbiology, 13, 886873.

Zajac, A. J., & Harrington, L. E. (2014). Immune response to viruses: Cell-mediated immunity. In Reference 
Module in Biomedical Sciences. Elsevier.

Zeng, C., Zhang, C., Walker, P., & Dong, Y. (2020). Current topics in microbiology and immunology. For-
mulation and Delivery Technologies for MRNA Vaccines, 1–40.

Zeng, H., Goldsmith, C. S., Maines, T. R., Belser, J. A., Gustin, K. M., Pekosz, A., Zaki, S. R., Katz, J. M., 
& Tumpey, T. M. (2013). Tropism and nfectivity of influenza virus, including highly pathogenic 
avian H5N1 virus, in ferret tracheal differentiated primary epithelial cell cultures. Journal of 
Virology, 87(5), 2597–2607.

Zeng, X., Tian, G., Shi, J., Deng, G., Li, C., & Chen, H. (2018). Vaccination of poultry successfully 
eliminated human infection with H7N9 virus in China. Science China Life Sciences, 61(12), 
1465–1473.

Zhang, C., Maruggi, G., Shan, H., & Li, J. (2019). Advances in mRNA Vaccines for Infectious Diseases. 
Frontiers in Immunology, 10, 594.

Zhang, H., Penninger, J. M., Li, Y., Zhong, N., & Slutsky, A. S. (2020). Angiotensin-converting enzyme 
2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and potential therapeutic target. 
Intensive Care Medicine, 2.

Zhang, H., Zhang, L., Lin, A., Xu, C., Li, Z., Liu, K., Liu, B., Ma, X., Zhao, F., Jiang, H., Chen, C., Shen, 
H., Li, H., Mathews, D. H., Zhang, Y., & Huang, L. (2023). Algorithm for optimized mRNA 
design improves stability and immunogenicity. Nature, 1–3.

Zhang, H.-Q., Zhang, Y.-N., Zhang, Z.-R., Chen, X.-L., Hu, Y.-Y., Shi, Y.-J., Wang, J., Deng, C., Zhang, 
B., Li, X.-D., & Ye, H.-Q. (2022). An alphavirus replicon particle delivering prefusion-stabilized 
spike protein provides potent immunoprotection against SARS-CoV-2 Omicron variant. Signal 
Transduction and Targeted Therapy, 7(1), 1–4.

Zhang, W., Chen, S., Mahalingam, S., Wang, M., & Cheng, A. (2017). An updated review of avian-ori-
gin Tembusu virus: A newly emerging avian flavivirus. Journal of General Virology, 98(10), 
2413–2420.

Zhang, W., Jiang, B., Zeng, M., Duan, Y., Wu, Z., Wu, Y., Wang, T., Wang, M., Jia, R., Zhu, D., Liu, M., 
Zhao, X., Yang, Q., Wu, Y., Zhang, S., Liu, Y., Zhang, L., Yu, Y., Pan, L., … Cheng, A. (2020). 
Binding of duck Tembusu virus nonstructural protein 2A to duck STING disrupts induction of 
its signal transduction cascade to inhibit beta interferon induction. Journal of Virology, 94(9), 
e01850-19.

Zhang, X., Zhang, Y., Jia, R., Wang, M., Yin, Z., & Cheng, A. (2021). Structure and function of capsid pro-
tein in flavivirus infection and its applications in the development of vaccines and therapeutics. 
Veterinary Research, 52(1), 98.

Zhang, Y. N., Chen, C., Deng, C. L., Zhang, C. guang, Li, N., Wang, Z., Zhao, L., & Zhang, B. (2020). A 
novel rabies vaccine based on infectious propagating particles derived from hybrid VEEV-Rabies 
replicon. EBioMedicine, 56.

Zhang, Y.-N., Li, X.-D., Zhang, Z.-R., Zhang, H.-Q., Li, N., Liu, J., Li, J.-Q., Zhang, H.-J., Wang, Z.-J., 
Shen, S., Shi, Z.-L., Wei, H.-P., Yuan, Z.-M., Ye, H.-Q., & Zhang, B. (2020). A mouse model for 
SARS-CoV-2 infection by exogenous delivery of hACE2 using alphavirus replicon particles. Cell 
Research, 30(11), Article 11.

Zhou, P., Li, Y., Liu, A., Zhang, Q., Wu, W., Jin, H., Jongkaewwattana, A., He, Q., & Luo, R. (2022). Tem-
busu virus nonstructural protein 2B antagonizes type I interferon production by targeting MAVS 
for degradation. Journal of Virology, 96(14), e0081622.

Zhou, X., Berglund, P., Rhodes, G., Parker, S. E., Jondal, M., & Liljeström, P. (1994). Self-replicating Sem-
liki Forest virus RNA as recombinant vaccine. Vaccine, 12(16), 1510–1514.

Zhu, T., & Fernandez-Sesma, A. (2020). Innate immune DNA sensing of flaviviruses. Viruses, 12(9), 979.
Zou, J., Chang, M., Nie, P., & Secombes, C. J. (2009). Origin and evolution of the RIG-I like RNA helicase 

gene family. BMC Evolutionary Biology, 9, 85.
Zuckerman, J. N. (2000). The importance of injecting vaccines into muscle. British Medical Journal (BMJ), 

321(7271), 1237–1238.
Zuker, M. (2003). Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids 

Research, 31(13), 3406–3415.



172

Abstract



C
ha

pt
er

Summary

S



174

Summary

The poultry industry plays a pivotal role in supplying the ever-growing global demand for 
animal-based food products. However, it faces a continuous challenge posed by the emergence 
of infectious diseases such as avian influenza virus (AIV; Orthomyxoviridae family), infectious 
bronchitis virus (IBV; Coronaviridae family), and infectious bursal disease virus (IBDV; 
Birnaviridae family). Safeguarding poultry well-being becomes not only a socio-economic 
imperative but also a crucial aspect of public health. To achieve this, alongside adhering 
to standard hygienic protocols in hatcheries, the implementation of prophylactic measures 
is important. These preventive measures decrease the likelihood of novel viral variants to 
emerge. In case novel variants do arise, a quickly adaptable, safe, and effective vaccine 
platform technology could reduce disease burden and prevent the culling of millions of 
poultry every year. One such platform technology is the self-amplifying RNA, also known as 
‘replicon’. These replicon vaccines are typically derived from positive-sense, single-stranded 
RNA viruses such as the Kunjin virus (KUNV; family Flaviviridae) or Venezuelan equine 
encephalitis virus (VEEV; family Togaviridae). The RNA genome of these viruses is modified 
by replacing the viral structural genes with a heterologous gene of interest while maintaining 
the viral replicase genes for replicon RNA amplification. In contrast to conventional mRNA 
vaccines, replicons induce long-lasting expression upon administering a low dose which 
can result in fewer side effects. Despite the success of the VEEV replicon vaccines in 
both human and veterinary trials, their application to poultry vaccination has also shown 
limitations. Studies in chickens have shown that a VEEV replicon vaccine only provides 
partial protection against viral challenges, underscoring the need for a novel replicon platform 
to effectively protect against and prevent viral diseases in this growing poultry industry.

Such an alternative replicon platform could be based on the duck-derived Tembusu virus 
(TMUV; family Flaviviridae), because of the bird-adapted and non-cytophatic characteristics. 
To investigate this, an infectious cDNA clone based on the contemporary TMUV WU2016 
isolate, which is closely related to other duck-derived TMUV isolates, was constructed using 
reverse genetics to study the virus replication kinetics. The infectious clone derived from TMUV 
WU2016 showed better viral propagation compared to the prototypical, mosquito-derived TMUV 
MM1775 isolate in various cell lines. Two similar TMUV replicon system were designed that 
could either be used indirectly by first an in vitro RNA transcription reaction prior to its delivery 
to the target cell or directly be delivered as as a DNA-launched replicon (DREP). The replicon 
system was constructed by replacing the TMUV structural genes with transgenes encoding for 
fluorescent or luminescent proteins, as well as viral (glyco)proteins of specific poultry diseases. 
Using fluorescent and luminescent reporter proteins, the expression kinetics and cytopathic effect 
(CPE) were assessed in vitro. It was revealed that TMUV replicon-mediated expression of reporter 
transgenes lasted up to 4 days post-electroporation with a minimal viral-induced cytopathic effect 
in baby hamster kidney fibroblast (BHK-21) cells. Additionally, a comprehensive analysis of 
the expression, glycosylation, and cellular localization successfully demonstrated that TMUV 
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replicon system could produce haemagglutinin (HA; AIV), spike (S; IBV), or nucleocapsid 
protein (VP2; IBDV), laying grounds for a new self-amplifying vaccine platform in poultry.  

To obtain a better understanding of the difference between the novel bird-adapted TMUV 
replicon system and the well-established VEEV replicon system, a head-to-head comparison 
was performed revealing the replicon expression kinetics in both mammalian and avian cell 
lines. In contrast to VEEV, the TMUV replicon demonstrated a slow onset, but overall higher 
cumulative heterologous gene expression in the absence of a noticeable CPE. Additionally, 
two more TMUV replicons with extended capsid (C) gene lengths were constructed, which 
included additional cis-acting RNA elements that were absent in the TMUV replicon 
containing the minimal capsid gene (minimal replicon). It was demonstrated that these RNA 
elements enhanced the TMUV replicon heterologous protein expression. The TMUV replicon 
capsid variants demonstrated an early onset and overall similar or higher accumulation of 
heterologous protein production at the cost of an increased CPE compared to the minimal 
replicon variant. These results demonstrated the versatility of the TMUV replicon system in 
the onset and level of transgene expression, and, most importantly, revealed key differences 
in expression kinetics compared to the VEEV replicon system. 			 

In succession to the previous comparison between TMUV and VEEV replicon platforms, which 
displayed a distinctively different expression profile in vitro, these platform technologies were 
further evaluated in vivo with the immunization of 1-day-old chickens using lipid nanoparticle-
formulated replicon RNA or DREP. At three weeks post-prime vaccination, the chickens were 
boosted after which serum was collected for 13 weeks post-prime vaccination. An antibody 
response was measured against IBDV in TMUV replicon RNA and DREP-vaccinated chickens, 
but no significant humoral response against AIV was detected. Intriguingly, the VEEV DREP-
vaccinated chickens induced an early and robust humoral response against HA and VP2, whereas 
no substantial seroconversion was observed in chickens vaccinated with VEEV replicon RNA. 
It was concluded that both replicon RNA and DREP modalities of the bird-adapted TMUV 
replicon platform were suitable for the vaccination of chickens against IBDV. However, whether 
the elicited humoral response conferred protective immunity against IBDV in birds vaccinated 
with the TMUV replicon should be investigated in another vaccination challenge trial. Further 
research is warranted to investigate the absence of humoral response against TMUV-expressed 
HA and elucidate the differing impact of the replicon modalities on seroconversion in chickens.

As an alternative to the synthetic lipid nanoparticle used in the previous immunization 
study, our research extended towards the development of a virus-derived carrier: virus-like 
replicon particles (VRPs). VRPs are efficient delivery vehicles that are typically produced by 
complementing cells with the viral structural genes along with the replicon RNA. To identify 
the most suitable cell line for the production of VRPs (helper cell line), several mammalian-, 
avian- and mosquito-derived cell lines were infected with TMUV WU2016 in comparison to 
the prototypical mosquito-derived TMUV MM1775 strain. Both virus isolates replicated to 
high viral titers in human (HEK293T), chicken (DF-1), duck (EB66), and mosquito (Chao ball, 
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Aag2, and C6/36) cell lines. In proceeding to produce VRPs, HEK293T cells were selected as 
the most suitable packaging cell line. A monoclonal inducible packaging cell line expressing 
the TMUV structural proteins was successfully established using lentiviral transduction and 
fluorescent-activated cell sorting. Using electroporation, the replicon RNA was introduced 
into the monoclonal cells and this resulted in the efficient production of VRPs. Challenged 
by the relatively low TMUV VRP titer, potential factors influencing the VRP yields were 
investigated using transmission electron microscopy. This revealed that protein aggregates 
accumulated within the induced monoclonal packaging cells, while absent within non-induced 
packaging cells. Although the individual particles within these aggregates resembled a similar 
size to the secreted VRPs in the supernatant, it remains uncertain whether these intracellular 
aggregates genuinely resemble viral proteins and if they directly relate to the low VRP yield.

To conclude, the experimental results outlined in this thesis contributed to the development 
of a novel, bird-adapted TMUV replicon platform. Substantial expression differences from 
the existing VEEV replicon were demonstrated in vitro and in vivo. The TMUV replicon, 
whether administered as RNA or DNA-launched, effectively elicited specific humoral 
responses in chickens. Moreover, the comprehensive analysis of the TMUV propagation 
in different cell lines, coupled with the establishment of a monoclonal packaging cell 
line contributes to the establishment of a complete repertoire of replicon modalities that 
hold potential for vaccination of poultry.					   
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Samenvatting

De pluimvee-industrie speelt een cruciale rol bij het voorzien in de voortdurend groeiende en 
wereldwijde vraag naar dierlijke producten. Echter, deze industrie wordt constant geconfronteerd 
met de opkomst van besmettelijke ziekten zoals veroorzaakt door het vogelgriepvirus (AIV; 
virusfamilie Orthomyxoviridae), infectieus bronchitis virus (IBV; familie Coronaviridae) en het 
infectieus bursitis virus (IBDV; virusfamilie Birnaviridae). Het waarborgen van het welzijn van 
pluimvee is, buiten het zijn van een sociaal-economische noodzaak, ook een cruciaal aspect voor 
de volksgezondheid. Om dit dierlijk welzijn te kunnen garanderen volgen kippenboeren standaard 
hygiëneprotocollen en maken ze gebruik van profylactische maatregelen. Deze preventieve 
maatregelen verlagen ook de kans op nieuwe virusvarianten. Mochten deze varianten toch 
ontstaan dan kan een snel aanpasbare, veilige en effectieve platformtechnologie de ziekte en 
dood van jaarlijks miljoenen pluimveedieren voorkomen. Een van deze platformtechnologieën 
is het zelf-vermeerderend RNA, ook wel bekend als replicon. Deze replicon-vaccins zijn vaak 
afgeleid van positief-enkelstrengse RNA-virussen, zoals het Kunjin-virus (KUNV; virusfamilie 
Flaviviridae) of het Venezolaans paarden hersenontstekingsvirus (VEEV; virusfamilie 
Togaviridae). Het RNA-genoom van deze virussen wordt aangepast door de virale structurele 
genen te vervangen door een gen van interesse, terwijl de virale replicatiegenen behouden 
blijven voor de vermeerdering van het replicon RNA. In tegenstelling tot conventionele 
mRNA-vaccins, zorgen replicons voor langdurige eiwitproductie bij vaccineren met een lage 
dosis RNA, wat kan resulteren in minder bijwerkingen. Ondanks het succes van VEEV replicon 
vaccins in zowel menselijke als veterinaire studies, heeft de toepassing bij pluimveevaccinatie 
beperkingen laten zien. Studies in kippen hebben aangetoond dat dit replicon vaccin slechts 
gedeeltelijke bescherming bood tegen pathogene viral infecties na het vaccineren met VEEV 
replicons. Dit benadrukt de behoefte aan een nieuw repliconplatform dat in staat is om 
deze groeiende pluimveesector effectief te beschermen tegen virale ziektes.		

Een dergelijk alternatief repliconplatform is gebaseerd op het, van eenden-afkomstige, Tembusu-
virus (TMUV; virusfamilie Flaviviridae) dat gekenmerkt wordt door de adaptatie aan vogels en 
zijn niet-cytopatische eigenschappen. Om dit platform te ontwikkelen, hebben we een infectieuze 
cDNA-kloon geconstrueerd op basis van het TMUV WU2016-isolaat, dat lijkt op vele andere 
uit eend geïsoleerde isolaten, om zo de replicatiekinetiek te bestuderen. De infectieuze TMUV 
WU2016 kloon liet betere viral replicatie zien in verscheidene cellijnen dan het prototypische, 
uit muggen geïsoleerde, TMUV MM1775-isolaat. Vervolgens zijn twee gelijke TMUV 
repliconsystemen ontworpen die ofwel indirect gebruikt konden worden door eerst een in vitro 
RNA transcriptiereactie uit te voeren alvorens ze aan de doelcel werden toegediend, of direct 
toegediend als een DNA-gelanceerd replicon RNA (DNA-launched replicon vector; DREP). Om 
het replicon systeem te construeren hebben we de TMUV-infectieuze kloon aangepast door de 
virale structurele genen te vervangen door genen die coderen voor verschillende fluorescerende, 
luminescente of virale (glyco) eiwitten van specifieke kippenziektes. Met behulp van deze 
marker-eiwitten hebben we de expressiekinetiek en het cytopathisch effect (CPE) van het TMUV 
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replicon in babyhamster nier-fibroblast cellen (baby hamster kidney fibroblast cells, BHK-21) 
geëvalueerd. Daarnaast is aangetoond dat de TMUV-replicon markertransgenen tot vier dagen 
na elektroporatie van het replicon in BHK-21 cellen tot expressie komen en dat daarbij een 
minimaal cytopathisch effect wordt gedetecteerd. Bovendien hebben we met een uitgebreide 
analyse, waarbij we kijken naar de expressie, glycosylering, en lokalisatie, aangetoond dat 
het TMUV-replicon systeem uitermate geschikt is voor de expressie van hemagglutinine 
(hemagglutinin, HA; AIV), peplomeer (spike, S; IBV) of eiwitmantel (nucleocapsid, VP2; IBDV), 
wat een robuuste basis legt voor een nieuw zelf vermeerderend vaccinplatform in pluimvee.

Om een beter inzicht te krijgen in het verschil tussen het nieuwe, op vogels aangepaste TMUV 
repliconsysteem en het bestaande VEEV repliconsysteem, hebben we een rechtstreekse 
vergelijking uitgevoerd waarin we hebben gekeken naar de replicon expressie kinetiek in zowel 
zoogdier- als vogelcellijnen. In tegenstelling tot VEEV, kwam de expressie van het TMUV 
replicon traag op gang, maar resulteerde uiteindelijk in een hogere cumulatieve expressie van 
de heterologe reportergenen zonder duidelijke aanwezigheid van CPE. Verder hebben we twee 
extra TMUV-replicons geconstrueerd waarbij de eiwitmantel (capsid, C) genen verlengt zijn in 
vergelijking met het al bestaande replicon waarbij alleen het minimale capside gen is gecodeerd 
(minimale replicon). Deze verlengde replicons bevatten aanvullende, in cis-werkende, RNA-
elementen waarmee de heterologe genexpressie van het TMUV-replicon kan worden verbeterd. 
De gegenereerde TMUV replicon capsidevarianten vertoonden een vroege marker eiwitsynthese 
in combinatie met een gelijke of zelfs hogere totale marker eiwitproductie. Dit alles ten koste 
van een verhoogde CPE niveau vergeleken met het minimale replicon. Deze resultaten dragen 
bij aan het verder karakteriseren van het TMUV replicon systeem, zoals de aanpasbaarheid 
van dit systeem met betrekking tot de aanvang alsmede de totale hoeveelheid genexpressie, 
maar vooral de verschillen in expressiekinetiek vergeleken met het VEEV repliconsysteem.

Na het karakteriseren van de verschillen tussen het TMUV en het VEEV repliconsysteem, 
waarbij kenmerkende expressieprofielen zijn geobserveerd in vitro, hebben we het onderzoek 
voortgezet met de evaluatie van deze platformtechnologieën in vivo door één-dag-oude 
kuikens te vaccineren met lipide nanodeeltjes die replicon-RNA of DREP bevatten. In de 
derde week na de eerste vaccinatie werden de kuikens opnieuw gevaccineerd met hetzelfde 
vaccin, waarna bloedmonsters werden genomen tot en met de 13de week na de eerste vaccinatie. 
Ondanks de aanwezigheid van antilichamen tegen IBDV in kuikens gevaccineerd met TMUV 
replicon RNA en DREP, is er geen significante humorale reactie tegen AIV gedetecteerd. 
Intrigerend genoeg is in kuikens gevaccineerd met VEEV DREP een vroegtijdige en krachtige 
antilichaamreactie gedetecteerd tegen HA en VP2, terwijl dit niet het geval is voor kuikens 
gevaccineerd met VEEV replicon RNA. Desalniettemin kan geconcludeerd worden dat 
zowel de replicon-RNA als de DREP entiteit van het op vogels afgestemde TMUV-replicon-
platform geschikt zijn voor het vaccineren van kuikens tegen IBDV. Echter, om zeker te 
weten of de door TMUV-opgewekte immunereactie tegen IBDV genoeg is om de kippen 
daadwerkelijk te beschermen, zijn additionele virus "challenge" noodzakelijk. Daarnaast is 
verder onderzoek nodig om de oorzaak van de afwezige humorale reactie tegen het HA-antigeen, 



179

S

tot expressie gebracht door het TMUV-replicon, te identificeren en het verschil tussen de 
verschillende replicon-entiteiten in kaart te brengen met betrekking tot seroconversie bij kuikens.

Als alternatief voor de synthetische lipide deeltjes die in de vorige immunisatiestudie werden 
gebruikt, werd ons onderzoek uitgebreid met het maken van een drager afkomstig van een 
virus: de zogenaamde virus-achtige replicon deeltjes (virus-like replicon particles, VRPs). 
VRPs zijn efficiënte dragers die normaliter worden geproduceerd door cellen te voorzien van 
zowel de virale structurele genen als het replicon RNA. Om de meest geschikte cellijn voor 
de productie van deze VRPs (helper cellijn) te identificeren, hebben we verschillende cellijnen 
die afkomstig zijn van zoogdieren, vogels en muggen geïnfecteerd met TMUV WU2016 en 
vergeleken met de prototypische en van muggen afkomstige TMUV MM1775 stam. Beide 
virusstammen hebben geleid tot hoge virale titers in humane (HEK293T), kippen (DF-1), 
eenden (EB66) en muggen (Chao ball, Aag2 en C6/36) cellijnen. Uiteindelijk zijn de HEK293T-
cellen geselecteerd als de meest geschikte cellijn om VRPs mee te produceren. Vervolgens 
is door middel van lentivirale transductie en fluorescentie-geactiveerde celsortering een 
monoclonale, induceerbare helpercellijn gemaakt. Daarnaast is door middel van elektroporatie 
het replicon-RNA in de monoclonale helpercellen geïntroduceerd en is de efficiënte productie 
van VRPs in gang gezet en aangetoond. Vanwege de relatief lage TMUV VRP titer, hebben 
we geprobeerd om potentiële factoren die invloed hebben op de VRP productie door middel 
van transmissie-elektronenmicroscopie in kaart te brengene. Hiermee is ontdekt dat in de 
geïnduceerde monoclonale helpercellen eiwitaggregaten ophoopte die afwezig waren in niet-
geïnduceerde helpercellen. Ondanks dat deze deeltjes in de eiwitaggragaten van vergelijkbare 
grootte waren als de VRPs in het supernatant, is het onbekend of deze aggregaten daadwerkelijk 
virale eiwitten bevatten en of dit gecorreleerd kan worden aan de lagere VRP opbrengst. 

Kortom, de experimentele resultaten die in deze scriptie worden gepresenteerd hebben 
als doel bij te dragen aan de ontwikkeling van een nieuw, op vogels-aangepast, TMUV 
repliconplatform. We hebben aangetoond dat er aanzienlijke verschillen in expressie te zien 
zijn ten opzichte van het bestaande VEEV-replicon zowel in vitro als in vivo. Het TMUV 
replicon, of het nu als RNA of DNA-vector werd toegediend, resulteerde in een specifiek 
humorale immuunreactie bij kippen. Daarnaast heeft de uitgebreide analyse van de groeikinitiek 
van TMUV in verschillende cellijnen, in combinatie met de maken van een monoclonale 
helpercellijn, bijgedragen aan het vaststellen van een volledig repertoire van replicon-
modaliteiten dat een groot potentieel biedt voor de toekomstige vaccinatie van pluimvee. 
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