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ABSTRACT 

 

 
The development of subunit vaccines with genetic engineering methods significantly facilitates 

the process of vaccine construction, as it allows placing a large number of antigen molecules on the 

surface of virus-like particles (VLP). Such approach provides the important multiplicity vaccines 

require, which is important in triggering strong immune responses. VLPs are self-assembling protein 

structures consisting of the outer layer of the virus that mimics the natural configuration of the virus, 

but does not contain its own genome, which is responsible for the viral replication and infection. The 

high similarity to native virus allows VLPs to elicit humoral and cell-mediated immune responses, 

exhibiting B cell activity and high-titer antibody production enhanced by exposed, structured and 

repetitive amino acid motifs on the surface of VLPs. These properties make VLPs an ideal vaccine 

candidate. 

The use of plant VLPs in the creation of vaccines has several positive features - plant VLPs can 

be used as one carrier in different vaccines, since the mammalians do not have pre-existing immunity 

against these viruses. Nowadays, the immunological properties of only some plant VLPs are 

understood and defined, therefore, for the successful use of these objects in vaccinology, it is 

necessary to construct and test new plant VLPs, which would be possible to compare with each other, 

drawing conclusions about their immunological activity in the mammalian body. 

In the course of the research, several bacterial platforms based on plant VLPs were created for 

the evaluation of antigen presentation capabilities by comparing different antigen-containing plant 

VLP candidates (from the genera Bromovirus, Potyvirus and Tymovirus) with different morphological 

forms (filaments and icosahedrons), trying to evaluate the most immunologically successful form of 

antigen presentation. First, various variants of plant VLPs with distinct morphological forms were 

generated using different antigen incorporation methods, which included genetic, chemical, 

enzymatic, and physical approaches. Second, modified plant VLPs were constructed, incorporating 

the major cat allergen Fel d 1 as a model antigen. Various methods of antigen presentation on the VLP 

surface were then tested in murine models. Immunological data were then obtained by immunizing 

the mice and assessing various parameters, including total antibody titer, antibody subclass 

distribution, the avidity or presence of specific antibodies, and, in some cases, the dispersion flow of 

these VLPs in the lymph nodes. These studies have successfully confirmed the significant potential 

of plant VLPs in the development of new vaccines. 
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KOPSAVILKUMS 

 

 
Subvienību vakcīnu attīstība ar ģenētiskās inženierijas metodēm būtiski atvieglo vakcīnu 

konstruēšanas procesu, jo ļauj izvietot uz vīrusveidīgo daļiņu (VLP) virsmas lielu skaitu antigēna 

molekulu, nodrošinot vakcīnām nozīmīgo multiplicitāti, kas savukārt ir nozīmīga spēcīgās 

imunūnatbildes izraisīšanā. VLP ir pašsavākties spējīgas proteīnu struktūras, kas sastāv no vīrusa ārējā 

apvalka, kas ir identiska vīrusa dabiskajai uzbūvei, bet nesatur savu genomu, kas atbildīgs par spēju 

replicēties un inficēt saimniekorganismu. Lielā līdzība ar dabīgajiem vīrusiem ļauj VLP uzrādīt  

humorālo un šūnu radīto imūno atbildi, uzrādot B šūnu aktivitāti un augsta titra antivielu ražošanu, ko 

pastiprina uz VLP virsmas eksponēti, strukturēti un atkārtoti aminoskābju motīvi. Šīs īpašības padara 

VLP par ideālu vakcīnu kandidātu. 

Augu VLP izmantošanai vakcīnu veidošanā ir vairākas pozitīvas iezīmes – augu VLP var 

izmantojot vienu nesēju dažādās vakcīnās, jo zīdītāju organismā nav iepriekš eksistējošas imunitātes 

pret šiem vīrusiem. Mūsdienās tikai dažu augu VLP imunoloģiskās īpašības ir izprastas un definētas,  

līdz ar to veiksmīgai šo objektu izmantošanai vakcinoloģijā nepieciešams konstruēt un pārbaudīt  

jaunas augu VLP, ko būtu iespējams savstarpēji salīdzināt, izdarot secinājumus par to imunoloģisko 

aktivitāti zīdītāju organismā. 

Pētījuma gaitā tika izveidotas vairākas uz augu VLP balstītas baktēriju platformas antigēnu 

prezentācijas spēju novērtēšanai, salīdzinot dažādus antigēnu saturošus augu VLP kandidātus (no 

Bromovirus, Potyvirus un Tymovirus ģintīm) ar dažādām morfoloģiskām formām (filamentiem un 

ikosaedriem), mēģinot novērtēt imunoloģiski veiksmīgāko antigēna prezentācijas veidu. Pirmkārt, 

tika izveidoti vairāki augu VLP varianti ar atšķirīgām morfoloģiskām formām, izmantojot dažādus 

antigēnu ievietošanas paņēmienus, kas ietvēra ģenētiskās, ķīmiskās, enzimātiskās un fizikālās 

metodes. Otrkārt, tika izveidoti modificēti augu VLP, ievietojot galveno kaķu alergēnu Fel d 1 kā 

modeļa antigēnu uz VLP virsmas, tālāk pārbaudot to imunogenitāti peļu modeļos. Pēc tam 

imunoloģiskie dati tika iegūti, imunizējot peles un novērtējot dažādus parametrus, tostarp kopējo 

antivielu titru, antivielu apakšklašu sadalījumu, aviditāti vai specifisko antivielu klātbūtni un dažos 

gadījumos šo VLP ieplūšanas ātrumu limfmezglos. Šie pētījumi ir veiksmīgi apstiprinājuši augu VLP 

nozīmīgo potenciālu jaunu vakcīnu izstrādē. 
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INTRODUCTION 

 

 
One of the greatest medical achievements of the 20th century is undoubtedly the invention of 

vaccination, which protects about six million people a year from the lethality of diseases caused by 

bacteria and viruses (Andre et.al.,2008). Prior to the development of recombinant vaccine 

technologies, vaccines were produced from the viral or bacterial pathogens using chemical or physical 

pathogen inactivation. However, this application is associated with numerous safety flaws - with the 

possibility of weakened pathogens turning into disease instead of protecting against it (Zeltins, 2016). 

Over the past three decades, virus – like particles (VLPs) have become a widely used technology 

(Zeltins, 2013) and are currently the most successful recombinant vaccine platforms, emerging as a 

leader in vaccine development due to their safety, immunogenicity, and manufacturing advantages. 

The fact that VLPs exhibit a particulate structure with densely presented viral structural proteins on 

their surface makes them an appealing choice for displaying foreign epitopes. Consequently, a few 

vaccines built on VLP platforms have obtained approval for human usage and have enjoyed 

substantial success in both clinical and economic terms (Chen & Lai, 2013). There are only few 

licensed VLP vaccines and just one is approved for human use with a foreign epitope – malaria epitope 

Pfs25 fused with carrier Hepatitis B surface antigen (HBsAg) (RTS, S vaccine) (Balke & Zeltins,  

2020). 

VLPs are self-assembling protein structures consisting of a viral outer layer that mimics the 

natural repetitive three-dimensional architecture of corresponding viruses but do not contain their 

genomes, which is responsible for the ability to replicate and infect host cells. The high similarity to 

native virus enables VLPs to exhibit both humoral and cell-mediated immune responses (Liu et.al., 

2012), for example by exhibiting B cell activity and high-titer antibody production enhanced by 

exposed, structured and repetitive amino acid motifs on the surface of VLPs (Bachmann & 

Zinkernagel, 1997). In addition, nanometer-sized VLPs can be uptaken by antigen-presenting cells 

and degraded, leading to T cell activation (Bachmann & Dyer, 2004). These properties make VLPs as 

ideal candidates for vaccines, which can also be used in various novel biomaterials, drug delivery 

systems, and gene therapy processes (Zeltins, 2013). 

The immunological properties of only some plant VLPs are understood and defined, therefore 

it is necessary to construct, test and compare new plant VLPs with different morphology, drawing 

conclusions about their immunological activity in the mammalian body. Accordingly, the ability to 



10 
 

supplement these VLPs with T cell-stimulating epitopes and enhance the induced immune response 

is a very useful feature in the development of vaccine efficacy, which could also be found in other 

plant VLPs. Therefore, there is a need to construct new plant VLPs with immunologically active and 

defined functions that could serve as a stable vaccine platform or as a vaccine adjuvant. 

This work provides a huge experimental basis for the creation of new, universal and 

immunologically known plant VLP platforms, which could further be used in the development of new 

vaccines by adding specific antigens for the treatment of infections and other diseases, such as cancer, 

autoimmune diseases and allergies. The obtained data would also allow to conclude on the 

immunogenicity of plant VLPs in animal models, where the effect of T cell epitopes and structural 

fragments of VLPs on the immune system response would be tested. 

The aim of this study was to construct new plant VLP candidates from the genera Bromovirus, 

Potyvirus and Tymovirus containing two antigens (tetanus toxoid and Fel d 1) with different 

morphological forms (filaments and icosahedrons) and evaluate their immunological potential in 

mice. 

According to the aim of the work several work tasks were proposed: 

1. Construct antigen-containing plant VLPs from the genera Bromovirus, Potyvirus and 

Tymovirus and perform their characterization and morphological assessment with various genetic, 

chemical, enzymatic and physical methods; 

2. Perform immunization in mice models and evaluate VLP immunogenicity and draining 

kinetics or ability to induce antibodies against introduced Fel d 1 antigen, focusing on different antigen 

presentation strategies; 

3. Evaluate and analyze the obtained results, explaining the positive and limiting factors of each 

established vaccine platform based on their immunological results. 
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1. LITERATURE OVERVIEW 

 

 
1.1. Plant virus – like particles (VLPs) 

1.1.1. Description of Bromoviridae family 

 
Bromovirus is a family of plant viruses with tri – partite, positive – sense single stranded RNA 

(ss (+) RNA) genomes of about 8 kb in size. Genomic RNAs are packaged in separate virions which 

may also vary in morphology (spherical or bacilliform) and they are transmitted between hosts 

mechanically, in/on pollen by insect vectors. The members of the family are responsible for major 

disease epidemics in fruit, vegetable, and fodder crops such as tomato, cucurbits, bananas, fruit trees, 

and alfalfa. Bromovirus family consists of 6 genera and 36 species by the time of 2020 (ICTV 2020) 

including Alfamovirus and Cucumovirus which are transmitted by aphids. Two other genera 

Anulavirus and Ilarvirus are transmitted by thrips or pollen but members of Bromovirus by beetles. 

Transmission route for members of the genus Oleavirus is not yet known. Three of mentioned - 

Alfamovirus, Bromovirus and Cucumovirus - are widely used in VLP nanotechnologies (Bujarski, 

2021). 

1.1.1.1. Genome organization of Bromovirus genus 

 
Bromovirus genome is segmented, consisting of three genomic RNAs (gRNA; gRNA1; 

gRNA2; gRNA3) and one subgenomic RNA (sgRNA4) (Figure (fig.) 1). Each of gRNAs are packed 

in its own capsid. Virion with the smallest gRNA (gRNA3) also contains a sgRNA4, which is 

transcribed from the gRNA3 3 'end and codes for coat protein gene (CP). All four gRNAs possess the 

CAP structure at 5 ' end and 3' untranslated regions (UTR) which resemble the structure of tRNA 

(King et.al., 2012). 
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Figure 1. Shematic representation of CCMV genome organization (Ali et.al., 2011). 

 

For bromoviruses, RNA replication functions are provided by proteins encoded by gRNA1 and 

gRNA2 which are packed into separate particles. gRNA1 and gRNA2 are monocistronic, encoding 

the 1a (958 aa, gRNA1) and 2a (94 kDa, gRNA2) proteins respectively. 1a contains methyltransferase 

and helicase motifs, while 2a contains an RNA-dependent RNA polymerase (RdRp) motif that ensures 

viral RNA replication (Kroner et al., 1990; Traynor et al., 1991). Heterologous combinations of 

CCMV gRNA1 and gRNA2 do not assure viral gRNA replication, possibly due to impaired ability of 

1a and 2a proteins to recognize cis-terminal activating signals which serve as initiate factors for (+) 

RNA synthesis (Speir et al., 1995). 

gRNA3 is dicistronic, encoding 3a or movement protein (MP, 32 kDa), which is involved in 

cell-to-cell transmission of the virus, and CP, which is translated from sgRNA4 (King et al., 2012). 

Bromovirus gRNA3 contains an intercistronic oligo-A sequence identified in CCMV, Brome Mottle 

Virus (BMV) and Broad Bean Mottle Virus (BBMV; Khan & Dijkstra, 2006). In BMV, this 16 - 22 

nt long sequence is located 20 nt before the 5' end of sgRNA4. After performing CCMV secondary 

structure analysis it was determined that the oligo-A sequence allows the synthesis of sgRNA4 from 

gRNA3 (Wyatt & Kuhn, 1980). To determine the size and location of the CCMV gRNA3 oligo–A 

sequence, 22 randomly selected full-length cDNA clones were sequenced by Zhao et.al. in 1995. The 

CCMV oligo-A sequence was located 18 nt before the 5' end of sgRNA4 (Zhao et al., 1995) and 

varied in size from 34 to 55 nt. Although the location of the CCMV oligo-A sequence matches the 

one described in BMV, it was much shorter (Alison et al., 1988). 
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In 1972 Bancroft & Flack combined all BMV gRNAs into a single fraction (gRNA1, gRNA2 

and gRNA3) and inoculated it into Chenopodium hybridum and found that all three RNAs replicated 

together, causing lesions in the plant. These results were also confirmed in 1988 by Alison and 

colleagues with in vitro experiments with BMV and CCMV gRNA, where combining CCMV gRNA1 

and gRNA2 with BMV gRNA3, also managed to cause local damage in infected plants (Bancroft & 

Flack, 1972; Alison et.al., 1988). All three virions are required for successful infection of the plant 

(Zlotnik, et.al, 2000). 

 

Experiments with CCMV wild-type CP and N-terminal mutant by Schneider and colleagues in 

1997 found that full-length CP is required for CCMV virion formation, but systemic infection of the 

virus is ensured by the first two-thirds of the carboxyl-terminal end of CP. This indicates that the 

systemic movement of CCMV through the plant does not require virion formation, but that the viral 

RNA enters plants in an unencapsidated form. It is possible that the carboxyl-terminal end of the 

CCMV capsid either physically protects the gRNA during viral movement or actively interacts with 

host factors and other viral proteins during systemic viral infection (Schneider et al., 1997). 

1.1.1.2. Cowpea chlorotic mottle virus (CCMV) 

 
Cowpea Chlorotic Mottle Virus (CCMV) is an icosahedral ss (+) RNA plant-infecting virus 

belonging to the Bromoviridae family (Fox et.al., 1998). The structure of CCMV was determined in 

1995 by X-ray crystallography at 3.2 Å resolution (Fig. 2), which revealed several aspects previously 

not observed in other plant viruses. The size of the virus is 28 nm and its determined structure led to 

the conclusion that the basic unit of virus self-assembly is non-covalent CP dimers. These dimers form 

hexamers (trimers of dimers) and the T=3 symmetry of the virus is achieved by connecting non- 

covalent dimers, viral RNA and divalent cations (Speir et.al., 1995). 
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Figure 2. CCMV capsid. A) Electron microscopy image of CCMV (Lavelle et.al., 2007); 

B, C - Native CCMV crystal structure. B) Science Photo; search CCMV 

(https://www.sciencephoto.com/); C) Protein Data Bank; file 1CWP). 

 
CCMV is an intriguing subject of study due to its relatively simple and symmetric structure and 

the fact that it possesses several properties that make it highly attractive for research. One such 

property is its ability to self-assemble in vitro. By combining the capsid protein with RNA under 

specific pH and ionic strength conditions, infectious viruses can be spontaneously formed, which are 

indistinguishable from those found in infected plants (Fox et.al., 1998). Additionally, under different 

conditions, the capsid protein alone can self-assemble into empty capsids that are structurally identical 

to the full capsids (Fox et.al., 1998). This allows for a comparison between the properties of empty 

and full capsids, enabling researchers to assess the impact of protein-RNA interactions on the elasticity 

and strength of the capsid (Michel et.al., 2006). 

Furthermore, CCMV capsids have the remarkable ability to assemble around various anionic 

polymers without external assistance (Douglas & Young, 1998). This unique characteristic has 

sparked interest in utilizing CCMV as nanocontainers, opening up possibilities for applications in 

nanotechnology. In summary, CCMV's self-assembly capabilities make it a compelling target for 

scientific investigation. Its properties offer valuable insights into the protein-RNA interaction within 

capsids and hold potential for innovative nanocontainer applications (Michel et.al., 2006). 

By sequencing the entire CCMV genome in 1988 Allison and colleagues, discovered three 

CCMV strains (T, M1, R), although only the gRNA3 sequence has been determined for the CCMV- 

M strain. The symptoms caused by these strains are different - the CCMV-T strain causes systemic 

infection in cowpea, but the CCMV-M strain produces only pale green leaf spots (Allison et.al., 1988). 

In 2002, de Assis Filho conducted a study to identify the symptom-causing region in the CCMV 

http://www.sciencephoto.com/)%3B
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genome. Generation of pseudorecombinants from CCMV-T and CCMV-M strains by exchange of 

their gRNA3 fragments and direct mutagenesis of the CP gene revealed that 151st aa residue of the 

CP gene is responsible for the disease phenotype in cowpea. Analysis of the structure revealed that it  

is located in an α-helix structure and ensures virion stability and ion attraction. These results suggest 

that it is indeed the aa at position 151 that causes the phenotypic expression, and not the nucleotide 

sequence of gRNA3 (de Assis Filho et.al., 2002). 

 

In 2008, Ali and Rossinck described two new CCMV isolates, Car1 and Car2, which were 

isolated from a naturally occurring mixed infection of CCMV and Cucumber mosaic virus (CMV) in 

cowpea (Vigna unguiculata). When cowpea plants were infected separately with both isolates, it was 

found that CCMV-Car1 caused severe mosaic chlorosis spot infection, while CCMV-Car2 caused 

only dull spotting on plant leaves. Phylogenetic analyzes comparing gRNA1 showed that the CCMV- 

Car2 isolate is similar to the previously mentioned CCMV-R strain, and that CCMV-Car1 is distantly 

similar to all CCMV strains. The sequence similarity of the two isolates was 99.3% for gRNA2 and 

gRNA3, but 94.6% for gRNA1 alone, which explains the different course of infection (Ali & 

Roossinck, 2008; Ali et.al., 2011). 

1.1.1.3. Structure of CCMV capsids 

 
The overall shape of the CCMV virion resembles that of a truncated icosahedron, with three 

chemically identical gene products referred to as icosahedral asymmetric subunits, labeled A, B, and 

C. The CCMV CP subunits assemble into an icosahedral capsid structure through a combination of 

hydrophobic interactions, hydrogen bonding, and electrostatic interactions where the CCMV capsid 

is composed of 180 identical CP subunits (12 pentameric and 20 hexameric) arranged in a T=3 quasi- 

symmetry (Fig. 3) (Speir et.al., 1995). 

The CCMV CP is made up of 190 aa residues and exhibits a structural arrangement consisting 

of an eight β – barrel core arranged in a cylindrical shape (residues 52 - 176) with the N-terminal end 

(1 - 51 aa residues) and the C-terminal end (176 - 190 aa residues) each pointing in its own direction. 

These β - strands are numbered from A to H and are arranged in an anti-parallel fashion and connected 

by loops of varying length as seen below (Fig. 3). Two short α-helices located at the top and bottom 

of the barrel refers to amino – terminal (N – terminus) streches from residues 1 to 51 while the 

carboxyl – terminus (C – terminus) extends from residues 176 to 190 (Zhao et.al., 1995). 
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Figure 3. Schematical presentation of a CCMV virion and the coat protein subunit (Hassani – 

Mehraban et.al., 2015). 

 

The N-terminal domain contains a helix-turn-helix motif, carries a significant positive charge 

and first 26 aa project into the interior of the capsid, establishing an electrostatic interaction with the 

viral RNA and are essential for RNA packaging, while 27 - 35 aa form a β-hexamer that stabilizes 

hexameric capsomers (Speir et.al., 1995). Furthermore, 44 - 51 aa of N terminal end serve as a support 

element for the C -terminal end (Smith, et.al., 2000), which is also located inside the capsid (Vriend 

et.al., 1986). The C-terminal domain aligns tangentialy with the capsid structure, fitting in between 

the N – terminus and the β – barrel structure of adjacent CP subunits, thus playing a stabilizing role 

in dimeric interactions (Vriend et.al., 1986). 

 

An initial proposal suggested that the early stage of virion formation involved the arrangement 

of six dimers, which formed a stable hexamer structure. This β-hexamer structure serves as a base for 

subsequent steps, including the addition of more dimers, the binding of divalent metal cations, and the 

encapsidation of viral RNA. These factors induced protein shell curvature, leading to the formation 

of pentamers and the recruitment of additional hexamers, ultimately resulting in the formation of the 

T-3 icosahedral virion (Johnson and Speir, 1997). This assembly model emphasized the significant  

role played by the β-hexamer structure in initiating virion assembly. However, later study on CCMV 

capsid assembly challenged this initial proposal by suggesting that nucleation occurs through the 

formation of a pentamer, rather than a hexamer of dimers (Zlotnick et al., 2000). Overall, the structure 

of the CCMV CP subunit and the capsid it forms play a critical role in the virus life cycle, including 

protecting the viral genome, mediating host cell entry, and facilitating RNA replication and assembly. 
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1.1.1.4. Salt – stable CCMV CP 

In order to successfully use VLPs as platforms for recombinant vaccines, it is necessary to 

achieve their stability at the pH of circulating mammalian body fluids. The pH value of mammalian 

blood and blood plasma is strictly regulated between 7.37 – 7.43, which is essential for body fluid 

homeostasis, as many metabolic processes in the body are particularly sensitive to changes in H+ ion 

concentration (Atherton, 2009). Likewise, the chemical coupling method using the succinimidyl-6- 

(β-maleimidopropionamido) hexanoate (SMPH) linker, which would be necessary for the covalent 

attachment of the antigen on the VLP surface, would need to be performed at pH 7-9 according to the 

standard protocol, but must not be lower than pH 6.5 

(https://www.thermofisher.com/order/catalog/product/22363). Since the stability of CCMV at this pH 

is not optimal, a solution was needed for the future use of VLPs in the vaccinology industry. 

 

In order to eliminate application deficiencies Bancroft and colleagues in 1973, analyzing the 

aa sequence of CCMV CP, found that the replacement of one aa from lysine (K) to arginine (R) results 

in salt stable (SS) CCMV, which does not dissociate at high pH (pH 7.5) and high ionic strength (1M 

NaCl), retaining 70% infectivity (Bancroft et.al., 1973). Further studies confirmed the substitution of 

a single aa at position 42, which can be achieved by site-specific mutagenesis (K42R) in the native 

capsid protein of the virus (Fox et.al., 1996). 

 

1.1.1.5. Self – assembly of CCMV CP 

 
One of the life cycles of icosahedral viruses such as CCMV is organized by protein-protein 

and protein-nucleic acid interactions (Bancroft & Hiebert, 1967; Allison et.al., 1988), therefore 

structural changes in viral capsids are critical for capsid self-assembly and disassembly, as well as in 

the process of release of packaged nucleic acid (Speir et.al., 2006). CCMV is one of the most stable 

viral self-assembling systems - it is the first icosahedral virus assembled in vitro from purified viral 

components (Bancroft & Hiebert, 1967) and is able to self-assemble into VLPs without the presence 

of RNA (Speir et al., 1995; Lavelle et al., 2009, Schoonen et.al., 2017). The initial study on CCMV 

self-assembly by Adolph & Butler in 1974 suggested that CCMV can adopt different morphological 

forms depending on the pH and ionic strength conditions. These forms included multi-shells, tubes, 

or even hexagonal nets of CP subunits (Adolph & Butler, 1974). Pronounced structural changes appear 

by changing the H+ concentration (pH), ionic strength and divalent cation concentration of the 

medium, which results in the formation of a “swollen” - 10% larger CCMV capsid formation 

http://www.thermofisher.com/order/catalog/product/22363)
http://www.thermofisher.com/order/catalog/product/22363)
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(Bancroft & Hiebert, 1967). Without the presence of divalent cations, CCMV particles are stable at a 

pH 6.0 or less and an ionic strength up to 0.2, but when the pH is increased to 7.0 and an ionic strength 

up to 0.4, the capsid dissociates into protein dimers. If the pH is raised above 7.0 at low ionic strength, 

the particles immediately transition into the “swollen” form (Speir et.al., 2006). Although the optimal 

stability of CCMV is between pH 4.8 (Lavelle et.al., 2007) – 6.0 (Speir et.al., 2006). In 2007, Lavelle 

and colleagues showed that CCMV VLPs with their packaged RNA are stable even at pH 7.5, unlike 

CCMV VLPs without nucleic acid, but as a side effect a reduction in the number of capsids was 

observed (Lavelle et.al., 2007). 

The CCMV capsid exists in two different structural forms (Bancroft & Hiebert, 1967; Speir et 

al., 1995; Johnson & Speir, 1997) - the native structure of the wild-type capsid with or without RNA, 

stable at pH 5.0, with an average diameter of 28 nm and with an average inner diameter of 21 nm, but 

when the pH is raised to the basic side (pH 7.0), the average radius size of the capsid increases by 

forming swollen particles but the "empty" capsid remains unstable and dissociates. Although wild- 

type CCMV is unstable at pH 7.0, its SS mutant variant remains stable at high pH (Fox et al., 1996). 

This property is used to encapsulate inorganic materials, negatively charged polymers and enzymes 

by adding these molecules to the culture medium in the process of protein dimer assembly (Schoonen, 

et.al., 2017). VLPs are predominantly composed of 90 CP dimers forming T=3 symmetry, although 

T=1 and pseudo T=2 formation can also be observed (Tang et al., 2006). 

CCMV CP has been widely used as an efficient object in nanoparticle studies (Michel et al., 

2006; Klug et al., 2006) because its structure serves as an excellent model for studying in vitro particle 

self-assembly process by varying buffer conditions (Bancroft, 1970). As the first 26 aa residues of 

CCMV CP are important for interaction with gRNA (Speir et al., 1995), these structures ensure that 

the capsid swells in response to the electrostatic repulsion between the negatively charged aa residues 

in the center and the three-fold axis, which causes the opening of the pore formed by three CP subunits. 

Functionally, the appearance of pores during the increase in CCMV capsid size is critical for capsid 

disassembly and genome release in the host cell (Gibbons & Klug, 2008). 

 

Studies on the effects of environmental pH revealed that increasing environmental pH alters 

the mechanical response of CCMV even before the capsid structure has begun to change. Experiments 

with “empty” wild-type CCMV in their native state, at pH 5.0, revealed that the structure is relatively 

stable, but with a tendency for disruption (Michel et al., 2006; Klug et al., 2006). Experiments carried 

out with an 'empty' capsid at pH 6.0 showed that the capsid is three times 'looser' and remains flexible 
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even when 'punched with holes' (Michel et al., 2006). The capsid at pH 6.0 is not appreciably different 

from the native capsid, thus ruling out the possibility of mechanical changes in capsid geometry 

(Gibbons & Klug, 2008). 

1.1.1.6. CCMV CP applications in nanotechnology 

 
CCMV is one of the most stable viral self – assembling systems known and it is the first 

icosahedral virus assembled in vitro using purified viral components (Bancroft & Hiebert, 1967). 

Several studies have shown that CCMV can package various heterologous RNAs (Cadena – Nava 

et.al., 2012) as well as form empty particles (Adolph & Butler, 1976; Lavelle et.al., 2009). Since the 

disassembly and assembly of CCMV is easily manipulated by changing the pH, these results suggest  

that the successful encapsulation of substances for therapeutic purposes into the CCMV capsid could 

be relevant (Douglas & Young, 1998). 

In 2008 Hu and colleagues reported the encapsulation of the anionic polymer polystyrene 

sulfonate (PSS) into the CCMV capsid, choosing five different polymer sizes in a range of 408-3441 

kDa that CCMV could incorporate into its capsid. The results indicated that the incorporation of 

elements other than self-RNA depends on the size of the polymer and the preferred size of the CCMV 

capsid protein in which its serf-assembly are not disturbed. It was found that if the size of the polymer 

increased, the T value of the icosahedral virus also increased (from T3 to T7), suggesting the high 

structural plasticity of the CCMV capsid (Hu et.al., 2008). Furthermore, in other study by Valimaki 

et.al. in 2021 CCMV CP was conjugated to heparin – specific binding protein which allowed to 

encapsulate anticoagulant drug heparin in CCMV VLPs serving for possible heparin antidote 

applications (Valimaki et.al., 2021). 

The properties of CCMV can also be used in the development of antibacterial treatments, as 

Suci and colleagues did in 2007, modifying the virion to destroy Staphylococcus aureus biofilm 

formation, for example on the surfaces of implanted prostheses. The modified virus with the attached 

dye fluorescein or the aforementioned contrast agent gadolinium tetra-aza cyclododecane tetraacetic 

acid (GdDOTA) penetrated the biofilm and attached to the SpA protein on the surface of S. aureus, 

which made it possible to identify the locations of the biofilm-causing bacteria. These results lead to 

the conclusion that it is possible to treat the infections caused by bacteria in well-defined areas by 

packaging various substances in the CCMV capsid (Suci et al., 2007). 

The CCMV viral capsid can also be used for gene therapy purposes serving as a carrier for 

modified mammalian viral RNA packed inside the particle, as explored by Azizgolshani and 
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colleagues in 2013. They engineered a defective Sindbis virus-derived RNA (SINV-RNA) that would 

produce eYFP (enhanced yellow fluorescent protein) and packaged it into the CCMV capsid. 

Subsequently, after VLP transfection into hamster kidney cells (BHK) RNA release and transgene 

expression was observed, suggesting that CCMV might be a successful gene therapy platform 

(Azizgolshani et.al., 2013). Furthermore, a recent paper by Lam & Steinmetz in 2019 revealed that 

siRNA (small interfering RNA) loaded CCMV VLPs targeting gene knockdown were able to silence 

FOXA1 gene – a therapeutic target linked to breast or prostate cancer (Lam & Steinmetz, 2019). 

CCMV viral capsids can also serve as a visual contrasting agents in diagnostics. In 2007, 

Liepold and colleagues created a modified CCMV capsid in which a 9 aa residue metal ion-binding 

peptide derived from the Ca2+ ion-binding protein calmodulin was inserted into the N-terminal end 

of the CCMV CP gene, creating a CCMV-Cal complex. Then, GdDOTA, which is used in magnetic 

resonance imaging, was added to the endogenously available lysine residues of CCMV CP. It was 

concluded that CCMV binds the widely used counteragents in magnetic resonance - Gd3+ ions, which 

are produced by dissociation of GdDOTA and are toxic in their free form, but when bound to the 

CCMV-Cal complex (CCMV-Cal-Gd) are safe and form a high-resolution contrast agent (Liepold et. 

al., 2007). 

 

Studies of using CCMV as VLP carrier for vaccine development have been described in 

various papers by generating vaccine protypes against influenza A virus, Foot and Mouth Disease 

virus (FMD) (Hassani – Mehraban et.al., 2015) and against group B-streptococcus (GBS) capsular 

polysaccharide type III polysaccharide (Pomwised et.al., 2016). Furthermore, recent COVID – 19 

pandemics accelerated the development of CCMV VLP platform as a novel vaccine platform for 

SARS-CoV-2 epitope presentation suggesting CCMV CP as an attractive vaccine carrier for further 

clinical evaluation (Almendarez – Rodriguez et.al., 2022). 

1.1.2. Description of Potyviridae family 

 
Potyviridae is a family of viruses that belongs to the order Patatavirales and is one of the 

largest families of plant viruses. It includes many economically important pathogens that affect a wide 

range of plants, including crops, ornamentals, and weeds (Wylie et al., 2017). Members of the 

Potyviridae family are single-stranded RNA viruses that possess a positive-sense RNA genome which 

is encapsidated within a protein coat (King et al., 2012). All members of this family are characterized 

by their flexuous filamentous particles with helical symmetry (Khan & Dijkstra, 2006), measuring 

approximately 650 to 900 nanometers in length. Particle lengths of members of some of the six genera 
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differ – members of the genera Potyvirus, Ipomovirus, Macluravirus, Rymovirus, Tritimovirus, 

Brambyvirus and the unassigned viruses are monopartite with particle modal lengths of 650 – 900 nm, 

but members of the genus Bymovirus are bipartite with particles of two modal lengths of 250 – 300 

nm and 500 – 600 nm (King et.al., 2012). 

The genomic RNAs of potyvirids contain a single open reading frame (ORF) that codes for a 

major polyprotein, which is proteolytically processed by virus – encoded proteinases (Revers & 

Garcia, 2015). The coded RNA has a 5’ – terminal genome – linked 24 kDa protein (VPg) and a 3’ 

poly (A) tail (Riechmann et.al., 1992). In both potyviruses and bymoviruses the central and carboxy- 

terminal regions of polyproteins share a conserved organization and are responsible for encoding the 

mature viral proteins P3-6K1-CI-6K2-VPg-NiaPro-Nib-CP (Fig.4.) while the processing of this 

particular part of the polyprotein is accomplished by the 70 kDa proteinase NiaPro (Revers & Garcia, 

2015) with ATFase and helicase activity and forming cytoplasmic cylindrical inclusion bodies (CI) 

characteristic of the family Potyviridae (Roberts et.al., 1998). One intriguing feature universally found 

in this genomic region is the presence of a short ORF, known as "pretty interesting potyvirus ORF" 

or PIPO. Remarkably, this ORF is nestled within the P3-encoding region but in a different reading 

frame from the polyprotein sequence. The PIPO ORF is utilized to produce the P3N–PIPO protein 

through a +1 frameshift, which occurs at a specific location defined by a GA6 sequence (Chung et.al., 

2008). 

 

Figure 4. Schematic representation of Potyvirus and Rymovirus genera. The long open reading 

frame is represented as a box divided in final products by black lines. PIPO ORF is indicated as a 

striped area below the P3 region. The terminal protein (VPg) is represented as a black ellipse (Revers 

& Garcia, 2015). 

 
In a study involving six different potyviruses (bean yellow mosaic virus (BYMV), clover 

yellow vein virus (CIYVV), Johnson grass mosaic virus (JGMV), passion-fruit woodiness virus 

(PWV), potato virus Y (PVY), and watermelon mosaic virus II (WMV-2), researchers conducted mild 

proteolysis using trypsin on viral particles. This process revealed that the N- and C-terminal potyviral 

regions of CPs are exposed on the surfaces of these particles (Shukla et.al., 1988). The potyviral CPs 
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goes beyond its primary function of protecting the viral genome; it plays a multifaceted role 

throughout the entire viral life cycle. Notably, it actively participates in viral transmission through 

aphids, aids in genome replication and translation, and facilitates both cell-to-cell and long-distance 

movement of the virus. This protein's remarkable multitasking capabilities underscore its significance 

in orchestrating various essential processes at different stages of the viral life cycle (Kezar et.al., 

2019). 

Potyviridae viruses are known for their high genetic diversity and ability to infect a broad 

spectrum of hosts. They can infect over 200 plant families and more than 1,000 plant species. These 

viruses are typically transmitted through aphids and other insect vectors, as well as by seed, vegetative 

propagation, and mechanical means (Roossinck et.al., 2015). Upon infecting a host plant, Potyviridae 

viruses cause a variety of symptoms that can include stunting, mosaic patterns on leaves, yellowing, 

necrosis, and reduced yield. The severity of symptoms varies depending on the virus-host interaction 

and environmental conditions. Some Potyviridae viruses are known to cause devastating diseases in 

economically important crops, leading to significant yield losses (Visser et.al., 2012). 

 

Control strategies for Potyviridae viruses involve the use of virus-free planting material, insect 

vector control, and integrated pest management practices. Plant breeders also work on developing 

resistant cultivars to combat these viruses. Additionally, strict phytosanitary measures and quarantine 

regulations help prevent the introduction and spread of these viruses across different regions 

(Valkonen, 2007). 

1.1.2.1. Description of Potato Virus Y (PVY) 

 
One of the most well-known and economically important viruses in the Potyviridae family is 

Potato virus Y (PVY), which affects various Solanaceous plants, particularly potatoes. PVY can cause 

significant losses in potato production and poses a threat to agricultural productivity, affecting the 

quality and yield of potatoes (Kerlan & Moury, 2008). PVY was first described in 1930s as the causal 

agent of a serious disease in potato (Smith, 1931) and stands as a highly significant viral pathogen for 

potato crops globally, transmitted primarily by aphids (Kerlan & Moury, 2008). 

PVY is a nonenveloped virus with filamentous, flexuous rod-shaped virions, approximately 

600 - 900 nm long and 11–12 nm in diameter. These virions possess helical symmetry with an axial 

canal of 2–3 nm in diameter. The virus contains about 6% nucleic acid and a VPg, but no lipids or 

other components. The PVY genome consists of a single-stranded, positive-sense RNA molecule, 

approximately 3.1–3.2 million Da in size, with a polyadenosine sequence at the 3' terminus. PVY is a 
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complex virus that undergoes autoproteolytic cleavage to produce essential proteins responsible for 

its replication, assembly, and pathogenicity in potato and other host plants (Kerlan & Moury, 2008). 

The PVY RNA is around 9700 nucleotides long, excluding the poly(A) tail. Like other 

members of the Potyvirus genus, PVY expresses its single open reading frame as a large polyprotein 

(comprising 3061–3063 amino acids) that is autoproteolytically cleaved to yield ten functional 

proteins: P1, HC-Pro, P3, 6K1, CI, 6K2, VPg, NIaPro, NIb, and CP. The genome also contains two 

noncoding regions, 5’NTr (184 nt) and 3’NTr (ranging from 326 to 333 nt). The CP (29.95 kDa), 

comprising 267 aa residues, consists of a core region (218 aa) that is highly conserved in Potyvirus 

members. It also has two surface-exposed N-terminal (300 aa) and C-terminal (19 aa) regions, which 

are not essential for virus assembly and infectivity maintenance (Kerlan & Moury, 2008). 

The capsid, composed of approximately 2000 of CP units, assembles in a helical arrangement 

around the viral ssRNA, forming 680 – 900 nm long filaments. Recent cryoelectron microscopy 

analysis by Kezar et.al. in 2019 revealed several previously unknown facts about PVY CP. Various 

interactions between CP-CP and CP-ssRNA contribute to the flexibility and stability of PVY 

filaments, ensuring the virus's long-term infectivity, which is crucial for its economic significance. 

The research highlights the structural plasticity of the PVY CP, which plays multiple roles during 

different stages of infection. Besides protecting the viral genome, the CP is involved in viral 

transmission by aphids, genome replication, translation, cell-to-cell movement, and long-distance 

spread of the virus. Previous studies have indicated the assembly's location near the 5' end of genomic 

RNA, and other viral and host factors play essential roles in virion formation. Proteins like HcPro and 

VPg are involved in virion stabilization and RNA replication, further contributing to PVY's intricate 

life cycle (Kezar et.al., 2019). 

The three atomic structures reveal a consistent left-handed helical organization of monomers. 

These monomers consist of a globular core characterized by seven α-helices and one or two β-hairpins 

(Fig. 5). Additionally, the N- and C-terminal arms of the monomers do not exhibit any significant 

secondary structures. This structural similarity suggests a common underlying architecture for the 

monomers, which play a crucial role in the assembly and function of the viral particle (Kezar et.al., 

2019; Martinez-Turino & Garcia, 2020). The surface exposed N-terminal region of the PVY CP, 

spanning from Val44 to Gln77, plays a crucial role in the compactness of the capsid by acting as a clip 

that connects neighboring core subunits. Unlike previous assumptions that both termini are exposed 

on the surface (Shukla et.al., 1988; Anindya & Savithri, 2003), the C – terminal end of the PVY coat 
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protein is positioned within the inner lumen of the viral filament and are entirely shielded from the 

external environment (Fig.5) (Kezar et.al., 2019). Furthermore, apart from its role in genome 

encapsidation, the CP protein's N- and C-terminal domains have been identified as essential 

components for facilitating interactions between CP subunits during the initial stages of virus 

assembly (Anindya & Savithi, 2003). The deletion of up to 60 C-terminal residues does not hinder 

VLP assembly, while removing 49 N-terminal residues, including a few from the N-arm of the core, 

prevents VLP formation (Kezar et al., 2019). 

 

 
Figure 5. Structural features of PVY VLP. A) Structure of PVY CP (N – terminal region, red; 

core; grey). Bottom: A linear representation of CP, using the same colors as in the model above. B) 

Side and top views of the VLP filament; the colors as in (A). Position of on CP unit (pink) is shown 

in the filament (Kezar et.al., 2019). 

The structure of PVY protein rods bears some similarity to the stacked-disk rods formed by 

the tobacco mosaic virus (TMV) protein. In the initial research by McDonald et al., it was observed 

that individual building blocks, or monomers, separated from PVY virions, have the capability to 

reform into elongated VLPs in vitro even in the absence of RNA (McDonald et al., 1976). These 

reassembled structures, referred to as "stacked-ring particles," exhibited distinct characteristics that 

set them apart from the stacked-disk rods formed by TMV CP self-assembly and the helical potyviral 

particles. Interestingly, when these stacked-ring particles were exposed to viral RNA, they 

transformed into short helical rods that closely resembled the natural virions. This observation led 

researchers to propose that the stacked-ring particles might serve as transitional forms during the 

assembly of virions (McDonald & Bancroft, 1977; Shukla & Ward, 1989). 
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When the CP of potyviruses is expressed independently, devoid of any other viral components, 

it has the ability to spontaneously arrange into VLPs of varying lengths. This phenomenon has been 

observed in different in vivo heterologous systems and has been documented in various studies 

(Edwards et al., 1994; Hammond et al., 1998; Jagadish et al., 1991). Interestingly, the specific 

architecture of these VLPs depends on the particular type of potyviral CP being examined. For 

instance, CP from virus like Potato virus Y (PVY) (Kezar et al., 2019) have been observed to form 

already mentioned structures "stacked-ring particles." Furthermore, several studies suggest that 

potyviral VLPs are largely RNA – free (Cuesta et.al., 2019; Kezar et.al., 2019). 

1.1.2.2. Description of Potyviral VLPs as an antigen presenting tools 
 

Potyviral capsids have been effectively utilized for antigen presentation purposes through two 

main strategies. Firstly, this has been accomplished by generating VLPs using chimeric CPs expressed 

in different host systems. Second approach involves infecting plants with mutant viruses that include 

the foreign peptide coding sequence fused to the CP gene. The potyviral CPs exhibit remarkable 

adaptability when it comes to incorporating relatively large peptides and presenting them on the 

surface of VLPs (Martinez-Turino & Garcia, 2020). 

In line with this strategy, hybrid potyvirus VLPs have been engineered and expressed in E. 

coli system, for example, using modified versions of Johnsongrass mosaic virus (JGMV) CP where 

modified CP variants feature foreign sequences inserted into their N- and/or C-terminal regions (Saini 

& Vrati, 2003; Choudhury et.al., 2009). Likewise, in a similar fashion, the N-terminal region of PVY 

CP has been utilized for incorporation of Hepatitis B virus preS1 epitope and the complete rubredoxin 

protein from Pyrococcus furiosus into PVY CP, using E. coli as the expression system and resulting 

in chimeric VLPs (Fig. 6; Kalnciema et.al., 2012). Furthermore, chimeric Pepper vein banding virus 

(PVBV) particles were genetically engineered to contain the B domain from Staphylococcus aureus 

protein A (SpA) at the N - terminus of its CP and were successfully used as a potential diagnostic and 

therapeutic       nanocarriers       while       presenting       much       higher       affinity       toward 

IgGs than SpA itself (Sabharwal et.al., 2020). 
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Figure 6. Electron micrographs of PVY CP-derived VLPs. Purified VLPs formed from PVY 

CP after expression of the PvyCP gene. Bar 100 nm. (Kalnciema et.al., 2012). 

Employing an alternative approach for expression in plants, a vector based on Potato virus X 

(PVX) was utilized for two following studies. Within this framework, specific peptides E7 and L2 

originating from Human papillomavirus (HPV) type 16 fused to the either N- or C-termini of Potato 

virus A (PVA) CP were expressed in plant Nicotiana benthamiana and Brassica rapa through 

Agrobacterium tumefaciens mediated inoculation. As a result of these manipulations, VLPs carrying 

these fused peptides were successfully synthesized within these plant species and therefore showed 

the versatile capability of this system for peptide presentation on VLPs (Cerovska et.al., 2008; 

Hoffmeisterova et.al., 2008). Additionally, a recent study conducted by Pazos-Castro et al. in 2022 

demonstrated that VLPs derived from Turnip mosaic virus (TuMV) exhibit promising potential as 

valuable assets in nanoparticle applications for allergen-specific immunotherapy (AIT). Particularly, 

when the food allergen Pru p 3 was incorporated into the genetic fusion with TuMV CP, which was 

expressed in Nicotiana benthamiana, these VLPs exhibited notable potential in reducing some 

serological markers associated with allergic responses in mice without any potential of toxicity (Pazos 

– Castro et.al., 2022). 

 
1.1.3. Description of Tymoviridae family 

 
The Tymoviridae family comprises three genera: Tymovirus, Marafivirus, and Maculavirus. 

Tymoviruses and maculaviruses primarily target dicotyledonous plants, whereas marafiviruses have 

a preference for infecting Poaceae family plants. Members of this family share certain characteristics 

- their non – enveloped isometric particles are roughly 30 nm in diameter, having a round shape with 

distinct surface features and these particles cluster into pentamers and hexamers of coat protein 

subunits. Purified virus preparations reveal two sedimenting components: non-infectious protein 

shells (T) that may contain small RNA portions (mainly subgenomic coat protein mRNA), and 
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infectious nucleoproteins (B) that carry the virus's genetic material. The members of Tymoviridae 

family possess a positive-sense, single-stranded RNA genome with an unusually high cytidine content 

(ranging from 32% to around 50%). This RNA is capped at the 5' terminus and contains a very large 

ORF encoding replication-related proteins. The replication strategy likely involves post-translational 

proteolytic cleavage of the polypeptide encoded by ORF1, performed by a virus-encoded protease 

(Martelli et.al., 2002). 

The capsid of tymoviruses is made up of 20 hexameric and 12 pentameric subunits arranged 

in a T=3 icosahedron and the RNA seems to exhibit a degree of organization, possibly adopting an 

icosahedral pattern within the core of the protein shell (Fig. 7). The virus particles' CP consists of 

distinct protein compositions based on the virus type. For instance, tymoviruses contain a single 

protein species weighing 20 kDa, maculaviruses possess CPs around 24.5–25 kDa, and marafiviruses 

Oat blue dwarf virus (OBDV) and Maize rayado fino virus (MRFV) exhibit a major protein of 21– 

21.5 kDa along with a minor protein of 24.4–25 kDa. In contrast, other marafivirus Bermuda grass 

etched line virus (BELV) have CP composed of a single protein weighing approximately 21 kDa. 

Infected cells contain distinct cytopathic structures that are believed to be sites of RNA replication 

(Martelli et.al., 2002). 

 

A) B)  

Figure 7. The capsid of TYMV. A) Atomic rendering of a virion of turnip yellow mosaic virus 

(TYMV) (Canady et al., 1996). B) Negative contrast electron micrograph of TYMV stained with 1% 

phosphotungstic acid. Biochem. Biophys. Acta., 34, p103. The bar represents 100 nm. (Brenner & 

Horne, 1959). 

1.1.3.1. Description of Tymovirus genus 
 

Plant viruses within the Tymovirus genus are characterized as monopartite, linear, positive- 

sense single-stranded RNA (ssRNA) viruses which exhibit a T=3 icosahedral symmetry (King et.al., 
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2012). These viruses have 30-nanometer-sized virus particles that are constructed from a single 20 

kDa CP. Among the 28 species categorized in this genus, only 11 of them have been identified to be 

transmitted by beetle vectors which highlights the specificity of transmission (King et.al., 2012). All 

members of the genus are mechanically transmissible and a few (turnip yellow mosaic virus (TYMV), 

eggplant mosaic virus (EMV) and Dulcamara mottle virus (DMV)) are transmitted through seeds 

(King et.al., 2012). Vectors responsible for transmission primarily include flea beetles and weevils, 

although certain leaf beetles have also been recognized as vectors for these tymoviruses (Koch et.al., 

2020). 

The genomic RNA, ranging from 6.0 to 6.7 kb in size, features three distinct ORFs (Fig. 8). 

The 5’ terminus has a methylated nucleotide cap, the 3’ end has a tRNA-like structure accepting valine 

in TYMV. The first ORF, ORF1, encodes a substantial 206 kDa protein with conserved sequence 

motifs including methytransferase, papain-like protease, helicase, and RNA polymerase. The 3’ ends 

of the large ORF1 contain a 16 nt sequence known as “tymobox” (GAGUCUGAAUUGCUUC) which 

plays the role of a promoter for subgenomic RNA. Notably, the C termini of these extensive 

polypeptides exhibit a high level of conservation. ORF2 substantially overlaps ORF1 and is 

responsible for encoding a 69 kDa proline-rich protein. While this protein is not crucial for replication, 

it plays a pivotal role in facilitating cell-to-cell movement (Martelli et.al., 2002; King et.al., 2012). 

Both RNAs possess a tRNA-like region of 36 nt at the 3’ end with pseudoknot structure that plays a 

crucial role for efficient transcription of RNA – dependent RNA polymerase (RdRp) (Khan & 

Dijkstra, 2006). ORF3 is responsible for encoding the viral CP (20 kDa), which is brought into 

expression through a subgenomic RNA (King et.al., 2012). 
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Figure 8. Organization and expression of the genome of turnip yellow mosaic virus (TYMV). 

Mtr, methyltransferase; Pro, papain-like protease; Hel, helicase; Pol, polymerase (RdRp) (King et.al., 

2012). 

Tymovirus virions exhibit a remarkable stability, forming approximately 29 nm T=3 

icosahedral structures composed of 180 units of the single CP. This arrangement comprises 12 

pentamers and 20 hexamers, creating distinct vertices with fivefold and sixfold symmetry. The 

stability of these structures is primarily maintained by hydrophobic interactions between protein 

subunits, contributing to the formation of robust shells that seem to lack RNA content. These empty 

or nearly empty capsids make up around one-third of the particles present in infected tissues. They 

are easily identifiable through internal staining in negative-contrast EM and are characterized by 

sedimentation as the 'top component' at 45–55S in CsCl density gradients. These structures can be 

distinguished from the 'bottom component', which comprises infectious virions with a density of 110– 

120S and containing the genomic RNA (Hammond & Abrahamian, 2021). 

1.1.3.2. Tymovirus capsids as potential platforms for antigen presentation 
 

A total of just three crystal structures of tymoviruses have been examined in detail: turnip 

yellow mosaic virus (TYMV, Canady et.al., 1996), physalis mottle virus (PhMV, Krishna et.al., 1999) 

and desmodium yellow mottle virus (DYMoY, Larson et.al., 2000). Among these, TYMV stands out 

as a pioneer in the field of structural exploration, meaning that electron micrographs of TYMV were 

published by Cosslett and Markham as far back as 1948. Particularly, TYMV and PhMV have 

undergone thorough examination to elucidate the significance of the N- and C-terminal regions in the 

assembly of tymovirus – like particles. This exploration has involved manipulations such as deletion 

experiments, substitution of amino acid residues, and the introduction of foreign amino acid sequences 

at the terminal ends of their CPs (Pumpens & Pushko, 2022). 
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Numerous studies underline the potential utility of tymovirus virus-like particles as effective 

scaffolds for antigen presentation. This potential is rooted in the distinctive protein capsid 

arrangement, characterized by three chemically identical coat protein subunits (A, B, C). These 

subunits occupy distinct microenvironments and adopt slightly varied conformations as the A subunits 

form pentameric capsomeres, while the B and C subunits create hexameric capsomeres. (Canady et 

al.,1996; van Roon et al., 2004; Larson et al. 2005; Barnhill et al., 2007). Numerous investigations 

involving N-terminal deletions of the tymoviral CP genes have consistently demonstrated that the first 

26 amino acids are not essential for capsid assembly. This has been established not only for TYMV 

(Barnhill et al., 2007; Powell, 2012) but also for PhMV (Sastri et al., 1997; Sastri et al., 1999) and 

even tomato blistering mosaic virus (ToBMV; Vasques et.al., 2019) suggesting this as prospective 

sites for epitope displaying. Interestingly, Hayden et.al. in 1998 concluded that the N – terminus of 

the TYMV CP was not exposed at the surface of the virion. Furthermore, there exists a lot of evidence 

showing the successful integration of CP N-terminal fusions, with some extensions spanning up to 66 

aa for PhMV (Hema et.al., 2007; Chandran et.al., 2009; Shahana et.al., 2015; Sahithi et.al., 2019) or 

shorter model sequences for TYMV (Shin et al., 2013; Shin et al., 2018). 

Relatively controversial results were obtained when tymoviral C- terminal modification were 

performed. Barnhill's study indicated that approximately 90 to 120 carboxyl groups of TYMV could 

potentially reside on the surface, as they were accessible for chemical modification approaches 

(Barnhill et.al., 2007) although majority of C – terminal end alterations including aa deletions, 

replacements or peptide insertions led to reduced yields and the formation of less stable capsids both 

for TYMV (Shin et.al., 2013; Shin et.al., 2018) or for PhMV (Sastri et.al., 1997; 1999). Contrasting 

outcomes emerged when the C-terminal end of TYMV underwent extension with a 5 aa sequence 

(Bransom et al., 1995) or a 10-amino acid poly-histidine tag (Tan et al., 2021a) which were the first 

successfully engineered C-terminally modified TYMV chimeric VLPs within the E. coli system, with 

no severe impact on capsid assembly. 

2.1. Antigens 
 

2.1.1. Tetanus toxoid 
 

Antigenic structures that can be recognized and bind to either immune cells (T or B 

lymphocytes), free molecules (antibodies) or cell – surface proteins like major histocompatibility 

complex (MHC) are characterized as epitopes (Konstantinou, 2017). Epitope based vaccines stimulate 

humoral and cellular immune responses using B – cell and T – cell epitopes but the low 
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immunogenicity of single – epitope peptides has led to the idea of designing constructs with multiple 

epitopes (Parvizpour et.al., 2020). As studies have shown that insertion of protein segments into 

specific regions of VLPs does not interfere with the self-assembly process of the virus (Pushko et al., 

2013), addition of epitopes to nanoparticle structures like VLPs which makes them highly 

immunogenic should be considered when constructing a vaccine (Bachmann & Jennings, 2010). 

VLPs are able to induce cytotoxic T – cell (CTL) responses in the absence of infections or 

replication as they are the key lymphocytes for viral clearance for many viral or bacterial infections 

(Ruedl et.al., 2005). T lymphocytes are known to recognize MHC molecules displayed on antigen 

presenting cells (APCs) that have bound peptide epitopes derived from intracellular processing of 

antigens. However, this process depends on whether the epitope meets three requirements – if it 

produces the necessary fragment in sufficient quantity, whether it is attached to the MHC molecule 

and whether T cells are able to recognize this complex (Panina-Bordignon et al., 1989). 

Tetanus toxin (TT) epitope, one of the causative agents of tetanus is derived from the toxin of 

the bacterium Clostridium tetani (aa 830-844). It represents the helper peptide (aa: 

QYIKANSKFIGITE), which binds to MHC class II molecules as a nonspecific vaccine adjuvant. It 

boosts the immune response by increasing the response of T cells (Alexander et.al., 1994). In 1989, 

Panina-Bordignon and colleagues analyzed the response of memory T cells to three tetanus toxoid 

peptides - p2 (aa 830-844), p4 (aa 1237-1284), p30 (aa 947-967) and accordingly analyzed the effect 

of human MHC class II polymorphism on antigen recognition. The study demonstrated that two of 

the three TT epitopes (p2 and p30) are immunogenic and are recognized by a large number of MHC 

class II molecules (Panina-Bordignon et al., 1989). 

 

In humans, the preexisting immune response to TT is largely based on previous tetanus 

vaccination. TT epitopes are widely used in the development of vaccines against infectious agents and 

tumors. The TT epitope has been added to several vaccine platforms as an additional T cell stimulating 

factor in human cancer therapy studies (Lund et.al., 2003; Laubreton et.al., 2016; Mohsen et.al., 

2019), against infections (Xu – Amano et.al., 1993; Kovacs – Nolan & Mine, 2006; Wen et.al., 2014), 

chronic inflammatory conditions (Zeltins et.al., 2017) or even as a part of contraceptive vaccine in 

mice (Kaumaya et.al., 1993). 
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2.1.2. Major cat allergen Fel d 1 

 
Cats rank as the primary contributors of indoor airborne allergens following house dust mites. 

There's a notable and concerning increase in global cases of cat allergies, presenting a significant 

public health challenge (Bonnet el.al., 2018). The major cat allergen, Fel d 1, is a globular protein of 

the secretoglobin family. Cats produce this allergen abundantly across various anatomical regions, 

including the salivary, lacrimal, and sebaceous glands in the facial area, as well as the skin and anal 

sacs and secretion of Fel d 1 is regulated by androgens (Bienboire – Frosini, et.al., 2020). 

Structurally, Fel d 1 is a tetrameric glycoprotein of a size of 35-38 kDa. It comprises two 

heterodimers, each formed from two polypeptide chains encoded by distinct genes, and connected by 

three disulfide bridges (Fig. 9). The first chain consists of 70 amino acids, while the second chain 

comprises either 90 or 92 amino acids (Bonnet et.al., 2018). In the past, the production of recombinant 

Fel d 1 (rFel d 1) posed challenges due to the distinct genetic origins of its two constituent chains. 

Efforts to properly refold these chains, preserving their original disulfide linkages and maintaining 

stability, were unsuccessful. As an innovative solution, some researchers proposed a modified rFel d 

1 design, in which chain 1 was connected to chain 2 through a flexible peptide linker of the (GGGGS)n 

sequence. This strategic arrangement effectively reduced steric hindrance between the fused 

components. The use of these small amino acids in the linker imparted flexibility, enabling mobility 

of the connected functional domains (Vailes et.al., 2002). 

 

 
Figure 9. Fel d 1 crystallographic structure highlighting the location of the calcium ions. Chain 

1 in yellow; chain 2 in blue. (Ligabue-Braun et.al., 2015). 

Individuals sensitive to cat allergens commonly manage their allergic reactions using 

antihistamines and corticosteroids. Another potential solution is AIT, the approach capable of 

modifying the disease course. However, AIT comes with the potential drawback of triggering severe 
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adverse reactions and demanding a substantial time commitment, often spanning several years. In 

practice, AIT might necessitate between 30 to 80 injections over the course of three to five years, and 

even then, its efficacy is notably limited (Thoms et.al., 2020). Recently, an alternative strategy for 

reducing the levels of allergenic Fel d 1 protein in cats involving active immunization has been 

developed. The goal was to prompt the cat's own immune system to generate antibodies against Fel d 

1. As part of this effort, researchers had been working on a feline vaccine designed to address cat 

allergies in humans which centers around a synthetically produced Fel d 1 protein, which is chemically 

coupled to a VLPs originating from the CMV (Zeltins et.al., 2017). 

Until now, the Fel-CMV vaccine (marketed as HypoCatTM) has undergone testing in 70 cats, 

demonstrating excellent tolerance both in the short term and over a two-year span, with no reported 

side effects. Moreover, the vaccination triggered robust production of neutralizing anti-Fel d 1 IgG 

antibodies, resulting in reduced levels of the active allergen in tears from study cats (Thoms et.al., 

2019). Moreover, a study conducted by Thoms et al. in 2020 revealed that administering HypoCatTM 

to cats led to an early and distinct expansion in the time available for petting before allergic symptoms 

reached a predetermined threshold. This positive outcome remained consistent and observable over 

the entire duration of the study (Thoms et al., 2020). Despite the encouraging outcomes, a 

commercially accessible vaccine is not yet available in the market therefore the necessity to persist in 

exploring alternative approaches remains unchanged. 

3.1. Antigen presenting platforms based on VLPs 

3.1.1. Mophology of virus – like particles and its impact on the immune response 

 
VLP vaccines belong to a category of subunit vaccines that are built from self-assembling 

capsid proteins derived from viruses (Al-Barwani et.al., 2014). VLPs acquire their precise geometric 

structure from the originating virus, composed of a recurring arrangement of viral structural proteins. 

Their shapes can range from icosahedral to spherical or rod-shaped, with dimensions influenced by 

the characteristics of the original virus. VLPs can be generated with differing degrees of intricate 

structural patterns (Donaldson et.al., 2014). 

Vaccines containing VLPs possess the ability to trigger both the cellular and antibody-based 

components of the immune system therefore it's crucial that they reach lymphoid organs to initiate the 

activation of defensive T and B cell responses (Al-Barwani et.al., 2014; Bachmann & Zabel, 2016). 

The humoral immune system is crucial for generating antibodies that can neutralize toxins and 

pathogens. On the other hand, a cell-mediated cytotoxic immune response plays a critical role in 
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eliminating intracellular pathogens (like viruses and bacteria) and abnormal cells such as those found 

in cancer. Both responses of the immune system rely on the recognition of antigens, which begins 

with the uptake of target antigens by specialized antigen-presenting cells (APCs). These cells process 

the antigens and display immune epitopes on MHC molecules, initiating immune responses 

(Manolova et.al., 2008). 

VLPs benefit this process by having a repetitive capsid structure that enhances internalization, 

processing, and presentation of antigens by various types of APCs like B cells, macrophages, and 

dendritic cells (DCs). The method of administration and the specific characteristics of VLPs can 

influence which populations of APCs internalize the particles most effectively. Notably, the size of 

the VLP plays a significant role, as particles larger than 200 nm require APCs to transport them to 

lymph nodes to facilitate antigen presentation to immune effector cells (Manolova et.al., 2008; Al- 

Barwani et.al., 2014). Soluble proteins and particles smaller than 200 nm can easily flow and 

effectively pass through openings in the lymphatic vessel walls. On the other hand, proteins or 

particles larger than 70 kDa or exceeding 5 nm are too sizable to enter the conduits directly. They 

require active transportation from the subcapsular sinus (SCS) to the B cell follicles located within 

the lymph node. This transport involves a range of cell types, including myeloid cells like SCS 

macrophages and B cells. These cells capture antigens from their surroundings and then transfer them 

into the B cell follicles found within lymph nodes and the spleen (Bachmann & Zabel, 2016). 

Differing from soluble proteins and smaller particles, VLPs of larger dimensions, ranging from 

200 to 500 nm, adopt an entirely distinct journey to reach lymphoid organs. These larger particles are 

unable to enter the lymphatic system independently due to the size limitations of the vessel wall pores. 

Consequently, they require assistance through cell-mediated transport, involving macrophages and 

DCs. This transport process begins from the point of entry or injection into the lymphatic system, 

enabling these particles to eventually reach lymph nodes in a form associated with cells. A challenge 

arises because dendritic cells (DCs) typically break down the antigens they internalize, potentially 

altering their original antigenic structure. As a result, it remains unclear how larger particles manage 

to activate B cells in lymphoid organs. Taken together, majority of viral particles, especially VLPs,  

possess the optimal size for effectively reaching the B cell follicles within lymph nodes (Manolova 

et.al., 2008; Bachmann & Zabel, 2016). 

Plant viruses typically possess uncomplicated and robust capsid structures. These capsids are 

constructed from numerous identical protein subunits, either just one type or a few types, organized 
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in patterns exhibiting either icosahedral or helical symmetry (Lomonossoff & Evans, 2014). 

While more than 50% of plant viruses exist in filamentous forms, it's worth highlighting that since 

1986, when the first recombinant human vaccine against Hepatitis B virus (HBV) was approved for 

prophylactic therapy, all five of the VLP vaccines currently licensed by the FDA exhibit an 

icosahedral structure (hepatitis B, A, E virus, human papillomavirus, malaria vaccines) (Pumpens & 

Pushko, 2022). On the contrary, in-depth investigations conducted by Steinmetz group proposed that 

filamentous plant virus-like particles PVX possess a set of invaluable characteristics (Shukla et.al., 

2013; 2014; Le et.al., 2017). These particles demonstrate a remarkable ability to evade phagocytosis, 

resulting in their prolonged circulation within the body. Furthermore, they showcase enhanced 

margination and extravasation, which in turn facilitate their precise accumulation at tumor sites (Toy 

et.al., 2014; Kinnear et.al., 2017; Le et.al., 2019). A comprehensive review published by Balke & 

Zeltins in 2020 distinctly illustrates the successful utilization of numerous filamentous plant virus- 

like particles as effective platforms for vaccines. These particles have found application in two main 

domains: combating infectious diseases (such as papaya mosaic virus - PapMV; Laliberte-Gagne et 

al., 2021; PVX - Lico et al., 2009; Bamboo mosaic virus - BaMV; Chen et al., 2012) and serving as 

tools for cancer prophylactic therapy (like Tobacco mosaic virus - TMV; McCormick et al., 2006; 

malva mosaic virus - MaMV; Hanafi et al., 2010, and others). 

3.1.2. Antigen incorporation methods in vaccine generation process 

 
The practical utilization of native and engineered viral nanoparticles in specific 

nanotechnological contexts is feasible only in some cases, such as immunizations or certain physical 

applications. Mostly, viral particles in their original form act as foundational building blocks that 

require subsequent modification processes to improve them according to desired properties for 

subsequent applications. In this context, the principles using genetic, physical, chemical and 

enzymatic modifications can be employed to create virus-like particles possessing the desired 

characteristics (Zeltins, 2016). 

Initially, the adaptation of virus particle surfaces began with genetic modifications of the CP 

which was originally motivated by the goal of incorporating antigenic peptides into the particles,  

leading to modified entities called chimaeras, which held potential as innovative subunit vaccines 

(Lomonossoff & Evans, 2014). Using genetic methods enables the alteration of amino acids within 

viral coats and the integration of peptides and entire proteins into precise locations within the virus 

structure (Zeltins, 2016). Genetic techniques are commonly employed to modify or add extra amino 
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acids in order to achieve desired characteristics in selected nanoparticles. In specific scenarios, when 

aiming to efficiently generate VLPs from a different host organism, it becomes essential to change the 

amino acids within the CP structure (Balke & Zeltins, 2019). If the chosen VLPs lack essential amino 

acids at specific positions, these can be introduced through direct modifications of the target gene via 

mutagenesis. Additionally, the incorporation of diverse amino acids or even foreign peptide sequences 

into VLP structures is a widely recognized strategy. This approach has been extensively utilized in 

the generation of new vaccine candidates, giving insights from studies involving bacterial, plant, 

mammalian, or bacteriophage display techniques (Zeltins, 2016). 

In the process of vaccine development, the integration of protein domains with immunological 

activity, and occasionally even complete proteins, into VLP structures, is captivating due to the high 

similarity in spatial arrangement to the native components of pathogens. Nevertheless, incorporating 

larger amino acid sequences into VLP structures, especially in comparison to viral structural proteins, 

rises a challenge when considering a direct fusion approach. Directly fusing such extensive antigens 

onto the VLP surface is complicated, especially when antigen sizes are comparable to, or even surpass, 

those of viral CPs. As a solution, a variety of construction strategies have been proposed to 

accommodate larger antigens onto the surface  of plant-derived VLPs. An alternative approach 

involves creating mosaic VLPs, which consist of a combination of unmodified CPs and CPs fused 

with foreign protein domains within a single viral particle or VLP (Zeltins, 2016; Balke & Zeltins, 

2019). 

VLP CPs can also undergo chemical or enzymatic modifications through bioconjugation 

methods. The presence of amine groups on the capsid exterior provides well-defined sites for 

undergoing chemical alterations (Yildiz et.al., 2011). The outer surfaces of the capsid feature 

numerous amino acids that can be specifically targeted (lysine, cysteine, aspartate, and glutamate), 

enabling the attachment of a wide panel of molecules like antibodies, peptides, proteins, 

oligonucleotides, carbohydrates, fluorescent agents, and drugs which can be achieved through diverse 

methods including covalent coupling (Fig. 10), click chemistry, and the copper (I)-catalyzed azide- 

alkyne [3 + 2] cycloaddition reaction (Zhang et.al., 2018). Lysine residues exposed on the surface of 

VLPs, which are readily available, are widely favored as prime sites for the attachment and linking of 

various functional molecules (Zeltins, 2018). However, certain chemical modification conditions may 

not align with the preservation of the virus structure. As a result, process optimization to identify the 

optimal reaction environment, adjusting factors such as pH, ionic strength, temperature, and the 

inclusion of additives, is necessary (Balke & Zeltins, 2019). 
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Figure 10. lllustration of the process of antigen integration into the structure of a plant virus through 

chemical coupling. A) The primary amines present in exposed lysine residues engage with a 

heterobifunctional crosslinking agent known as SMPH (succinimidyl-6-[(β-maleimidopropionamido) 

hexanoate]), forming a durable amide bond. B) Subsequently, in the following stage, the thiol group 

within the antigen structure containing cysteine selectively reacts with the maleimide derivative. C) 

This results in the decoration of VLPs with multiple antigen molecules (Balke & Zeltins, 2019). 

Two recently developed systems that utilize transpeptidase and isopeptidase reactions are 

considered as enzymatic approach for synthesis of antigen – VLP conjugates. First, the Sortase A- 

mediated epitope coupling system employs a bacterial transpeptidase to form an amide bond between 

a VLP and a desired peptide (Obeng et.al., 2023). The other, Spy-Catcher system, originating from 

the Streptococcus pyogenes bacterium, uses peptides capable of spontaneously forming isopeptide 

bonds (Balke & Zeltins, 2019). Antigens linked with Spy-Tag form covalent bonds with Spy-Catcher- 

VLPs and can ensure immunoprotection against infectious diseases (Brune & Howarth, 2018; Tan 

et.al., 2021b; Lampinen et.al., 2023). 

Various physical techniques can facilitate the integration of peptides and protein domains into 

VLP-based nanoparticles. Among these, the interaction between streptavidin and biotin stands out as 

one of the most robust protein-molecule complexes found in nature. This approach has demonstrated 

straightforward incorporation of diverse antigens, including larger proteins that surpass the size 

limitations of genetically introduced antigens (Fredsgaard et.al., 2021). It has also been successfully 

employed as a platform for generating malaria antigen VAR2CSA vaccine (Thrane et.al., 2015). 
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Moreover, the robust binding of antigens to the VLP carrier has been demonstrated using alternative 

noncovalent complexes, such as strong electrostatic interactions facilitated by surface-exposed 

polyhistidine tags and the formation of multivalent tris-nitrilotriacetic acid (trisNTA) complexes 

(Koho et al., 2015). Some other methods include extensively studied coiled-coil motifs (Utterstrom 

et.al., 2021) that can be introduced into plant VLP structures for encapsulation purposes (Ecoil/Kcoil; 

Minten et.al., 2009) or as a tool for polymeric display of proteins (leucine zipper peptide; Craig et.al., 

2012) with promising biomedical and nanotechnological applications. 
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2. METHODS 

 

2.1. Cloning experiments 

2.1.1. Round-shaped and Rod-shaped CCMVTT-VLPs cloning, expression and production 

 
A cloned copy of the CCMV coat protein gene (wt CP) was used in PCR mutagenesis for 

insertion of the coding sequence of tetanus toxoid epitope in 5’- and 3’- terminal ends of the CP gene. 

To replace the original amino acids at the N-terminus and C- terminus of CCMV CP against the TT 

epitope sequence, two step PCR mutagenesis for each construct was performed. The corresponding 

PCR fragments were then subcloned into pet42-CCMV-wt plasmid resulting in plasmids pET42- 

CCMV-Ntt830 and pET42-CCMV-Ctt830. 

All plasmids were replicated in E. coli strain XL1-Blue. To avoid PCR errors, several CP gene- 

containing pET42 plasmid clones were sequenced using a BigDye cycle sequencing kit and an ABI 

Prism 3100 Genetic analyzer (Applied Biosystems, Carlsbad, USA). After sequencing, the plasmid 

clones without sequence errors were chosen for further experiments. To obtain “salt-stable” CCMV 

VLPs, the replacement of lysine against arginine in position 42 (K42R) was necessary using additional 

PCR mutagenesis. Plasmids were replicated in E. coli strain XL1-Blue and sequenced as previously 

described. For more detailed information see paper No. 1 (Zinkhan et.al., 2021.) 

2.1.2. PVY CP cloning experiments 

 
Direct fusion and mosaic system: The recombinant sequence of Feld1 was described 

elsewhere (Zeltins et.al., 2017). For further subcloning, we introduced additional sites in the Feld1 

gene by PCR mutagenesis following by similar expression methodology as previously described. 

pTZ-Feld1 plasmid was subcloned into the already constructed plasmid pET-PVY-CP-NG4S 

(Kalnciema et.al., 2012) resulting in pET-PVY-NG4S-Feld1 (direct fusion). For mosaic particle 

construction, the PVY-CP gene was amplified by PCR mutagenesis. The obtained PVY CP DNA 

fragment was ligated into the pETDuet-1 (Novagen, USA) vector. Furthermore, the fragment from 

pET-PVY-CP-NG4S was ligated into the pETDuet plasmid, which already contains the PVY CP 

gene resulting in expression vector containing two PVY CP genes. Finally, the Feld1 gene was 

introduced into the pETDuet-derived plasmid, resulting in expression vector for mosaic VLPs. 

SpyT/SpyC system: The sequence of the SpyCatcher gene was obtained from GenBank 

(JQ478411.1) and the coding DNAs for full-size and truncated variants of the SpyCatcher gene were 
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received as a product of commercial gene synthesis. We refer to two tested SpyCatcher domains as 

SpyCatcher2 (SpyC2; full-size gene) and SpyCatcher3 (SpyC3; truncated version). 

To obtain both SpyCatcher genes convenient for subcloning, we used PCR mutagenesis for 

either SpyC2 sequence and the SpyC3 sequence following the usual expression methodology. 

Corresponding fragments from pTZ-SpyC2 and pTZ-SpyC3 were subcloned into the pET-RSFDuet- 

1 plasmid. For construction of Feld1 antigen-SpyCather fusions, pTZ-Feld1 was subcloned into 

pRSF-Duet-SpyC2 and pRSF-Duet-SpyC3. 

The coding sequence for SpyTag (SpyT) was introduced into the PVY CP–NG4S gene by PCR 

mutagenesis. The fragment from a pTZ plasmid clone containing the SpyTag sequence was subcloned 

into the pET-PVY-CP-NG4S vector. 

To achieve covalent binding between the protein partners SpyCatcher and SpyTag directly in 

recombinant E. coli, we subcloned both coding sequences (pRSF-Duet-SpyC2-Feld1 and pRSF-Duet- 

SpyC3-Feld1) into the expression plasmid using the expression vector pET-PVY-NG4S-SpyT as a 

vector plasmid, resulting in two expression vectors containing SpyC2-Feld1 and SpyC3-Feld1. For 

more detailed information see paper No. 2 (Ogrina et.al., 2022.) 

2.1.3. EMV CP cloning experiments 

 
Direct fusion and mosaic system: The sequence of the EMV CP gene (wtEMV; GenBank 

Accession Number: NC_001480.1) was obtained as a product of gene synthesis (plasmid pUC57- 

EMV; BioCat, Heidelberg, Germany). The wtEMV CP gene was subcloned into the E. coli expression 

vector pET42a(+) (Novagen, Madison, WI, USA). For the EMV CP gene, we introduced a flexible 

linker (GGGGS)3 and BamHI site coding sequences at the 3′-terminus. The EMV CP 3′-terminal 

fragment and corresponding additional sequences were amplified in PCR mutagenesis following the 

same expression scheme as previously. 

The Fel d 1 gene used in this study has been described previously (Zeltins et al., 2017). For 

the construction of the EMV-Feld1 direct fusion and mosaic system PCR mutagenesis was performed. 

The Fel d 1 sequence was excised from pTZ-Feld1-Bam-Xho and ligated into the linearized vector 

pET42-EMV-CG4S. The correct clone of the direct fusion plasmid was selected by digestion analysis. 

For the mosaic system, we introduced flanking PscI and SalI restriction enzyme sites into the 

EMV CP gene by PCR mutagenesis. After usual expression scheme, the corresponding EMV-Psc 

fragment was excised from pTZ-EMV-Psc and ligated into the pETDuet-1 (Novagen, Madison, WI, 

USA) vector under the first T7 promoter. A correct clone of the resulting pETDu-EMV was found 
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after restriction analysis. The plasmid pETDu-EMV was further used for subcloning of the EMV- 

CG4S-Feld1 gene from the pET42-EMV-CG4S-Feld1 vector under the second T7. The plasmid clone 

encoding proteins in the mosaic system (pETDu-mEMV-CG4S-Feld1) was selected by digestion 

analysis. 

Ecoil/Kcoil system: The coding sequences of coiled-coil peptides E (Ecoil) and K (Kcoil) 

were obtained from overlapping oligonucleotides in PCRs without a template. The Ecoil coding 

sequence was introduced after the (GGGGS)3 linker-coding sequence into the vector pET42-EMV- 

CG4S. For the Kcoil expression vector, the Kcoil coding sequence was also obtained by PCR. The 

PCR product was cloned into the pTZ57 vector, sequenced, and introduced into the pACYCDuet-1 

vector. Next, the Feld1 sequence was introduced into the resulting vector pACYCDu-Kcoil(3x). Both 

Ecoil- and Kcoil-containing plasmids were sequenced and used for coexpression of EMV-CG4S- 

Ecoil(3x) and Kcoil(3x)-Feld1 proteins. 

SYNZIP18/17 system: The corresponding sequences for the synthetic zipper pair SYNZIP 

(SZ) 17 and 18 were obtained from published supplementary material by Reinke et al., 2010 and 

purchased as a gene synthesis product in plasmid pUC57 (BioCat, Germany). SZ17 was subcloned 

into the commercial vector plasmid pRSFDuet-1 (Novagen, USA) with the kanamycin resistance, and 

SZ18 was subcloned into pET-Duet1 (Novagen, USA) with the ampicillin resistance gene. 

For the Feld1 antigen–SYNZIP 17 fusion, the pTZ-Feld1-Bam-Xho plasmid was subcloned 

into pRSF-Duet-SZ17 after partial restriction enzyme treatment. Additionally, the sequence coding 

for Feld1-6xHis-tag from plasmid pET42-Feld1-C6H (Zeltins et al., 2017) was introduced into the 

constructed pRSF-SZ17-Feld1 sequence by subcloning. 

To obtain the EMV CP–SYNZIP 18 fusion construct, the previously mentioned EMV CP- 

containing plasmid for direct fusion pET42-EMV-CG4S was subcloned into the pET-Duet-SZ18 

plasmid. For more detailed information see paper No. 3 (Ogrina et.al., 2023.) 

2.2. Expression and Purification of VLPs 

Expression of VLPs and antigens: To obtain CCMV, PVY and EMV VLPs or Feld1 antigen 

proteins each construction was transformed and expressed in E. coli C2566 cells (New England 

Biolabs, Ipswich, USA). For coiled-coil partners (EMV-Ecoil/Kcoil-Feld1 and EMV-SZ18/SZ17- 

Feld1), two expression strategies were used. First, EMV-CG4S-SZ18- and EMV-CG4S-Ecoil- 

containing plasmids as well as plasmids SZ17-Feld1-C6H and Kcoil-Feld1 were expressed separately 

by directly transforming them into E. coli C2566 cells (New England, USA). Second, coexpression 
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of EMV-Ecoil/Kcoil-Feld1 and EMV–SZ18/SZ17–Feld1 plasmids in E. coli C2566 cells was 

performed. 

After expression, the highest yield producing clones for the target protein were cultivated in 

2TY medium with the addition of the corresponding antibiotic (kanamycin, 25 mg/L; ampicillin, 100 

mg/L; chloramphenicol, 25 mg/L). Flasks with cells were cultivated using incubation shaker (200 

rev/min; Infors, Switzerland) at 30 °C until the OD reached 0.8–1.0. After induction with 0.2 mM 

IPTG, cells were further cultivated at 20 °C for 18 h, collected by low-speed centrifugation (8,228 × 

g, 5 min, 5 °C, Eppendorf 5804R, Germany) and kept frozen at -70 °C until use. 

Purification of VLPs and antigens: 

Sonification: After thawing on ice, all biomasses were suspended in their respective buffers 

(see papers nr. 1 - 3) and disrupted by ultrasonic treatment. Insoluble proteins and cell debris were 

removed by centrifugation (15,557 × g, 10 min at 5°C). All steps involved in the expression of VLP 

were monitored by SDS-PAGE using 12.5% gels. 

PEG precipitation: Soluble proteins of CCMV-SS, CCMV-Ntt830-SS and wtEMV after 

sonification were precipitated two or three times using a mixture of PEG 8,000 (8%) and NaCl (0.15 

M), collected by centrifugation and dissolved in respective buffers. 

His – tag column: Separately expressed SZ17-Feld1-C6H and rFeld1-C6H for chemical 

coupling and ELISA analysis were purified on a His–tag column and dialyzed against PBS overnight 

at +4 ֯C. 

Sucrose gradient: Kcoil-Feld1 protein and all VLPs except CCMV-SS, CCMV-Ntt830-SS 

and wtEMV were separated from cellular proteins by ultracentrifugation in a sucrose gradient (20– 

60% sucrose in their respective buffers). Fractions containing CP proteins were either combined 

and dialyzed against 100 volumes of respective buffer to remove the sucrose in a 12–14 kDa 

Spectra/Por 4 dialysis membrane (Spectrum Laboratories, Canada). 

Gelfiltration: Kcoil-Feld1 protein after purification in a sucrose gradient was dialyzed against 

100 volumes of 1x PBS followed by purification with gelfiltration on a Äkta Pure 25 XK 16/70 

Superdex200 column (GE Healthcare, USA). 

Sucrose cushions: After purification or precipitation, all VLPs were further purified using 

ultracentrifugation through the 30% sucrose “cushion” in their respective buffers supplemented with 

0.5% TX-100 (Optima L–100XP; Type70Ti rotor, Beckman, USA; 183,960 × g, 4 h, 4 °C). Pellets 

were then dissolved in their respective buffers and, if necessary, concentrated using an Amicon Ultra– 

15, 100 K filtration unit (Merck–Millipore, USA), keeping the final VLP products stored at 4 °C. 
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All steps for the expression and purification of VLPs or antigens were monitored by SDS– 

PAGE using 12.5% gels, Western blot (WB) and agarose gel analysis. The concentration of 

proteins was estimated using a Qubit fluorometer (Thermo Fisher Scientific, USA) with a Qubit™ 

Protein Assay Kit (Thermo Fisher Scientific, USA) in accordance with the manufacturer’s 

recommendations. Concentrated VLP solutions were stored at 4°C. 

For more detailed information see papers No. 1 -3. 
 

2.3. Binding of coiled – coil partners in vitro 

After purification, separately expressed coiled–coil pairs EMV-CG4S-Ecoil and Kcoil-Feld1 or 

EMV-CG4S-SZ18 and SZ17-Feld1-C6H were mixed together in a 1:1 ratio according to their 

concentrations in a volume of 100 µL and incubated for 1 h at room temperature (RT). EMV- 

SZ18/SZ17-Feld1-C6H was purified using a His-tag column as previously described and dialyzed 

against 100 volumes of 1x PBS. All steps from the binding process were analyzed in SDS‒PAGE and 

agarose gels and examined under TEM as well (paper No. 3; Suppl. Figs. 9, 11). 

2.4. Chemical Coupling of PVY or EMV CP VLPs and Fel d 1 

rFeld1 was purified using a His-tag column as described previously (Zeltins et.al., 2017). The 

purified rFeld1 was conjugated to PVY CP VLPs or EMV CP VLPs using the crosslinker SMPH; 

Thermo Fisher Scientific, USA). A 5-fold molar excess of SMPH to PVY VLPs and a 3-fold molar 

excess of SMPH to EMV VLPs was used for the reaction at 23 °C for 1 h. Unreacted SMPH was 

removed by washing step with 1× PBS four times (4 × 6 min) at 3,214 × g (5,000 rpm) and 5 °C. The 

antigen prior to chemical conjugation was treated with a 10-fold molar excess of mild reducing agent 

tris (2-carboxyethyl) phosphine (TCEP; Sigma–Aldrich, USA) for 10 min at room temperature (RT). 

The coupling was performed by adding 4- fold molar excess of rFeld1 to the SMPH-derivatized PVY 

VLPs or a 2-fold molar excess of rFel d 1 to the SMPH-derivatized wtEMV VLPs at 23°C for 2-3 h 

by shaking at 1400 rpm/min on a DSG Titertek (Flow Laboratories, UK). Unbound rFeld1 was 

removed. All stages of coupling were analyzed by SDS–PAGE and the integrity of VLPs was 

confirmed by TEM. For more detailed information see papers No. 2 -3. 

2.5. Transmission Electron Microscopy (TEM) 

 
Purified VLP samples (1 mg/ml) were adsorbed on carbon formvar-coated copper grids and were 

negatively stained with 0.5% uranyl acetate aqueous solution. The grids were examined using a JEM- 

1230 electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 100 kV. At least five 

pictures were captured per sample. 
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2.6. Mass Spectrometry for CCMVTT  CP VLPs 

CCMV VLPs (1 mg/ml) were diluted with a 3-hydroxypicolinic acid matrix solution and were 

spotted onto an MTP AnchorChip 400/384TF. Matrix assisted laser desorption/ionization (MALDI)- 

TOF MS analysis was carried out on an Autoflex MS (Bruker Scientific, Billerica, Massachusetts). 

The protein molecular mass (MM) calibration standard II (22.3–66.5 kDa; Bruker, Billerica, 

Massachusetts) was used for mass determination. 

2.7. Immunology experiments: 

2.7.1. Western Blot (WB) Analysis for PVY CP and EMV CP constructions 

 
For WB analysis, protein samples were separated by SDS–PAGE and transferred to an 

Amersham Protran 0.45 µm nitrocellulose membrane (GE Healthcare, Piscataway, USA) using a 

semidry apparatus with parameters of 250 V, 45 A, and 45 min. Membranes were blocked in a PBS 

solution containing 1% alkali–soluble casein (Merck-Millipore, USA) and incubated overnight 

(ON) at 4°C in anti-PVY, anti-EMV or anti-Feld1 Ab-containing solutions (diluted 1:1000 in PBS 

with 1% alkali–soluble casein) obtained from mice that were immunized prior the experiment. The 

membrane was washed with TBS buffer for 15 min and incubated at RT for 3 h with horseradish 

peroxidase-conjugated anti-mouse IgG (Sigma–Aldrich, USA). The membrane was washed with 

TBS for 15 min two times. The signal bands were developed by incubating the membrane in TBS 

buffer supplemented with peroxidase substrates (0.002% o-dianisidine and 0.03% hydrogen 

peroxide). For more detailed information see papers No. 2 -3. 

2.7.2. Mice vaccination regimen 

 
For CCMV experiments: Wild type 8 – 12 weeks old female C57BL/6 mice (Harlan) were 

vaccinated s.c. with 15 µg Round or Rod-shaped CCMVTT-VLPs in 100µl PBS on day 0. Mice were 

boosted with a similar dose on day 14. Serum samples were collected on days 0, 7, 14, 21, 28 and 35. 

Experiments were conducted in accordance with the Swiss Animal Act (455.109.1 – September 2008, 

5th) of University of Bern. 

For PVY CP and EMV CP experiments: 6 – 8 weeks old female BALB/c mice (5 per group) 

were purchased from Laboratory Animal Centre, University of Tartu (Estonia). 50 µg of each PVY 

CP VLPs and 30 µg of total protein of each EMV CP VLPs were diluted in 300 µl of sterile PBS and 

used for s.c. injection in mice without adjuvant on Day 0. Mice received similar booster dosage on 

Days 14 and 28. One 100 µl serum sample from each mouse were collected each week on Days 0, 7, 

14, 28. Final bleeding was performed on Day 42. The experimental protocol was approved by the 
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Animal Protection Ethical Committee of the Latvian Food and Veterinary Service (permission No. 

89). 

2.7.3. The enzyme-linked immunosorbent assay (ELISA) 

 
The plates (96–well; Nunc Immuno MaxiSorp, Rochester, NY, Thermo Fisher Scientific, 

USA) were coated with purified samples (Round and Rod-shaped CCMVTT-VLPs, PVY CP, EMV 

CP, rFeld1) in 50 mM sodium carbonate buffer (pH 9.6) overnight at 4 °C. Plates were washed with 

PBS-Tween and blocked using 100µl PBS-Casein or BSA in PBS for 1 - 2h. 100 µL of serially diluted 

mouse sera were added to the wells and incubated for 1 h at 37 °C. After washing with PBS-Tween 

three times, goat anti-mouse IgG conjugated to Horseradish Peroxidase (HRP) (Jackson 

ImmunoResearch, West Grove, Pennsylvania) was added 1/1000 for Round and Rod-shaped 

CCMVTT-VLP samples or mouse IgG conjugated to horseradish peroxidase (dilution 1: 10,000; 

Sigma–Aldrich, USA; 1 h, 37 °C) was added to PVY CP and EMV CP VLP mice samples. Plates 

were developed and the absorbance measurements were performed at 450 nm for CCMV VLPs or 

492 nm for PVY CP and EMV CP VLPs. Titers were calculated as OD50 values (CCMV VLPs) or 

as the highest absorbance values that exceeded three–fold of the negative control (nonimmunized 

mouse serum (PVY CP and EMV CP VLPs). 

Monoclonal antibody ELISA: Monoclonal Feld1 antibody ELISA tests replaced the 

immunized mouse sera with two commercially available Feld1 mAbs according to manufacturers’ 

guidelines (MA-3E4 and MA–6F9, Indoor Biotechnologies, UK). Nonimmunized mouse serum was 

used as a negative control and titer calculations were performed as described in papers No. 2 – 3. 

Subclass specific ELISA for CCMV VLPs: IgG subclasses were measured from day 21 sera 

using the same ELISA protocol with the following secondary Abs: goat anti-mouse IgG1-HRP and 

goat anti-mouse IgG2a-HRP (1:1000) (Thermo Fischer Scientific, Waltham, Massachusetts), goat 

anti-mouse IgG2c-HRP (Southern Biotech, Birmingham, Alabama) 1:4000, rat anti-mouse IgG3- 

biotin (Becton, Dickinson, Franklin Lakes, New Jersey) 1:2000 followed by streptavidin-HRP (Dako, 

Glostrup, Denmark) 1:1000 incubated at 37°C for 1h. IgA was measured using day 35 sera 

(immunization at day 0, boost at day 14). IgG was depleted using Dynabeads™ Protein G (Thermo 

Fischer Scientific, Waltham, Massachusetts). For IgA detection, goat anti mouse IgA conjugated to 

HRP was used (SouthernBiotech, Birmingham, Alabama) 1/4000. For more detailed information see 

paper No. 1 (Zinkhan et.al., 2021). 
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Subclass specific ELISA for PVY CP and EMV CP VLPs: For IgG1 and IgG2a detection, 

sera obtained from Day 42 following the manufacturer’s protocol (mouse mAb antibody isotyping 

reagent ISO2-1KT kit; Sigma–Aldrich, USA) was used. For secondary Abs, a peroxidase conjugate 

of monoclonal anti-goat/sheep IgG Abs (Sigma–Aldrich, USA) was used. For more detailed 

information see papers No. 2 – 3. 

Avidity ELISA 

 
To determine the avidity of IgG Abs, two sets of plates were prepared. Both were coated with 10 

µg/mL of either PVY CP VLPs or EMV CP VLPs and Feld1-C6H-CG. After serum incubation, one 

set of plates was washed three times for 5 min with 50 µl/well of a solution containing 7 M urea in 

PBS supplemented with 0.05% Tween-20. The other set was washed with the same amount of PBS 

with 0.05% Tween-20. The rest of the procedure was identical to that described above. 

ELISA for Native Fel d 1 

 
Sample of nFeld1 (Indoor Biotechnology, UK) in a concentration of 10 µg/mL in 50 mM sodium 

carbonate buffer (pH 9.6, 100 µl per well), were coated on 96-well ELISA plates (Nunc Immuno 

MaxiSorp, Rochester, NY, Thermo Fisher Scientific, USA) and stored at 4°C ON. After blocking and 

washing steps, serially diluted mouse sera (5 µl from each PVY CP or EMV CP VLP sample) were 

added to the plates and incubated at 37°C for 1 h. The rest of the procedure was identical to that 

described above. For more detailed information see papers No. 2 – 3. 

2.8. Measuring IFN- γ in mouse serum 

Serum from Round or Rod-shaped CCMVTT-VLPs vaccinated mice was collected on day 14 for 

measuring IFN- γ. ELISA MAX™ Deluxe Set Mouse IFN-γ (Biolegend, San Diego, California) was 

performed according to manufacturer’s instructions. Serum was used undiluted and concentration was 

interpolated to a standard curve of the sets standard sample. 

2.9. Trafficking of Round and Rod-shaped CCMVTT-VLPs to draining lymph 

nodes 

Round or Rod-shaped CCMVTT-VLPs were labelled with AF488 as per manufacturer’s 

instructions (Thermo Fischer Scientific, Waltham, Massachusetts) and stored at -20. Wild type 

C57BL/6 mice (8-12 weeks, Harlan) were injected with 10µg of the VLPs in the footpad under 

isoflurane anesthesia. Popliteal lymph nodes (LNs) were collected 3h and 24h following footpad 

injection. LNs were treated with collagenase D (Roche, Basel, Switzerland) and DNase I (Boehringer, 
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Ingelheim am Rheih, Germany) in DMEM medium containing 5% FBS and 1% Strep/Penicillin for  

37°C. L were smashed using 70µm cell strainers, RBC were lysed with ACK buffer. Cells were 

stained with Fc blocker and then with anti-CD11b, CD11c, CD45R/220, CD8 and F4/80 (all from 

Biolegend, San Diego, California). 

2.10. Immunofluorescence 

CCMVTT-VLPs were labelled with AF488 as described previously. C57BL/6 mice were injected 

with 10µg of the VLPs in the footpad and popliteal LNs collected as previously above. LNs were then 

embedded in Tissue-Tek optimum cutting temperature compound (Sakura). Cryostat sections (7μm 

in thickness) on Superforst/Plus glass slides (Thermo Fischer Scientific, Waltham, Massachusetts) 

were air-dried and then fixed. After rehydration, sections were blocked with 1% (w/v) BSA (Sigma 

Aldrich, St. Louis, Missouri) and 1% (v/v) normal mouse serum. Immunofluorescence labeling was 

done with Abs diluted in PBS containing 0.1% (w/v) BSA and 1% (v/v) normal mouse serum. Sections 

were washed 3 times 1x PBS after every labeling step. LN staining: macrophages were detected using 

a primary antibody against CD11b (1/1000, rat anti mouse CD11b conjugated with PE; BD 

Biosciences, San Jose, California), B-cell follicles were identified using rat anti mouse B220 Alexa 

F647 (1/1000; BD Biosciences, San Jose, California). Images were acquired on an Axioplan 

microscope using an AxioCam MRn (Zeiss). 

2.11. Histology of lymph node 

CCMVTT-VLPs were labelled with AF488 as previously described. C57BL/6 mice were injected 

with 10µg of the VLPs in the footpad and popliteal LNs collected as previously above. LNs were 

fixed with 4% paraformaldehyde solution (Sigma Aldrich, St. Louis, Missouri). Of each group, 2 - 4 

murine LNs were histologically examined by a board-certified veterinary pathologist (SdB). Of each 

LN, a full cross section, stained with Hematoxylin and Eosin (HE), was assessed for any 

histopathological changes. 

2.12. Statistical analysis 

Data were analyzed and presented as mean ± SEM using GraphPad PRISM 8 and 9. Comparison 

between the groups was performed using Student's t-test or one-way ANOVA test. P-values ****P < 

0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. 



48 
 

3. RESULTS 
 

3.1. The impact of size on particle drainage dynamics and antibody response 

3.1.1. Construction and characterization of round – and rod- shaped CCMVTT VLPs 

 
CCMV VLPs originating from the plant Bromovirus genus adopt a configuration of T=3 

icosahedral particles. CCMV-VLPs can easily be expressed in the E. coli system, encapsulating 

nucleic acid during the synthesis phase. For the enhancement of VLP stability, we implemented a 

mutation renowned for its pH fluctuation-resistant properties (SS mutation). This alteration includes 

the substitution of lysine with arginine at position 42 of the CP gene (Fox et.al., 1996). Subsequently, 

we engineered CCMV-SS VLPs by integrating a potent T cell stimulatory epitope sourced from the 

tetanus toxin (TT) (830-843) in the N – terminal end of CCMV-SS CP. The outcome of this 

engineering effort led to the creation of N-terminal CCMVTT VLPs – icosahedral structures (termed 

as round-VLPs) adhering to a symmetry of T=3, measuring 30 nm in diameter, similar to their parental 

VLPs. Noteworthy, the incorporation of TT at the C-terminus of CCMV CP resulted in elongated rod- 

shaped VLPs varying in length (approximately 1 µm) and ~30 nm in width (termed as rod-VLPs), 

showing the profound impact of epitope positioning on the morphology of the CCMVTT VLPs. 

Both types of VLPs were synthesized within an E. coli system. As VLPs encapsulate ssRNA 

derived from E. coli, the quantification of packed RNA was achieved through measurement at 260 nm 

and validated by employing the agarose gel visualization technique. However, the efficiency of this 

method was notably reduced for the rod-shaped VLPs, given their substantial size during migration 

through the gel. Employing mass spectrometry and SDS-PAGE analysis, we determined the molecular 

weight of CP monomers to approximate 21.8 (round-CCMVTT) and 21.9 kDa (rod-CCMVTT), 

respectively. In contrast, the original CCMV-SS VLPs are assembled from CPs with an approximate 

weight of 20.2 kDa. 

3.1.2. Round - and rod – shaped CCMVTT drainage kinetics and interaction with cells in 

draining lymph node 

 

To explore the impact of size on the lymphatic trafficking of the modified VLPs, we conducted 

an evaluation of the accumulation and interactions of both round-shaped and rod-shaped CCMVTT 

VLPs within murine popliteal lymph nodes (LNs). This examination took place at two time points: 3 

hours and 24 hours post-injection into the footpads of mice. Subsequently, flow cytometric analysis 

and cryosections of the popliteal LNs were performed. Our findings confirm that, at the 3h mark 
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following injection, the round-shaped CCMVTT VLPs exhibit an improved efficacy in migrating 

towards secondary lymphoid organs. This migration aims to engage professional APCs—such as 

lymphoid-derived DCs, conventional DCs, and macrophage-derived cells—alongside B cells, 

facilitating their activation and interaction. By the 24h point following footpad injection, the 

difference in interaction between round and rod-shaped CCMVTT VLPs with DCs or macrophages 

reduced. Even the rod-shaped CCMVTT VLPs, though larger, were detectable in the popliteal draining 

LNs. Although, after 24h, we observed that round-shaped CCMVTT VLPs had penetrated deeper into 

the LNs. Moreover, the interaction of round-shaped CCMVTT VLPs with B cells, marked by increased 

MHCII expression, demonstrated a significant rise in comparison to the rod-shaped CCMVTT VLPs. 

3.1.3. Humoral immune response against round- and rod- shaped CCMVTT VLPs 

 
Our study reveals that a single initial injection of round-shaped CCMVTT VLPs effectively 

elicited a substantial titer of specific antibodies already at day 7. This response was subsequently 

enhanced by a booster injection on the day 14. In contrast, the rod-shaped CCMVTT VLPs initiated a 

specific antibody response only after the day 14 booster, and this response remained notably lower 

compared to the response induced by the round-shaped CCMVTT VLPs. In contrast to the rod-shaped 

VLPs, the round-shaped CCMVTT VLPs triggered a remarkable rise of over 100 times in systemic IgG 

and IgA levels. For the purpose of cross-reactivity studies, sera collected from both round- and rod- 

shaped CCMVTT VLP vaccinated mice were tested using ELISA, where the plates were coated with 

VLPs of the opposite shape. The results revealed that sera derived from round-shaped CCMVTT VLPs 

exhibited a notably higher efficiency in recognizing rod-shaped VLPs, even following just a single 

immunization. 

Furthermore, round-shaped CCMVTT VLPs can also direct the generated T cell response 

towards Th1 polarization. Comparatively, round-shaped VLPs outperformed rod-shaped ones in 

facilitating class-switching. When using round-shaped CCMVTT VLPs for vaccination, the increase in 

the ratio between Th1 (IgG2a/c, IgG3) and Th2 (IgG1) associated IgG subclasses was notably 

increased. 

3.1.4. Germinal center formation 

 
Since the presence of an antigen reservoir sustained on follicular DCs is crucial for maintaining 

B cell stimulation within germinal centers (GCs), we examined GC formation in spleens treated with 

both types of VLPs, 12 days after a single s.c. dose. Notably, the formation of GCs was considerably 
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more robust in mice vaccinated with round-shaped CCMVTT VLPs compared to those vaccinated with 

rod-shaped CCMVTT VLPs, whether assessed by the overall count of GCs or the quantification of their 

spatial distribution (GCs/mm²). 
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3.2. Comparison of bacterial expression systems based on potato virus Y- like 

particles for vaccine generation 

3.2.1. Construction and characterization of PVY CP Feld1 constructs 

 
In the VLP vaccine development, there exist various techniques for antigen incorporation 

including genetic, enzymatic, chemical, and physical methods. Our prior findings with filamentous 

plant-derived VLPs have demonstrated their capacity to host large protein domains on their surface, 

either through N- or C-terminal fusion, while maintaining VLP integrity (Kalnciema et.al., 2012). 

This study outlines the development and comparison of simple E. coli-based platforms for displaying 

antigens, producing vaccines derived from PVY VLPs. 

We established four distinct systems involving the major cat allergen, Feld1. These approaches 

included direct fusion with the CP of the plant virus potato virus Y (PVY), mosaic PVY VLPs, and 

two coexpression variants with the SpyTag/SpyCatcher (full size – SpyC3 and truncated - SpyC2) 

system. These coexpression systems enabled both expression and conjugation to occur directly in E. 

coli cells, simplifying the procedure by combining VLP production, antigen synthesis, and 

purification into a single step. All the PVY-Feld1 versions we created showed strong expression and 

remained soluble, resulting in PVY-like filamentous particles in various sizes ranging from 400 – 800 

nm for direct fusion and mosaic system, 200 – 400 nm for PVY-SpyT/SpyC2 or 3 - Feld1 conjugate 

protein VLPs. The output of all constructed VLPs varied between 10 – 12 mg/g biomass. 

We detected the presence of nucleic acids in purified VLP samples through NAG 

electrophoresis with ethidium bromide staining. Our observation revealed that all vaccine variations 

displayed visible nucleic acid signals, with both of SpyT/SpyC constructs exhibiting the most 

pronounced signals. As anticipated, filamentous VLPs, due to their substantial size, were unable to 

migrate effectively within the agarose gel, resulting in bands forming within the gel pockets. 

The successful incorporation of Feld1 was affirmed through WB and ELISA analyses 

employing two commercially available Fel d 1 monoclonal antibodies. Assuming that direct fusion 

results in 100% incorporation of the Feld1 antigen, densitometric analysis of SDS-PAGE gel showed 

an approximate 63% incorporation for mosaic VLPs and approximately 65-71% for PVY - 

SpyT/SpyC2 and 3 – Feld1 VLPs. 

3.2.2. Chemical coupling of PVY CP VLP with Feld1 

 
For the chemical coupling, PVY and rFeld1 components were separately purified. Following 

purification, PVY CP samples were combined with 5xSMPH, while rFeld1 was mixed with the 
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reducing agent TCEP. After the reaction, any unreacted SMPH was removed. A four-fold molar 

excess of rFeld1 was then added to modified PVY-VLPs, and an unreacted rFeld1 was removed. SDS- 

PAGE analysis verified a 24% incorporation of rFeld1 into PVY CP particles through chemical 

coupling, denoted as cPVY-Feld1. TEM imaging showed the formation of slightly shorter PVY-like 

filamentous VLPs with sizes ranging from 100 to 200 nm. Notably, cPVY-Feld1 VLPs exhibited 

minimal packed nucleic acid, as observed in NAG. 

3.2.3. Immunological evaluation of PVY-Feld1 vaccines 

 
To determine the most promising PVY-Feld1 candidate among the five variants (direct fusion, 

mosaic, SpyT/SpyC2, SpyT/SpyC3, or cPVY-Feld1) for potential vaccine development, we 

conducted murine experiments which aimed to detect antigen-specific total IgGs and assess their 

specificity, along with IgG subclasses, using ELISA on Balb/c mice sera collected on day 42. We 

administered s.c. injections of 50 µg for each of five vaccine variants on day 0, without the use of 

adjuvants. Subsequent booster doses were administered on days 14 and 28, with blood samples 

collected on days 7, 14, 28, and 42. 

All vaccine variants elicited notable levels of anti-Feld1 antibodies, which were detectable as 

early as day 7. Particularly noteworthy were the antibodies generated by cPVY-Feld1, displaying the 

highest titers and highest specificity in terms of antigen-antibody binding avidity (36%), as observed 

in sera collected on day 42. 

In the context of conferring protection against infections, Th1 cells play a pivotal role by 

promoting antibody production primarily within the IgG2a subclass (Jegerlehner et.al., 2007). This 

response is highly effective against a broad range of viral and bacterial pathogens. However, across 

all variants, the majority of produced Ab’s belonged to the IgG1 subclass, indicating a switching 

towards a Th2-type response. Notably, the PVY-SpyT/SpyC3-Feld1 vaccine variant displayed the 

lowest IgG1/IgG2a ratio, suggesting a potential balance between Th1 and Th2 responses. 

3.2.4. Native Fel d 1 recognition 

 
To assess the potential vaccine efficacy among the developed variants in real-life scenarios, 

we investigated the ability of sera obtained from vaccinated mice to recognize the commercially 

accessible native Feld1 (nFel d 1) antigen sourced from cats. The outcomes mirrored those acquired 

using rFeld1, with the cPVY-Feld1 variant once again demonstrating the highest titers. This outcome 

strongly suggests that the Ab’s generated in response to immunization with this particular variant  

exhibit robust specificity towards nFel d 1. 
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3.3. Bacterial expression systems based on Tymovirus-like particles for the 

presentation of vaccine antigens 

3.3.1. Construction and characterization of EMV CP Feld1 constructs 

 

Within this study, we present several simple E. coli expression strategies designed to produce 

vaccines derived from EMV VLPs. These systems embrace various strategies for antigen 

incorporation including direct fusion of EMV CP with Feld1 and coexpression of antigen containing 

EMV CPs unmodified (mosaic) EMV CPs. Additionally, we included two coexpression methods, one 

involving the synthetic zipper pair 18/17 (SYNZIP; SZ18/17) and the other employing coiled-coil 

forming peptides E and K (Ecoil/Kcoil), for the simultaneous expression of EMV VLPs and Feld1 

antigen. 

Initially, to improve flexibility for accommodating antigens on the VLP surface we introduced 

the G4S linker sequence to the C-terminal of the EMV CP. The resultant VLPs were similar to parental 

VLPs in size of 30 nm when observed in TEM. Subsequently, we created direct fusion EMV CP VLPs 

and mosaic VLPs. This involved the incorporation of the Feld1 antigen following the introduction of 

a G4S linker at the CP's C-terminal end. Furthermore, we explored two physical binding partner 

strategies in vaccine design. This involved the incorporation of negatively charged partners, Ecoil and 

SZ18, within the EMV CP gene. These partners formed robust physical complexes with another set 

of partners: the positively charged pair Kcoil and SZ17, both of which were introduced into Feld1 

coding sequence. Subsequently, we coexpressed the two binding partners (EMV-Ecoil/Kcoil-Feld1 

and EMV-SZ18/SZ17-Feld1) in E. coli cells. To validate the interaction between separately expressed 

and purified VLPs and Feld1, we carried out in vitro binding studies. Remarkably, we observed the 

successful formation of complexes in both scenarios. 

All four vaccine variants (direct, mosaic, Ecoil/Kcoil and SZ18/17) expression in E. coli was 

followed by purification and comprehensive characterization through SDS-PAGE, WB and NAG 

analysis. Icosahedral VLPs approximately 30 nm in size was confirmed for all VLPs in TEM. 

Following purification, the yield of VLP types was around 7-8 mg/L for direct and mosaic VLPs and 

around 50 – 70mg/L for Ecoil/Kcoil and SZ18/17 VLPs. 100% integration of the Feld1 antigen was 

achieved for direct fusion after SDS-PAGE and WB analysis. For mosaic VLPs, SDS-PAGE image 

densitometric analysis revealed an incorporation rate of ~46% for the Feld1 antigen and ~56% for the 

EMV-SZ18/SZ17-Feld1 complex, but only 5.2% for the EMV-Ecoil/Kcoil-Feld1 complex. 
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3.3.2. Chemical coupling of EMV CP VLP with Feld1 
 

For chemical coupling, both EMV and rFeld1 components were separately purified. EMV CP 

samples were combined with 3xSMPH, while rFeld1 was mixed with reducing agent TCEP (10-molar 

excess). After the reaction, any residual unreacted SMPH was eliminated. Further, a two-fold molar 

excess of rFeld1 was added to modified PVY-VLPs, and any unbound rFeld1 was removed. 

Verification through SDS-PAGE analysis confirmed the integration of rFeld1 into EMV CP VLPs 

through chemical coupling (termed as cEMV-Feld1). TEM imaging revealed well-assembled VLPs 

of T=3 symmetry. However, the quantification of Feld1 incorporation level became challenging due 

to signal overlap between the EMV CP dimer and the cEMV-Feld1 signal. 

3.3.3. Immunological evaluation of EMV-Feld1 vaccines 
 

The most promising EMV-Feld1 candidate for potential vaccine development among the five 

different variants (direct fusion, mosaic, Ecoil/Kcoil, SZ18/17, or cEMV-Feld1) was determined by 

series of murine experiments like detecting antigen-specific total IgGs and evaluate their specificity, 

along with the IgG subclasses, using ELISA method. This analysis was conducted on sera collected 

on day 42. The vaccination regimen involved subcutaneous injections of 30 µg for each of the five 

vaccine variants into Balb/c mice on day 0 without adjuvants. Subsequent booster doses were given 

on days 14 and 28, and blood samples were collected on days 0, 14, 28, and 42. 

The assessment of the immunogenicity of the formulated vaccine candidates displayed 

elevated levels of Feld1-specific antibody production. However, it's noteworthy that a similarly robust 

immune response against the carrier EMV was also detected. We concluded that cEMV-Feld1 and 

SZ18/17 emerge as the most effective frameworks for antigen presentation. These platforms exhibited 

substantial antigenicity against Feld1, and the resulting ab’s displayed an improved specificity 

(exceeding 50%) for four out of the five vaccine candidates. Moreover, the VLPs formed by EMV- 

Feld1 demonstrated modest production of the desired protective IgG2a subclass ab’s against Feld1, 

with IgG1 prevailing as the predominant subclass. 

3.3.4. Native Fel d 1 recognition 
 

We assessed the ability of ab’s generated from five EMV-Feld1 variant vaccinations to 

recognize nFeld1. In this context, the IgG titers against nFeld1 were notably highest for the direct 

fusion approach, closely followed by SZ18/17. These outcomes align with the measurements of 

antibody avidity, wherein SZ18/17 yielded the most specific ab’s (68%). Intriguingly, it's worth noting 
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that the antibody titers against nFeld1 for EMV-Feld1 variants were notably lower when compared to 

the levels induced by PVY-Feld1 vaccine variants. 
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4. DISCUSSION 

 

Understanding the dynamics between immune cells and nanomaterials becomes crucial when 

considering the utilization of nanoparticles (NPs) for immunotherapy applications. The 

physicochemical attributes of NPs, such as size, morphology, surface charge, chemistry, and ligand 

concentration, can be manipulated to improve their biodistribution, enhance therapeutic cargo 

carriage, enable precise targeting, and modulate immunogenic responses (Fontana et.al., 2019). NPs 

make up a diverse group of carriers, all sharing a common feature: their size falls between 1 and 1000 

nm and the types of NPs employed in vaccines include VLPs, viral vectors, lipid nanoparticles (LNPs), 

liposomes, and positively charged polymers (Gomes et.al., 2017). 

Several compelling aspects about VLPs make them intriguing - they serve as a secure platform 

since they lack any genetic material that can replicate and their ability to stimulate the immune system 

mainly depends if the antigens are arranged in  a repetitive manner, forming strong pathogen- 

associated structural patterns (PASPs). Additionally, VLPs are valuable tools because they can present 

a variety of epitopes on their surface and can encapsulate nucleic acids from their host expression 

systems or other chosen substances. This property enables them to activate TLRs on APCs (Mohsen 

et.al., 2018). Furthermore, for most cases high yield of soluble VLPs can be produced in recombinant 

bacterial cells and plants following strict manufacturing rules (cGMP) when using well-optimized 

expression systems and cultivation conditions (Zeltins, 2013). 

This study offers a substantial basis for designing novel and universally recognized plant VLP 

platforms based on viruses from Bromovirus, Potyvirus and Tymovirus groups, and their potential 

application in constructing new vaccines. In future, by incorporating specific antigens of interest, these 

platforms could be harnessed to address infections and various conditions, ranging from cancer to 

autoimmune diseases and allergies. The obtained data provides insight into how the size and 

morphology of VLPs, as well as the antigen presentation strategy, can contribute to their 

immunostimulatory potential. 

This study involved the creation of twelve different plant VLP platforms, all of which were 

successfully expressed in the E. coli expression system. Subsequently, these systems were used for 

purification of VLPs containing the target antigens, preserving either filamentous or icosahedral 

structures, respectively. 
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In the case of CCMV VLPs, which are derived from a plant Bromovirus and produced directly 

in E. coli cells, the morphological architecture was influenced by the site of TT epitope insertion. To 

date, this study represents the initial exploration and comparison of how the same virus CP monomer 

can give rise to two distinct morphological forms – one forming nano-sized icosahedra (CCMVTT N- 

terminal mutant) and the other elongated rods in the micrometer range (CCMVTT C-terminal mutant), 

including the analysis of their drainage kinetics and immunogenicity in murine models. 

Icosahedral viral capsids consist of chemically identical CP subunits organized into 

pentameric and hexameric conformations, enabling a single subunit to engage in both pentameric and 

hexameric interactions. The variations in CCMVTT morphology can be linked to the previously 

mentioned role of the CCMV CP gene's C-terminal end, which plays a role in stabilizing dimeric 

interactions. The insertion of an epitope into the C-terminus potentially disrupts the mechanism 

responsible for pentamer forming. In this case, intact hexamers arrange themselves into a tubular 

lattice that is enclosed by icosahedral caps at both ends, giving rise to bacilliform particles whose 

lengths correlate with the dimensions of the encapsulated RNA (Hull et.al., 1970). A similar 

observation was noted in publications about morphological changes in bacteriophages (Rumnieks et 

al., 2009) and in some plant sobemoviruses (Zeltins, 2018) after disassembly/reassembly experiments 

in vitro. The formation of rod-shaped CCMVTT VLPs consisting of hexameric units was confirmed 

through a cross-presentation experiment in which sera collected for ELISA assays were tested against 

VLPs coated with the opposite shape. In other words, sera obtained from mice vaccinated with round- 

shaped CCMVTT VLPs demonstrate a faster and more efficient recognition of rod-shaped CCMVTT 

VLPs compared to the reverse scenario. This phenomenon can be explained by the hypothesis that 

sera from round-shaped CCMVTT VLPs may contain antibodies capable of recognizing and binding 

to both pentamers and hexamers, whereas sera from rod-shaped CCMVTT VLPs predominantly target 

hexameric structures. 

The size of VLPs is definitely among their crucial attributes affecting how they stimulate the 

immune system (Gomes et.al., 2017). This study has confirmed that round-shaped CCMVTT VLPs, 

sharing the same genetic information as rod-shaped CCMVTT VLPs but displaying distinct 

morphology, exhibit enhanced drainage to secondary lymphoid organs and improved efficacy in 

activating APCs and B cells resulting in increased IgG and IgA titers. Previous studies have 

demonstrated that nano-sized particles can easily move to lymph nodes and are more likely to be taken 

up by DCs and macrophages residing in the lymph nodes which are considered being the most 

important APCs (Gomes et.al., 2017). Furthermore, VLPs bigger than 200 nm have to be endocytosed 
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by APCs to be carried to the lymph nodes. This process could take about 24 hours and could impact 

the amount of antigen actually reaching the lymph nodes (Fontana et.al., 2019). 

Additionally, the presence of RNA carried by VLPs serves a dual role as both a structural 

component and an essential element in activating TLRs for effective immune response. The signaling 

through TLRs plays a pivotal role in shaping the characteristics of the immune response generated, 

making TLR ligands a central consideration in the design and development of VLP-based vaccines. 

To boost antibody responses and stimulate the production of protective IgG2a antibodies in mice and 

IgG1 antibodies in humans, vaccines should be administered alongside specific TLR ligands 

(Bachmann & Jennings, 2010). Throughout this study, we have emphasized the correlation between 

the presence of nucleic acid packed inside VLPs and the induced T cell response. VLPs containing 

more TLR ligands, as indicated by higher signal intensity in NAG, could indeed correlate with a more 

pronounced Th1 response. 

Since both round and rod-CCMVTT VLPs contain a comparable amount of nucleic acid, which 

acts as TLR7/8 agonists, enhancing the efficacy of innate immune system stimulation, this study 

allowed to establish a correlation between the size of the VLP and the variations in induced IgG 

subclasses by removing the TLR7/8 ligand effect as a potential confounding variable. Hence, these 

findings imply that B cells are more proficient at engaging with and processing structures that are 30 

nanometers in size, as opposed to larger micron-sized structures, resulting in class switching to 

IgG2a/b and IgA. Furthermore, calculated ratio between Th1 and Th2-associated IgG subclasses, 

revealed that the influence of Th1 is more pronounced when dealing with round-shaped CCMV. 

To further explore these observations, two experimental designs employing a convenient 

model antigen Feld1 were conducted. As the CCMV VLPs are not suitable for introduction of large 

antigen sequences by genetic fusion we chose two other plant VLPs with different morphologies 

originating from the genera Potyvirus and Tymovirus, for the display the Fel d 1 antigen. As indicated 

above PVY CPs form filamentous VLPs whereas Tymovirus VLPs are icosahedrons, respectively. To 

evaluate the most effective antigen presentation method, we selected several strategies for displaying 

the antigen. These strategies involved widely used modifications, such as genetic fusions and chemical 

coupling, complemented by less common enzymatic and physical approaches. While 

SpyTag/SpyCatcher enzymatic conjugation partners and physical binding partners Ecoil/Kcoil have 

been successfully employed in studies seeking scaffolds for presenting epitopes for use in subunit  

vaccines (Tan et.al., 2021b; Hassani-Mehraban et.al., 2015), it is noteworthy that synthetic zipper pair 
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SZ18/17 in this context has been described for the first time. Furthermore, all enzymatic and physical 

partner binding processes were achieved by co-expressing both partners (modified VLPs and antigens) 

directly in the single E. coli culture, thereby bypassing the need for time-consuming separate 

expression and purification processes. 

It was previously known that PVY can tolerate N- and C-terminal fusions while maintaining 

morphological integrity as filaments (Kalnciema et.al., 2012). This research has validated these 

findings when filaments ranging from 400 to 800 nm either for direct or mosaic PVY CP VLPs were 

observed after Feld1 incorporation. Alternatively, directly in E. coli forming conjugation partners 

SpyT/SpyC2 and 3 formed shorter filaments around 200 – 400 nm whereas the same observation was 

much more pronounced for chemically coupled VLPs with sizes ranging from 100 to 200 nm, and 

even smaller ones, resulting in a more diverse range of particle sizes within the population. The 

reduction in size might be explained by the fact that chemical coupling has a negative effect on long 

particles which was also noted by groups working with Papaya Mosaic virus (PapMV; Rioux et.al., 

2012; Therien et.al., 2017). 

Nonetheless, majority of icosahedral tymovirus CP C-terminal fusions failed to assemble into 

VLPs. This work proves that the antigen sequence of Feld1 can successfully be incorporated at the C- 

terminal end of the EMV CP gene after a flexible G4S linker sequence which significantly improved 

chimeric VLP assembly. Furthermore, it has now been proven that VLPs derived from tymoviruses 

can tolerate the incorporation of the Feld1 antigen, which is approximately the same size as the 

tymovirus CP itself using either direct fusion or mosaic system. However, both purified VLPs 

appeared somewhat heterogeneous, suggesting that the size of the antigen still has a considerable 

impact on VLP integrity but can be improved with a simple improvement in flexibility. 

One of the most important determinants for creating an effective immune response is antigen 

density, which can be expressed as the distance between one antigen and another on the viral surface. 

Furthermore, especially 5 – 10 nm distance between antigens are considered the most effective for B 

cell stimulation (Bachmann & Jennings, 2010). Improved antigen density leads to a decrease in the 

spacing between antigens on the particle's surface, therefore promotes the cross-linking of B cell 

receptors (BCRs), ultimately resulting in heightened B cell activation and more robust antibody 

responses (Jegerlehner et.al., 2002). It's important to consider that the antigen density and, 

consequently, the antigen presentation capabilities can vary between filaments and icosahedral 

particles. Icosahedral particles typically maintain a more rigid structure, whereas filaments tend to 
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float in the solution and can adopt various bent positions. This variability in filament shape can 

complicate the precise setup of the required spacing for surface-exposed antigens. 

In this study, we have also evaluated the density of incorporated Feld1 antigen in the 

constructed VLP vaccines by performing densitometric analysis on SDS-PAGE gel. Although we 

assumed that for EMV CP direct fusion each CP contains one Feld1 molecule resulting in 100% 

incorporation this might not be the case for PVY CP as it undergoes a proteolytic processing at the N- 

terminus of CP by E. coli trypsin-like enzymes (Kalnciema et.al., 2012). Although processing occurs 

during the expression in E. coli and majority of truncated CPs are removed during purification steps, 

some of the remaining proteases can still truncate purified PVY CP appearing as additional band in 

SDS-PAGE gel analysis. It's worth noting that the presence of a proteolytic band was not as evident 

for PVY-Feld1 direct fusion, potentially because the elevated antigen density might have an impact 

on covering the region responsible for proteolytic cleavage. On the contrary, in purified samples of 

mosaic and both SpyT/SpyC conjugate VLPs, there might be mixed populations, with one population 

containing the preferred VLP-antigen fusions and complexes and another population consisting of 

cleaved Feld1 antigen aggregates altering the presentation of the antigen to the immune system. 

All these things considered, the main criteria for selecting the most effective vaccination 

platform should be based on considerations of total anti-Feld1 IgG levels, antibody specificity or 

avidity, and the dominance of a Th1 immune response. Taking into account the first two requirements, 

cPVY-Feld1 with only 26% Feld1 incorporation has demonstrated the highest efficiency as an antigen 

presentation platform, although it has shown a notable Th2 signaling pathway activation. Indeed, 

chemical coupling offers numerous advantages over other expression platforms, beginning with the 

fact that each principal component (VLP and antigen) is purified separately, thus preserving their 

natural configuration and protein secondary structures. Moreover, the presence of relatively shorter 

particles in the case of cPVY-Feld1 may also enhance the previously described kinetics of drainage 

to the lymph nodes. In the meantime, it's noteworthy that the PVY-SpyT/SpyC3-Feld1 variant, which 

exhibited the strongest nucleic acid signal intensity, also led to a more balanced IgG1/IgG2a ratio 

against Feld1. This observation suggests that this approach could be particularly promising for TLR 

stimulation purposes. 

Alternatively, the incorporation of Feld1 in EMV CP vaccines, as observed in SDS-PAGE, 

could be considered a more reliable parameter when addressing surface exposed antigen density issue. 

Despite the absence of structural analysis data for EMV CP, we have successfully shown the surface 
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exposure of the Feld1 antigen through the use of Feld1-derived monoclonal antibodies(mAb’s). Mab’s 

recognized all EMV-Feld1 vaccine candidates with high specificity, especially the EMV-Feld1 direct 

fusion, providing strong evidence of previously mentioned high structural similarity of recombinant 

Feld1 to the native antigen for this vaccine variant. 

Certainly, EMV icosahedral particles indeed maintain a robust and repetitive surface antigen 

structure, which subsequently ensures the necessary spacing between antigens for optimal antibody 

responses. First, the previously mentioned ratio between Th1 and Th2-associated IgG subclasses, 

which showed a more balanced distribution, suggests that there has been co-stimulation of TLRs and 

B cells. This phenomenon may be attributed to the presence of packaged nucleic acid, which was 

notably observed in three constructs: SZ18/17, Ecoil/Kcoil, and cEMV-Feld1. Secondly, antibody 

avidity, which measures the strength of binding between antibodies and antigens, is believed to be 

linked to protection against infection. Furthermore, it is suggested that avidity data could be used 

alongside antibody titer data to identify biological factors associated with clinical protection against  

diseases (Bauer, 2021). Interestingly, three out of five EMV-Feld1 variants produced IgG antibodies 

with an avidity index of around 50%, while cEMV-Feld1 exhibited an even higher specificity with 

63% specific antibody production. Furthermore, despite only 5.2% Feld1 antigen incorporation in the 

EMV-Ecoil/Kcoil-Feld1 vaccine variant, it exhibited an antibody specificity of 25%. This clearly 

demonstrates that antigen multiplicity is one of the key contributors to vaccine immunogenicity, as 

previously emphasized. 

Based on the evaluation of these criteria, two of the vaccines derived from EMV CP and 

containing Feld1, SZ18/17 and cEMV-Feld1, emerged as the most promising candidates. They 

demonstrated very high levels of total IgGs, an avidity index exceeding 50%, and a pronounced Th1 

response. Furthermore, antibodies formed against SZ18/17 variant, exhibited the highest recognition 

of nFeld1as the production of specific IgG antibodies against nFeld1 was considered an equally 

significant parameter for evaluating vaccine efficacy. Although, resolving excessive IgG production 

against the EMV carrier is crucial for exploring further application possibilities. Overall, this 

experimental data comparing two different VLPs with one Feld1 antigen, despite several expression 

platform choices, showed that the most promising platforms were once again icosahedral particles. 

In conclusion, the physical properties of particles, which encompass aspects like size, surface 

charge, structure, flexibility, shape, surface chemistry, and hydrophobicity, hold a vital role in shaping 

how nanoparticles engage with cells. These interactions impact various factors, including how long 
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they stay in circulation, their ability to enter the lymphatic system, their distribution within tissues,  

and their capacity to engage with and be taken up by cells (Fontana et al., 2019). To design effective 

nanoparticle-based vaccines, it's essential to analyze and optimize these parameters to achieve desired 

characteristics. This study clearly shows the significance of smaller nanoparticles (up to 200 nm) over 

larger ones when interacting with the immune system in complex scenarios, as evidenced by 

experiments involving preclinical animal models. Furthermore, the outcomes observed in the 

development and evaluation of EMV-Feld1 vaccine platforms indicate that the chosen construction 

approach can have a notable impact on both the progress and the specificity of the immune responses 

triggered. Consequently, it is advisable to explore multiple VLP carriers and antigen incorporation 

strategies for each novel VLP-based vaccine, aiming to identify the most optimal variant. 
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5. CONCLUSIONS 

 
 

1. Insertion of a TT universal epitope into the N- terminal end of the CCMV CP results in the 

formation of icosahedral T=3 VLPs with a diameter of ~30 nm whereas insertion into C- 

terminal end results in rod-shaped VLPs, 1 µm in length and ~30 nm in width. 

2. Round-shaped CCMVTT VLPs demonstrated improved migration towards secondary 

lymphoid organs, facilitating effective interactions with professional APCs and B cells which 

resulted in a notable induction of systemic IgA and IgG responses, accompanied by prominent 

formation of splenic germinal centers. 

3. Round-shaped CCMVTT VLPs are capable of polarizing elicited T cell response toward the 

Th1 pathway. 

4. By utilizing genetic methods, including both direct and mosaic fusion techniques, as well as 

SpyTag/SpyCatcher-mediated enzymatic coupling to the VLP carrier, the Feld1 antigen can 

be incorporated into the PVY CP without hindering the formation of filamentous VLPs when 

expressed in E. coli cells. 

5. The Feld1 antigen can be incorporated into the EMV CP via genetic methods like direct and 

mosaic fusion, or a physical binding approach involving coiled-coil forming peptides 

Ecoil/Kcoil and the synthetic zipper pair SZ18/17, followed by expression in E. coli cells while 

preserving icosahedral T=3 particle formation. 

6. The Feld1 antigen can be chemically coupled to either PVY or EMV VLPs using the SMPH 

crosslinker. 

7. All constructed PVY-Feld1 and EMV-Feld1 vaccine variants exhibited enhanced 

immunogenicity, as evidenced by their recognition by two monoclonal Feld1 antibodies and 

their ability to induce elevated anti-Feld1 antibody titers in mouse models. 

8. All developed EMV-Feld1 vaccines resulted in an antibody-antigen binding avidity exceeding 

45%, while the most favorable PVY-Feld1 variant was observed in the chemically coupled 

version, demonstrating only 36% specificity. 

9. Within both the PVY-Feld1 and EMV-Feld1 groups, IgG1 subclass antibodies were observed 

as the predominant class against all vaccine variants. 

10. While antibodies produced by all PVY-Feld1 and EMV-Feld1 vaccine variants recognized 

nFeld1, the overall titers against nFeld1 were higher for PVY-Feld1 groups. 
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6. MAIN THESIS FOR DEFENCE 

 

 
1. Plant VLPs with introduced antigens can be efficiently expressed and purified from E. coli 

host system which ensures the encapsulation of host nucleic acids during the expression 

procedure. 

2. Icosahedral plant VLPs, with a size of approximately 30 nm, emerge as superior vaccination 

candidates due to their capacity for rapid trafficking into secondary lymphoid organs, leading 

to heightened immunogenicity when compared with larger filamentous VLPs measuring 

around 1 µm. 

3. The chemical coupling approach possess characteristics that position it as the most efficient 

platform for facilitating immune cell recognition of the Feld1 antigen. 

4. Icosahedral VLPs demonstrate an elevated production of protective Th1-associated IgG 

subclasses. 
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