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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 VVLPs 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 VVLPs in the development of new vaccines.



KOPSAVILKUMS

Subvienibu vakcinu attistiba ar genétiskas inZenierijas metodém biutiski atvieglo vakcinu
konstrugSanas procesu, jo lauj izvietot uz virusveidigo dalinu (VLP) virsmas lielu skaitu antigéna
molekulu, nodroSinot vakcinam nozimigo multiplicitati, kas savukart ir nozimiga spé&cigas
imuntnatbildes izraisiSana. VLP ir passavakties sp&jigas proteinu struktiiras, kas sastav no virusa arcja
apvalka, kas ir identiska virusa dabiskajai uzbiivei, bet nesatur savu genomu, kas atbildigs par spgju
replicéties un inficét saimniekorganismu. Liela lidziba ar dabigajiem virusiem lauj VLP uzradit
humoralo un §tnu radito imtino atbildi, uzradot B $tinu aktivitati un augsta titra antivielu razosanu, ko
pastiprina uz VVLP virsmas eksponéti, strukturéti un atkartoti aminoskabju motivi. Sis ipasibas padara
VLP par idealu vakcinu kandidatu.

Augu VLP izmantoSanai vakcinu veidoSana ir vairakas pozitivas iezimes — augu VLP var
izmantojot vienu nes€ju dazadas vakcinas, jo ziditaju organisma nav ieprieks eksistéjosas imunitates
pret Siem virusiem. Misdienas tikai dazu augu VLP imunologiskas ipasibas ir izprastas un definétas,
lidz ar to veiksmigai o objektu izmantoS$anai vakcinologija nepiecieSams konstruét un parbaudit
jaunas augu VLP, ko butu iesp&jams savstarpgji salidzinat, izdarot secinajumus par to imunologisko
aktivitati ziditaju organisma.

Pétijuma gaita tika izveidotas vairakas uz augu VLP balstitas baktériju platformas antigénu
prezentacijas sp&ju noveértésanai, salidzinot dazadus antigénu saturosus augu VLP kandidatus (no
Bromovirus, Potyvirus un Tymovirus gintim) ar dazadam morfologiskam formam (filamentiem un
ikosaedriem), méginot noveértét imunologiski veiksmigako antigéna prezentacijas veidu. Pirmkart,
tika izveidoti vairaki augu VLP varianti ar at$kirigam morfologiskam formam, izmantojot dazadus
antigénu ievieto$anas panémienus, Kas ietvéra genétiskas, kimiskas, enzimatiskas un fizikalas
metodes. Otrkart, tika izveidoti modificéti augu VLP, ievietojot galveno kaku alergénu Fel d 1 ka
modela antigénu uz VLP virsmas, talak parbaudot to imunogenitati pelu modelos. Péc tam
imunologiskie dati tika iegtti, imuniz&jot peles un novért&jot dazadus parametrus, tostarp kop&jo
antivielu titru, antivielu apaksklasu sadalijumu, aviditati vai specifisko antivielu klatbiitni un dazos
gadijumos $o VLP ieplisanas atrumu limfmezglos. Sie pétijumi ir veiksmigi apstiprinajusi augu VLP

nozimigo potencialu jaunu vakcinu izstrade.
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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



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 VVLPs 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 llarvirus 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; gRNAL;
gRNAZ2; 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).

11
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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
gRNAZ2 which are packed into separate particles. gRNA1 and gRNA2 are monocistronic, encoding
the 1a (958 aa, gRNAL) and 2a (94 kDa, gRNA?2) 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 gRNAL and gRNA2 do not assure viral gRNA replication, possibly due to impaired ability of
la and 2a proteins to recognize cis-terminal activating signals which serve as initiate factors for (+)
RNA synthesis (Speir et al., 1995).

gRNAZ3 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 gRNAS3 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 SRNA4 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 (JRNAL, gRNA2
and gRNAS3) 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 gRNAS3, 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 A 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 LCWP).

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

14
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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 a-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 gRNAS3 (de Assis Filho et.al., 2002).

In 2008, Ali and Rossinck described two new CCMV isolates, Carl 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-Carl 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-Carl is distantly
similar to all CCMV strains. The sequence similarity of the two isolates was 99.3% for gRNA2 and
gRNAS3, but 94.6% for gRNAL 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 p — 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 [ - 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 a-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 B-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 3 — 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 B-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 B-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-
(B-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 CCMYV 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
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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 s 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 (GADOTA) 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
FOXAL 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, GADOTA, 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 GADOTA 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 11l 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).

Potyviruses, Rymoviruses

._‘p1 g P3 c R Nla NIb CP }=poly A

7 VPg-pro
ZAP3N + PIPO

6K 1

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 (\VPQ) 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 (ClIYVV), Johnson grass mosaic virus (JGMV), passion-fruit woodiness virus
(PWV), potato virus Y (PVY), and watermelon mosaic virus Il (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 VVPg, 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 isa
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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, VVPg, NlaPro, 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 ssSRNA, 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 a-helices and one or two B-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 Val** to GIn’’, 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).
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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
(PVBYV) 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).

5

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 (DY MoY, 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 11 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 Il 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 11 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 1gG
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 PV X 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-[(B-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 VVLP 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 CCMV+7-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-N1t830 and pET42-CCMV-Cit830.

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

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

pTZ-Feldl plasmid was subcloned into the already constructed plasmid pET-PVY-CP-NG4S
(Kalnciema et.al., 2012) resulting in pET-PVY-NG4S-Feldl (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 Feldl 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 Feldl 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-NGA4S gene by PCR
mutagenesis. The fragment froma 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-Feldl) 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-Feldl. 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

pPET42-EMV-CGA4S. The correct clone of the direct fusion plasmid was selected by digestion analysis.

For the mosaic system, we introduced flanking Pscl and Sall 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-Feldl gene from the pET42-EMV-CG4S-Feldl vector under the second T7. The plasmid clone
encoding proteins in the mosaic system (pETDu-mEMV-CG4S-Feldl) 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)s 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 pACY CDu-Kcoil(3x). Both
Ecoil- and Kcoil-containing plasmids were sequenced and used for coexpression of EMV-CG4S-
Ecoil(3x) and Kcoil(3x)-Feldl 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-Duetl (Novagen, USA) with the ampicillin resistance gene.

For the Feldl 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-Feldl and EMV-SZ18/SZ17-
Feldl), 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-Feldl and EMV-SZ18/SZ17—Feldl 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 x
g, 5min, 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 x 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-Feldl protein after purification in a sucrose gradient was dialyzed against
100 volumes of 1x PBS followed by purification with gelfiltration on a Akta 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 x 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-Feldl 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 pL 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 1x PBS four times (4 x 6 min) at 3,214 x 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 rFeldl 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 CCMV+ 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 1l (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 pum 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 1gG (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 pg Round or Rod-shaped CCMV+1-VLPs in 100ul 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,
51 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 ug of each PVY
CP VLPs and 30 ug of total protein of each EMV CP VLPs were diluted in 300 pl 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 pl 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 CCMV+7-VLPs, PVY CP, EMV
CP, rFeldl) in 50 mM sodium carbonate buffer (pH 9.6) overnight at 4 °C. Plates were washed with
PBS-Tween and blocked using 100l PBS-Casein or BSA in PBS for 1 - 2h. 100 pL 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
CCMV+t1-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 Feldl antibody ELISA tests replaced the
immunized mouse sera with two commercially available Feldl 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 1gG1-HRP and
goat anti-mouse 1gG2a-HRP (1:1000) (Thermo Fischer Scientific, Waltham, Massachusetts), goat
anti-mouse 1gG2c-HRP (Southern Biotech, Birmingham, Alabama) 1:4000, rat anti-mouse 1gG3-
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 1gG1 and 1gG2a detection,
sera obtained from Day 42 following the manufacturer’s protocol (mouse mAb antibody isotyping
reagent 1ISO2-1KT Kkit; Sigma—Aldrich, USA) was used. For secondary Abs, a peroxidase conjugate
of monoclonal anti-goat/sheep 1gG 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
pg/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 pl/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 pg/mL in 50 mM sodium
carbonate buffer (pH 9.6, 100 ul 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 pl 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- y in mouse serum
Serum from Round or Rod-shaped CCMVr-VLPs vaccinated mice was collected on day 14 for
measuring IFN- y. ELISA MAX™ Deluxe Set Mouse IFN-y (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 CCMV17-VLPs to draining lymph
nodes
Round or Rod-shaped CCMV1r-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 10ug 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 | (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 70um 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

CCMV1-VLPs were labelled with AF488 as described previously. C57BL/6 mice were injected
with 10pug 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 (7um
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

CCMV+T-VLPs were labelled with AF488 as previously described. C57BL/6 mice were injected
with 10ug 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
P <

*kkk

between the groups was performed using Student's t-test or one-way ANOVA test. P-values
0.0001; “"P < 0.001; P < 0.01; “P < 0.05.
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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 CCMVrr 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 CCMVr 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 pum) and ~30 nm in width (termed as rod-VLPs),
showing the profound impact of epitope positioning on the morphology of the CCMVrVLPs.

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-CCMVrr) and 21.9 kDa (rod-CCMVrr),
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 CCMV-rdrainage kinetics and interaction with cells in

draining lymph node

To explore the impact of size on the lymphatic trafficking of the modified VVLPs, we conducted
an evaluation of the accumulation and interactions of both round-shaped and rod-shaped CCMVrr
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 CCMVr 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 CCMVr VLPs with DCs or macrophages
reduced. Even the rod-shaped CCMVrr VLPs, though larger, were detectable in the popliteal draining
LNs. Although, after 24h, we observed that round-shaped CCMVrr VLPs had penetrated deeper into
the LNs. Moreover, the interaction of round-shaped CCMVr VLPs with B cells, marked by increased

MHCII expression, demonstrated a significant rise in comparison to the rod-shaped CCMVrr VLPs.

3.1.3. Humoral immune response against round- and rod- shaped CCMVrr VLPs

Our study reveals that a single initial injection of round-shaped CCMVrr 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 CCMVr 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 CCMVr VLPs. In contrast to the rod-shaped
VLPs, the round-shaped CCMVr VLPs triggered a remarkable rise of over 100 times in systemic 1gG
and IgA levels. For the purpose of cross-reactivity studies, sera collected from both round- and rod-
shaped CCMVr 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 CCMV1r VLPs
exhibited a notably higher efficiency in recognizing rod-shaped VLPs, even following just a single

immunization.

Furthermore, round-shaped CCMVrr VLPs can also direct the generated T cell response
towards Thl polarization. Comparatively, round-shaped VLPs outperformed rod-shaped ones in
facilitating class-switching. When using round-shaped CCMVr VLPs for vaccination, the increase in
the ratio between Thl (IgG2a/c, 1gG3) and Th2 (IgG1) associated 1gG 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 CCMVr VLPs compared to those vaccinated with
rod-shaped CCMVr VLPs, whether assessed by the overall count of GCs or the quantification of their
spatial distribution (GCs/mm?).

50



Jourmal of Controlled Release 331 (2021) 296-308

Comtents lists available at SciencelDinect

G’“L‘lﬁﬂ'ﬁ“
Journal of Controlled Release Fi
El .k‘i VIER joumnal homepage: www.elsevier.comfocatefoonne| —
The impact of size on partic]e drainage dynamics and antibody response e

Simon Zinkhan*', Anete Dgnna

Simone de Brot”©, E}l‘nl] Lipp“, h’.m}"m: Chang °, Lisha Zha*

Martin F. Bachmann ™*,

g Bl

k Ik

Mona O. Mohsen >
of Birm, Berr, Switnarlind: I

, Ina Balke ", Gunta Resevifa ", Andris Zeltins®,
,M::lmquc Vogel %,
o sy BIA, Uninersity Hopil Ber, Bers, Soeoeriond

" Lutvien, Bcrranficed cserrch & $aly Contre, Ratsupies iela 1, Rign, LY 67, Lanis
" COMPATH, bnstiar of Asimd Patheloy, Limwrai of e, Sors, Saizriond

o e, Anfua Agricul
Juuhhw

Fefet, Anhu, China
s

af Mk, Tkt

. Tk 5 | ~{TRI%, Nash

of thfard
! Corwer for Caneer Care i Ssrarch Deba, Guoear

ARETICLE INFO

ABETEACT

Kipramrde

Wimm-lihe

Compm chiorotic mottls vins
Humorsed snmurns nepons:

Vareine i ndiseed i

I can be greatly enhanced by mimicking pachogen propenties. The size and the
repetitive gemmerric shape af virus-ike particles (VLPs) infloence their immunogenicity by facilimting drainage
i secondary lymphadd argans and enhancing Isemmetion with and activatien of B cells and innete hamaral
immune components. VLIPS derived from the plant Bromavirus genus, specifically oowpea chloratie mottle vine
{COMY]), are T = 3 iccaahedral parcicles. (T] & the crissgulacion number thar refers 1o the number and ar-
rangemencs of che subunis (p and b ) of the ¥LPs OCMY-WLPs can be caslly expresed in an
E oodi hoet sysvem and package ssRHA during the expresshon process. Recently, we have enginesred CCMV-Y1Ps
by meonporacting che universal cetanaes poodn (TT) epitope at the N-ienminus. The maodified QO VLIPS sue-
cessfully form feosabedral particles T = 2, with a dismever of ~30 nm analogous 1o the parental VLPs. Inter-
estingly, incorporaring TT epitope &t the C-emminus of OCMVr-VLPS resulrs in the formation of Rod-shaped
VLIPS, ~1 pm in length snd ~ 20 maw in width, bn chis snudy, we have Investigated the drainisg kinsties and
immunogendeity of both enginesred forms (ermed o5 Rousd-shped OCMV-VLPs and Rod-shapsd COMYrr-
VIFs] as potencial B eell immunogens using different in vicno and in vive assays. Oor resulcs reveal thet Round-
shaped CCMVer-¥LPs are more efficient in dradning 1o secondary lymphaold argans 1o charge peofessional
anti gen-presenting cells i well as B cells. Furthermore, compared 1o Rod-shaped OCMVr-¥1LPS, Round-shaped
TR -VILPs bed Do mare than 100-fold incressed systemic IgG and Igh responses accompanied by prominent
formation of splene germinal centers. Round-shaped COMVr-VLPs nnuld..llmpuh.ru.: the ndoced T cell

rd Thil. To aur kisewledge, this i the firss sdy investigating and @ the drmining kinetices
n.u.r.'lmrmﬂﬂq’-ul'-urtuﬂlhm”mnmﬂhmh;mludlmhedmmmﬂs in the micromeer
e

1. Intreduction

singhe coat protein (CP) amanged in an icosshedral or a helical-shaped
geometry [1,5). The iccsahedral stracture of vimases is more prevalent

In 1956, Crick and Watson have stated that “it is a striking fact that
almaost all small vinases are mds or spheres”, “These shells are cons
structed from a large oumber of identical probein malecules, of small or
moderate size, packed together in a regular manner™ [1). The main
reasan for this arrangement is the small genome of viruses, especially
ANA viruses. Many virus capsids are made up of multiple copies of a

of BloMadical R

* Comesponding auchor a: Dey h, U
E-mail address mona. mohsen@dbomr anibech (MUOL Mishsen ).
! Bath authars eontributed equally oo this sy,

hrpe: fdiod ong 101016/ jeonrel 2021.00.01Z

than the helicalshaped one.

Viruslike particles (VLPs) are one of the traditional vaccine plats
forms that emerged few decades ago and have made large strides in the
field aof vaccinology. The continuous interest in VLPs is doe to several
reasoms including: being a safe platform as they lack replicating genetic
materials, their immunogenicity which is largely due to anmtigen

v af Bem, Bern, Switzerland.

Received 24 July 2020 Received in revised form 5 January 2021; Accepied B January 2021

Availahle online 12 January 2021

1 GB-3659M 2021 The Audhars, Pulbdished by Eleevier B.V. This s an open aocess article onder the CC BY leense {hirp:/fereative oomimsons of g lioenses by 4.0,

51



£ Finichan ot al

organization and repetitiveness wiewed as potent pathogensassociated
stractural pattern (PASPY similar to pathogen-associated molecular
patterns (FAMPs) [4-7], which are usmally specific for pathogers, res
petitive and rigid sarfaces are also sperific for pathogens, hence the term
PASP. VLB are further useful ioals, as different epiiopes may be dis
played an their sarface. In addition YLPs have favorable sizes ranging
betwesn 20 amd 200 nm [4]. Such size allows VLPs to rapidly and effis
ciently filter and drain through the lymphatic system and gain access to
lymphoid folkicles [4,5-10]). The approved V0P-based vaccines carrenily
in the market mastly exhibit an icosahedral surface geometry based oo
the quasi-equivalence concept described by Caspar and Klug in 1962 and
expressed as Tnonrguietion rumber () [11,12]). Trangulation refers to
the mumber and arrangements of the subunits (pentamers and bexamers)
of the coat protein of a wirus ar a VLP. It usually serves as a rouagh ins
dicator of size. For example, human papilloma wiruses (HPYs) are T = F
of —&0 nm in size [12], while hepatitis E virus (HEV) VIPsare T = § of
=I5 nm [14]. The differest generations of hepatitis B virus (HBV)
waccines show highly arganized subewiral particles (5VPs) of —202% nm
[15]). In addition, the arrangement of CPs af VLPs in belical ar rod-shape
geometry is also possible; tobaccos-mosaic virus (TAY) is a well chars
acterized representative of this category. Virions of TMV are —300 nmin
bength and — 18 nmin width [ 16,1 7). TMYVLPs have been investigated
as a promising platform in nanotechmalogy [18] and as a vaccine plats
form as well [19]. Nevertheless, knowledge is scarce regarding THV-
V0LPs drainage dynamics. [oosabedral VLPs can be mandpulated by
imzerting few mutations to form rod-shaped VLP. Por example, V0iPs
derived from the bacteriophage Of can assemble in a rod-shaped par-
ticle folbowing the mutation of fve amino acid (a.a.) residdues in the FG
boop of its CF [20].

It iz kmown that the repstitive surface geometry of icosshedral V0Ps
enhances optimal induction of B cell response via cross-linking of B cell
recepiors (BCRs) [21,22). Previously, we have shown that displaying
epitopes on icombedral T = 3 VLPs such as bacteriophage Qff or plant-
derived CabVrr VLFs result in high specific IgG antibody (Ab) titers
as well 25 neutralizing Abs [22-28]. Some stadies have revealed that a
waccine based on rod-shaped tobacco-mosaic (TMY)RYLPs could also
serve as an effective platform to display different epitopes capable of
eliciting an immune response against different pathogens [29,20].

Cowpen chlorotic mottle virus (CCMV) is a Bromovimas naturally
mfecting plants and therefore is nonsinfectious to humans. The infected
planis develop yellow spois o their keaves, hence the mame chloratic
[31]). The viras is an wosahedron T = 3 of —28 nm in diameter, cons
sisting af 180 CPs of identical amino-acid sequence. The coat protein can
adopt multiple quasi-equivalent forms referred to as the coat subuniis A,
B and C forming either hexamers (altermating subunits B and C) or
pentamiers [subunit A). The resulting virus particle consists of 12 pens
tamers and 20 hexamers [3Z]. Previously, i has been shown that
peosahedml CCMV can be cooverted into rod-shaped particles after a
dismzsembly/reassembly process [372].

In this study, we hawve demonstrated that CCMY.-derived VLPs of
different morphology (kcsahedral or rod-shapsd structure] can be abs
tained directly from recombinant £ colf cells. We spacifically manipus
lated OEMVVLPs by inserting the umiversal tetarus toxin (TT) epitope at
the C or Nsterminus to form icosshedral WLPs in the nanometer scale or
rod=shaped VLPs with sizes in the micron range. Such intervention
allowed us to sudy the impact of particle-size on drainage dynamics and
magnitwde of indoced immune resporse using YLPs based on essentially
the same VILPsmonomer. Our resulis demanstrate for the frst time that
VLPs in the nm size range are vastly more immunogenic than microns
sined particles.
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Z. Materials and methods

Z1. Round-shaped and Rod-shaped OCMV=VLPs cloming, expression
amd production

Cloning of CCMV-CF with indured tetaous toxin epitope for
expression: A cloned copy af the CCMY coat protein gene (wt CF} was
obtained from Dr. Alain Tissot {Zarich) and used in PCR mutagenesis for
insertion of the coding sequence of tetanus toxin epitope (TTE30-847;
CYTKANSFIGITE]) in 5's and ¥- terminal ends of the CP gene. To replace
the ariginal amino acids at the N<erminus of OCMV CP with the TT
epitope sequence, the pET42-CCMYwi plasmid was used as a templabe
far PCE amplification and mutagenesis. Nded site at the 5'end of the
CCMVwt gene was used for cloning corresponding PCR. productks. To
introduce the tefanus toxin epiiope coding sequence into the CCMVswt
gene, twa step PCR mutagenesizs was necessary. Faor the first step
amplification the following primers were used for M terminal PCR:
CC_NE3_d24F (S ATACATATGHGOCAGTATATTAAGGCCAACTEC
CAAATTTATOGGGATTACCGA 3] and CCMNEIR (5" AGTTAAC
TTCOCTETACOGACTG TTTCGE TAATCCCGATAAATTTGGAGTTG 2').

For the second round the PCH products from the st round were
diluted 1:50 and resamplified with primers CC_N83_d24F and CC_AgeR
(5" ACTTOCGATACGCTGTAACCGGTOCA 37).

For C terminal insertion of TT epitope, the following primers wers
weed: CCCEIF (8 TGACGACTCTTTCACTOOGGTCTATGGLCAGT A
TATTAAGGCCAACTCC  3)  and CCCE3IR (5% TTACTOGA-
GAAGCTTATTACTCGGTAATODOGATAAATTTGGAGTTG 2). Second
round of the PCH was performed as describe above msing primers

CC_CH3R 5" TTACTOGAGAAGCTTATTACTCGG TAATCCCG A
TAAATTIGGAGTTG ) and CCSacllF (5 COCTTGAA-
CAACTCGODGOGGA 3.

The corresponding FCR fragments were analyzed im a (L% agarss
gel and them punfied using the Gemelet Gel Extraction kit (Thermo
Fischer Scientific, Waltham, Massachuserts). Then the 5 terminal end
PCR product and plasmid pET420CMY wt were digested with enzymes
Ndel and Hsh1T (Thermo Fischer Scieniific, Waltham, Massachusebis)
and ligated, resulting in plasmid pET42-0CM-Nit830. The 3'terminal
end PCH product and plasmid pETA2ZCCMVwt were digested with ens
zymes Cfrd2] and Kol (Thermo Fischer Scientific, Waltham, Massa.
chusetis) and ligated, resulting in plasmid pET4 200 V-Crr B30,

E.cofi XL1-Blue cells were used 25 a host for claning and plasmdd
amplification. To avoéd PCE errors several CP gene-containing pET4Z
plasmid clones were sequenced using the BigDye cycle sequencing kit
and an ABI Prism 310 Genetic analyser (Applisd Biosystems, Foster
City, California). After ssquencing, the plasmid clones without sequence
errors were chosen for further experiments.

Cloning of CCMV-ES.CF with induced befanus toxin epitope for
expression: To obtain “saltstable™ COCAMV VLPs, the replscement of
lysime against arginine in position 42 (K4ZR) was necessary. For
CCMVwt-55 the following primers were med: CCP smibt Agel B (8
TGTAACCGGTCCATGCTTTAATAGOGOGGROCTT 37) and CCAM_NdeF (3
ATACATATGTCTACAGTOGGTACAGGSE 37 For CCMV-MrtB30-55 the
following primers were ussd: OC K83 dMF and O salt Agel B The
oorresponding PCR products were cloned into the pTZSPR/T vector
(Thermo Fischer Scientific, Waltham, Massachusetts). E coli X1L1-Elue
cells were used as a host for cloning and plasmid amplification. To
avoid ET-PCH emors, several CF genescontaining pTZ57 plasmid clones
were sequenced using the Bighiye cycle sequencing kit and an ABI Prism
310 Genetic analyser (Applicd Bicsystems, Foster City, Califormia).
After sequencing, commesponding DNA fragments without sequence ers
rors were subcloned into the NdelfAgel sites of pET42:0CMVwt and
PETA2LOMW-Nit830) expression wectors, resalting in the expression
plasmids pET42-CCMV-55 and pET4200MY-Nrt820-55. For generating
the € termimal tetams toodn CCAV.SS construct the comresponding Nded/
Beriildragment from pET42-CCMVa55 was subcloned into pET=0CMV-
CrE30, generating the expression vector pETA2.CCMV-Crid30-55.
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Expression and purification of OCMV-55 VLPs: To obtain all sl
stable CCMY CP VLPs, each comstruct was transformed and expressed in
E coli CI566 cells (New England Biolabs, Ipswich, USAL After selection
of clanes with the highest exprescion levels of the target probein, E. coli
cultures were grown in 2xTY mediom containing kanamycin (25mgy1)
on a rofary shaker (200 rev/min; Infors, Bottmingen, Switzerland) at
30 =0 o an ODG00 of 0.8-1.0. Then, expression was indwced with
0.2mM IsopropylsfD-thingalactopyranoside (IFTG), and the medium
was supplemented with 8 mM Mgl and 2 mM CaCl,. Incubation was
continued on the rotary shaker at 20 °C for 18h. The resulting binmass
was collected by lowsspeed centrifugation and was frozen at <70 "C
After thawing on ice, the cells were suspended in buffer containing 15
mM sodium phesphate pH 7.5 supplemented with 150 mA{ MaCll (buffer
A) with additional 0.5 mM urea, | mM PMSF, SmM mercapeo=ethanod,
and were disapied by ulirasomic treatment. [nsoluble proteins and
cell debris were remaoved by centrifugation (13,000 rpm, 20min at 5 *CL
All steps mvwvalved in the expressiomn of YVLP were monitored by SISPAGE
using 12.5% gels.

CCMV-55 and CCMV-Cri830:58 VLPs were separabed from cellular
proteins by ultracentrifugation (SWZ28 rotor, Beckman, Indiamapolis,
Indiana; ar 25,000 rpm, &h, 5 *C) in a sucrose gradient [ D0-6% suorose
in baffer A, without mercaptossthanal and wrea, supplemented with
0.5% Triton X100 The content of gradient tubes was divided imo six
fractinns, starting at the bottom of the gradient, and the fractions were
analyzed by SDSPAGE. Fractions containing OCMVYS5 CF proteins were
combined and dialyned against 100 volumes of buffer A to remave the
sucrose. If necessary, samples were concentrated wsing an Amicon Ultras
15 centrifugal device (Millipore, Cock, Irefand).

However, soluble probeins of CCMV-NEM055 were precipitated
using a mixture of PEG 8,000 (&%) and NaCl (0.15 M), collected by
centrifugation and dissolved in buffer A. PEG/MNaCl precipitation was
repeated for CCMV-NHE0ES. After sofubilisation or dialysis (in case of
CCAVLSE], all OCMV CF preparations were purified two times using an
ultracentrifuge and 30% sucrose cushion - first with additional 0.5%
Triton X100 and the scond time withowt Tritan X100 {4 b, 50 000
rpm, 4 ?C; Type POTi rotor, Beckman, Indiamapolis, Indiana) and the
pellet was then dissolved in buffer A. If necessary, samples were
concentrated using an Amicon Ultra-15 centrifugal device (Millipone,
Cork, Ireland). To obtain pure preparaticns of CCMY-CPs for subsequent
ebectron microscopy (EM) analysis, stability and immunological studies,
the sucrose gradient, dialysis, and concentration steps were repeabed.

All steps imvolved in the expression and parification af VLP were
momnitoned by SDE-PAGE (using 12.5% gels). The concentration of pus
rified OCMV-CPs wene estimated using the Qubit fucromeber in
accordance with manufactarer's recommendatiors (ThermoPisher Sci-
entific, Waltham, Massachuserts). Concemtrated VIP solutions were
stored at 44 *C.

22 Electron microscopy

Purified Round=shaped ar Rod-shaped CCMV A LPs proteins {1 mg/
ml} were adsarbed on carbon formvar<oated copper grids and were
negatively stained with 0.5% uranyl acetate aqueous solution. The grids
were examined using a JEM:1230 slectron micrascope (TEOL, Tokyo,
Japan) at an accelerating valtage of 100 kV.

23 Masx spectromeiry

Wild type OCMV=VLPs, Bound- or Rod-shaped CCMVr-VLPs (1
mg/ml in buaffer A) were dilmted with a 2 5Dikydroxyacetophenone
(2,50HAF]) mairic solutfion and were spoited ombto an MTP
AncharChip 400/384TF. Matrix assisted kser desorption/onization
(MALDI}RTOF MS analysis was carmied out on an Aataflex MS (Bruker
Scientific, Billerica, Massachusetts). The protein malecular mass (M)
calibration standard {22 368 5 kDa; Bruker, Billerica, Massachussits]
wass used for mass determination.
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Zd. EDS=Page and gel eleciropioresic

SDE-Page: & pg of Round- or Rod-shaped COMV -V0LPs were mixed
with 2x mercapioethanal and heated at 95 *C for 3 min and then losded
imbo Amy kD Mini-PROTEAN TGX precast protein gels (BIO-RAD, Hers
cules, California), Gel was run for 35 min at 180 V. As reference Page
Euler™ Prestained Protein Ladder was used (Thermo Fisher Scientific,
Waltham, Massachusetix). Gel electrophoresis: 10 pg of Round= or Eods
shaped OCMY =V1Ps were loaded on a 1% agarose gel. Nudieic acids
were visualized wming Cybr Safe DNA Gel Stain (Life Technaologies,
Carlsbad, Califormial. & pl QuicksLoad Parple 1 kb DMA ladder (New
England Biolabs, Ipswich, Massachuseitx) was used 2 reference. Gel was
run for 30 min at 100V,

Z5. Mice

Wild type C57BLA6J mice were purchased from Harlan, All in wivo
experiments were performed wsing B-12 weeks old female mice. All
animal procedures were conducted in accordance with the Swiss Animal
Act (455.109.1 - September 2008, Sth].

2. Vaccinotion regimen

Wild type CSFBLAG) mice (8-12 weels, Harlan) were vaccinated
subcwtanenumsly (s.c.) with 15 pg Rounds or Bodsshaped CCMV -VLPs in
100 pl FBS on day 0. Mice were boosted with an identical dose on day
14. Serum samples were collected on days 0, 7, 14, 21, 28 and 35.

Z7. The ensymes[inked immanosorbent assoy (ELISA)

For determination of tatal IgG antihody titers against Rounds and
Eodsshaped CCMYVILFs in sera of immumized mice, ELISA plates
(Nunc Immuno MaxiSorp, Rochester, NY) wene coated over night with
Eound= or Rod=shaped CCMV VL, respectively. Plates were washed
with PBS0.01%Tween and blocked using 100 pl PBSCasein 0.15% for
Zh. Sera from immunized mice were diluted 1/20 mitially and a 1/3
dilution chain was performed. Flates were incubated for 1 b at 37 *C.
After washing with PES<0.01%Tween, goat anti-mowmse 1gG conjugated
to Horseradish Peraxidase (HEF) {Jackson ImmumoBesearch, WWest
Grove, Pennsylvania) was added 1,/1000 and incubated for 1 h ag 37 9C.
Flates were developed and OD 450 reading was performed.

IgG subclasses were measured from day 21 sera using the same ELISA
protocal with the following secondary Abs: rat antismouase IgG1-HRP
(BD Biosciences, San Jose, California) 1:1000, goat anti-mouase 1gG2be
HEP (Thermo Fischer Scientific, Waltham, Massachusetts) 1:1000, goat
antemouse  IgG2c#RP (Southern Biotech, Birmingham, Alabama)
1:4000, rat antimouse IglGlbiotin {(Becton, Dickinson, Franklin Lakes,
Kew Jersey) 1:2000 followed by strepavidin-HEP (Dako, Glostnap,
Denmark) 1:1000 imcubated at 37 *C for 1 b,

IgA was mensured using day 35 sera. IgG was depleted using Dynas
beads™ Prabein G {Thermo Fischer Scientific, Waltham, Massachusetis).
Seram was diluted 1,20 in PBS-Casein 0.15%. 25 pl beads were used per
sample. Manafacturer's protocol was followed uneil step 3. of “Bind
Antibody”. Supernatant was added to ELISA plates and a 1/3 serial
dilution was performed. For Igh detection, goat anti moase IgA conjus
gated to HRF was used (Therma Fisher Scientific, Waltham, Massachu-
setts) 14000,

For QD50 caboulations, if a sample did not reach the threshaold a
value af 1 was appointed.

28, Meosurimg [FN= y in mouse serum
Wild type CSFBLAG) mice (B-12 weeks, Harlan) were vaccinated
with 15 pg Bound or Eod-shaped COCMY eV LEs on day 0 and boosted an

day 14. Serum from vaccinated mice was collected for measuring IFN- .
ELISA MAX™ Deluxe Set Mouse [FNey (Biplegend, San Diego, California)
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was performed according to manufacturer’s instnactions. Serum was
used undiluted and concentration was interpolated to a standard curve
of the sets standard sample.

28 Trafficking of Round. and Rod-shoped CCMVrrVLEs to drofming
bymph nodes

Rounds or Rodshaped CCMV=V0LPs were labelled with AF488 ax
per mamufacharer’s instroctions (Thermo Fischer Scientific, Waltham,
Massachusetis) and stored at =20 *C. Wild type CSTBL/S] mice (B-12
weeks, Harlan) were injected with 10 pg of the VLFs in the footpad
under isoflurane anesthesia. Popliteal LNs were collected 3 hoand 24 b
folllowing footpad injection. Lymph nodes were treated with collagenase
D {Roche, Basel, Switzerland) and DiNase | (Boshringer, Ingelbeim am
Rhein, Germarmy) in DMEM medium containing 5% FBS and 1% Strep)’
Penicillin for 30 min at 37 oC. Lymph nodes were smashed using 70 pm
cell straimers, RBCs were lysed with ACK bufffer. Cells were stained with
Fe block CD6,/CDA2 (FRC4GE) and then with T-AAD wiability staining
solution (Thermo Fisher Scientific, Waltham, Massachusetts) 1,500,
anti-CDE PE clone 53-6.7 (BD Bicsciences, 5an Jose, Califormial, anti-
CD1ic APC clome HL3 (BD Biosciences, 5an Jose, Californda), anti-
CO11k PE-CyT clone M1,/70 (Thermo Fisher Scientific, Waltham, Mas-
sachusetts), anti<F4,/80 PE clone BME (Thermo Pisher Schentific, Wal-
tham, Masachusetts), anti-CD19 AFCHT clone 103 (BD Biosciences,
San Juse, Californda), anti-COMSR/B23) PECyT clone RA3-5HT and
MHCI PE clone bM3/114.15.2 (Thermo Fisher Scientific, Waltham,
Massachusetis) in different mixtures (gating strategy shown in Supples
mentary Fig. 1). Fluarescence labelled cells were necorded using a BD
FACSCanto™ Flow Cytometer (BD Biosciences, San Jose, Californial.

210, mmumofimorescence

HRounds or Rod-shaped CCMVV0Ps were labelled with AP488 ax
per marmufacturer’s instroctions (Thermo Fischer Scientific, Waltham,
Massachusetis) and stored at =30 *C. Wild type CSTBLAS] mice (B-12
wesks, Harlan) were imjectsd with 10 pg aof the VLPs in the footpad
under isoflurane anesthesia. Popliteal LNs were collected 3 hoand 24 b
following footpad injection and embedded in Tissuwe-Tek optimam cut-
ting temperature compound (Sakura, Tormece, Califormia) withour
prior fixation. Cryostat ssctions (T pm in thicknes) an Superforsty/Flus
glass slidex (Thermp Fischer Scientific, Waltham, Massachusetis) were
airsdried cverndght and then fixed for 10 mim in ice«cold 100% scetone
(PanReac, Barcelona, Spain). After rehydmtion (5 min in 1x PES),
sections were blocked with 1% (wyv) BSA (Sigma Aldrich, S¢. Louis,
BMEspurt) and 1% (w/'v) normal mouse serum. Immunofluorescence: las
beling was done with Abs diluted in PBS containing 0. 1% (w,/v) BSA and
1% [vi'v]) mormal mouse seram. Sections wers washed 3 Hmes for 5 min
in 1x PES after every labeling step. LN staining: m were
detecied wsing a primary antibody against COA1b {10000, rat anti
mouse GO 1b conjugated with PE; BD Biosciences, San Jose, California),
B cell follicles were identified using mt anti mouse CDAS/B2ZH) Abeca
Fi47 (1,/1000; BD Biosciences, San Jose, Califormia). Images were acs
guired an an Axioplan microscope using an AxioCam MEBn (Zeiss).

211, Histology of bymph made

Rounds or Rod-shaped CCMVrV0Ps were labelled with AP488 2=
per marufactarer’s instractions (Thermao Fischer Scientific, Waltham,
Massachusetts) and stored ar =230, Wild type CS7BLG] mice (B-12
weeks, Harlan) were imjectsd with 10 pg of the VLPs in the footpad
under isoflurane anesthesia. Popliteal LNs were collectsd 3 hand 24 b
following footpad injection and fived with 4% pamformaldehyde solu-
tion (Sigma Aldrich, St. Louks, Missouril. Of each group, two to fouar
murine popliteal Lis were histologically examined by a boardscertified
weterinary pathologist (5d8). OF each LN, a full cross section, stained
with Hemaiowylin and Eosin (HE), was assessed for anmy
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Data were analyzed and presented as mean + SEM using GraphPad
FRISM 8. Comparizon betwesn the groups was performed using the
Mann-Whitney test. psvalues are given as exact valoes.

3. Hesults

3.1, Directional insertion of tetanus tooin (TT) epitope in e N or Ce
termimus results m Boands or Rodshoped CCMVmVLPS

In a first step, we engineered OCMY-V0LPs derived from a non-human
pathogenic plant vins by incorporating a powerful T cell stimulatory
epitope derived from tetanus toxin (TT) (830-843) at the N or Cster-
muirus of COMV-VLPs. The TT epitope was genetically fused to the capsid
pratein (CF) of OCAMV-V1Ps as has been previously described for our
newly develaped platform derived from cucumber-mesaic wiras-like
panticles (CabdV =VLPs) [24]. The introduced TT epitope is considered
a umiversal epitope in humans as it is recognized by essentially all ins
dividuals. Since all individuals have been immunized agaimst TT,
memary Th cells may be able to help B cells to generate protective IgG
even under more challenging conditions such as in aged popalations
[24]. CCAMVaVLPs with insertion of TT epitope at the Nsberminus retain
their selfassembly as an icosshedron similar to the native virus. In
canirast, insertion of TT epitope at the Csberminal end led to formation
of Rodsshaped particles. Both Eound: and Rodshaped CCMV.VIPs
forms carry a lysine to arginine mutation at residue 42 [35]). This mus
tation renders the VLPs less semsitive to pH and slt concentration
[Digrina, Balke, Zeltins; unpublished), which i an advantage in in vivo
environments. Therefore, the engineered VLPs in this study are salts
stable (S5). The shape and imtegrity of the cloned VLPs were
canfirmed wia electron microscopy which shows a size of —30 nm in
diameter for OCMV-Net85 (Fiz. 1a). The size of the COMV-CrtS5
greatly waries in length but can reach up to mare tham 1 pm, with a width
of about 30 om. Fig. |'bshows a magnified image of CCMV. =88 V0LPs
far easy comparison of their width with the icoshedral COMVrr-Net-58
VLPs in Fig. la. To reach a rather homogenous population, we pers
formed sucrase gradient separation to focus on the long rods (Fig. 1c)
For simplification we refer io the two forms of engineered OCMV o in
this paper as Roundshaped CCMVe=VLEs (OCAVaMNtESE) and Rods
shaped COMVrrVLPs (CCRMV-CriaS50

To further characterize the two forms of CCMVyrr, we performed
mass spectrometry (MS). MS data revealsd a molecular weight for the CP
maoeamers of Rounds and Rodshaped CCMVTrVLPs of roughly 21.8 and
1.9 kDa, respectively (Fig. 1d). The original OCMVSSS (sali=stable
CCMY without TT insertion) is formed by CPs of roughly 20.2 kDa.
Considering the weight of the TT 830843 epitope of 1.611 kDa the
obtained data are consistent with a fusion of the CCMVES CP 1o this
epitope. Reducing SDS-page expeniments confirmed these findings and
showed bards for Eound- and Rod-shaped CCMV-VLPs of equal height
at the appropriate position (Fig. lel

Both engineered CCMV -VLPs were produced in an £ coli system.
The ¥VLPs packaged ssRMA derived from E cofi spontaneously, which
serves as 2 potent TLET/8 ligand. The concentration of RENA in both
Round- and Rod-shaped OCMV-VLPs was similar when measured at
360 nm. The RNA content of the Round=shaped CCMYV1Ps coald also
be vimalized by agarcse gel electrophoresis, however this was less
efficient far the Rod-shaped CCMY=VLPs due to its krge sie which do
nat allow the particles to migrate through the gel. The agarose gel was
also stained with Coomassie blue, staining the protein shell of VLFs
(Fig. 1f and Supplementary Fig. Z).
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Fig. 1. Direcrional insertion of tesanws axin (TT) epitope in the N or C-terminus resudrs iv Round- or Red-shaped OCMVypy-VLIS. &, EM of Round-shaped and b. /¢ Rod-
shaped COMVpy-VIPs, adsorbed on carbon grids and negatively stained with uranyl acetate sodution, scale bars 200 nm (Round) and 200 nmy/'500 nm (Rod).
Round-shaped COMV ;,-VLPs are ~30 nm in dlameter, Rod-shaped OCMV (-VLPs are ~1 pm bn Jeogrh and ~ 30 nm n width, d, Mass spectrometry data, from left to

right wild type CCMV-V1P5, Round-shaped COMVry-VLPs and Rod-shaped OCMVyr-VIPS e, Redh

d with sie-blue stain, lne 1: protein

ing SDS-Page

marker, lane 2: Roundshaped OCMVyy-VIPS, lane 3: Rod-shaped OOMVyry-VLPs. f, Agarose gel stained with SYBR safe, lane 1: DNA ladder, lane 2 Round-shaped
COMVpy-VLPs, lane 3 Rod-shaped COMVyy-VLPs. (For interpretation of the references 10 color In this figure legend, the reader is referred 10 the web version of

this article )

3.2, Roundshaped COMVyVLPs exhibit faster draiming kinetics and
interaction with cells in draining [ymph nodes compared to Rod-shaped
COMVrrVLPs

To test the role of size in lymphatic trafficking of the engineered
VLPs, we assessed and visualized the accumulation and interaction of
Round. ar Rodwshaped COMVyr=VLPs in murine popliteal lymph nodes
(LNs) 3 h and 24 h after injection in footpads. To this end, Round.
and Rodshaped COMVrVLPs were Iabelled with AF488 and 10 pg of
either VLPs were injected s.c. in the footpad. The popliteal LN in
each group was collected 3 h or 24 b following injection and processed
as explained in the method section. We have studied the following cells
for their ability to interact with CCMVrVLPs: lymphoid-derived

dendritic cells (DCs) characterized by CDE*CD11c*, conventional DCs
(cDCs) characterized by CDE™CD11c™, macrophage-derived cells chare
acterized by CD11b” and macrophages characterized by CD1 1b*F4/80*
as well as B cells identified by CD19* or more generally by CDMSR/
B220°. Lymphoid-derived DCs or ¢DCs (Fig. 2a and b) did not show a
significant increase in the interaction with Round. compared to Rod-
shaped CCMVyr-VLPs at 3 h. However, macrophages CD11b*Payg0*
(Fi5. 2c), macrophage-derived cells CD11b* (F1z. 2d and hetop) as well
as Beells CD197 (Fig. Le, fand homiddle) or CD4SR/B220" (Fig. 2gand
h-bottom) were more efficient in interacting with Round.shaped
CCMV+VLPs than with the Rodwsshaped aones at 3 h. Such findings
confirm previous studies highlighting the ability of nanoparticles
ranging from 20 to 200 nm to directly drain to the LNs [36,27].
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Fig. 2 Roand-shaped COMVyr-VIPs exhidir faster dn kinetics and with cells [n draining lymph modes than COMViy-VIFs. Percentage of
different cell populations pasitive for AF4SS belled Round. and Rod-shaped CCMV.yy-VLPs in murine popliteal LNs 3 h and 24 h post injection in fostpad: a,
CDB*CD11e” cells; b, CDS™CDI1c" cells; ¢, CDIINTF4/80" cell d, CD11D" cells ¢, CD19* wu;.mnvmncwmuu;maswm dk.b.wuhce
FACS plots showing the p of cells pasitiv uumwmmwmmmmcmm (mp].ml? (middle) and CD4SR/B2207
mm)dmmmmmwshmuhm ction in monse footpads. |, g1 mdmonwmmmw’
cells Inseracting with AF488 Round.- Mmm)mdmmpdcmmvmwmuzhmunpm- jection in mouse footpads, f,

of popliteal LNs 3 h and 24 h pest vacelnation with Rownd- or Rod-shaped OOMV,-VLPs labelled with AF488, ¢y were d with Ats detecting CD11b*
ceils {red coloe) and CD45/8220* cells (purple color). Mean = SEM, 4 mice per group, one rep of 2 similar experi Is shown. (For lsserpretation of the

rederences to coloe in this Agure Jegend, the reader & referred (0 the web version of this anicle.)

Nevertheless, the Rodshaped COMVy=VIPs were also detectable in the
popliteal draining IN 3 h post injection in the footpad, despite their
micronssize. This could be due to the fact that the width of these rods is
—30 nm, similar to the diam of the Roundshaped OCMV-VIPs
enabling their draining through the lymphatic vessels. Twenty.foar
hours following the injection in the footpad, there was no significant
difference in the interaction between Rounds or Rodsshaped CCMV
VLPs with cDCs or However, other subsets of
macrophage.derived cells characterized by CD11b* were mare efficient

in mteracting with Rodwshaped COMVi=VLPs, further studies are
required to characterize these subsets. B cells still showed a significantly
increased interaction with the Round-shaped CCMVr+VLPs compared
to the Rodwshaped ones. CD19% B cells interacting with Round.-shaped
COMVr-VLPs showed a higher expression of MHC.! at 3and 24 h
(F1g. 2i). Additionally, we have calculated the percentage of CD11c?,
CD11b* F4/80°, CD11b* and CD19” cell populations in the pool of total
cells interacting with AF488 Round. or Rod<shaped CCMVr-VLPs in the
popliteal LN 3 h after injection in the mouse footpad. The CD19™ B cell
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Fig. 3. Round-shaped COMVyy-VLPs are move pocens o Inducing igG anobodies than Rod-shaped CCMViey-VLPX. 4, Vaccination reglmen and bleeding time-polnes. b, 139G
tter of Round- and Rod-shaped CCMVy,-VLP immunized mice messured in day 21 mice sera wsing OD4S0nm. ELISA plases were coated with Round-shaped COMV -
VLPs for detecting 183G Abs In mice vaccinated with Roand-shaped COMVey-VIPs, ELISA plates were coated with Rod-shaped OCMVyp-VLPs for detecting 12G Abs in
mice vaccinated with Rod-shaped CCMVyy-VLPs. ¢, ODS0 tivers of total IgG of Round- ar Rodshaped OCMVyp-VLP immunized mice in day 21 sera gives as reciprocal
didution valoes of data depicted. Mean = SEM, 6 mice per group, ane repeesentative of 2 similar experiments is shown.
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population contributes most to this pool (Supplementary Fig. 3

We pext followed the arrival of the labelled CCMV=VLPs o the
draining LNs by fluorescence microscopy of crynsections abtained from
excizsed popliteal Lis at 3 h and 24 h following injection in the moase
footpad. The sections were co-stained with macrophage-derived cells
and B cell markers, €017 and COMS/B2207, respectively. The resulis
demanstrate that AF488 Round-shaped CCMV-VLPs accamulated in
karge numbers in the subcapsalar snus area (SCE], the cortex and the
medullary sinus (MS) of the popliteal LNs 3 b post injection (Fig. 2L
CDiib™ cells were prominent 3 h following injection with Hounds
shaped CCMV-YLPs at the 505 and M5, Rod-shaped OCMV-VLPs
were less visible in the popliteal LN 3 h paost injection in the footpad and
thesir presence was confined to the SC5 with scarce V0LPs in the cortex.
Twenty#ouar hours post injection, Round<shaped CCMVeeV0Ps were
found desper in the popliteal LN, Whereas, this abssrvation was les
obviows for the Rod-shaped CCMVY -VLEPs. B cells were detectable 3 b
and 24 h post injection aof the VLPs in the mouse footpads. As the
accumulation of Round-shaped CCMV. =WLFs was prominest 3 h post
mjection in the footpad, the B cell signal was less noticeable. Twenty-
four hours later the accumulation of B cells was pronounced at the
SC% and the cortical area of the LN wpon injection of both types of
CCAMV -V LPs.

A3 Roundsshaped CCMVrWLPs are more potent af inducing &G
antibodies than Rod-shaped COMVr=VLPs

In a next step, we hawe asseszed the humoral immune response
induced by bath enginesred Round- and Bodsshaped CCMV =VLPs. It is
mmportant to kesp in mind that it is ssually difficult to compare different
sized particles for their immunogenicity as for spheres, the surface is
propartional to radius {1}, while the weight will be proporticeal o (r)™.
Hence the weight of the injected particles grows much more rapidly than
the surface, rendering a comparison difficult. In contrast, for rods, both
the surface and weight are proportional to the length of the rod,
rendering this comparizon more appropriate.

Hemce, CSTELAS) mice were vaccinated subcutanemsly (s.c) with
15 pg of Epands or Rod-shaped CCMY e VLPs on day 0 and boosted once
on day 14 2= illustrated in Fiz. 2a. Seram was callected an day O befaore
vaccination and subsequently ondays?, 14, 21, 28 and 35, Total specific
Ig(G response against Rounds or Rodsshaped CCMVrrYLPs was assessed
by ELISA. The Round-shaped CCMVreVIPs were very potemt at
inducing specific Igh responses 7 days following the administration of
the first dase. These responses were enhanced dramatically on days 14,
21, 28 and 35. On the contrary, vaccination with Rod-shaped CCMV =
VLPs bed to low specific IgG riters after the first dose which have been
increasing significantly cnly following boost on day 14 (Supplementary
Fig. 4a and bl However, even following the boost specific [gl titers
remained higher for Round<shaped CCMVreVLP immunized mice, 2
shown for day 21 seram in Fig. 2b and ¢

Even though subunits of both VLPs were almost identical, in order to
test the on tivity of both Rounds and Rod«-shaped CCMV - VLPs,
we have tested the collected sera in ELISA coated with the opposite VLP
shape. Specifically, s=ra from mice vaccinated with Round-shaped
OOV W LPs were tested by ELISA an plates coabed with Rodsshaped
OOV W LPs and vice verss, Our resales shoswesd that sera from mice
waccinated with Round-shaped CCMWY - VLFs are capable of recognizing
the Rodshaped CCMVr=VLPs after a single dose on day 7. The resporse
was enhanced on days 14, 21, 28 and 35 However, sern from mice
vaccinated with Rod-shaped CCMV-VLPs could only significanty
recognize the Round-shaped COMV =VLPs after boosting (Supplemen-
tary Fig. 4c and d). This indicates the same epitope(s) to be respansible
for induction of humaral immune responses in both constructs, despite
of different assembly of coat proteins and passible small differences in
secondary/tertiary structure. o a next step, we have produced Rod-
shaped CCMVr=VLPs exhibiting variation in lengths including smaller
fragmented pieces of bess tham —1 pm in length (By ways of using
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polyethylene glycol precipitation instead of sucrose gradient centrifus
gation for parification, as described for Round-shaped CCMV=VLPs in
the methods section; Supplementary Fig. 5a). The resulis showed that
specific anti-lgG response against the Rod.shaped CCMVr=VLPE was
enhanced substantially, indicating that indeed the rod-ength limited the
magnitude af the immune response (Supplementary Fig. Ga). In all other
experiments presented in this paper the mare bomogeneoas (—1 pm)
long Bod-shaped CCMV VLS were used.

34, Rodwshoped CCMV = VLPs induce reduced switching so G2 by Tarac
in comparison o the Round-shaped COMVr=VLEs

The CS7BEL/G) murine Igh amily consists of four major subclasses
IgGl, IgGZb, IghG2c and IgG3. Each unigue subclass i implicated in
distimct effector functions during humoral immune responses. VLPs and
other nanoparticles induce a humoral respoase dominated by Igll in
the ahsence of packaged ENA or DNA in mice [29,38 359]. [sotype
switching to the protective [gG2 subtype is strictly TLR dependent. Thus,
VLPs packaged with prokaryotic ssEMA during E coll production induce
a humorl immune response dominated with 1gG2 subclasses [40,41].
Based on thes grounds, we were interested in characterizing the
different IgG sabclasses in mice sera vaccinated with Round- or Bod-
shaped COMVVLPs, respectively. As explained eardier the engis
neered Rounds and Rodsshaped CCMVr=W1LPs package the same guans
tiry of ssRNA. Therefore, TLET#8 ligand effect can be efiminated as a
canfounding wariable and the difference in the indweed 1gG subclasses
can be correlated to the size of the WLPs. Our analysis revealed that
Eound=shaped CCMV=V1LPs ggnificantly enhanced all IgG subclaszes
camparsd to the Rodshapsd cnes. The difference, however, was most
striking for TLET/S related subclasses 1gG2hy/c and 1gG3 (Fig. da) By
performing (M50 analysis we compared the titers (given as reciprocal
dilution values) in both groups as depicted in Fig. db. Titers are signif-
icamtly kigher (p. <001 for IgG1, IgG2b and IgG2c) (p. <0.05 for 1gG3)
post immumization with Roundshaped COMVreWIPs. The mtio bes
tween Thil and Th2 associated g6 mabclaxses was calculated next and it
became evident that Thl contribution i mare prosounced with Bound-
shaped CCMVrVLPs (Fig. 4c).

3.5, Systermic IgA response depends on sizz of VLS

Previous studies hawve shown that s.c. injection of VLPs packaging
EMA leads to a strong serum IgA in a Thecell independent mammer [40].
In addition, cur previous fimdings revealed that systemic [gA response is
heavily dependent on TLR7/E in B cells [42]). The role of the size of VLPs
packaging similar contents of ENA has not been investigated before,
therefore we carrisd out an experiment to investigate this mateer. Cur
findings indicate that Roundsshaped CCMVreWVLPs could induce
significantly higher {p. «0.01) isotype switching to [gA when compared
to the Rod-shaped cnes (Fig. 5aand b). To rule out differences in type [
Th cell induction, we have also measared [Fisy in the serum of vaccis
nated mice on day 21; the resulis showed no significant difference (p.
0.5950) between both groups (Fig. 5c). More specifically, factoring in
the LOD {limit of detection) of the [NF«y detection kit of 4 ng/ml, we
conclude, that neither Round- nor Rodsshaped CCOMVWLPs are
capable of inducing strong [NFay responses.

3.6, (Germunal center formanion & prominent folfowing a single dose of
Roundwshaped COMVrrVLPs

Antigen reservodr persisting on follicular dendritic cells (fDCs) is
essential for germinal centers (GC) o keep B cells stimalated and o
generate a strong and bongdived antibody respomse. We thenefomne
studied the formaticn of GCs in the spleers of mice vaccinatsd with
Bound- and Bodshaped COMY p-V1EPs 12 days following a single s.c.
dase af the enginsened WLPs. Resalts showed that the formation of GCs in
mice vaccinated with Roundsshaped CCMV=VLPs was significantly
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higher than in Rodeshaped CCMVyrVLP vaccinated mice when
measuring the total number of GCs (p. = 0.0159) or the number of GCs/
mm? (p. = 0.0159) (F:z. fa and b). Histological examination of Hema-
toxylin and Eosin (HE) stained splenic tissue indicated the presence of
multiple GCs within the lymphoid follicles upon waccination with
Round-shaped CCMV-VLPs. On the other hand, mice vaccinated with

60

Rodsshaped COMVyr+VIPs revealed only rare GC formation. Spleens
from naive CS7BL/6J mice were used as a control (Fig. oc and d). The
examined spleens in mice vaccinated with Round. or Rod<shaped
CCMV-VLPs were free of any relevant degenerative or necrotic histo.
pathological changes.
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4. Discussion

In the current study we bave engineered VLPs with nearly identical
primary sequence bt fundamentally different structural properties; one
forming round ioosabedrons with a diameter of around 30 nm while the
other formed rmds of about —1 pm. Ta this end, we insented a universal
tetanus toxin (TT) epitope at the M or Cterminus of cowpea chlonotic
muitle virus (CCMVVLPs. The insertion of TT epitope at the Neterminms
did mot interfere with the ariginal parental strocture and resalted in
wosahedral particles T = % mamed in this siudy 2 Round-shaped
CCMVVLPs. Howewer, imserting TT epitope at the Cetermimus of
CCMV=VLPs caused the formation of Rod-shaped CCMVrVLPs of —1
pm in length and — 30 nm in width. As both engineered VLPs were
expressed in E. colf, they packaged a similar quantity of ssRMNA serving
TLR7 /8 agonists recognized by PRRs (pattern recognition recepeors) far
effective stimulation of the innate immune system. This allowed vs to
study the impact of size on drairage dynamics and the magnitude of the
imduced immune respooses with ane and the same VLP monomer while
excluding the effect of TLET/8 ligands. As mentioned abowe, both the
surface and mass af rods are proportional to the diameter and length,
allowing to vary the surface exposed io B cells with a proportional
change in mass.

B cell activation by antigens is a critical step for effective indtiation of
the adaptive immune response [7]. Particulate antigens like VPs can be
passively or actively transported in association with e.g. dendritic cells
to the lymphaoid argans following injection. The passive transportation is
based an their ability to drin freely through the pores of the lymphatic
wessels 20 nm in diameter [42] as VLPs have an ideal size of —30-50
mm.

Our previous stadies have shown that icosabedmal VLPs such =
bacteriophage Qfi-WLPs and VLPs derived from cooumbersmosaic wirs
(CaMVrVLPs) cam fredy reach the draining LN in less than a minute,
bath having a size of =30 am [9,10,44). By conirast, particulate anti=
gens larger than 500 nm cannot efficiently enter the lymphatic capils
laries [4546). Instead, they need o be actively transporied wia
specialized cells [17]. To wisualize the trafficking kinetics of the engi-
nesred Rounds and Bod-shaped CCMA -VLPs (—20 nm and — 1 pm)
respectively, they were labelbsd with AP488 and imjected in mouse
footpads. Flow cytometric analysis and crynssctions of the popliteal Lis
3 h and 24 h post injection were performesd. The results demansirate an
increase in the draimage of the Eoundshaped CCMV-VLPs 3 b
follewing injection im mice footpad via the lymphatic vessels, which
have pores of —200 [43]. Nevertheless, in lower amoumts Rod-shaped
CCAMVrVLPs have also been debected in the draining popliteal LN 3 b
past imjection in the mouse footpad. This observation could be explained
by the fact that Eodsshaped CCMVpeWVLPs exhibit a width of —30 nm
which might allow them to drain into the lymphatic capillaries despite
thesir length. Indesd, if spheres of =500 nm size are wed for injection,
these spheres requined 24 hoto arrive in LNs and fully depend on cellular
tramsport [36].

Different subsets of cells, including ARCs, mteracted with Rounds or
HRod-shaped CCMV.-VLPs upan injection in mouse foctpads. There was
oo difference in the interaction between lymphoid-derived ar convens
tional [0s with bath shapes of CCMV. VILPs 3 h post injection with
increased interaction of Round- compared to Rod-shaped V0LPs after 24
h. Macrophages, other macrophage=derived cells as well as B cells were
more efficient in interacting with Round.shaped OCMVYLPs
compared to the Eod=shaped ones. The subcapsular sinus macrophages
are considered the frontline cells to capture pathogens in the draiming
LN and retain them from entering the LN parenchyma. Afterwards they
relay the antigen to B cells for efickent priming and induction of bus
moral immune responses [45]. Yolamda et al. proposed a model for
particulatesantigen acquisition by B cells. The model suggesis that par-
ticulate antigens firstly accumulate in the macrophagesmiche area in the
S5 of the draining LN followed by a still unknown filtration process of
the amtigens to the follicle. Mext, non=antigen specific B cells carry
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particles via hinding of antigens to complement receptar fraom the SC5 o
be deposited on follicalar dendritic cells (FDCs) [44]. Our fluorescent
micrnsopy cryasections could demonstrate sach findings a5 Fouand.
shaped CCMVTVLPs were mare efficient in draining to the popliteal
LiMs 3 h post injection in the mouse footpad where macrophages could
alsn be abundantly ohserved. 24 h later the Roand-shaped CCMV VLIPS
could be detected deeper in the LB The interaction of the Round -shaped
CCMVVLPs with B cells with increased MHECdl expression was
significantly higher (p. = 0LO286) when compared to the Rodshaped
CCMVr=VLPs, both at 3 h and 24 h post injection in the footpad as
shown using FACS analysis. This is consistent with our previous obsers
vation that Aound=shaped VLPs bind to B cells in a complement and
CO21 «dependent manner [14] and may saggest an impaired abilsty of B
cells ta bind Rod-shaped CCMV-YLPs.

The repetitive surface geometry of VLFs enhance their cross-linking
to B cells and ahility to activate complement [7]. T = 3 V0Ps are capable
of crass-linking up to 180 BCRs resulting in a strong humoral immune
respanse. T = 3 VILPs may be Gvorable over 7= 1 as the later can crosss
link maximally —60 BCRs which is at the threshold for an optimal ims
mune response [50]. However, data are scarce regarding Rod-=shaped
VLPs and their ability to activate B cells. In this study, we show that a
single priming imjection of Eound-shaped CCMY =VLPs was efficient at
inducing a high specific Ab titer which was further enhanced upan
boosting on day 14. On the contrary, the Eod-shaped CCMV -VLPs
could only induce a specific Ab response following boosting an day 14
which remained much reduced compared io the Eound-shaped VLP
induced resporse. These results were confirmed by the significantly
increased formation of total no. of GOs (p. = 0.015%) as well as no. af
Gis/mm?® (p. = 0.0158) in splesns 12 days following vaccination with
Roundshaped CCMV V1=

When testing the sera from vaccinated mice against the opposite
engineered V0LPs, REound-shaped CCMV=VLPs were also more efficient
in indwucing lgG antibodies recognizing the Rod-shapesd VLPs even after a
single dose. These datn indicate that icombedral VLPs are capable of
inducing specific Ab directed against ndher forms of the same VLPs in an
efficient manner and that 30 am sized round V0LPs are far superior over
1 pm sized rods.

To achieve successfiul Igl class-switching and memory formation in
B cells, co-delivery of innate immune stimuli is crucial [21]. It has been
shown that clas-switching to IgGia/c and Igl2b is dependent an
simultamesous engagement of BCH and TLRES after immunization with
particulate antigems [51,52]. Puntbhermore, TLE? emgagement with
differemt ENA types influenced the outcome of the humoral immune
respanse to VLP immunization. Bacterial BNA pointed the immune
respanse toward 1gG2 production, wheress ic RMA induced
respanses favared higher Iglil tiers [53). [gG1 is associated with Th2
respanses, whereas 1gG2a,/c and IgG3 is associated with Thl responses
even though TLR=signaling in B cells is key for [gG subclass induction.
The obtained data reveal that REoundshaped OCMVreV0LPs wene mone
effickent than the Rod-shaped WVLPs at inducing class-switching.
Furthermore, the ratio between Thl and Th2 asociated g6 subclasses
was more significantly increased (p. = (.0173) when vaccinating with
Round=shaped CCMVr-Y1LPs, As class switching to IgGlash as well as
IgA is driven by TLET/8 ggnaling in B cells, these results suggest that it
iz eamier for B cells to interact with and process particles of —30 nm size
rather than micranssized structares.

Similar to [gi2a responses, VLPs packaged with RMA lead to a strang
systemic IgA respanse. We have shown previously that serum 1gA res
spanses are Th cell independent [40] and require TLET /8 ar 9 to induce
a systemiic response [42). Here, we show that the systemic IgA respanse
measured an day 21 using a s.c. primeshoost regimen was mach higher
im mice vaccinated with Roundsshaped CCAVeVLPs than in mice
vaccimated with Rod-shaped CCMVrVLPs (p. = 0.0022).

[t has previously been shown that particlesdrainage irafficking into B
cell and T cell areas of the lymph node is heavily dependent on the size of
the particles. Indesd, panticles smaller 200 om usually freely enter the
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Iymphatic system via fenestrated lymph vessels while larger particles
need to be transported by e.g. deadritic cells. This results in small par.
ticles reaching subcapsular sinuses within minutes while larger particles
(>204 nm) typically reach lymph nodes after 24 h and mainly reach T
cell zones as this is the region dendritic cells typically target. Despite the
clearness of these results a direct impact on B cell responses has been
difficult to assess; mainly because B cells respond to antigens on surfaces
and the surface of the particle grows proportionally to the square of the
radius (r) while valume/weight is proportional to . Hence, to compare
particles with 10-fold different radius, 10-<old increased dose (weight)
of the larger particle must be injected for compensation of differences in
the surface. Consequently, direct comparison of B cell respanses indoced
by small and large particles becomes impossible. This is, however, a very
important point, as adjuvant may vary in size between nanometers and
micrometers. In the current study, we used rods versus icosahedra buile
up by essentially the same manomer. As bath the surface and the weight
of rods is proportional to the length of the rod, B cell respoases by Rods
and Roundshaped VLPs are mare directly comparable. We find that
Roundshaped VLPs are mare immunogenic for B cells by orders of
magnitude, highdighting that VLPs of a size smaller than 200 nm are
optimal for induction of B cell responses. In a next study, we will address
the importance of rod size on B cell receptor and TLR7/8 stimulation and
will also determine whether rods of homogenously small size are equally
mmmunogenic as round VLPs.
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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 Feldl 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 VVLPs 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-Feldl 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 Feldl 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 Feld1l

For the chemical coupling, PVY and rFeld1 components were separately purified. Following

purification, PVY CP samples were combined with 5xSMPH, while rFeld1l 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 rFeldl into PVY CP particles through chemical
coupling, denoted as cPVY-Feld1l. TEM imaging showed the formation of slightly shorter PV -like
filamentous VLPs with sizes ranging from 100 to 200 nm. Notably, cPVY-Feldl 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-Feldl) for potential vaccine development, we
conducted murine experiments which aimed to detect antigen-specific total 1gGs and assess their
specificity, along with 1gG subclasses, using ELISA on Balb/c mice sera collected on day 42. We
administered s.c. injections of 50 pg 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 -Feldl, 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, Thl cells play a pivotal role by
promoting antibody production primarily within the 1gG2a 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-Feldl vaccine variant displayed the

lowest 1gG1/IgG2a ratio, suggesting a potential balance between Thl 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 Feldl (nFel d 1) antigen sourced from cats. The outcomes mirrored those acquired
using rFeldl, 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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Abstract: Flant-based virus-like particle (VLF} vaccines have been studied for years, demonstrating
their potential as antigen-presenting platforms. In this paper, we describe the development of,
and comipare between, simple Esdierichin coli-based antigen display platforms for the generation of
pmnlnvim:‘l' (P VLP=derived vacrines, thus a]l:m.'i.nﬁ M]:unductm:ﬂ'um&mna :in[q!t
bacterial cell culture. We constructed four systems with the major cat allergen Fel d 1; namely, direct
fusion with plant virus FVY coat protein (CF), mesaic F¥Y YLPs, and two coexpression varants
of conjugabes (SpyTag /SpyCatcher) allowing coexpression and conjugation directly in . ooli cells.
For control expermments, we included PVY VLPs chemically coupled with Fel d 1. All corstructed
Py =Fel d 1 varamnts were well EI:FI:EBEd and soluble, formesd FVY=like filamenious pm'l:ides,zrﬂ
were recognized by monoclonal Fel d 1 antibodies. COur results indicate that all vaccine variants
mduced high titers of anti-Fel d 1 antibodies in murine models. Mice that were immurized with
thie chemically coupled Fel d 1 antigen exhibited the highest antibody titers and antibody=antigen
internction specificity, as detected by binding avidity and recognition of native Fel d 1. lgG1 subclass
antibodies were found fo be the dominant IgG class against FYY=Fel d 1. PVY CP-derived YLPs
represent an efficient platform for the comparison of varkous antigen presentation systems o help
evaluate different vaccine designs.

Keywords: vins-like particles; E. colf; expression; potate virus W, Feld 1

1. Introduchion

Omie of the greatest vaccination challenges is the generation of long-lasting and protec-
Hve immune responses agamst various pathogens including bacterial or viral infectons, as
wiell as against autoimmune and cancer-related illnesses. Vaccine construction strategies
using icosahedral or filamentous plant-based vins-like particles (VL) are increasingly
harnessed and have been proven to be excellent platforms for antigen presentation [1].

VLFs are self-assembling competent protein structures with identical or highly related
owverall structures bo their corresponding native viruses, representing ideal building blocks
for create a variety of new nanomaterials for different purposes, including the active ingredi-
ents of different vaceines. One of the most important VLP properties i the ability to mimic
viral infection and induce skrong immune responses in mammalian organismes, the effects
of whach are comparable to those induced by native infectious viruses. Plant virus-derived
WLFs are viral particles that are noninfections in mammals, and are very stable, easy bo pro-
duce, and relatsvely simply engineersd by introducing different antigens st high densaty on
the VLF surface [2], resulbing in an effective immune resporse [3]. Several excellent review
arficles about VLP immunadogical properties, including plant virus-derived vaccines, have
recently been published [4-7].

Vasczines 2022, 10, 455, bt/ fdod oeg 103390 fvadcines | 040435
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In VLP vaccine construction, several approaches may be considered, including genetic,
enzymatic, chemical, and physical processes [1]. In some cases, these methods can be
combined. Genetic modifications include techniques that allow the introduction of coding
sequences of antigenic peptides or even whole antigens in virus CP genes, resulting in
N-, C-, or internal fusions of antigens (Figure 1A). When CP fusion with a chosen antigen
affects VLP formation due to antigen size or biochemical properties, mosaic VLPs can be
constructed to reduce steric hindrance. Asslmnhamentpapa mosaic VLPs are formed
as a result of a coexpression of antigen-containing and unmodified CP genes, leading to
VLPs containing antigen fusion and unmodified viral CPs (Figure 1B) [5].

| | i N
'...‘.: A

A ey | i

S :‘ :‘:)

ST e L,

Figure 1. Principal schemes of vaccine production processes using E. aoli expression systems;
(A)=direct antigen fusion to the coat protein (CP) of filamentous PVY VLPs; (Bj=—coexpression
of antigen~containing PVY CP and unmedified PVY CTP for the production of mosaic VLPs;
(Cl=—coexpression of vaccine components, allowing the formation of VLP=antigen conjugates directly
mn E coli cells. F=Feld1 protein; (D)}=chemical coupling of PVY VLPs and Feld 1 protein. PVY=PVY
coat protein; T==SpyTag; C==SpyCatcher.

Chemical and enzymatic approaches are broadly used for the introduction of antigens
into the structure of carrier VLPs. VLPs and the chosen antigen are expressed and purified
separately, and are linked using chemical crosslinking agents or enzymes such as transpep-
tidase or isopeptidase. Chemical or enzymatic approaches in VLP vaccine construction
have several advantages, such as no size or structural limits for the antigen of choice
and no influence on the antigen incorporation process on VLP assembly [1]. A recently
developed efficient enzymatic system & based on spontaneous isopeptide bond formation
between two conjugate partners, SpyTag (13 amino acids, AAs) and SpyCatcher (138 AAs),
originating from the Streptococcus pyogentes protein CnaB2 [9,10]. This system allows the
introduction of chosen antigens into the VLP structure by recombinantly attaching each
partner to components of interest [11-13]; therefore, this approach may simplify the vaccine
production process (Figure 1C) [14].

The main cat allergen from Feline domesticus, Fel d 1, is responsible for most allergies
caused by cats worldwide, and cat allergies remain a major problem despite several new
treatment approaches [15]. Our previous studies have confirmed that Fel d 1 s a very
efficient model antigen for vaccine concept representation due to its well described features,
such as a high protein production rate and immunogenicity [16,17]. It has previously
been tested as a part of a conjugate vaccine using icosahedral plant VLPs derived from
a cucumber mosaic virus (CMV) as a VLP carrier, resulting in strong immune
including a high-level production of neutralizing antibodies (nAbs) against Fel d 1 in Feld
1-sensitized mice [16] and cats [17]. In this case, we used the strategy of covalent coupling
where the Fel d 1 antigen was chemically conjugated to CMV VLPs, resulting in highly
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immunogenic particles that induced stronger antibody (Ab) responses than free Feld 1 or
Fel d 1 mixed with VLPs (Figure 1D) [15].

Our previous results using filamentous VLPs, derived from potato virus Y (PVY)
as a vaccine carrier for the hepatitis B viral (HBV) preS1 epitope, demonstrated a strong
anti-preS1 immune response, even in the absence of adjuvants [15]. Furthermore, PVY
VLPs contain several surface exposed lysins that have been used for the successful chemical
coupling of milbemycin A3/Ad denivatives [19]. These data suggest the potential use of
PVY VLPsas a new antigen-displaying platform. Our recent study revealed that icosahedral
plant-based VLPs are more efficient at producing higher immune responses and draining
kinetics to secondary lymphoid organs than filaments of the same genetic background [20].
However, considering the results of our previous studies on filamentous PVY VLPs, we
decided to test different vaccine designs based on these VLPs.

In this study, we selected Fel d 1 as a model antigen for the comparison of three vaccine
construction strategies. We demonstrate that PVY CP-derived VLPs can be engineered
for antigen incorporation, resulting in simple E. coli-based antigen display platforms, and
allowing the production of vacanes from a single bacterial production strain. There are
several systems with the major cat allergen Fel d 1, namely; direct fusion with plant
virus PVY CPs (Figure 1A), mosaic VLPs (Figure 1B), and two coexpression varants of
VLP-antigen conjugates using Spy-Tag and Spy-Catcher systems (Figure 1C) which were
constructed and tested in an E. cli expression system for VLP formation. The VLPs
were characterized and used for immunological studies. In addition, recombinant Fel d 1
(rFel d 1) was chemically coupled to PVY VLPs and used as a control for immunization
experiments (Figure 1D). These results can be used to evaluate the most eligible vaccine
development process based on filamentous plant VLPs

2. Materials and Methods
2.1. Cloning of the Fel d 1 Gene with @ G4S Linker af the 5 End of the PVY CP Gene

The recombinant sequence of Fel d 1, which has an additional 15 aa linker sequence of
(GGGGS); genetically fused between two Fel d 1 chains for more flexibility, has been
descrbed previously [16]. For further subcloning, we introduced flanking Neol and
BamHI sites in the Fel d 1 gene by PCR mutagenesis using primers Fel_NcoF (5-ACC
ATGGGAAATGACGAAATTTGTCCGGCAGTTAAACGT-3") and Fel_BamR (5-GGATCCA
CGACCCAGGGT ATTCAGTTTCAGA-3), following the recommended manual for Taq
DNA polymerase usage (Thermo Fisher Scientific, Waltham, MA, USA), and adjusting
the annealing temperature to 50 °C for 45 5. The corresponding PCR product was then
analyzed in a 0.8% agarose gel. After purification with a GeneJet Gel Extraction kit (Thermo
Fisher Scientific, USA), the PCR product was ligated into the pTZ57R /T plasmid (Thermo
Fisher Scientific, USA), which was later transformed into E. coli XL1 Blue cells (Novagen,
Madison, W1, USA) for plasmid amplification. Three plasmid clones containing inserts
were sequenced using a BigDye cyde sequencing kit (Thermo Fisher Scentific, USA) and
an ABI Prism 3100 genetic analyzer (Apphed Biosystems, Bedford, MA, USA) for sequence
identity. A plasmid clone, pTZ-Feld 1, without PCR errors was used for further subcloning.

2.2. Cloning of the PVY CP-NG4S Direct Fusion and Mosaic System with Feld 1

The plasmid pET-PVY-CP-NG4S was constructed previously [15] and used for inses-
tion of the Fel d 1 antigen coding sequence. The Neol /BamH]I fragment from pTZ-Fel d 1
was subcloned into the same sites of pET-PVY-NGJ4S, resulting in the expression plasmid
pET-PVY-NGAS-Fel d 1 (direct fusion; for plasmid map see Supplementary Figure S1).

For mosaic particle construction, the PVY-CP gene was amplified by PCR as previously
described, using the primers PVY-NdeF (5-ACATATGGGAAATGACACAATCGATGCA-3)
and PVY-XhoR (5-ACTCGAGTTACATGTTCTTCACTCCAAGTAGAGTATGCA-3').

The corresponding PCR product was then ligated into the pTZ57R /T plasmid (Thermo
Fisher Scientific, USA) and transformed into E. coli XL1 Blue cells (Novagen, USA). Three
plasmid clones containing the insert were sequenced using a BigDye cycle sequencing
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kit (Thermo Fisher Scientific, USA) and an ABI Prism 3100 genetic analyzer (Applied
Biosysterns, USA) for identification of the plasmid clone without sequence errors. The
obtained PVY CP DNA fragment containing the flanking Ndel and Xhol sites was then
ligated into the pETDuet-1 (Novagen, USA) vector cut with the same restriction enzymes.
Furthermore, the Neol /Hidlll fragment from pET-PVY-CP-NGAS was ligated into the
pPETDuet plasmid, which already contained the PVY-CP gene. The resulting expression
vector contained two PVY CP genes, the first of which had Neol/BamtHI sites for antigen
subcloning and a flexible Gly-Ser linker. Finally, the Fel d 1 gene was introduced into the
pETDuet-derived plasmid, resulting in an expression vector for the production of mosaic
VLPs (Supplementary Figure S2).

2.3. Cloming of Covalently Binding Protein Partners SpyCatcher and SpyTag

The sequence of the SpyCatcher gene was obtained from GenBank (JQ478411.1) [9].
The coding DNASs for full-size and truncated variants of the SpyCalcher gene were received
as a product of commercial gene synthesis. We refer to the two tested SpyCatcher domains
as SpyCatcher2 (SpyC2; full-size gene) and SpyCatcher3 (SpyC3; truncated version) [21].

To obtain both SpyCatder genes with the additional Ndel and Xhol restriction sites
convenient for subcloning, we used PCR mutagenesis as previously described, with the
primers SpyC2_NdeF (5-ACATATGGTTGATACCCTGAGCGGTCT-3") and SpyC_XhoR
(5-GTAAAGCAACCAAAGGTGATGCACATATTGGATCCGGTACTAGTTAATAAGCTTC
TCGAGT-3") for the SpyC2 sequence, and SpyC3_NdeF (5-ACATATGAGCGATAGCGCAA
CCCACATCAAATTCAG-3) and SpvC_XhoR for the SpyC3 sequence. Both corresponding
PCR products were then analyzed in a 0.8% agarose gel. After purification with a GeneJet
Gel Extraction kit (Thermo Fisher Scientific, USA), PCR products were ligated into the
pTZ57R/T plasmid (Thermo Fisher Scientific, USA). After transformation of Ecoli XL1 Blue
cells and plasmid DNA isolation, three plasmid clones from each variant were sequenced
using a BigDye cycle sequencing kit (Thermo Fisher Scientific, USA) and an ABI Prism
3100 genetic analyzer (Applied Biosystems, USA) for identification of plasmid clones with-
out PCR errors. Correct clones for SpyC2 and SpyC3 were then used for further subcdloning
into the commerdaal vector plasmid pRSF-Duetl (Novagen, USA). Using the introduced
restriction sites Ndel/Xhol, corresponding fragments from pTZ-SpyC2 and pTZ2-SpyC3 were
subcloned into the pET-RSFDuet-1 plasmid, resulting in plasmids pRSF-Duet-SpyC2 and
pPRSF-Duet-SpyC3.

For construction of Fel d 1 antigen-SpyCatcher fusions, pTZ-Fel d 1 was digested
with BamHI/Xol, and the corresponding fragment was ligated into pRSF-Duet-SpyC2 and
pRSF-Duet-SpyvC3.

As previously described, the coding sequence for SpyTag (SpyT) was introduced into
the PVY CP-NGAS gene by PCR mutagenesis using the primers pet_BglF (5-GATCGAGATC
TCGATCCCGCGAA-3") and PVY_SpTBamR (5"-GGATCCTTTGGICGGTTT ATACGCATC
CACCATCACAATATGCGCGTCATTTCCCATGGTATATCTCCTTCT-3). The correspond-
ing PCR product after purification with a GeneJet Gel Extraction kit (Thermo Fisher Scen-
tific, USA) was ligated into the pTZ57R /T plasmid (Thermo Fisher Scientific, USA). E. coli
XL1 Blue cells were used for plasmid amplification, resulting in the plasmid pET-PVY-
NGIS-SpyT. To avoid PCR errors, three plasmid clones were selected for sequencing and
analysis using a BigDve cycle sequencing kit (Thermo Fisher Scientific, USA) and an ABI
Prism 3100 genetic analyzer (Applied Biosystems, USA). Furthermore, the Bgill/BamHI
fragment from a pTZ plasmid done containing the SpyTag sequence was subcloned into
the pET-PVY-CP-NGAS vector, resulting in an expression vector coding for the PVY gene
containing a coding sequence for SpyTag (SpyT).

To achieve covalent binding directly between the protein pariners SpyCatcher and
Spy Tag in recombinant E. coli, we subdoned both coding sequences into one expression
plasmid using the expression vector pET-PVY-NGAS-SpyT as a vector plasmid. Correspond-
ing Hind111/Blpl fragments from pRSF-Duet-SpyC2-Fel d 1 and pRSF-Duet-SpyC3-Fel d 1
were subcloned into pET-PVY-NG45-5pyT, resulting in two expression vectors, pET-PVY-
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NGAS-SpyT-SpyC2-Fel d 1 (Supplementary Figure S3) and pET-PVY-NGAS-SpyT-Spy(G-Feld 1,
respectively (Supplementary Figure S4).

24. Expression and Purification of PVY VLPs and PVY Containing Fel d 1 VLPs

E. coli C2566 cells (New England Biolabs, Ipswich, MA, USA) were transformed
with PVY CP-containing plasmids, which were then expressed and purified as previously
described [15]. The same transformation was performed for each construct containing the
Fel d 1 antigen. The clones with the highest expression levels of the target protein were
selected afterwards, and E. coli cultures were grown in a 2TY medium (1.6% tryptone, 1.0%
yeast extract, 0.5% NaCl) containing a corresponding antibiotic ((kanamyan (25 mg/L) or
ampicillin (50 mg /L)) on a rotary shaker (200 rev /min; Infors, Bottmingen, Switzerdand) at
30°C to an OD600 of 0.8-1.0. Then, 0.2 mM isopropyl B-d-1-thiogalactopyranoside (IPTG)
and 5 mM MgClz were added to induce the cell cultures. Cells were grown on a rotary
shaker at 20 °C for 18 h and collected by low-speed centrifugation. The resulting biomass
was kept frozen at =70 °C. After thavung on ice, the biomasses containing wild-type
(wPVY), mosaic PVY VLPs containing a NGS-linker (mPVY), direct fusion (PVY-NG4S-Fel
d 1), and mosaic VLPs containing the Fel d 1 protein (mPVY-NG45-Fel d 1), were suspended
ina 1x PBS buffer containing 5 mM f-mercaptoethanol (B-ME) and 0.5% TX-100 (buffer
A), and were disrupted by ultrasonic treatment. For PVY-NGAS-SpyT/SpyC2-Fel d 1 and
PVY-NG4S-SpyT/SpyC3-Fel d 1, the biomass was suspended in a 20 mM TRIS pH 7.0
buffer supplemented with 150 mM NaCl (buffer B) and an additional 5 mM B-ME and
0.5% TX-100, and was disrupted by ultrasonic treatment. Insoluble proteins and cell debris
were removed by centrifugation (15,557 % g, 10 min at 5 °C).

All PVY VLPs were separated from cellular proteins using ultracentrifugation (Optima
L—100XF; SW32 rotor, Beckman, USA; at 106,559 x ¢ (25,000 rpm), 6 h, 18 °C) in a sucrose
gradient (20-60% sucrose in buffer A (wPVY, mPVY, PVY-NG4S-Fel d 1, and mPVY-NG4S-
Fel d 1)) or in buffer B ((PVY-NG4S-SpyT/SpyC2-Fel d 1 and PVY-NGA4S-SpyT/SpyC3-
Fel d 1) without §-ME and TX-100). The gradient was divided into six fractions and
prepared by carefully filling 6 mL of each solution, one at a time, in descending order
(60-2(r"%) with a long needle syringe in tubes (36 mL, for SW—32 rotor, Beckman, Brea,
CA, USA), and overlapping the sample on top of all layers. After centrifugation, all
fractions were collected in reverse order, starting with the 60% sucrose fraction, and then
analyzed by SDS-PAGE. Fractions containing proteins of interest (PVY CP or CP-Feld 1)
were pooled and dialyzed to remove sucrose against 100 volumes of buffer A or B in a
12-14 kDa Spectra/Por 4 dialysis membrane (Spectrum Laboratonies, Calgary, Canada). If
necessary, the samples were concentrated using an Amicon Ultra-15 100 K filtration unit
(Merck-Millipore, St. Louis, MO, USA).

All steps for the expression and purification of VLPs were monitored by SDS-PAGE
using 12.5% gels, Western blot (WB), and agarose gel analysis. The concentrations of
the proteins were 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.

25. Transmission Electron Microscopy (TEM)

The visualization of purified PVY CP-denived VLPs was done with uranyl acetate
negative staining. First, 5 ul of the sample (1 mg/mL) was absorbed on carbon formvar-
coated 300 Mesh Copper grids (Agar Scientific, Stansted, UK; 2 grids per sample were
prepared) and incubated for 3 min. The grids were then washed with 1 mM ethylenedi-
aminetetraacetic acid (EDTA) and negatively stained with 05% uranyl acetate aqueous
solution. The grids were analyzed with a JEM-1230 electron microscope (JEOL, Tokyo,
Japan) at an accelerating voltage of 100 kV and a minimum of five electrograph pictures
were made per sample.
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2.6. Chenrical Coupling of PVY CP VLPs and Feld 1

rFel d 1 was purified using a His-tag column as described previously [16]. The
purified rFel d 1 was conjugated to PVY CP VLPs using the crosslinker succinimidyl-6-
(B-maleimidopropionamido) hexanoate (SMPH; Thermo Fisher Scientific, USA). A 5-fold
molar excess of SMPH to PVY VLPs was used for the reaction at 23 °C for 1 h. Unreacted
SMPH was removed by an Amicon Ultra-15 50 K centrifugal filter (Merck-Millipore, USA);
VLPs were further washed with 1x PBS four times (4 x 6 min) at 3214 g (5000 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, Burlington,
MA, USA) for 10 min at room temperature (RT). The coupling was performed by adding
a d-fold molar excess of rFel d 1 to the SMPH-derivatized PVY VLPs at 23°C for 3h by
shaking at 1400 rpm/min on a DSG Titertek (Flow Laboratories, Oldham, UK). Unbound
rFel d 1 was removed using an Amicon Ultra-15 100 K centrifugal filter (Merck-Millipore,
USA). All stages of coupling were analyzed by SDS-PAGE and the integrity of VLPs was
confirmed by TEM.

2.7. Immunological Studies
2.7.1. Western Blot (WB) Analysis

For WB analysis, protein samples were separated by SDS-PAGE and transferred to an
Amersham Protran 0.45 pm nitrocellulose membrane (GE Healthcare, Piscataway, NJ, USA)
using a semidry apparatus with parameters of 250 V, 45 A, and 45 min. After blocking
the membrane in a PBS solution containing a 1% alkali-soluble casein (Merck-Millipore,
USA), the membrane was incubated overnight (ON) at 4 °C in anti-PVY or anti-Fel d 1
Ab-containing solutions (diluted at 1:1000 in PBS with 1% alkali-soluble casein) obtained
from mice that were immunized with PVY CP VLPs [15] or a recombinant antigen (sFel d
1) [16]. The membrane was washed with a TBS buffer (150 mM NaCl; 10 mM Tris pH 7.5)
for 15 min and then incubated at RT for 3 h with horseradish peroxidase-conjugated anti-
mouse IgG (Sigma-Aldrich, USA) that was diluted at 1:1000 in PBS, supplemented with
1% alkali-soluble casein. The membrane was washed with TBS for 15 min two times. The
signal bands were developed by incubating the membrane in a TBS buffer supplemented
with peroxidase substrates (0.002% o-dianisidine and 0.03% hydrogen peroxide).

2.7.2. Mouse Vacanation

For immunogenicity testing, 6-8 weeks old female BALB/c mice (5 per group) were
purchased from Laboratory Animal Centre, University of Tartu (Estonia). A volume of
50 pg of each VLP (direct, mosaic, SpyT/SpyC2, SpyT/SpyC3, and chemically coupled)
were diluted in 300 L of sterile PBS and used for subcutaneous injection in mice without
adjuvant on Day 0. Mice received a similar booster dosage on Days 14 and 28. One 100 L
serum sample from each mouse was collected each week on Days 7, 14, 28 and 42. The
experimental protocol was approved by the Animal Protection Ethical Committee of the
Latvian Food and Veterinary Service (permission no. 89).

27.3. The Enzyme-Linked Immunosorbent Assay (ELISA)

For total IgG Ab titer determination against Fel d 1 and PVY CP in sera of immunized
mice, purified samples of rffel d 1 and PVY VLPs in a concentration of 10 ug/ml in 50 mM
sodium carbonate buffer (pH 9.6, 100 uL per well) were coated on 96-well ELISA plates
(Nunc Immuno MaxiSorp, Thermo Fisher Scientific, Rochester, NY, USA), and stored at
4 °C ON. The next day, blocking with 1% BSA in PBS at 37 °C for 1 h was performed,
and serially diluted mouse sera were added to the plates and incubated at 37 °C for 1 h.
Afterwards, plates were washed three times with PBS containing 0.05% Tween-20. A
volume of 100 uL of horseradish peroxidase, labelled anti-mouse Ab (Sigma-Aldrich, USA),
was added at a 1:10,000 dilution per well. After incubation at 37 °C for 1 h, plates were
washed again, and the o-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich, USA)
substrate was added for color development. Optical absorbance was measured with a
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Labsystemns 352 Multiscan MS microplate reader (Sweden) at 492 nm. The endpoint titers
were calculated at the highest serum dilution, resulting in an absorbance value exceeding
three-fold that of the negative control (serum obtained from nonimmunized mice).

For monoclonal Fel d 1 Ab ELISA tests, two sets of plates were coated with 10 pg/mlL
of each variant PVY-Fel d 1 VLPs at 4 °C ON. After blocking with 1% BSA in PBS at
37 °C for 1 h, serial dilutions of two types of Fel d 1 monodonal Abs (mAb) against chain
1 (MA-3E4 and MA-6FY; Indoor Biotechnologies, Cardiff, UK) were added to the plates
and incubated at 37 °C for 1 h, and then washed three times with PBS containing 0.05%
Tween-20. The rest of the procedure was identical to that described above.

For the detection of IgG1 and IgG2a subclasses, isotype-specific ELISA was performed
for the detection of anti-PVY and anti-Fel d 1 Ab, using mouse mAb isotyping reagent 1502
(Sigma-Aldrich, USA) as secondary Abs, using the peroxidase conjugate of monocdonal
anti-goat/sheep IgG Abs (Sigma—Aldrich, USA). The endpoint titers were calculated as
stated above.

274. Avidity ELISA

To determine the avidity of IgG Abs, two sets of plates were prepared. Both were
coated with 10 pg/mlL PVY CP VLPs and Fel d 1-C6H-CG. After serum incubation, one set
of plates was washed three times for 5 min with a 50 uL/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. Between washing steps, all the plates were washed
with PBS, with 0.01% Tween-20 as usual. The rest of the procedure was identical to that
described above.

2.75. ELISA for Native Feld 1

To test whether the Abs induced by PVY-Fel d 1 VLP variants can recognize the native
Fel d 1 (nFel d 1) protein, a sample of nFel d 1 (Indoor Biotechnology, UK) in a concentration
of 10 ug/mL in a 50 mM sodium carbonate buffer (pH 9.6, 100 uL per well), was used to
coat 96-well ELISA plates (Nune Immuno MaxiSorp, Thermo Fisher Scientific, Rochester,
NY, USA) and stored at 4 °C ON. To further the blocking, 1% BSA in PBS at 37 °C for
1 h was performed, and serially diluted mouse sera (5 pl from each sample) were added
to the plates and incubated at 37 °C for 1 h. Afterwards, the plates were washed three
times with PBS containing 0.05% Tween-20. A volume of 100 uL of horseradish peroxidase
labelled anti-mouse Ab (Sigma-Aldrich, USA) was added at a 1:10,000 dilution per well.
After incubation at 37 °C for 1 h, plates were washed again, and the o-phenylenediamine
dihydrochloride (OPD) (Sigma-Aldrich, USA) substrate was added for color development.
Optical absorbance was measured with a Labsystems 352 Multiscan MS microplate reader
(Sweden) at 492 nm. The endpoint titers were calculated as the highest serum dilution that
resulted in an absorbance value exceeding three-fold that of the negative control (serum
obtained from nonimmunized mice).

3. Results and Discussion
3.1. Construction and Characterization of PVY CP VLPs Contuining Fel d 1

Our previous studies revealed that some filamentows plant VLPs (PVY, potato virus
M (PVM)) can accommodate comparably large protein domains on their surface as N-or
C—terminal fusions without influencing VLP self-assembly [15,22]. First, we constructed
direct fusions from a previously described PVY CP sequence with an introduced Gly-Ser
linker [15] between CP and antigen sequences to reduce the influence of foreign sequences,
which may interfere with VLP formation, further purification, and identification. The Fel d
1 coding sequence was introduced in the N-terminal part of PVY-NGAS-CF, and expressed
directly in E. coli cells (see plasmid map in Supplementary Figure S1).

To construct the mosai system, we incorporated the wPVY CP and PVY CP-NG4S-Fel
d 1 genes into the expression vector pET-Duetl, allowing the formation of mosaic particles
(mPVY-NG4S-Fel d 1) after expression in E. coli. The protein size of PVY-NG4S-Feld 1is
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=55 kDa (Figure 2A; track 4). For mosaic VLPs, we identified two protein bands—wPVY
with a size of =35 kDa and PVY-NG4S5-Fel d 1 with a size of =55 kDa—after SDS-PAGE
analysis, as expected (Figure 2A; track 5). The TEM results confirmed that the expression
of both systems resulted in similar filamentous VLPs with an average size of 400-800 nm
(Figure 2D,E), similar to what was previously described [15], suggesting that VLPs can
tolerate Fel d 1 insertion without significantly interfering with their structure. Assuming
that direct fusion leads to 100% incorporation of the Fel d 1 antigen, densitometric analysis
of SDS-PAGE gels revealed approximately 63% Fel d 1 incorporation in the mosaic particles.
The output of VLPs vaned between 11 and 12 mg/ g biomass.
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Figure 2. Characterization of PVY CP VLPs with the Fel d | antigen. (A) Coomassiewstained SDS=-
PAGE gel of PVY=Fel d | vaccine variants at a concentration of 2 mg/ml; (B) the same samples as in
(A) analyzed by Western blot using anti-Fel d 1 antibodies; (C) the same samples as (A) analyzed by
Westemn blot using ant-'VY antibodies. Electron micrographs of negatively stained VLPs; (D) direct
fusion of PVY-NGAS-Fel d |; (E) masaic PVY-NG4S-Fel d 1; (F) PVY-SpyT/SpyC2-Feld I; (G) PVY-
SpyvT/SpyC3-Fel d 1, scale bars 500 nm. M==FageRulesT™M Phus Prestained Protein Ladder, 10 to
250 kDa (Thermo Fisher Scientific, USA), 1==PVY-NG45-PVY {masaic; control); 2e="'VY-SpyT-Spy (2~
Fel d 1; 3" VY-Spy T-Spy(3-Fel d 1; 4==PVY-NGAS-Fel d 1; 5=PVY-NG4S-Fel d 1 PVY-(mosaic).

Several previously developed SpyTag/SpyCatcher-based platforms involved individ-
ually purified components which were then linked together in a separate process [10,23,24].
However, there are examples of the reaction between SpyTag- and SpyCatcher-containing
proteins forming covalent bonds directly in the cells of recombinant bacteria or even in
plants [23,25].

To test whether SpyTag-containing PVY VLPs can directly form a conjugate with a
SpyCatcher-Fel d 1 protein in the same bactenial cell, we first genetically introduced PVY
CP-NG4S with a SpyTag sequence using PCR mutagenests and expressed it in E. coli strain
C2566. The majority of the protein was soluble and well expressed, with a size of =35 kDa
(Figure 5B). TEM also confirmed PVY-like VLP formation in various sizes ranging from
201000 nm (Figure 3A). In a second step, two SpyCatcher peptide sequences (full size
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SpwC2 and N-terminally truncated SpyC3) [14] were genetically fused with Fel d T and
then used for further subdoning. To introduce SpyTag/SpyCatcher partner sequences into
one expression system, we used the commerdal vector plasmid pRSF-Duet, which has
two T7 promoters and multiple cloning sites, one for each genetically fused PVY-NG4S-
SpyTag/SpyCatcher-Fel d 1 partner.

“
ry .
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Figure 3. PVY-NG4S-SpyT analysis. (A) Electron micrographs of negatively stained VLPs;
(B) Coomassie-stained SDS-PAGE. M==PageRulerTM Plus Prestained Protein Ladder (Thermo Fisher
Scentific). S=soluble proteins in cell lysate; Pe=insoluble proteins in cell lysate; l=fm—sucrose gradient
fractions (60=0% sucrose).

Both expression vectors pRSFDu-PVY-NGIS-SpyT/SpyC2-Fel d 1 and pRSFDu-FVY-
NGAS-SpyT/Spy(C3-Fel d 1 were used for E. coli C2566 transformation. Cloned genes
were expressed, and the corresponding VLPs after punification were analyzed using SDS-
PAGE gels. The analysis confirmed that SpyTag- and SpyCatcher-derived proteins form
conjugates directly in E. coli cells. The expected size of conjugated PVY-SpyT/SpyC proteins
containing the Fel d 1 antigen was =70 kDa (Figure 2A; track 2, 3), while the band -35 kDa
corresponds to overlapping antigen-free PVY-NGAS-SpyT (32.6 kDa) and free SpyC2-Fel d
1(31.3 kDa) or SpyC3-Fel d 1 (29.2 kDxy; see Figure 2 and plasmid maps in Supplementary
File). The output of VLPs was approximately 10 mg /g biomass.

The morphology of filamentous VLPs was confirmed by TEM (Figure 2EG), reveal-
ing shorter VLP particdle formation with sizes ranging from 200400 nm. Additionally,
densitometric analysis revealed approximately 65% Fel d 1 incorporation for PVY-NGAS-
SpyT/SpyC2-Fel d 1 and 71% for PVY-NGAS-SpyT/SpyC3-Fel d 1. These results demon-
strate that both SpyCatcher versions (full size and truncated) have similar conjugation
efficiency, as observed in previous studies [14].

Native filamentous plant viruses contain a comparably low proportion of encapsidated
nucleic acids. We previously observed a low nudeic acid content for filamentous VLPs
derived from plant viruses [22]. Considering the importance of bacterial nucleic acids
in stimulating the immune response, we attempted to identify DNA/RNA in purified
VLP samples. Native agarose gel (NAG) analysis of VLP variants after ethidium bromide
staining suggested that only four vaccine variants contained visible signals of nucleic
acids (Figure 4). Packaged RNA was hardly noticeable for wPVY and ¢PVY-Fel d 1 VLPs.
In contrast, PVY-NGAS-SpyT/SpyC2-Fel d 1 and PVY-NG4S-SpyT/SpyC3-Fel d 1 VLPs
contained clearly detectable nucleic acid signals. As shown in Figure 4, a large portion of
filamentous VLPs cannot enter the agarose gel due to their large size, and therefore, they
appear as bands in NAG pockets.

To further characterize vacane candidates, we performed WB analysis using an Ab
against both Fel d 1 and carrier PVY VLPs. Mosaic VLPs consisting of NGAS-containing
and unmodified PVY CPs were used as a control for both analyses. As expected after WB
analysis, mPVY did not react with anti-Fel d 1 Abs (Figure 2B). In contrast, all four Fel d
1-containing vaccine prototypes revealed the presence of Fel d 1 in WEB analysis by reacting
with anti-Fel d 1 Abs (Figure 2B). The WB signals overlapped with the corresponding
bands identified in SDS-PAGE: ~70) kDa for PVY-Fel d 1 conjugates and -35 kDa for
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free Fel d 1. We also observed a slight degradation of the Fel d 1 protein, resulting in
an -13 kDa degradation product in samples containing both SpyCatcher variants and
mosaic VLPs. WE analysis using anti-PVY Abs demonstrated proteolytic degradation of
the VLP carrier (Figure 2C). We also noted similar results in our previous expenments [15],
where the formation of truncated PVY CP derivatives appeared, possibly due to proteolytic
processing by E. colf trypsin-like enzymes.

M 1 2 3 8 5 6

Figure 4. Agarose gel analysis of PVY=Fel d 1 vaccine variants at a concentration of 1.5 mg/mlL.
M==CeneRuler 1 kb DNA ladder (Thermo Fisher Scientific, USA); 1=wPVY (wild-type; control);
2 'VY-NGAS-Fel d 1 (direct fusion); 3==PVY-NGd5-Fel d 1.PVY (mosaic fusion); d==PVY-SpyT-
SpyvC2-Fel d I; 5=='VY-SpyT-SpyC3-Fel d |; bmmcP'VY=Fel d 1 (chemically coupled). A 0.5% native
agarcse gel stained with ethidium bromide was used for analysss.

3.2, Chenical Coupling of PVY CP with Fel d 1

For the chemically coupled PVY-Fel d 1 (cPVY-Fel d 1) vanant, the two pringpal
components, the PVY CP and the antigen, were expressed separately. First, we purified
unmaodified PVY VLPs using PEGS000/NaCl precipitation and ultracentrifugation in a
sucrose gradient, as previously described [15]. Fractions containing PVY CPs were purified,
as described in Materials and Methods, for further use. The concentration of PVY CP
VLPs was measured using a Qubit™ Protein Assay Kit (Thermo Fisher Scientific, USA),
and the samples were analyzed by SDS-PAGE (Figure 5B), confirming the correct size of
=35 kDa. The sample was then mixed with 5x SMPH for derivatization and incubated for
1 h. Unreacted SMPH was removed by buffer exchange on Amicon-Ultra-15 50 K filtration
units (Merck-Millipore, USA).

3% 8 %

o 10

12345M

Figure 5. Chemically coupled PVY=Fel d 1 analysis. (A) Electron micrographs of negatively stained
cP'VY=Fel d 1, scale bar 500 nm; (B) Coomassic-stained SDS=PAGE gel. 1==PVY; 2e=PVY after 5x
SMPH derivatization and unreacted SMPH removal; 3==PVY coupling with 4 x Fel d 1.Cal-CG;
4=PVY + 4 x Feld 1.C6H-CG after partial Fel & 1.CoH-CG removal; SerFel d 14C6H-CG treated with
10x TCEP; M==agcRuler™ Plus Prestained Protein Ladder (Thermo Fisher Scientific); “==coupling
product of PVY-rfel d 1.
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The rFel d 1 protein with a His-tag and C—terminal Cys residue was purified, as
described previously, using a Protino Ni-TED 1000 Packed Column (Macherey-Nagel,
Bethlehem, PA, USA) [16]. Then, fractions containing the rfel d 1 protein were dialyzed
against 1x PBS. Before coupling, rfFel d 1 was treated with the reducing agent TCEP, and
then, a 4-fold molar excess of rFel d 1 was added to the derivatized PVY-VLP at23°C for2h.
Uncoupled rfeld 1 was removed in Amicon-Ultra-15 100 K filtration units by centrifugation.
All stages of chemical coupling were monitored by SDS-PAGE (Figure 5B). Densitometric
analysss suggested rFel d 1 incorporation of approximately 24% when calculated from the
signal intensities of the unmodified PVY CP and coupling products (Figure 5B; track 4).

Electron microscopy analysis of the final product demonstrated that the PVY-like
particles preserved the filamentous VLP structure after the coupling procedure (Figure 5A),
although we noticed the presence of much shorter filaments with sizes ranging approxi-
mately 100-200 nm. A similar observation about chemical coupling efficiency in rod-shaped
nanoparticles was made by Rioux et al. and Therien et al. when analyzing Papaya mosaic
virus (PapMV) particle formation after two influenza epitopes (HA11; 9 AA) [26] and
(M2e; 26 AA) [27] were coupled to PapPMV CP. TEM revealed that chemical coupling
slightly interfered with longer particle formation compared with PapMV WT, suggesting
that successful coupling relies on several aspects, such as the size of the chosen epitope,
chemical linker, or nanoparticle surface morphology [26,27].

3.3, Immunological Characterization of the PVY-Fel d 1 Vaccine Candidates

To characterize the immune stimulation potency of the constructed variants, we per-
formed ELISA to test the antigenicity of VLP-introduced antigens using two commercially
available monoclonal Fel d 1 Abs before murine experiments. To elucidate which of the
constructed PVY-Fel d 1 variants is the most promising candidate for possible vaccine
design, we performed experiments in mice to measure the amount of antigen-specific total
IgG as well as IgG subclasses by ELISA. For additional analysis of IgG specificity, avidity
ELISAs were performed using sera collected on Day 42. To test whether collected sera from
immunized mice were able to recognize a nFel d 1 allergen, we included an ELISA test for
total specific IgG Abs.

33.1. Monoclonal Antibody ELISA

Before starting in vivo murine experiments, we wanted to characterize the antigenicity
of the constructed PVY-Fel d 1 vacdne candidate by measuring recognition with two
commercially availsble Fel d 1 mAbs with ELISA. The nFel d 1 protein consists of two
chains (chain-1 and chain-2) [25]; the two chosen commercially available mAbs bind to
two different epitopes on the cat F. domesticus allergen Fel d 1, both on chain-1 (MA-6F9;
MA-3E4; Indoor biotechnologies, UK). For optimal induction of nAbs, it is important that
the Fel d 1 incorporated into PVY VLPs is structurally identical to nFel d 1 and is capable
of induang Abs that recognize nFel d 1; therefore, we wanted to establish whether there
is a difference in mAb binding to rFel d 1 or nFel d 1. Our results indicated that nFeld] is
equally recognized by both mAbs (Figure 6D) (corresponding to reciprocal titers between
55000 and 75,000). Surprisingly, MA-3E4 mAbs demonstrated an even higher interaction
with the rfel d 1 produced by us (corresponding reciprocal titers for MA-3E4 1:548,000; for
MA-6F9 1:158 000).

Similar analysis using these two mAbs was performed for the constructed VLP vari-
ants and revealed that both mAbs strongly bound to all PVY-Fel d 1 vaccine variants
(Figure 6A,B); MA-3E4 mAbs demonstrated the highest binding to each VLP variant. Al-
though MA-6F9 did not show significant differences in Ab binding to PVY-Fel d 1 vaccine
variants, titers against MA-3E4 mAbs were highest for mPVY-NGdS-Fel d 1 (Figure 6C)
(corresponding reciprocal titers for MA—6F9 1:130,000; for MA-3EA 1:560,000), indicating
that Fel d 1 is well exposed on the surface of these VLPs. PVY-NGAS-SpyT/SpyC2-Fel
d 1 and PVY-NGAS-SpyT/SpyC3-Fel d 1 were also capable of binding to MA-3E4 very
efficiently (corresponding reciprocal titers for SpyT/SpyC2 1:485,000; for SpyT/SpyC3
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1:468 000). Interestingly, the chemically coupled vanant produced slightly lower titers for
MA-3Ed than other PVY=Fel d 1 vaccine variants (corresponding reciprocal titer 1:330,000).
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Figure 6. Monoclonal Fel d 1 antibody neaction with displayed Fel d 1 on the surface of vaccine
varants. Plates were coated with 10 pg/ml of each VLI (A)=total IgG titers against Fel d |
monoclonal antibody MA-6F9 (Indoor Biotechnology, USA); (B)=total IgG titers against Feldl
maonocional antibody MA-3E4 {Indoor Biotechnology, USA); (C)==comparison of MA-6F9 and MA-
3E4 titers of total IgGs against; (D)==comparison of moneclonal antibody MA-6F9 and MA-3E4 titers
against recombinant Fel d 1 (rfel d 1) or native Fel d 1 (nFel d 1). (C,D)==Statistical analysis using
Student’s ¢ test in GraphPad Prism 9.0. Vaccine groups n = 5. One representative experiment was
performed. A value of p > 0.05 was considered statistically significant (ns==not significant).

33.2 Total Levels of IzgG

Subcutanecus immunizations of 6 to 8-weeks old female BALB/ ¢ mice were performed
on Day 0 with 50 ug of the five PVY=Fel d 1 vacdne candidates PVY-NG4S-Fel d 1, mPVY-
NGiS-Fel d 1, PVY-NGAS-5pyT/SpyC2-Fed d 1, PVY-NGA5-SpyT /SpyC3-Fel d 1 and
cPVY-Fel d 1 without additional adjuvants. Booster doses were given on Days 14 and 28.
Total specific IgG immune responses were detected in sera collected on Days 7, 14, and 28,
and a final blood collection was performed on Day 42 for ELISA test analysis. Total IgG
levels were measured against the levels of carrier PVY CP as well as rFel d 1and nFel d 1.

Fel d 1-specific Abs were detected very early after the first dose. IgG titers at Day 7
were highest for PVY-SpyT/SpyC3-Fel d 1 (Figure 7C). The same was observed on Day 14.
IgG responses against Fel d 1 were enhanced dramatically on Day 28 after the first boost,
which led to IgG levels that showed a minimum of a 5.6-fold increase compared with those
detected on Day 14, showing that the highest anti-Fel d 1 titers from Day 28 were obtained
from mice injected with cPVY-Fel d 1 (corresponding reciprocal titer 1:11,500).

Each of the [gG response levels against PVY CP and Fel d 1 reached the maximum
on the final day (42) after the second boost, demonstrating the highest anti-Fel d 1 titers
for cPVY-Fel d 1 (Figure 7A,C) (corresponding reciprocal titer 1:52,938), followed by PVY-
SpyT/SpyC3-Fel d 1 (corresponding reciprocal titer 1:36500). Furthermore, the IgG levels
for these two VLPs increased by approximately five-fold after the second boost compared
to previously obtained titers, indicating the possibility of a high repetitiveness of antigens
on the VLP surface, which has previously been reported to induce high IgG titers [25]. PVY
CP-specific Abs were only detectable from Day 28 and were highest against cPVY-Fel d 1
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as well as for mPVY-NG4S-Fel d 1 (Figure 7B,D). The obtained results only partly correlate
with the data from densitometric analysis of the incorporated Fel d 1 antigen. The immune
responses were higher for PVY-SpyT/SpyC3-Fed d 1 (71%) than for PVY-SpyT/SpyC2-Fel d
1 (65%) or mPVY-Fel d 1 (63%), but this could not be considered the main factor because for
cPVY-Feld 1, which had the highest Ab levels, densitometric analysis suggested only 24% Fel
d 1 incorporation. Additionally, direct fusion of PYVY-Fel d 1 with 100% incorporated Fel d 1
antigen did not result in the highest Ab levels, suggesting that the process of generating an
immune response is also influenced by other factors, such as the particle size and RNA content.
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Figure 7. Feld 1 IgG titer analysis after vaccmation with PVY=Fel d 1 vaccine variants. (A)=—Fel
d l-specific IgG titers on Day 42 for the groups vaccinated with PVY=Fel d 1 vanants measured at
OD 492 nm; (B)=PVY CP-specific IgG titers on Day 42 for the groups vaccinated with PVY=Feld 1
variants measured at OD 492 nm; (Ch==Logg values (mean £ SEM) of Feld1l-specific IgG titers for the
groups vaccinated with PVY=Fel d | VLPs on Days 7, 14, 28 and 42; (D)=Log;g values (mean £ SEM)
of PVY CPespecific IgG for the groups vaccinated with PVY=Fel d | VLPs on Days 7, 14, 28 and 42.
(C,D)=Statistical analysis using one-way ANOVA in GraphPad Prism 9.0. Vaccine groups n = 5.
One representative experiment is shown. A value of p > 0.05 was considered statistically significant
(ns==not significant; ** p < 0.001; *** p < 0.0001).

To further characterize induced Abs against Fel d 1, we performed an avidity ELISA
experiment using sera from Day 42. According to several authors, avidity may be defined
as the ability of a polyvalent molecule to form multiple connections of the same kind
with ligands tethered to the same surface, or in other words, it characterizes the potential
multivalent interaction of an Ab with an antigen [3),31]. Furthermore, polyvalent molecules
such as Abs are restricted by the geometry of interaction, meaning that recognition of the
surface-bound ligands is linked to topological properties of the surface [31] therefore,
avidity could possibly define the strength and /or number of interactions that determine
the quality of produced Abs. As shown for the malaria vaccine, RTS, 5, and Ab avidity are
a very important factors, which correlates with vaccine efficacy [22].

For avidity tests, most studies rely on ELISA format analysis with different concen-
trations of chaotropic agents to determine the stability of the antigen-Ab complex. We
compared the total IgG levels of two identical plates, where one was washed with 7 M
urea while the other was treated as usual. The results indicated that the cPVY-Fel d 1
variant induces Abs with the highest avidity index (Al) values (Figure 5A B), meaning
that 36% of all IgGs were spedific and could not be washed away with 7M urea. PVY-Fel
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d 1, mPVY-Fel d 1 and PVY-SpyT/Spy(3-Fel d 1 induced Abs with -9-12% specificity,
whereas variants with the least specific Abs included PVY-SpyT/SpyC2-Fel d 1, which
resulted in only -4% specificaty. These findings clearly demonstrate that the method of
antigen incorporation in VLPs can influence the structure of the Fel d 1 antigen on the VLP
surface and result in the generation of Abs with different specificities.

A B
20 Ll P ) - » "1 s S
i : . : ::‘Mi'ﬂm' 5 ¢ S mosae
37T e " tortcpest '-l '] '—I © S Tser2
g 1 . ' . * SoyTSpyC) PEST i;, 2 SpyT8eyC3
ig ! Iy + chamically scupies PRST 3 chrmcaly coupled
P IR el
U i | wmewm ST AP

Figure 8. Avidity antibody detection after vaccination with PVY=Fel d | vanants. (A)=Fel d 1~
specific IgG titers for the groups vaccinated with PVY=Fel d | vaniants on Day 42 measured at ODg;.
After serum incubation, one plate was treated with PBS with 0.05% Tween 80, and the other plate
was treated with 7 M urea in PBS with 0.05% Tween 80; (B)=Log g values (mean + SEM) of Fel
d I-specific IgG titers (shown in a) for the group vaccinated with PVY=Fel d | vaccine variants.
Statistical analysis was performed using Student's ¢ test in GraphPad Prism 9.0. Vaccine groups
n = 5. One representative experiment was performed. A value of p > 0L05 was considered statistically
significant (ns==not significant; * p < 0.01).

3.3.3. Subdlass Specific Antibody Production

Previously published papers have suggested that several factors, such as the structure
and quantity of antigen, as well as the possible route and time period of antigenic simula-
tion, can affect which IgG subdass of Abs will be produced [33]. The murine IgG family is
divided into four major subdasses, namely; IgG1, IgG2a/¢, 1gG2b and IgG3, elucidating
that in particular, the [gG2a subclass is most capable of protecting individuals against an
infectious bacterial challenge [34]. It is known that in the absence of nucleic acids that serve
as toll-like receptor (TLR) stimulators, nanoparticles such as VLPs induce IgGl-dominated
immune responses in mice, whereas the dominating subclass in the presence of nucleic
acids becomes a much more protective IgG2a subclass [30]. Furthermore, it has been
shown that these two IgG subclasses (IgG2a and IgG1) in mice can define whether the T
helper 1 (T}, 1) or T helper (T,,2) signaling pathway is dominating, respectively [35]. For
protective immunity against infection, Ty,1 cells stimulate Ab production toward the 1gG2a
subclass and are considered the most potent Ab response against most viral and bacterial
pathogens [29].

Although it is known that viral infections with live or inactivated viruses are mostly
restricted to the IgG2a isotype, several papers have confirmed that immunization with
many viral proteins or peptides, often combined with adjuvants, leads to an IgG1 Ab
response, especially in the absence of naturally packed nudeic acids [36-39].

Analysis of the induced anti-Fel d 1 Abs revealed an excess of IgG1 over IgG2a in
all cases. The highest IgG1 Ab response was produced by mice that were vaccinated
with cPVY-Fel d 1 (corresponding reciprocal titer 1:91,000), followed by mPVY-Fel d 1
(corresponding reciprocal titer 1:36,000), whereas PVY-NG4s-SpyT/SpyC3-Fel d 1 pro-
duced the highest IgG2a titer (Figure 9A,B) (corresponding reciprocal titer 1:3200) among
the groups.
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Figure 9. PVY=Fel d | vanants induce subclass switching by ELISA analysis. (A)=Anti=Fel d 1»and
anti-PVY CP-specific 1gG1 and 1gG2a titers measured in Day 42 mouse sera at OD492 nm. ELISA
plates were coated with PVY=Fel d | variants to detect IgG subdasses in mice vacanated with
PVY=Fel d | vanants, (B)=Log:o values of Feld1-specific [gGl and IgG2a titers measured in Day 42
mouse sera; {Cl=anti-Fel d 1 1gG1/1gG2a ratio measured from titers used in the experiment shown
in (B); (A,B) Statistical analysis using Student’s f test in GraphPad Prism 9.0. Vaccine groups n = 5.
One representative experzment is shown. A value of p > 0.05 was considered statistically sagnificant
(** p < QLO01; *** p <0.0001).

Our previous research on filamentous virus PVM VLPs revealed very low amounts
of packaged nucleic acds [22]. We obtained similar results in this study, indicating low
amounts of nucleic acids within PVY (Figure 4), which may be a reason for the dominance
of IgG1 in mice vacanated with most of the VLP variants. The lowest IgG1/1gG2a ratio
value was obtained in sera from mice immunized with PVY-NGds-5pyT /SpyC3-Fel d
1 (Figure 9C). These results correlate with the nudeic acid content found in VLPs after
NAG analysis. However, this effect was not observed in PYY-NGAs-SpyT/Spy(2-Fel d
l-immunized mice.

3.3.4. Native Feld 1 Recognition

Sensitization through environmental exposure to the main cat allergen, Feld 1, con-
tinues to be one of the main allergy-related problems worldwide [40]. Moreover, our
previously obtained data using the main cat allergen Fel d 1 have confirmed it to be a well
characterized, easily produced, and efficient model antigen for vaccine design [16]. To
evaluate possible vaccine efficency between constructed variants in vivo, we tested how
well-produced sera from vaccinated mice could recognize the commercaally available nFel
d 1 antigen isolated from cats (Indoor Biotechnologies, USA).

After serum incubation on plates with nFel d 1, and all the additional steps as previ-
ously described, ELISA was performed. The results were very similar to those obtained
with rFel d 1—the highest absorbance values were for cPVY-Fel d 1 after chemical coupling
(Figure 10A,B) (corresponding reciprocal titer 1:25,000), which produced a minimum two-
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fold excess compared to that of the following three vanants with approximately similar
titers—PVY-Fel d 1, mPVY-Fel d 1 and PVY-SpyT/SpyC3-Fel d 1 (corresponding titers
approximately 1:9000-10,000). The lowest IgG values were observed for PVY-SpyT/SpyC2-
Fel d 1 (corresponding titer 1:3400), again as seen with rFel d 1, suggesting that this variant
was not as immunogenic as others, possibly due to its inability to present antigens in a
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Figure 10. PVY=Fd d 1 variants induced antibodies against Fel d | ELISA analysis using native Feld1.
(A By=Fel d 1-specific IgG titers against native Feld! for the groups vaccinated with PVY=Feld 1
vaccine variants on Day 42 measured at OD ;. One representative experiment was performed.
These findings strongly correlate with previously obtained data from avidity tests,
confirming that cPVY-Fel d 1 produces Abs that are very spedfic to the VLP surface-
exposed Fel d 1antigen, whereas Abs from PVY-SvaISp)'CZ-Fel d 1 struggled to interact

with the presented antigen, resulting in fewer nonspecific Abs. These results clearly
demonstrate the effect of the chosen Fel d 1 vacdnedesignmdtnmmumrupomemd
specificity of the elicited Abs.

4. Conclusions

In vaccine manufacturing, production platforms need to be simple. Here, we demon-
strate that the Fel d 1 antigen can be introduced genetically into the PVY structure by
direct and mosaic fusions as well as enzymatically by SpyTag/SpyCatcher—mediated anti-
gen coupling to the VLP carrier. These processes are performed directly in E. colf cells,
avoiding multiple separate processes, such as the production and purification of VLPs in
one process, antigen production and purification in a second process and the subsequent
third process—reaction between both components. We managed to successfully clone and
express four PVY CP VLPs containing the genetically fused Fel d 1 antigen directly in E. coli
cells, resulting in stable PVY-like filamentous VLP production. All obtained constructs
were well expressed, soluble, and had Fel d 1incorporation confirmed by WB and ELISA
analysis using mAbs. Chemical coupling of Fel d 1 on surface-exposed lysines of PVY VLPs
was also successful, allowing us to compare five different PVY-Fel d 1 vaccine variants in
murine models.

A number of plant viruses have been used for new vaccine platform
exploiting chemical, physical, genetic, and immunological aspects for the best pussnble
outcome [1]. Immunology studies of VLPs as vaccine carriers demonstrate that antigens
larger than 200 um cannot freely enter the lymphatic svstem due to their ime-consuming
active uptake mechanism, resulting in fewer total IgG Abs than icosahedral particles -30 nm
in size [20,41,42).

It is known that the immunological features of VLPs depend on repetitive and particu-
late structures and induction of innate immunity through activation of pathogen-associated
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molecular pattern recognition receptors (PAMPs) [3]. A recent study by Pitek et al. [43]
observed the interaction between VLPs of different shapes and surface chemistry and
plasma proteins, leading to the conclusion that different surface charges attract protein
coronas with different compaositions. They proposed a mechanism in which nanoparticle—
cell interactions are enhanced by additional interactions with the cell surface-mediated
corona proteins, which may enhance cell receptor clustering and interactions to promote
uptake [43]. As a result, differences in surface charge can significantly influence the Ab
titers. The constructed PVY-derived vaccines are differently changed: (1) chemical coupling
modifies the Lys residues and decreases the positive charges on the VLP surface; and
(2) adding the positively charged SpyTag on the surface of PVY VLPs increases the overall
positive charge. These changes may explain the observed differences in our experiments
with Ab titers and avidity. Additionally, epitope spacing on the VLP surface can affect
the immune response: a 5-10 nm distance between antigen molecules is considered to be
optimal to induce the best Ab response [44]. In our experiments, we did not observe a
correlation between the percentage of VLP-incorporated Fel d 1 antigens and the immune
response, s0 additional studies are necessary to elucidate the influence of these factors on
the quality of Abs.

Interestingly, all of the constructed vacane variants elicited high Ab production against
Fel d 1, the use of cPVY=Fel d 1 resulted in the strongest immune response and highest
avidity Ab, suggesting that Fel d 1 antigen attachment on the VLP surface via chemical
coupling may be the most effective way to obtain an efficient vaccine against Feld 1. On
the other hand, this result may be explained by the presence of small particles in the ¢PVY-
Fel d 1 VLP sample observed in EM (Figure 5A), therefore such strong immune reactions
were elicited because the VLP size was previously proven to be significant in this context [2].
Moreover, Abs against cPVY-Fel d 1 demorstrated the best recognition of nFel d 1, which
mdicates that Abs generated after immunizabion by this variant are strongly specific tonFel d 1.

IgG2a subclass Abs are most effective against virus infection in mouse models [39].
Howeves, in our study, the majority of produced Abs were 1gG1 subclasses for all variants
demonstrating switching toward the Tj,2 response. Several suthors suggest that isotype
switching toward the IgG2a subclass is strongly dependent on TLR ligands such as ssR-
NAs [39,45] which are naturally packed into VLPs during E. coli expression [29]. Therefore,
improving TLR stimulation by using Ty 1-inducing adjuvants or packed TLRY stimulators
such as CpGs [29,46,47] should be considered.

Although the size and shape of VLPs were confirmed to be important, these factors
may not be the only critical parameters. Surprisingly, the obtained results reveal that
filamentous PVY-Fel d 1 variants induce similar titers of total IgGs when compared with
those of recently published icosahedral Qb-Fel d 1 vacanes [45] or even exceed the IgG
levels elicited by VLPs from CMV containing the same Fel d 1 antigen [16].

Our study clearly demonstrates that the chosen expression platform can significantly
influence the immune response, and several vaccine variants must be tested to find the best
vaccine variant ensuring the highest and most specific immune response. PVY CP-derived
VLPs are an efficient platform for comparing various antigen presentation systems that
can help to evaluate different vaceine designs. Moreover, PVY VLPs might be used in the
future for the development of the vaccine against cat allergy and other clinically significant
vaccines.

Supplementary Materials: The following are available onfine at hatps:/ fwwwmdpe.comfarticle /10
A0/ vaccines LXHOISS /<1, Supplement File: Plasmid maps and amino acid sequences. Figure S1:
Description of plasmid pET-PVY-NG4S-Feld!; Figure S2: Description of plasmid pET-PVY-NG4S-
Feld 1-PVY; Figure S3: Description of plasmid pET-PVY-SpT-5pC2-Feld]; Figure S4: Description of
plasmid pET-TVY-SpT-SpC2-Feldl.
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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 Feldl 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 VVLP surface we introduced
the G4S linker sequence to the C-terminal of the EMV CP. The resultant VVLPs 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 Feldl
coding sequence. Subsequently, we coexpressed the two binding partners (EMV-Ecoil/Kcoil-Feld1
and EMV-SZ18/SZ17-Feldl) in E. coli cells. To validate the interaction between separately expressed
and purified VLPs and Feldl, 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. lcosahedral 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 Feldl

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 rFeldl was added to modified PVY-VLPs, and any unbound rFeldl was removed.
Verification through SDS-PAGE analysis confirmed the integration of rFeldl into EMV CP VLPs
through chemical coupling (termed as cEMV-Feldl). 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 1gG subclasses, using ELISA method. This analysis was conducted on sera collected
on day 42. The vaccination regimen involved subcutaneous injections of 30 pg 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 Feldl, 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-
Feld]l demonstrated modest production of the desired protective IgG2a subclass ab’s against Feldl,

with 1gG1 prevailing as the predominant subclass.

3.3.4. Native Fel d 1 recognition

We assessed the ability of ab’s generated from five EMV-Feldl variant vaccinations to
recognize nFeldl. 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-Feldl vaccine variants.
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Virus-like particles (VLPs) are virus-derived artificial nanostructures that resemble
a native wvirus-stimulating immune system through highly repetitive surface
structures. Improved safety profiles, flexibility in vaccine construction, and the
ease of VLP production and purification have highlighted VLPs as attractive
candidates for universal vaccine platform generation, although exploration of
different types of expression systems for their development is needed. Here,
we demonstrate the construction of several simple Escherichia coli expression
systems for the generation of eggplant mosaic virus (EMV) VLP-derived vaccines.
We used different principles of antigen incorporation, including direct fusion of
EMV coat protein (CP) with major cat allergen Feldl, coexpression of antigen
containing and unmodified (mosaic) EMV CPs, and two coexpression variants
of EMV VLPs and antigen using synthetic zipper pair 18/17 (SYNZIP 18/17),
and coiled-coil forming peptides E and K (Ecoil/Kcoill. Recombinant Fel d 1
chemically coupled to EMV VLPs was included as control experiments. All EMV-
Feldl variants were expressed in E. coli, formed Tymovirus-like VLPs, and were
used for immunological evaluation in healthy mice. The immunogenicity of
these newly developed vaccine candidates demonstrated high titers of Feldl-
specific Ab production; however, a comparably high immune response against
carrier EMV was also observed. Antibody avidity tests revealed very specific Ab
production (more than 50% specificity) for four out of the five vaccine candidates.
Native Feldl recognition and subclass-specific antibody tests suggested that the
EMV-5Z18/17-Feldl complex and chemically coupled EMV-Feldl vaccines may
possess characteristics for further development.

KEYWORDS

eggplant mosasic virus, Fel d 1, virus-like particles, £ coli, expression

1. Introduction

Recent outbreaks of infectious diseases have highlighted that traditional vaccination
strategies focusing on attenuated or inactivated viruses may face several limitations,
including time ing and cost-ineffective fi d (Tariq et al,
2022). The wid d irus infectious di

- 19 (COVID-19) pandemic has
encouraged the development of multiple vaccine candidates and their accelerated progress
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toward clinical trials, of which mBRNA-based technology has shown
to be the leading industrial success story. Nevertheless, other
technologies for vaccine generation, such as subunil and viral
vector vaccines, should not be diminated in fusther studies,
as their COVID-19 vaccines alse provide immunoprotection
{Chung et al., 2020)

Immunologically active multivalent stiructures such as virus-
like particles (VLPs) have been extensively studied as new
prophylactic and therapeutic vaccine platforms against human
or animal infectiows agents, cancers and autoimmune diseases
(Balke and Zeltins, 2019). VLPs not only have the potential to
offer improved safety profiles bul can also be manipulated to
deliver variows antigens and dregs 1o different targets within
tissues and cells by stimulating humoral and cellular immune
responses (Moorel el al, 2021). Furthermore, currently, four
VLP-based vaccines against human papilloma virus, malaria and
hepatitis B and E viruses are authorized, although many others
hawe entered clinical trials (for review, see Balke and Zelting 201%
Nooraei et al, 2021).

A variety of VIPs can be modified to display antigens
by wsing different gene engineering technologies, resulting in
recombinant M-, C-, or internal fusions (Frictee el al, 2016}
This includes insertion of antigenic sequences onto the VLP
surface to achieve optimal epitope presentation without affecting
viral morphology {Balke and Zeltins, 2019) since insertions up to
50 aa can eadily be toderated (Lebel er al, 2005) but suceessiul
incorporation of proteins of = 300 amino acids in length have been
deseribed as well (Walker et al,, 2011). A more advanced approach
should be considered for placing larger antigens with comparable
sizes to the viral coat protein (CPF) or antigens with specific
biochemical properties. Therefore, mosaic VLPs may overcome
these limitations, as they contain unmodified and genetically
engineered CPs in the same VLP (Balke and Zeltins, 2019).

Commonly used methods other than melecular coning
are chemical or enrymatic conjugation and physical binding,
where foreign amtigens are introduced into the structure of
VLPs through a specific linkage between two partners (Lebel
et al, 2015 Balke and Zeltins, 2019). Chemical coupling of
separately purified preassembled carrier VIPs and antigens is
achieved by chemical crosslinking agents that modify naturally
occurring or engineered surface-exposed hysine residues, creating
covalent bonds to the antigen. Several successful examples of
vaccines based on chemical coupling against infectious diseases
or allergies have been previowsly published (Zeluns e al,
2017 Gomes el al, 2019; Stornd el al, 2019; Hothen et al,
2022). Furtherosore, a very efficient enzymatic twol in the
vaccine production process based on spontaneous isopeptide
bond formation between Sreplococcus progenes bacteria-originated
SpyTag!SpyCatcher conjugate pariners has recently been described
{Ogrina et al, 2022).

Different physical approaches can also be applied in the vaccine
construction process for the introduction of peplides or protein
dormins into VLI structures, which then merge into highly
specific, and stable complexes (Balke and Zelting, 2019) One of
many eficient tools that can be used in the construction of vaceines
is the artificial complementary coiled-coil-forming oligopeptide
pair EcoilfEcoil derved from the membrane fusion protein
tmnpln SMARE (Litowski and | Iudgrs_ M2 Kuarmar et al., ](I'_.“}.
The first successful VLP application was heterodimerization using
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EcoillKeoil demonstrated by Minten et al. {2009) by intreducing
each binding partner in either CCMV (Cowpea Chlorstic Mottle
Virus) or EGFP (enhanced green luorescent protein), resulling in
EGFP-filled capsids. Another option with a similar application was
suggested by Keinke et al (2010) by presenting a set of 23 synthetic
coiled-coil pairs (SYNZIPg 8Z). Biophysical characlerization of 22
SYNZIP pairs by Thompson e al. (2012) revealed their potential
as fusion partners due to the high affinity and specificity between
them, which may serve a5 an altractive profein—protein interaction
tool.

Eggplant mosaic virus (EMV) is one of many icosahedral virus
species bedonging to the Tymovires genus. The members of this
genus share many commen features, such as size (approximately
30 am), structural erganization, and surface geometry (T = 3
symmetry), possession of positive-sense, single-siranded ENA
genome, and dicotyledon plants as preferable plant hosts {Martells
et al, 2002). EMV was first reported in infected Solanaceae family
plants in Trinidad (Ferguson, 1951), and the complete genome was
sequenced by Osorio-Keese el al. (1989) revealing a genome of
6,330 nt residues organized in three open reading frames (ORFs)
(Martelli er al, 2002). Tymovirus ORF3 codes for the viral CPF
with a size of approximately 20 kD, which & translated from a
subgenomic RNA (sgRNA; 694 nt) (Khan and Dijkstra, 2006).

Several papers highlight the potential of Tymovirus VLPs as
efficient scaffolds for antigen presentation due to their protein
capsad structure position, which includes three chemically identical
CP subunits (A, B, and C) that are each located in a different
microenvironment and possess a shightly different conformation,
such as pentameric capsomeres (A subunite) and hexameric
capsomeres (B and C subunits) (Canady et al, 1996 van Foon
el al., 2004; Larson et al,, 2005 Barohill et al., 2007). Furthermode,
early Turnip yellow mosaic virus (TYMV) studies demonstrated
a different type of viral capsid that lacks viral RNA, resulting
in the formation of emply shells ("top component™ Matthews,
1960). Later, the same phenomenon was found in other Tymovirus
members, namely, Physalis mottle virus (PRMY) (Krishoa et al,
15499), or Belladonna moude virus (BDMY) (Savithe et al, 1987).
This feature is useful for packaging and drug delivery by producing
empty shells in witre (van Roon et al, 2004; Powell and Dreher,
2022). These empty CP shells could serve as drug delivery vehicles
(Bam et al, 2018) as they can be loaded with Auorescent dyes
{Michels et al, 199% Barnhill et al,
el al, 2019), chemotherapy drugs (Hu and Steinmetz, 2020), and
mammalian cell penetrating enzymes (Kim el al, 2018).

Turnip yellow mosaic virus erystallization experiments by
Canady el al. (1996) demonstrated that the N-terminal 26 amine
acids of the CP A subunit are dsordered, forming fexible
chains (Barnhill el al, 2007), and are not essential for VLP
self-assembly even afler removing the first 26 amino acds of
the MN-terminus of the CP, resulting in no interference in either
particle formation or infectivity (Powell el al, 2012). The same
phenomenon was observed for PhMV CP VLPs expressed in
Eicherichin colf I:.‘:.u.lrl et al, 1997, ]'JU'H] and for Tomats
blistering mosaic virus (ToBMV)-like panticles in a baculovirus
expression system (Vasques et al, 2019), suggesting the high
potential of the N-terminal end position as a possible antigen
presentation kecus. Taking this into account, several authors have
demaonstrated successful epitope insertion in the MN-terminal ends
of PhMV CP expresied in E coli cell cultures (Hema et al, 2007;

7; Masarapu et al, 2017; Hu
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Chandran et al, 2009; Shaluna et al, 2015) or model sequence
insertions in TYMV CPs using agroinfiltration in Nicotiana
benthamiana leaves (Shin et al, 2013, 2015), all resulting in the
formation of Tymovirus-like particles.

Additionally, a study (Barnlull et al, 2007) revealed that

et al, 2020), there is no commercially available vaccine on the

market.
In this study, we demonstrate that new VLPs denved from
EMVCPmmanford:mnmmmndmugmmum;
didat 7, we show that antigen sequences can

approximately 90-120 carboxyl groups of TYMV CP are exposed
mlhesmﬁmandmhmdforchemnnlmo&ﬁauonhlﬂ.

be incorp d into the VLP structure using different genetic,
dmhlandphy:dmﬂ.hods“‘emlmdlmdaﬂnlbkﬁa

studies of PhMV CP C | end delets d

its significant role in CP folding and capsid assembly, either
by removing 5 and 10 amino acids (Sastn et al, 1997), or
even in the case of one residue deletion (Sastn o al, 1999),
which resulted in lower yield and ble capsid for

linker seq (GGGGS)3 at the C-terminal end of EMV CP by
PCR mutagenesis followed by the introduction of the previously
described main cat allergen from F. domesticus Fel d 1 as a model
anl;cn.Weoompandfourdi&ralbmw:ym
for ion, such as direct genetic fusion of the antigen

Furthermore, short peptide (c-Mye, 10 aa) (Shin o1 al, 2013),
or cysteane residue (Shin et al, 20158) insertion in TYMV CP
resulted in disruption of VLP bly. In PP
mx!lsmhuomm{ermcemapudamnblywmoh«ved
when the C-terminal end of TYMV was extended by a 5 aa
sequence (Bruinsom et al, 1995) or a 10 aa poly-histidine tag
(fan e al, 2021), which were the first reports of successfully
produced C-terminally medified TYMV chimeric VIPs in
E coli.

The main cat allergen Fel d 1 is one of the identified allergens
produced by domestic cats (Pdu domesticus), causing a severe

incidence of allergic respi dz rdwide (Bonnet et al,
2018), Fddllmhmenmdvelynudndmdmdaa
model antigen in I of our papers as a part of a conjugate
vaccine (Zelting et al, 2017) or m the form of a fusion protein
vaceine (Ogrina et al, 2022), inducing strong §

Although Fel d 1 neutralizing Ab prod lnsbeeu‘ d
in Fel d 1-sensitized mice (Zeliins ¢t al, 2017) and cats (1hams
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with Tymnvmn EMV CPx (Figure 1A), mosase VLPs (Figure 18),
and two coexpression variants of EMV VLP and antigen sequences
using synthetic zipper pairs 18/17 (SZ18{17) (Figere 10) and
coiled-coil forming peptides E and K (Ecoil/Kcodl) (Figure 1D).
All variants were expressed in E. coli, formed Tymovirus-like
VLPs and were used for immunological evaluation in healthy
mice individuals. F b Fel d 1 (sFeld1) was
chemically coupled to EMV CP VLI and included in mural
immunization experiments (Figure 11) to find the most promising
platform for antigen presentation.

2. Materials and methods

2.1. Cloning of EMV CP
The sequence of the EMV CP gene (WIEMV: GenBank
Accession Number: NC_001480.1) was obtained as 2 product
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al gene q'n!hndx {Plasmi.d FUCE?-EM\"; Binat, ['[Ei.ddbers,
Germany) with flanking restriction sites Mdel and Xhol for further
subc]mi.nﬂ. The wiEMY CP gene was excised from the |:|=|.Per
plasmid with Ndel and Xhol restriction enzymes (Thermo Fisher
Scientific, Waltham, MA, USA) followed IJ] OMA frﬂ.s,m:ul
Flun'.En:uinu with the Gene]ET Gel Extraction Kit i:'l'hurm.o Fasher
Scientific, Waltham, MA, USA) and doning into the Ndel and
Xhol sites of the E colf ::Pnﬂ:iun Vb PI:‘l'd.Zal’i—} H’Nmam.
Madizon, WI, USA), resulting in the pET4Z-EMV expression
vector., XL1-Blue Super competent cells {AB;ileuI: 'I'ed:lunlnsin.
Samta Clara, CA, USA) were used for Pla.umuid 'Fmepa.ra!i.au_ﬂhnu
with the corresponding insert were selected by restriction analysis
by digestion with Ndel and Xhol.

2.2. Construction of the EMV direct
fusion and mosaic systemn with Feldl

The Fel d I gene used in this study has been described
Pm'i.mnl\_.- {Zehtins & al, 2017 Ogrina & al, 1:::3}. Far the
construction of the EMV-Feld] direct fusion and mosaic system,
we intrisduced BamHI and Xhol sites in the Fel d 1 gene hr PCR
mutagenesis wing the primers Feld_BamF (5" CAG GAT CCG
AAA TTT GTC CGG CAG TTA AAC G 3') and Feld_XhoR (5
CTC GAG TTA TTA ACG ACC CAG GGT ATT CAG TTT C
3) and Tag DMA polymerase (Thermo Fisher Scientific, Waltham,
MA, USA) PCRs were carried out in a 96-well thermal q.'d.r:r
Veriti (Thermo Fisher Scientific, Waltham, MA, USA)L The PCR
product was subcloned into the linearized vector pTZ-57 using the
InsTAden PCR Chn.in.s Kit (Therme Fisher Scientific, Waltham,
MA, USA), resulting in pTZ-Feldl-Bam-Xho, PCR fragment-
:nn!aiuhﬂdnnl.-: were selected br diEe:Iim analysis using HamHI
and Xhol restriction enzymes (Thermo Fisher Scientific, Waltham,
MA, USA). For all PCR-derived 'pla.'amds. three positive clones
wWere m:quunceri by the Sa.nsur sequencing method using the AEI
PRISM BigDye Terminator v3.1 Ready Reaction Cycle Sequencing
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and ABI
PRISM 3130:) sequencer (Thermo Fisher Scientific, Waltham, MA,
USA) with the :umwﬂhg pr.im:l:s fdl}:eq-l" {5 GO AGG
GTT TTC CCA GTC ACG A 3) andfor M13seq-R (5" GAG OGG
ATA ACA ATT TCA CAC AGG 3'). The cdlone without PCH errors
was used for further ﬂu\'\dnpmuul af the Fel d 1 expression veclor.

For the EMY CF gene, we introduced a fexible linker
IfGGGGS]_\ and BamHI site ood.ins sequences at the 3 -terminus.
The EMV CP 3"-terminal J’.raﬂ'm.uﬂ and :umrpocmling additional
sequences were amplified in PCR mutagenesis using long
overlapping primers EMV-gisF (5 CCA TGG CAA GCT COG
CTT GTE CTC COC CCT CCT CCA AGC CAA TGG AGG AGG
TGG TAG TGG TGG AGE TGS ATC T 37 and EMV-gdsh {5
CTC GAG AAG CTT ATT AGG ATC CAC CTC CTC CAG ATC
CAC CTC CAC CAC TAC CAC CTC CTC C 3°) without template.
A PCR fmﬁ,m!ul E’S'EMV—Lﬂ-&S} mhim'n.s clones IfF'I.'Z-J'EM"."-
CiGAS) was sebected afier ing several plasmid clones. The
Neolt Xhol fragment from pTZ-FEMV-CGAS was further ligated
into the pET42-EMV vector digested with the same enzymes,
resulting in the pET42-EMV-CG4S vector. The corresponding
veclor clane was selected Irj' disﬂlion :ualrxis u!iuﬁ Nedel/Xhol
restriction enzymes.

Frortiers in Microbiology
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The Fel d 1 sequence was excised from p'l'Z-FE]ﬂ 1-Ham-Xho
with BamHI and Xhol resriction enzymes and ligated into the
linearized vector PE'l‘-il—I".M'\."—C’G—ﬂ at the same sites. The cormect
clone of the direct fusion plsmid pETA2-EMV-CGAS-Feldl was
selected by Jiucll.i.m analysis with Sl;r] {Thermo Fisher Scientific,
Waltham, M, UEA} and Xhal.

For the mosic sydem, we intreduced flanking Pscl and
Sall restriction enzyme sites into the EMY CP gene by PCR
mutagenesis using the following primers: EMY-PacF (57 ACA
TGT CTG AAG ACA CAG CAA TCA TCA GAA 37 and
ERV-5all l:5J GIC GAC TTA TTA ATT GGC TTG GAG
GAG GGG GGA 3'). The p'l"{-S]" ph.:mid containing the PCE
fmsm!nl (EMV-Pic) was selected by d.iﬂﬂ!inn ana]fsi: using
Pecl and Sall restriction enzymes (Thermo Fisher Scientific,
Waltham, MA, USA) After verification by &ngﬁr sequencing.
the cnrrﬂpundinﬂ EMV-Pac En.smen! was excised from p'l"i-
EMV-Psc by Pecl and Sall restriction engymes (Thermo Fisher
Scientific, Waltham, MA, 'LIS."’;} and Eptﬂ] inte the 'PI:‘J.'IJuEI-
1 (MNovagen, Madisen, W1 USA) vector under the fist T7
promoler in the rJ.unqu sites Neol (Thermo Fisher Scientific,
Waltham, MA, USA) and Safl. A correct clone of the TEH.I]I.iJlH
pETDw-EMY was found afler restriction analysis using the
Nedl enzyrme.

The plasmid pETDu-EMY was further used for subcloning
af the EMY-CGA5-Feldl gene from the Flli'l‘:il—l".h‘l.‘r'-cﬁ.‘ils-l"zul
vector under the second T7 promoler using Ndel and Xhol
digestion enzymes. The plasmid cone encoding proteins in
the mosaic system {PI‘.'I'.IJu-mEMV-CG-IS-F!ul} was sebected hr
digestion analysis with Neol and Xhal.

2.3. Cloning of complementary
coiled-coil forming peptides Kand E

The cndins Sefjuences o codled-coil pep!i.du E (Eeail) and K
(Keoil) were obtained from everlapping oligonuclestides in PCHs
without nlﬂnplal.:.'lh Ecail cud.i:q; Segjuenos wis amplifl:ri using
primers Ecoil-BamF (5" CAG GAT COG AAA TTG CTG CTC
TOG AAL AAG AGA TOG OGG OGE TOG AAA AAG AAA
TT ¥) and Ecoil-Xhok (5" CTC GAG AAG CTT ATT TTT Caa
GAG CAG CAA TTT CTT TTT CGA GCG COG CGA 3. The
Ecoil -Dﬁd.il:ls SeQuEnce was introduced after the (GGGGS): linker-
coding sequence into the vector pET42-EMV-CGAS using doning
sites BamHI and Xhol.

For the Koodl u'Fu'mitm vector, the Keail cndi.nﬁ sejuende was
also obtained by PCR using the following oligonucleotides:
Keoil-MeoF (3" CCA TGGE Gaa AGA TOG CGG OCC
TCA AAG AAA AGA TCOG COG COC T ¥) and Keoil-
BamB (5" GGA TOC TTC CIT CAG GGC CGC AAT
CTT TTC CTT GAG GGC GGC GAT CTT TTC T 3.
The PCR plm]ucl was cloned imio the F'L'Tﬁ?' vector, and
after mi.l’]:inﬁ the seguence, it waz  introduced inte the
pACYCDuet-1 wvector at the Neol and BamHl stes. Next,
the Feldl e was introduced into the rﬂuhius veclor
pACYCDu-Keodl(3x) between the doning sites BamH] and Xhol.
Both Ecedl- and Keoil-containing plasmids were  sequenced
and  used for coexpresion of EMV-CG45-Ecoil{3x) and
Keoil{3x)-Feld] proteins.
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2.4. Cloning of synthetic coiled-coil
anti-parallel zipper pair SYNZIP 17/18

The di for the synthetic zipper
MSYA&IP(SZ)UMIB btained from published
Supplementary material by RunLL et al (2010) and pnrdused as
a gene synthesis product in plasmid pUCS7 (BioCat, Germany).
sd pUCS7-SZ17 (Amp) contained

For i e aihclont the pl
the introduced restriction sites of Neol and Hindlll, and pUC57-
SZ1B (Amp) conumed the Ndel and Xhol restriction sites. For
con coexp in E. coli cells, each SZ pair
was subduned into vector plasmids with different antibiotic
resistances. SZ17 was subcloned into the commercial vector
plasmid pRSFDuet-1 (Novagen, USA) with the kanamycin
resistance gene using previously introduced Ndel/Xhol restriction
sites, and SZ18 was subcloned into pET-Duetl (Novagen, USA)
with the ampicillin resistance gene using Ncol/Hindlll sites,
resulting in plasmids pRSF-Duet-SZ17 and pET-Duet-SZ18.

For the Feldl antigen-SYNZIP 17 fusion, the pTZ-Feldl-
Bam-Xho plasmid was digested with BamHU/Xhol and subcloned
into the same sites of pRSF-Duet-SZ17 after partial restriction
enzyme treatment, resulting in the expression vector pRSF-
SZ17-Feld1. Additionally, for ¢ ient protei purification, the
6xHis-tag coding was introduced into the constructed
pRSF-SZ17-Feld1 uquenct by subcloning the Mscl/Xhol fragment
from plasmid pET42-Feld1-C6H (Zeltins ¢f al, 2017) into pRSF-
SZ17-Feldl digested with the same enzymes. The sequence of
the mhmg plunnd PRSF-SZ17-Feld1-C6H was verified by

g to the i 4 of His-tag coding DNA.
lo obuu: the EMV CP-SYNZIP 18 fuson construct, the
ly mentioned EMV CP-containing plasmid for direct

ﬁman p!:'NZ-EMV-(..G(S was digested with BamH1/Sphl, and
nhclauad into the pET-Duet-SZI8 plasmid cut by the same
1g in the exp vector pETDu-
LMV-CGGS-SAIG Several plasmid clones were sequenced to
confirm the introduction of the SZ18-EMV sequence.

s Bes

2.5. Expression and purification of EMV
CP VLPs and EMV-Feld1-containing VLPs

First, all constructed expression vectors coding for wiEMV
CP, direct fusion (EMV-CGAS-Feldl), and mosaic fusion (mEMV-
CG4S-Feldl) were transformed into E. coli C2566 cells (New
England, USA). For coiled-coil partners, two expression strategies
were used. First, EMV-CG4S-SZ18- and EMV-CG4S-Ecoil-
containing plasmids as well as plasmids coding for Feldl
expression SZ17-Feld1-C6H and Kcoil-Feldl were expressed
separately by directly transforming them into E. coli C2566 cells
(New England, USA). Second, coexpression of EMV-Ecoil/Kcoil-
Feld1 and EMV-SZ18/SZ17-Feld] plasmids in E. coli C2566 cells
was performed. Afler expression. the highest yield producing
clones for the target protein were cultivated in 2TY medium (1.6%
tryptone, 1,0% yeast extract, and 0.5% NaCl) with the addition
of the corresponding antibiotic (kanamycn for pET42 and

10.3389/fmich.2025.1154590

(Balke et al, 2018). In brief, flasks with cells were cultivated using
an Ecotron HT table-top incubation shaker (200 rev/min; Infors,
Switzerland) at 30°C until the OD reached 0.8-1.0. After induction
with 0.2 mM isopropyl B-d-1-thiogalactopyranoside (IPT1G), cells
were further cultivated at 20°C for 18 h, collected by low-speed
centrifugation (8,228 x g 5 min, 5°C, Eppendorf 580MR, Germany)
and kept frozen at —70°C until use.

The cells containing wiEMV CP were thawed on ice, suspended
in 1x PBS and disrupted using an ultrasonic device (Hielscher
200, power 70%, pulse 50%, 16 min) on ice. The same procedure
was applied for direct fusion and mosaic EMV-Feldl using PBS
buffer g 5 mM p- ptocthanol (B-ME). For separately
expressed EMV-CG4S-Ecoil, EMV-CGAS-SZ18, Keoil-Feld1, and
$Z17-Feld1-C6H for both coexpression pairs EMV-Ecoil/Keoil-
Feldl and EMV-SZI8/SZ17-Feld]l, 1x PBS with an additional
5 mM B-ME and 0.5% TX-100 was used in the cell disruption
procedure with the same parameters. The solutions were collected,

and cell debris was d by centrifugation (15,557 x g,
10 min, 5°C).
The purification was perf d by ultr ifug for all

constructs except for wiEMV VLPs and SZ17-Feld1-C6H in a
gradient (20-60% in 1x PBS with additional 0.5%
TX-100) as described in our previous paper (Oprina et al, 2022).
After ul ifugation, f were collected and analyzed by
SDS-PAGE to select fractions with EMV-Feldl-containing VLPs
or Keoil-Feldl protein. VLP samples were then combined and
transferred 1o a new ul ifugation tube followed by a d
round of ultracentrifugation to sediment the VLPs (Optima L-
100XP; Type'z‘o’hm(ar.lleckm:n USA; 183,960 x g. 4 h, d'C) The
pellet was then dissolved in 1x PBS. Soluble wiEMV ¢ were
purified by polyethylene glycol (PEG) precipitation br adding 8%
PEGS000 and 0.3 M NaCl to the cell lysate. After incubation, the
VLP precipitate was separated from cellular proteins (15,557 x ‘8
10 min, 5°C), and the pellet was dissolved in 1x PBS. Precipi
was repeated three more times.

After purification or precipitation, all EMV CP VLPs (wtEMV;
EMV-Feld1, mEMV-Feldl, EMV-CGA4S-Ecoil; EMV-CG4S-S218,
EMV-SZ18/5Z17-Feldl and EMV-Eoodlell Feldl) were further
punfied using wlt trifuga hrough the 30% sucrose

“cushion” in 1x PBS suppkmenled with 0.5% TX-100 (Optima

L-100XP; Type70Ti rotor, Beckman, USA; 183,960 x g 4 h,
4°C). Pellets were then dissolved in 1x PBS and, if necessary,
concentrated using an Amicon Ultra-15, 100 K filtration unit
(Merck-Millipore, USA), keeping the final VLP products stored
atd°C.

Keoil-Feld] protein after purification in a sucrose
(Supplementary Figure 10) was dialyzed against 100 vol of
1x PBS followed by purification with gel filtration on a AKTA Pure
25 XK 16/70 Superdex200 column (GE Healthcare, USA). Purified
proteins were eluted with 1x PBS at 1 ml/min, collecting 2 ml per
fraction. Separately expressed SZ17-Feld1-C6H was purified on a
His-tag column and dialyzed as previously described (Zeltins et al,
2017).

The concentrations of all purified proteins were estimated
wsing a Qubit Protein Assay Kit (Thermo Fisher Scientific,
USA) and Qubit 2.0 fluorometer (Thermo Fisher Scientific, USA)

pRSF-derivatives, 25 mg/L; ampicillin for pETDuet-1 deri
100 mg/l; and chloramphenicol for pACYCDuet-1 derivatives,
25 mg/L). Cultivation conditions were as previously described
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ding to the facturer’s dati All steps in the
purification/precipitation process were monitored by using 12.5%
SDS-PAGE and agarose gels and Western blot (WB) analysis.
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2.6. Chemical coupling of wtEMV CP
VLPs and rFeldl

rFeld 1 wuapmmdmdpuriﬁednptwbudyd&ribcd
(Zeluns et al, 2017). For chemical coupling, the Jind
succinimidyl-6-(fi-maleimid ido)-h (SMPH;
Thermo Fisher Scientific, UM) was used for rFel d 1 conjugation
to WiIEMV CP VLPs. A threefold molar excess of SMPH to
EMV VLPs was used for the reaction at 23°C for 1 h. Unreacted
SMPH was removed by an Amicon Ultra-15, 50 K centrifugal
flter (Merck-Millipore, USA) washing with 1x PBS four times
(4 x 6 min) at 3,214 x g (5,000 rpm) and 5°C. The antigen was
treated with a 10-fold molar excess of the mild reducing agent tris
(2-carboxyethyl) phosphine (TCEP; Sigma-Aldrich, Burlington,
MA, USA) for 10 min at 23°C prior to chemical conjugation. The
coupling was performed by adding a twolold molar excess of rFel d
1 to the SMPH-derivatized wtEMV VLPs at 23°C for 2 h by shaking
at 1,400 rpm/min on a DSG Titertek (Flow Laboratories, Oldham,
UK). Free rfel d 1 was removed using an Amicon Ultra-15, 50 K
centrifugal filter (Merck-Millipore, USA) by washing with 1 x PBS
four times (4 x 6 min) at 3214 x g (5,000 rpm) and 5°C. All stages
of coupling were itored by SDS-PAGE and native agarose gel,
and the integrity of VLPs was confirmed by transmission electron
microscopy (TEM).

2.7. Binding of coiled-coil partners
in vitro

After purification, separately expressed coiled-coil pairs EMV-
CG4S-Ecoil and Keoil-Feldl or EMV-CGAS-SZ18 and $Z17-Feld1-
C6H were mixed together in a Il ratio according to their
concentrations in a volume of 100 pl and incubated for 1 h at
room temperature (RT). Additionally, as EMV-SZI8/SZ17-Feldl-
C6H contains a 6-histidine tag, it was purified using a His-tag
column as previously described and dialyzed against 100 volumes
of 1x PBS followed by 12.5% SDS-PAGE, NAG analysis and TEM.
All steps from the binding process were analyzed in SDS-PAGE and
agarose gels and examined under TEM as well ('\uppltmn.nlar\
Figures 9, 11). Concentrations of protei ples were
by a Qubit 2.0 fluorometer (11|ermo Fisher Scientific, USA) with a
Qubit Protein Assay Kit (Thermo Fisher Scientific, USA) according
to the f: dations.

lurer’s

2.8. Transmission electron microscopy

All steps for purified EMV CP VLP visualization in TEM were
performed as previously described in our paper (Ogrina et al,
2022). At Jeast five pictures were captured per sample.

2.9. Immunological evaluation of EMV
CP-Feld1-containing VLPs

2.9.1. Western blot analysis

Western blot analysis was performed as described in Ogring
et al (2022). First, samples for EMV-Feldl-containing VLPs were

Frontiers in Microblalogy
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loaded and run on 17-well 1.0 mm Bolt 4-12% Bis-Tris Plus
gel (Thermo Fisher Scientific, USA). The corresponding proteins
wemthenmm‘audomoanAmashaummnO(Sum

dluk b (GE Hallhczre. Piscataway, USA) for
antibody detection using a wdry blotting app (45 mA,
45 min). A membrane was then blocked with 1% alkali-soluble
casein (Merck-Millipore, USA) for 1 hat RT followed by incubation
avernight 31 4°C in anti-EMV and anti-Feld] polydonal antibodies
(AbYs) (dilution 1: 1,000 in PBS with 1% alkali-soluble casein, in-
house produced). After a 15 min washing step with TBS buffer
(150 mM NaCl; 10 mM Tris pH 7.5), brames were incubated
for 3 h with horseradish peroxidase-conjugated anti-mouse IgG
(Sigma-Aldrich, USA; 1:1,000 in PBS with 1% alkali-soluble casein)
at RT. After a repeated washing step with TBS buffer, signals were
detected by incubating the membrane in TBS buffer supplemented
with peroxidase substrates (0.002% o - diamisidine and 0.03%
hydrogen peroxide).

2.9.2. Vaccination

Female BALB/c mice (5 per group, 6-8 weeks, Laboratory
Animal Centre, University of Tartu, Estonia) were vaccinated
subcutaneously (s.c.) with 30 pg of total protein of each VLP (five
groups - direct, mosaic, Ecoil/Kcoil, SZ18/5Z17, and chemically
coupled) in 300 pl of PBS on Day 0. Mice were boosted on Days
14 and 28 with the same dosage of VLPs. Serum samples from each
mouse were collected on Days 0, 14, and 28, and final bleeding was
performed on Day 42. All animal-related dures in this study
were approved by the Animal Protection Ethical Committee of the
Latvian Food and Veterinary Service (permission No. 89).

2.9.3. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) tests were
performed as described in Ogring et ol (2022). The plates (96-
well; Nunc Immuno MaxiSorp, Rochester, NY, USA, Thermo Fisher
Scientific, USA) were coated with 100 pl of 10 pg/ml purified
samples (EMV CP or rFeldl) in 50 mM sodium carbonate buffer
(pH 9.6) overnight at 4°C. After three washes of the plates with
PBS-0.05% Tween-20 solution and blocking with 1% BSA in PBES
at 37°C for 1 h, 100 pl of serially diluted mouse sera were
added to the wells and incubated for I h at 37°C. Then, the
washing step was repeated three times, followed by incubation
with 100 pl of secondary antibodies (anti-mouse I1gG conjugated
to horseradish peroxidase, dilution 1: 10,000; Sigma-Aldrich, USA;
1h,37°C). Fuul]) plates were washed once again three times, and
the sub ( lenediamine dihydrochlonde, OPD; Sigma-
Aldrich, USA) was added for color development. The absorbance
measurements were performed using a Labsystems 353 Multiscan
MS microplate reader (Sweden) at 492 nm. Final titers were
calculated as the highest absorbance values that exceeded threefold
of the negative control (non-immunized mouse serum) which was
collected from all five immunization groups on Day 0 and pooled
(5 pl from each mouse per group).

Monoclonal Feldl antibody ELISA tests were similarly
performed by replacing the immunized mouse sera with two
commercially available Feldl mAbs as described previously
according to £ s guidelines (MA-3E4 and MA-6F9,
Indoor Biotechnologies, UK; Ogrina et al, 2022). After blacking
with 1% BSA in PBS at 37°C for 1 h, serial dilutions of two types
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EMVLSZ18/5Z17-Feld)

nouse 2

emen

. ARE at
EMV-Ecoil’Kcod-Feid!

Anatyse of EMV-denved YLPs containing feid] antigen. (A) Coomassie = staned 10 well 1.0 mm Bolt 4-12% Bes-Tris Ptus oot {Thermo Fisher
Scientific, USA) of EMV-Feld] vaccine variants at a concentration of 0.7 mg/mi; (8) the same swnples as In panel (Al analyzed by Western biot using
anti-Feidl patyclanal antivodies; and (C) the same samples 25 in paned (A) analyzed by Wesiem blot using anti-EMV polyclonal antibodkes. Electron
micrographs of negatively stained VLPs: (D) EMV wt; (E) direct fusion EMV-Feldl; (F) mosalc EMV-Feldl; (G) EMV-SL18/S217-Feldl; and

(H) EMV-Kcolfzcoil-Feidl Scale bars, 200 nm. M, PageRuler Pius Prestained Ladder, 10~250 kDa [Thenmo Fisher Scientibic, USA); 1, total cel lysate
of £ coll C2564 strain (negative control); 2, wtEMV |controll; 5, EMV-Feldl; 4, mEMV-Faid]; 5 EMV-S218/8217-Feid]; 6, EMV-Ecoll/icok-Feidl;

7, WtEMY coupling with 2afeldl -CEH-CG. Asterisk denotes the relative position of Feldl protein triangie denotes the relative poshion of EMV CP

protein

of mAbs were added to plates and incubated for 1 h 37°C and then
washed three times with PBS containing 0.05% Tween-20. The rest
of the procedure was the same as to that described above. Non-
immunized mouse serum was used as a negative control and titer
calculations were performed as described above.

To assess the subclass antibody response (IgG1 and 1gG2a),
sotype-specific ELISA experiments were performed for both anti-
EMV and anti-Feldl Ab detection for each mouse from sera
obtained from Day 42 following the manufacturer’s protocol
(mouse mAb antibody isotyping reagent 1SO2-1KT kit Sigma-
Aldrich, USA). For dary Abs, a peroxi conjugate of
monoclonal anti-goat/sheep IgG Abs (Sigma-Aldrich, USA) was
used, and endpoint titers were caleulated as previously described.

Frontiers i Microbiology

2.9.4. Avidity ELISA

Avidity ELISA is performed as previously described ELISA test
with one additional washing step and was performed following
the protocol described in our previous papers (Molsen et ol
2021; Ogrima et al, 2027) using sera obtained on Day 42 from
each mouse: two sets of plates were coated with 10 pg/ml EMV-
or rFeldl-derived proteins. After serum incubation plates were
washed separately, one set of plates was washed three times with
50 pliwell of 2 7 M urea solution in PBS-0.05% Tween-20 for
5 min, whereas other plates were washed with the same volume of
PBS-0.05% Tween-20. For the rest of the washing steps, a solution
of PBES-0.01% Tween-20 was used. The following procedure was
identical to that reported above.
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2.9.5. ELISA for native Feldl
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several approaches using chemical and physical methods are

For native Feldl (nFeldl) - EMV-Feldl containing VLP

all five ¢ ted VLP al a conc ion of

10 pg/ml in 50 mM sodium carbonate buffer (pH 9.6, 100 pl

per well) were coated on ELISA plates and stored at 4°C ON.

Final mouse serum samples (5 mice per group) from each of five

immunization groups were pooled (5 jul from each mouse), serially

diluted, added to the wells, and incubated as previously described.

The rest of the ELISA test was performed as described before. The
endpoint titers were calculated as stated shove.

3. Results

3.1. EMV CP Feldl1 VLP construction and
characterization

Our previous results demonstrated that a fexible 15 aa long
glycine-serine linker sequence [(GGGGS)3. GAS] improved the
overall flexibility of the Feldl antigen dimer (Zeilins et o, 2017)
and allowed the folding and VLP assembly of potato virus Y
(PVY) CP-antigen fusion (Kalnciema et al, 2012 Ogrina et ol,
2022). The usefulness of the G4S linker was previously shown for
C-terminal fusions to Tob ic virus (TMV) CP (Werner
et al, 2006). Several prior failed attempts with Tymovirus CP
C-terminal fusions have been noted (Shin <t al, 2013, 2018);
therefore, we i that adding the G4S linker sequence should
facilitate VLP formation after genetic fusion of foreign antigens.
We constructed the C-terminally extended EMV CP resulting in
EMV-CGAS, which formed intact icosahedral VLPs with a size of
~28~30 nm after expression in E coli and purification (data not
shown).

Next, we constructed direct fusion of EMV-CG4S and Feldl
antigen (Supplementary Figure 1) and expressed the fusion
protein in E coli cells. In addition, we constructed mosaic VLPs by
incorporating unmodified wtEMV CP and the newly constructed
EMV-CG4S-Feldl CP gene into the pET-Duet expression vector
(Supplementary Figure 2). After expression in E. coli cells, both
EMV-CGA4S-Feld] CPs and mEMV-CG4S-Feldl CPs were analyzed
in SDS-PAGE, confirming an EMV-CG4S-Feldl protein size of
~50 kDa (Figure 24, lane 3), but for the mosaic system, two bands
were identified - the same of 50 kDa for EMV-CGA4S-Feldl CP and
WEMV CP with a size of ~19.6 kDa (Figure 24, lane 4), which
mmcdylhenmeaslhesqnnldyupnsedeMVuudﬂm
control analysis (Figure 24, lane 2). El ly
resulted in the identification of Tymovirus-like parhde l'omnuon
with a size of approximately 30 nm for both constructed VLP
platforms. Unlike wtEMV VLPs (Figure 2D), Feldl-containing
particles d more b and fragments of partially
assembled VLPs were ukntiﬁed for either direct (Figure 2E)
or mosaic VLPs (Figure 21). In the case of direct fusion, each
CP subunit is fused to the Feldl antigen, resulting in 100%
incorporation of the Feldl antigen. The results of densitometric
analysis of SDS-PAGE images suggested an approximate 46% Feld1
antigen incorporation in mosaik VLPs. The output of both VLPs
after purification was approximately 7-8 mg/L.

To overcome the limiting factors that may arise from genetic
fusion, such as incomplete assembly and stability of VLPs,
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ilable (Halle and Zeluns, 2019). We have previously described
a successful strategy of using SpyTag/SpyCatcher for VLP-Feldl
chemical conjugate formation directly in bacterial cells (Cgrina
et al, 2022). Here, we tested two binding partners: coiled coil-
forming oligopeptide K and E interaction (Kcoil/Ecoil; Litowski
and Hodges, 2002) and orthogonal synthetic coiled-coil anti-
pil'and '!.ippcr' pair SYNZIP17/18 (SZ17/18; Reinke et al, 2010;

2012), which should form stable physical
protein partners when Kcoil/Ecoil or SYNZYP
I7lls sequences are genetically introduced in target p

First, we constructed two EMV CP genetic fusions
encoding DNAs of negatively charged peptides (Ecoil or SZ18,
Supplementary Figures 3, 6) were subcloned into the pET42-
EMV-CGAS CP plasmid, resulting in two new expression vectors
coding for EMV-CG4S-Ecoil and EMV-CGAS-SZ18, which were
lhmuprmdzpamdylnlbeﬁmbccllmm&mto
¢ fubility, expression level, and intact VLP formation
(Supplementary Figures §, 10). Further cdoning involved
the subcloning of the Feldl coding sequence into p
containing either the positively charged $Z17 or Keoil sequence
(Supplementary Figures 4, 5, 7). Both binding partners were then
coexpressed, purified, and used for further characterization by
SDS-PAGE, WB, and NAG analysis. To confirm that separately
expressed and purified VLPs and Feldl are capable of interacting,
we also expressed each binding partner in the C2566 E coli
strain separately, followed by purification and binding. After
binding, we observed complex formation after agarose gel
analyses (Supplementary Figures 9, 11). The output of VLPs was
approximately 77 mg/L for SZ18/17 and 46 mg/L for Ecoil/Keoil
coexpression VLPs

Molecuhtmncakuhhonsmwﬂodlhaﬂhculslﬂ protein
pair has an approxi imil lecular weight at ~25 kDa,
which can be seen umhppinabanlk in SDS-PAGE (Figure 24,
kane 5), whereas the EcoilfKcoil protein pair appears as two
distinct bands, where one could be identified as an ~23 kDa
band corresponding to the EMV-Ecoil part and a weak signal
band at ~ 21.7 kDa for the Feldl-Keoil part (Figure 24, lane
6). To confirm that both covalently linked pairs are present in
our samples, we performed WB analysis using antibodies against
both Fel d 1 and carrier EMV VLPs for all vaccine candidates,
where wtEMV was used as a negative control for the Feld1 signal
(Figures 28, C lane 2). In the case of Fel d 1, we used polyclonal
Fel d 1 Abs obtained from our previous experiments with BALB/c
mice (Zeltns et al, 2017). WB analysis indicated that both Feld1
and EMV were copurified in the same sucrose-gradient fractions
(Figures 28, ), seen as colored bands at the expected protein
sizes when analyzed with corresponding antibodies (anti-Feld1
or anti-EMV). Furthermore, probably due to chosen purification
conditions that failed to small of host p
all of the samples gave additional ~100 kDa bands (Figures 25,
., kanes 1-6), which were considered the background, as some in-
house-produced polyclonal Abs reacted to those proteins as well
during previous immunization experiments.

For EMV detection in WB, we used polyclonal Abs from
experiments with Balb/C mice immunized with wtEMV-derived
VLPs (unpublished) and observed that EMV was present in
all samples (Figure 2C). Densitometric analysis of SDS-PAGE

Thompson et al,
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gels suggested 56% Fel d 1 incorporation for EMV-SZ18/SZ17-
Feld] and only 5.2% for EMV-Kcoil/Ecoil-Feld1. Additional TEM
ysz wcosabedral particle for for both
vaccine constructs (Figures 20, 1),

3.2. Chemical coupling of EMV CP with
Feldl

Two components (EMV CP VLP and antigen) for chemically
coupled EMV-Feldl (cEMV-Feldl) variant construction were
expressed and purified separately. First, we purified unmodified
WIEMV VLPs as described i the Materials and Methods and

d the using 2 Qubit Protein Assay Kit
(Thermo Fisher Scientific, USA). The purified sample was analyzed
by SDS-PAGE (Figure 2A, lane 2 and Figure 1A, lane 1), and the
correct protein size of ~25 kDa was confirmed. TEM was used 10
visualize VLP formation (Figure 2D). The wtEMV sample was then
mixed with SMPH for derivatization and incubated for 1 h, after
which unreacted SMPH was removed.

R bi Fel d | protein with an additional His-tag was
purified as previously described (Zelting et al, 2017 Opgrine et al,
2022) followed by treat with the reducing agent 10xTCEP to
gain access to the cysteine at the COOH terminus of rheldl. Finally,
2 molar excess of rFeld1-TCEP complex was added to derivatized
EMV at 23°C for 2 b, and uncoupled rFeldl was then removed by
ultrafiltration in Amicon Ultra-0.5, 50 K (Merck-Millipare, USA)
filtration units. The coupling ion was d in an SDS-
PAGE gel (Ligure 34), and the final product was abserved by TEM
{Figure 3B), rep ting well bled VLFPs and preserving
the T' = 3 icosahedral structure. As the dimer of the EMV
CP overlaps with the cEMV-Feldl signal in the SDS-PAGE gel
(Figure 34, fane 4), we could not perform densitometric analyss
of Feldl incorporation, however, we were able to demonstrate

Frontiers in Microbioicgy

the presence of the cEMV-Feldl conjugate in WB analysis, which
suggests that 3 successful reaction has taken place (Figures 28, C,
lane 7).

3.3. EMV-Feldl VLP encapsidated nucleic
acids and overall charge

Tymoviruses lack strong RNA-protein interactions due to
missing specific regions rich in basic residues in CP amino acid
composition (Dupin o a1, 1985). As described above, during
infection, Tymoviruses may produce two types of virions—one
that contains a single viral genome (approximately 35% of their
mass) as well as free “empty™ protein shells, while some of those
empty VLPs may pack small RNA molecules from their hosts
(Gibbs and Mackenzie, 1998). Another interesting aspect of empty
particle formation was addressed in a recent paper suggesting that
freezing conditions may influence viral RNA migration through
pores in Tymovirus capsids (Powell and Dreber, 2022). These

observations stimulated us to ¢ enc lated nucleic acids
in all constructed EMV-Feldl VLPs. This & a very important
aspect for generation, as incorp d nucleic acids serve as

Toll-like receptor (TLR) ligands and improve the overall immune
W(.’duhmn et al,, 2020).

The TEM results strongly indicated that the majority of EMV
VLPs produced in E coli were indeed “empty™ despite using
different construction strategies, however, the total proportion of
“full” particles increased in the case of binding pairs SZ18/S217
and Ecoil/Keoil as well as for chemically coupled EMV-Feldl VLPs.
To explore this further, we performed native agarose gel (NAG)
analysis of constructed vaccines with ethidium bromide staining
to evaluate whether the results of TEM analysis correlated with
their nucleic acid We concluded that the signal intensity
for physical binding pairs and chemically coupled VLPs was much
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nauee &
Agarose ool anabysis of EMV~-Feidl vaccine vadants ata
concentration of 0.7 mg/mL L wtEMV (wild-type; controf;

M, GeneRuler 1 kb DNA ladder (Therma Fisher Scientific, USA);

2, EMV-Feial |oirect fusian VLPs); 5, mEMV-Feidl imosaic ViPs)
4, EMV-S218/S217-Feid); & EMV-Ecoll/Hcoll-Feldl; 6, cEMV-Feldl
Ichermucally coupied). A 0.8% native agarose gel stained with
ethidium bromide was used for analysis. The symbols “+"and *=°
denates the electrode polarity.

M 2 3 4 5 8

stronger than that for direct fusion and mosaic VLPs, as expected
(Figure 4, lanes 4, 5, and 6).

Another finding after agarose gel analysis was a different
movement of VLPs in the electric fidd. We observed wiEMV
migration toward the negative electrode (Figure 4, lane 1) in the
selected buffer system, which can be explained by the calculated

10.3389/fmicb 20251154590

vaccines were injected into mice, and the formation of total IgG
was monitored during repeated vaccination. Additionally, we
tested subclass-specific 1gG1 and [gG2 Abs and the avidity of Abs
obtained from Day 42 to elucidate the proportion of strongly
binding antibodies, which correlates with ine efficacy, as
confirmed in previous studies (Dobano et al, 2019; Rothen et al,,
2022). Addstionally, the specificity of the generated polyclonal Abs
mmedapunlbolhrecmhnmland native Fel d 1 antigen and

d with ially available mAbs. Immune responses
:nd Ab avidity results are conmsidered important criteria for
choosing the most effective VLP variant for further VLP platform

development.

3.4.1. Monoclonal antibody ELISA

To characterize the immunogenicity of the constructed EMV-
Feld1 vaccine variants, we used two commercially available Fel d
1 mAbs in ELISA experiments as previously described (Oyrina
et al, 2022). First, we compared nFel d 1 and rFel d 1 to
determine whether rFel d 1 incorporated into VLP structures can
be recognized as native. Interestingly, according to the obtained
results, rFel d 1 is recognized even better than nFel d 1 by
either MA-6F9 or MA-3E4 (Figure 5D), although both mAbs are
produced against mative Feld 1 allergen. The same finding was
detected in our previously performed experiments (Uyrina et al,
2022), but otherwise, no significant differences between mAb titers
were identified.

Although  both mAbs (MA-3E4; MA-6F% Indoor
Biotechnology, USA) were produced specifically against chain-1
of cat F. domesticus allergen Fel d 1 (Schmitz e1 al, 2009), our

isoelectric point of EMV CP (IEP = 8.52). The incorporation of
Fel d 1 in all VLPs resulted in a reduction in the VLP positive
charge due to negatively charged Fel d 1 molecules. Interestingly,
direct and mosaic fusion VLPs contained significantly less host
RNA than all other vaccine variants (Figure 4, lanes 2 and 3). We
also observed that EMV-SZ18/5Z17-Feld] and EMV-Ecoil/Kcoil-
Feld1 VLPs were strongly negatively charged (Figure 4, lanes 4 and
5) and contained large amounts of host nucleic acids.

Our experiments show that a higher nucleic acid content results
in VLPs with a higher proportion of “filled” particles. Furthermore,
the chosen antigen and nucleic acid content can affect the overall
VLP charge. It is known that the surface charge of nanoparticles
plays a significant role in the modulation of the immune response,
particulardy in the activation of dendritic cells (DCs). Morawer.
positively charged particles considerably increase interleuki
expmmandmnbyDCsmpnmdbupmdyd\ugpd
particles (Fontana et al, 2019).

3.4. Immunological characterization of
the EMV-Feldl vaccine candidates

To gain insight into the immune stimulation properties of the
constructed vaccine variants, we performed immunization

data with potato virus Y (PVY)-Fel d I-based vaccines
revealed that the binding ability of MA-3E4 mAb was more
efficient than MA-6F9 mADb for all produced variants, possibly due
to the higher specificity and better access to the corresponding
part of the exposed Fel d 1 epitope from chamn 1 (Ogrina et al,
2022). The data presented in this experiment also indicated that
titers for MA-3E4 mAbs were at least twice as high as those for
MA-6F9 for all EMV-Feldl vaccine variants tested, reaching the
maximum for EMV-Feld1 direct fusion (;

titers for MA-6F9 1: 71,000; for MA-3E4 1: 447,000) (Figures 5A-
) and minimum for EMV-Ecoil/Kcoil-Feldl (corresponding
reciprocal titers for MA-6F9 1: 29,000; for MA-3E4 1: 168,000).
Furthermore, both mAbs were also highly specific to mEMV-Feld1
and EMV-SZ18/SZ17-Feldl (reciprocal titers varying between ~
1: 350,000 for MA-6F9 and ~ 1: 100,000 for MA-3Ed), confirming
the presentation of the Fel d 1 epitope on the EMV VLP surface.
Overall, these mAb results indicate the most promisng VLP
vaccine platform with the correct folding of the Fel d 1 epitope
after introduction into EMV VLPs.

3.4.2. Total IgG levels

Only some Tymovirus-based vaccine studies have emphasized
the high potential of the well-described PRMV VLP platforms as
effective vaccine candidates either by testing their immunogenicity
in sera (Hema et al, 2007 Sahithi et al, 2019) or by performing

experiments using murine models. First, bef !
immunizations, we evaluated the antigenicity of introduced
model antigens on the VLP surface by ELISA using commercially
available monoclonal antibodies against Fel d 1 (MA-6F9; MA-
3E4; Indoor Biotechnologies, UK). The constructed and purified
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ization experiments in guinea plgs and dogs (Chandran
et al, 2009) and mice (Shahana et al, 2015 Hu and Steinmets,
2021). To evaluate the immunological pountnl of the EMV-based
vaccines, total IgG levels againgt both principal components—
antigen Fel d 1 and EMV VLI of produced chimeric VLP
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vaccines—were measured by ELISA analysis in murine sera
collected on Days 14, 28, and 42.

First, we noticed that the majority of produced EMY-Feld
1 vaccines induced Fel d l-specific IghG productan on Day 14,
reaching the highest titers for the cEMV-Feldl variant {reciprocal
titers L:ZBO0; Figure 60 ﬁu]'-ph.'nl.l.'nlar] Figure 12}, whereas
Feld 1-specific antibodies for the Ecoil/Keoil vaccine were not yer
detected (Figure 60}, probably due 1o the low Feld] incorporation
level discussed previously. Following the booster desage on
Day 14 Fel d 1, the specific 1gG titers measured on Day 28
increased by at least 2 times for mEMV-Feldl (reciprocal tiers
1z 2,500 Figure 6C), while a minimum of fourfold excess was
detected for the other four vaccine candidates, demonstrating
that effective immunostimulation through B-cell activation was
accomplished {Bachmann and Jennings, 2010). Furthermore, an
additional booster dose dramatically prompted the Feldl-specific
antibedy response in mice vaccinated with the Ecoil/Keoil varian
{corresponding reciprocal titers 1: 3.900; Figure 60) as well as for
EMV-Feldl {:nmrpmn]inﬁ r:ci.'Fu'nca] titers 1: 2,400; Figure 6L,
a].'l]mns,l: cEMV-Feldl once again demonstrated the ]'Ii“]'l!!‘l. Fel d
1-specific 1gi response on Day 42 among all tested. Data presented
for the final 13G titers on Day 42 after the second booster showed
differences in some results—the most effective Fel d 1-specific
antibidy elicitors were SZ18/17 and EcodlfKeail vaccine variants
I:cnn'ﬂpmnﬂi.nﬁ u:i.prnta] liters a.FPm.:iJna.'l.dr 1: 12,000 for both;
Figures 64, C} despite the relatively long delay in anti-Fel d 1 Ab
production for the Ecoil/Keoill variant. Unfortunately, EMV-Feld]
and mEMV-Feldl did not elicit high IgG levels, as their titers varied
between 1:3,400 for direct fusion and 121,500 for the mosasc varzant
even after two booster injections {Figures 64, Ol

Interestingly, all measurements for EMV-specific 1gG titers
demonstrated a much higher 156G response againg VLEP carriers
than against Feld l-specific Abs (Figure 603 Supplemeniary
Figure 12). The same tendency was observed I']'lmuﬁhnul! the
u.pﬂ'i:nml'., I'DEH.I'I.'iI'I.E that VLPs themselves have a erucial effect on
triggering strong immune responses. For instance, of all vaccine
constructs tested, titers against EMVY were the highest for mEMY-
Fel d 1 at every Lime Pui.n'l. measured {Dap 14, 28, and 42),
rEId1WL3 168,000 after the frst booster I:]Ju.'g,I 2B) and :inmui.nﬁ
even more after the second on Day 42 I:c\m'rﬂ?undhﬂ rEl:iFmﬂ]
titer 1:102,000; Figures 68, ). Anti-EMVY titers rj.l':|.|:|'|=|J!i.v|=].|'g,I

Frontiers i Microbilology

exceeded anti-Feld] titers in three out of five groups (EMV-Feld1,
mEMY-Feldl, SZ18/17) in vaccimated mouse sera oblained from
Day 42 producing 1:12,000 for EMVY-Fel d 1 and 166,000 for
SELB/17. Interestingly, similar ohservations were shown by Hu and
Steinmetz in 2021 using a PhMV-based cancer vaccine, where anti-
PhMY titers were higher than those agains the chemically coupled
HER (human epidermal growth Bctor receptor)-2-derived CH4DL
epitepe (Hu and Meinmety, 2021% This kads 1o the speculation
that some T}nTﬂvJ'rl.u-lik: pa:rl.i.dﬂ !.rnnﬁ]r' resemble a native virus
through particulate virus-like structures and are able o gimulate
the immune system more efficiently than surface-exposed Fel d 1
antigen (Mobsen et al, 2017), Here, additional studies are needed.

Our recent study r:xprd.hﬁ the MERS-coronavirus (Col)
WLF vaccine in murine hnmundnﬁjcal experiments showed that
the production of specific antibodies with a high avidity index
successfully provided protection against infectious diseases such
as MERS-CoV (Mohsen et al, 2021). As the ]1i.5|:|=r av'iﬂi.'l.]' imdex
may correlate with efficient Fel d 1 neutralization, we evaluated the
mh’bnﬂr a.'vi.dil!r for all five EMVY-Feld] vaccine variants.

We mmpmﬂ two identical ELISA Fhl!:: in the total IH'G
detection E:Per.i.mznl_ where one Flale was treated with an
additional 7 M UREA Hﬂdﬁ.ﬂs dep and the other phl!: wWas
treated as usual I:\.5~_..;r||:|.1. el al, 2022) o determine Ab hinﬂi.nﬂ
avidity. The results showed that four out of Gve vaccine groups
produced Abs with very high avidity index (AL} values (Figures T4,
E; Supplementary Figure 13), resulting in over 50% binding
:Pe:i.ﬁ.cirrrzlmum'lﬂl asa propartion of Abs still bound Lo antigen
afier a 7 M UREA nﬁnﬁﬂp.'lh‘:eﬁfﬂ:rmduﬂwiﬂ\h
|1.i_ﬂ|'|.v=u'. a.'ri.d.i!r were SZ1R/17, cEMV-Feldl, and Eood/Keail, all
uarJ:irlﬂ Hel—68% :peciEl:i.'I.y. whereas mEMY-Feldl resulted in less
:Pe:ifu: Al Frmhn:l:inn {473, nlﬁ,aul.inﬂ that the maost 'Pu'nmisi:rlﬂ
vaccine for future experiments should be chosen from candidates
d.:rnnnm.l.ina the hiﬁllﬂ! Al values.

343 Subclass specific IgG production

Different approaches should be considered when shaping the
most beneficial immune response, as the strategy used for anti-
pathogen vaccines can be not as successful against allergies and
Wice wersa |:f.|.":"1.d.l.-|:.\.'r\'al:ll.|.'> et al, 2020). Modern solutions in
a]l:rﬂ treatment now incluede not anJr wid:lr described :llerﬁcn-
:Pe:i.ﬁ.c 13,Ii—"l:r5=l!:d treatments but also movel a]l:rﬁ,m-rpﬂziﬁ:
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lgG&. which are possible key effectors for so-called next-generation
herapy when allergens are displayed on the VLP surface
(Schmitz et al, 2009 Bachmann et al, 2020). A recent paper
underlines that specific IgG subclasses play a minor role in allergy-
specific immunotherapy (Zinkhan etal, 2022
It has been emphasized that strong activators of antigen
presenting cells (APC) such as VLPs are recognized by so-called
pathogen gnition P (PRRs) exp i on the surface
of antigen-presenting cells (APCs). Specific types of PRRs are
TLRs, which are able to recognize various viral or bacterial
pathogen-associated molecules. After TLR stimulation, these VLPs
are taken up and processed by the most potent APCs, dendritic cells
(DCs), leading to their maturation and further proinflammatory
responses (Zepeda-Cervantes et al, 2020). Captured antigens are
then presented on the surface of mature DCs for T-cell recognition
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Subclass specific antibody detection. (A) Anti-Feldl and anti-EMVY CP specific IgG1 and IgG2a ters measured in Day 42 mice sera using OD 492 nm.
ELISA plates were coated with EMV-Feld] variants for IgG subciass detection in mice sera vaccinated with EMV-Feld] vaccine vanants. (8) Logsg
vaiues of Feldl spectic igGL and 1gG2a tters measured In Day 42 mice sera; (C) anti-Feidl igGl/igG2a ratio measured from mean titers used in
experiment shawn in panel (8). (AB) Statistical analysis using Student’s $-1est In GraphPad Frism 8.0. Vaccine groups n = 5 Graphs are showing the
mean values of ngle titers. A value of p > 0,05 was corsidered statistically signiticant (**p < 0.001; ***p < 0.0001).

through major h patibality plex (MHC) classes 1 or
Il and through cross-presentation (Mohsen et al, 2017; Zepeda-
Cervantes et al, 2020), which then determine the 1gG isotype
pattern. In the case of VLP-based vaccines, two mural antibody
subclasses (IgGl and IgG2a) are linked to Th2 and Thl signaling
pathways, each representing different effector functions. Hence, the
immune response driven by Thl is more defensive against viral
infections (Nimmerjahn and Ravetch, 2008; Games et al,, 2019) and
may help to control IgE-dependent allergic reactions by regulating
allergen-specific IgG production (Bachumann md Kiindig, 2017).
To characterize the of the g

we measured 1gGl1 mdlgGhlimsmmounmodledadm
Day 42 against both the Fel d 1 antigen and EMV VLPs. Our
obtained data clearly & d 13G1 subclass d e for
all variants tested, producing the highest anti-Feldl IgGl titers
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statistically significant ("p = 0.01)

for Ecoil/Keoil and EMV-Feld] (corresponding reciprocal titers 1:
25,000 for Ecoil/Keoal; 1: 20,500 for EMV-Feldl; Figures SA, B
Supplementary Figure 14), whereas the highest IgG2a antibody

was imately similar for three groups of EMV-Feld1,
SZ18/17, and cEMV-Feld, producing titers of 1: 1,700-2,000,
respectively (Figures 84, B), Additionally, the subdns-syeaﬁc Ab
response against carrier EMV was dominated by IgG1 producing
the highest titers for mEMV-Feld1 (reciprocal IgG1 titers 1: 56,000;
1gG2a titers 1: 5,800; Figures 8A, B).

Furthermore, we also determined that the lowest Feldl
15G1/1gG2a rato values were obtained for SZ18/17 and ¢EMV-
Feld1 (ratio valuei <0.8) (Figure 3C), meaning that these vaccine

did more balanced Th1/Th2 phenotypes when

compared with Ecoil/Kcoil (ratio value 1.92) and therefore should
becmsldemd the most promising candidates for desired protective
son in anli-allztgy treatment pmcrdma.

V'xms-l:l:e parﬁda ani inated by
the Th2 pathway pmdncmg 1gG1 Abs unlen TLR ligands such
as nucleic acids are present that may achieve isotype switching
toward the IgG2a Ab response (Jegerlehner et al, 2007). As IgG1
predominance was also addressed in other studies with VLP-
based vaccines (Cai et al, 201%; Hu and Steinmetz, 2021; Ogrina
et al, 2022), we assumed that TLR stimulation was not sufficiently
effective due to the reduced of encapsidated nucleic acids,
as observed in NAG analysis. This observation possibly indicates
the low activation of TLR7/B dependent responses (Gomes e al,
201%; Krueger et o, 2019).

3.4.4. Native Fel d 1 recognition
Allergy cases caused by the d ic cat F. d
year, affecting a large part of the population, as
such as allergic respiratory diseases negatively affect quahty of
life (Bonnet ¢ al, 2018). Recent studies in the VLP field have
highlighted the optimal strategy for allergy treatment focusing on
neutralizing [gG Ab production when challenged with native Fel d
1 allergen (Schunitz et al, 2009; Thoms et al,, 2019) or peanut allergy
allergens Arahl and Arah2 (Storni et al, 2019). Therefore, we
evaluated the recognition of native Fel d 1 by antibodies obtained

arise each
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Native Feldl-specific antibody detection in EMY-Fekil vaccinated mice sera. {A8) Feldl specific 19G titers (mean = SEM) against native Feldl for the
groups vaccirated with EMV-Feldl vaccine varlnts. Sera obtained from Day 42 and measured at OD 452 nm. (B) Statistical analysis using ane-way
ANOVA in GraphPad Prism B.0. Yacdne groups n = 5. Graphs are presenting mean of pooled mice titers. A value of p > 0.05 was considered

\

after mouse vaccination with all constructed vaccine variants using
native Fel d 1 (nFel d 1; Indoor Biotechnology, USA).

The obtained results revealed that titer values for EMV-
Feld] reached almost 1:4,000 and represented the highest IgG
titers against nfel d 1 (Figures 94, ) but were closely
followed by SZ18/17 (corresponding reciprocal titers 1:3300;
Figures 94, 1), whereas the lowest anti-Feldl IgG titers were
detected for the Ecoil/Kcoil and mEMV-Feldl vaccines, which
varied by approximately 1:1000. These results correlate with
avidity measurements, where the SZ18/17 variant produced the
most specific Abs Feld1 I to other vaccine

o o

candidates. Interestingly, we have noted that rFeldl used for
cloning experiments and covering ELISA plates is somehow
recognized more efficiently than the native form, which was also
observed for mAb ELISA experiments. Furthermore, titers against
nFel d 1 were significantly Jower for EMV-derived Feldl vaccine
constructs than for filamentous Feld] antigen-containing PVY CP
VLPs (Ogrina et al, 2022), meaning that despite the large size of
the 200-400 nm flaments of PVY CP VLPs, they could represent
the Fel d 1 antigen in a much more recognizable manner, observed

as high levels of nFeld1 binding 1gGs.

4. Conclusion

The gencraﬁon of more effective vaccine candidates can

£z g by avoiding complicated, multistep
pmoe-smvuamconsuuammdpcmﬁatmhlhcnwn
spatial structures of recombinant antigens are highly important
for eliciting antibodies with neutralizing activity and long-lasting
immunity, recombinant VLP vaccines must contain strongly
organized and multiple copies of exposed antigen (Halke and
Zeltuns, 2019). Here, we demonstrated the construction and
tests of several simple bacterial expression systems for vaccine
generation based on new Tymovirus-like particles and different
principles of Fel d 1 antigen incorporation, including genetic
techniques by introducing the antigen directly into EMV CP or
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as a part of a mosaic system with wiEMY CP. Additionally, we
showed two physical binding approaches resulting in V0LP-antigen
complexes wsing synthetic zipper pairs 18/17 (S218/17) and coiled-
coil-forming peptides E and K {Ecod/Kcoil). Both systems were
tested im witro afler purification of the corresponding proteins
and in coexpression directly in E coli cells. These experiments
resulted in the formation af dable I:DD'IPI.EIE! :I'EFL'IIIE!! of the
method of epitope incorporation. Here, we have demonstrated that
these profein-prodein interaction partners allowed the binding of
coexpressed antigen 1o the VLP surface directly in E. coli cells
during cultivation due to their ability to form highly specific
and hﬁ]\ a.lﬁn.i!r interactions with a low dissociation constant
(Ka <1 % 107%; Heinke e al, 200 Thompson et al, 2012). The
Fum'l.tﬂ] systems can be used for the introduction of anligens,
resulting in new antigen presentation platforms, as they reduce
the influence of expressed antigens on the spatial structure and
seli-assembly of VLPs

All four comstructed systems were successfully expressed
i E coli and purified in the form of antigen-containing
VLPs The presence of EMV CP VLPs and Feldl antigen for
all four vaccine varianis was confirmed I:l]' SDS-PAGE, WB,
and ELISA wsing mAbs. As the E coli expression systems
allow n.piﬂ EXPrEssHi and subueql.u:rl.i la.lﬁu-salu. cost-effective
manufacturing of recombinant proteins, the constructed vaccines
can be a prottype for Feld]l therapeutic vaccines in the fsture.
Chemical cnupl!nﬁ af Feldl to wiEMY CP VLPs was alio achieved
and therefore included in immunobogical experiments, resulting
in a total of five different EMV-Feldl vaccine variants tested in
murine maodels.

Ta nwknnvr]ud&:. this is the Ensl!repur!al'm::unful I:fm.nr.in].
VLEP formation afier the introduction of long antigen squences
mto the C-terminal end of CP. Our experiments suggest that
EMY CP VLPs are fully suitable for CP modifications and ensure
the pecessary VLP morphelogy. Furthermore, obtained immune
responses, mﬁbndr a'r.id.il.\_.-. and subclass mi.h:l'lins woward the
Thl pathway were the main criteria for chosing the most
effective EMV-Feldl ¥VLP Pla.LI'nrm_ Therefore, we conclude that
cEMV-Feldl and S218/17 should be considered the most efficient
platferms for antigen presentation, as they possess most of the
features needed. All five constructed vaceines elicited hish Liters of
Feldl-specific Abs. Moreover, the obtained antibodies recogmized
the mative Fel d 1 allursun; therefore, our results suggest Ho-od
potentzal for SZ18/17 and cEMV-Feld1 vaccine variants as the most
promising ¥ LP plal!fnn'ns amiong all tested.

However, the vaccing ability 1o produce comparatively higher
titers against carrier EMV is a matter of concern. In the context of
emerging vaccination irategies, an ideal vaccine candidate should
be universal, meaning that one antigen presentation platform
should be :da.p!l:d for mll]!i.‘P]E vaccing r]ndnpmunl. In the
case of EMY VLPs, their usage can be limited due to their
high immunogenicity against the VLP carrier. Another aspect
that should be taken into consideration is that the constructed
EMV-Feldl VLPs produce low levels of protective lgl2a subclass
antibodies, which correlates with the reduced nucleie acid !IE'EI].
mtensity detected in NAG and the “emply” particle presence
observed in TEM.

The induction of optimal B-cell responses depends on
irru'm.uml.i:nulamH characteristics such as repetitive  epitope
structures spaced 5-10 nm from each other on the VLP exterior
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and surface charge that can attract the protein corona consisting
of absorbed serum proteins and natural antibodies (Blance et al,
015). Another factor is the size and rnnrphnlngy ol vaccine
carriers, suggesting that antigens larger than 200 om struggle o
freely enter the lymphatic system when compared to icosahedral
particles with a size of ~30 nm (Mohsen et al, 2017;
elal., 2021). As we have pmimnly deseribed similar Fel d 1 Epine
presenting strategies based on bacterial expression platferms udng
filamentous PYY VLPs (Ogrina el al, 2022), the results from this
study gave us the opportunity to compare and evaluate icosahedral
and filamentous VLPs and speculate which could serve as the most
suitable candidate for vaccination purposes. .r’|.|.l.|1.|:|u5|:| bath PVY-
Feldl and EMV-Feldl vaccines elicited approximately similar total
Ab levels against Fel d 1 {~ 10*-10%), four EMV-Feld] vaccine
candidates stimulated a stronger Thl immune response and 1gG2a
subclass production. Furthermore, the avidity of Abs produced was
]'n'g]\ur for EMV-Feld] waccine varianis, mua.rlins that ~f4-68%
of Abs were very specific to surface-exposed Feld]l compared 1o
36% specificity for the best variant of PVY-Feldl {Ogrina et al,
2022). On the other hand, better native Fel d 1 recognition was
ohserved for Feldl presenting PVY filaments; therefore, more
om'upruhumdu a.mﬂfsi: between bath slralegies is needed.

Finally, the results of our designed and tested EMV-Feldl
vaccine platforms suggest that the chosen construction strategy
can significantly influence the amplitude progress and specificity

Linkhan

of the elicited immune responses. Therefore, several antigen
incorporation strategies shoukd be elaborated for the generation of
each new VLP-based vaccine to find the best variant.
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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 (CCMVr N-
terminal mutant) and the other elongated rods in the micrometer range (CCMVrr 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 CCMVrr 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 CCMVr 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 CCMVT VLPs demonstrate a faster and more efficient recognition of rod-shaped CCMVrr
VLPs compared to the reverse scenario. This phenomenon can be explained by the hypothesis that
sera from round-shaped CCMVr VLPs may contain antibodies capable of recognizing and binding
to both pentamers and hexamers, whereas sera from rod-shaped CCMVr 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 CCMVrr VLPs,
sharing the same genetic information as rod-shaped CCMVrr 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 VVLP-based vaccines.
To boost antibody responses and stimulate the production of protective 1gG2a 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 Th1l response.

Since both round and rod-CCMVr 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 19G
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 Thl and Th2-associated 1gG subclasses,

revealed that the influence of Thl 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 VVLPs 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 Feldl 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 Feldl 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 Feldl 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 Feld1l 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-Feldl 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 Feldl 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-Feldl 1gG levels, antibody specificity or
avidity, and the dominance of a Th1l immune response. Taking into account the first two requirements,
cPVY-Feldl 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-Feldl 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 1gG1/IgG2a ratio
against Feld1. This observation suggests that this approach could be particularly promising for TLR

stimulation purposes.

Alternatively, the incorporation of Feld1l 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

Feldl 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 Thl and Th2-associated 1gG 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-Feldl. 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-Feldl exhibited an even higher specificity with
63% specific antibody production. Furthermore, despite only 5.2% Feld1 antigen incorporation in the
EMV-Ecoil/Kcoil-Feldl 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 Feldl, SZ18/17 and cEMV-Feldl, emerged as the most promising candidates. They
demonstrated very high levels of total 1gGs, an avidity index exceeding 50%, and a pronounced Thl
response. Furthermore, antibodies formed against SZ18/17 variant, exhibited the highest recognition
of nFeldlas the production of specific IgG antibodies against nFeld1l was considered an equally
significant parameter for evaluating vaccine efficacy. Although, resolving excessive 1gG production
against the EMV carrier is crucial for exploring further application possibilities. Overall, this
experimental data comparing two different VLPs with one Feldl 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-Feldl 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 VVLP-based vaccine, aiming to identify the most optimal variant.
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10.

5. CONCLUSIONS

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 pum in length and ~30 nm in width.

Round-shaped CCMVrr 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 1gG responses, accompanied by prominent
formation of splenic germinal centers.

Round-shaped CCMVr VLPs are capable of polarizing elicited T cell response toward the
Th1 pathway.

By utilizing genetic methods, including both direct and mosaic fusion techniques, as well as
SpyTag/SpyCatcher-mediated enzymatic coupling to the VLP carrier, the Feldl antigen can
be incorporated into the PVY CP without hindering the formation of filamentous VLPs when
expressed in E. coli cells.

The Feldl 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.

The Feldl antigen can be chemically coupled to either PVY or EMV VLPs using the SMPH
crosslinker.

All constructed PVY-Feldl and EMV-Feldl vaccine variants exhibited enhanced
immunogenicity, as evidenced by their recognition by two monoclonal Feldl antibodies and
their ability to induce elevated anti-Feld1 antibody titers in mouse models.

All developed EMV-Feld1 vaccines resulted in an antibody-antigen binding avidity exceeding
45%, while the most favorable PVY-Feldl variant was observed in the chemically coupled
version, demonstrating only 36% specificity.

Within both the PVY-Feld1 and EMV-Feldl groups, 1gG1 subclass antibodies were observed
as the predominant class against all vaccine variants.

While antibodies produced by all PVY-Feldl and EMV-Feldl vaccine variants recognized
nFeldl, the overall titers against nFeld1 were higher for PVY-Feld1 groups.
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6. MAIN THESIS FOR DEFENCE

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.

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 pm.

. The chemical coupling approach possess characteristics that position it as the most efficient
platform for facilitating immune cell recognition of the Feldl antigen.

Icosahedral VLPs demonstrate an elevated production of protective Thl-associated 1gG

subclasses.
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