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Abstract: A wide range of virus-like particles (VLPs) is extensively employed as carriers to display
various antigens for vaccine development to fight against different infections. The plant-produced
truncated variant of the hepatitis E virus (HEV) coat protein is capable of forming VLPs. In this
study, we demonstrated that recombinant fusion proteins comprising truncated HEV coat protein
with green fluorescent protein (GFP) or four tandem copies of the extracellular domain of matrix
protein 2 (M2e) of influenza A virus inserted at the Tyr485 position could be efficiently expressed in
Nicotiana benthamiana plants using self-replicating vector based on the potato virus X genome. The
plant-produced fusion proteins in vivo formed VLPs displaying GFP and 4M2e. Therefore, HEV
coat protein can be used as a VLP carrier platform for the presentation of relatively large antigens
comprising dozens to hundreds of amino acids. Furthermore, plant-produced HEV particles could
be useful research tools for the development of recombinant vaccines against influenza.

Keywords: virus-like particle; hepatitis E virus; transient expression; Nicotiana benthamiana; viral
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1. Introduction

Virus-like particles (VLPs) are actively used in preventive medicine. A wide range
of VLP-based candidate vaccines has been developed for immunization against various
infectious agents [1-3]. VLP represents a self-assembled structure, which consists of
multiple monomeric units, that imitates the virus” morphology [4]. Meanwhile, VLPs
do not include viral nucleic acid, and in consequence, they are non-infectious and safe.
VLPs can stimulate both humoral and cellular immune responses [5,6]. Accordingly, VLP
vaccines combine both safety and ability to induce an immune response through their size,
shape and surface [7]. Moreover, their stability provides ease in storage and transportation.

Several VLP-based vaccines are currently commercially available with other vaccines
in various phases of clinical trials [1]. VLPs can act as vaccines by themselves and fur-
thermore they can be used as carriers for other protein antigens. The clustering of an
antigen on the surface of VLP greatly enhances induction of an immune response [8].
Thus, VLP-based carriers can provide the possibility to increase the immunogenicity of the
foreign antigens linked to them [8,9]. However, the attachment of a foreign peptide to the
VLP-forming protein may interfere with self-assembly [10]. Properties of the antigen, such
as its length, particular amino acid sequence, hydrophilicity and hydrophobicity, can affect
the VLPs assembly. The antigen insertion point is essential for correct assembly of VLP and
presentation on the surface.

VLPs can be produced in various expression systems including bacterial cells [11-13],
yeasts [14], insect cells [15], plants [9,16,17], and mammalian cells [18,19]. Plants are actively

Viruses 2024, 16, 1093. https://doi.org/10.3390/v16071093

https:/ /www.mdpi.com/journal /viruses


https://doi.org/10.3390/v16071093
https://doi.org/10.3390/v16071093
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-2148-7658
https://orcid.org/0009-0005-2535-1012
https://orcid.org/0000-0002-7667-9924
https://orcid.org/0000-0002-1456-1832
https://doi.org/10.3390/v16071093
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v16071093?type=check_update&version=1

Viruses 2024, 16, 1093

20f13

used as a biomanufacturing platform for recombinant protein production [20,21]. The advan-
tages of this expression system include easy scale-up, cost effectiveness, and the absence of
common pathogens in animals and plants. In addition, plants are capable of post-translational
modifications, although there are significant differences in this regard between plants and
mammalian cells [22-24]. The plant expression system is already being used to produce
vaccines on an industrial scale. For example, the COVIFENZ® COVID-19 vaccine produced
in Nicotiana benthamiana has been approved in Canada, and several plant-made influenza
vaccines have undergone clinical trials [25].

In this study, we tested the potential of hepatitis E capsid protein as a carrier of
foreign antigens in vaccine development. Truncated hepatitis E capsid protein comprising
110-610 a.a. has been efficiently expressed in N. benthamiana plants and formed VLPs with
diameters varying from 19 to 31 nm [24,26]. The results from different studies revealed that
the truncated hepatitis E virus (HEV) capsid protein expressed in heterologous expression
systems can be self-assembled into VLPs with T1 symmetry, indicating that some of the
recombinant HEV particles deviated in size [27,28]. The computational modeling of the
full-length HEV coat protein (genotype 3) revealed three regions, which are most suitable
for peptide insertion (a.a. 480-490, 550-565, and 580-590) and correspond to three loops on
the surface spike [29]. The 15 a.a. long antigenic p18 peptide from the V3 loop of HIV-1
gp120 was inserted after residue Tyr485 in the P-domain of HEV CP [30]. The fusion protein
was able to form VLPs, which did not react with anti-HEV antibodies. Thus, the residue
Tyr485 is a promising candidate for insertion of at least short peptides without interfering
with capsid assembly [30]. Later, recombinant HEV capsid (110-610 a.a.) with M2e peptide
of influenza A virus (23 a.a.) inserted at the Tyr485 position was expressed in plants at high
yield and was found to form nanosized VLPs in vivo [31]. However, the HEV capsid with
the insertion of a longer peptide, the receptor binding domain (RBD) of the SARS-CoV-2
spike glycoprotein (206 a.a.) was expressed at a very low level and was found to be mostly
insoluble [31].

We analyzed the possibility of using the HEV capsid protein as a carrier of longer
polypeptides and whether chimeric VLP can be obtained in plants. As the first model
protein for insertion, we chose the green fluorescent protein (GFP). The GFP used in the
study was 239 a.a. long and had a mass of 27 kDa. It is often used as a model protein in
VLP design and has been efficiently expressed in plants up to several mg per gram of plant
biomass [32-36].

As the second model protein for insertion, we chose the ectodomain of the M2 protein
(M2e) of influenza A virus, consisting of 23 a.a. This peptide is highly conserved and
may serve as a basis for the creation of “universal” vaccines against a broad spectrum
of influenza strains. However, the small size of M2e leads to low immunogenicity and,
consequently, weak protective properties [37]. This problem can be solved by linking M2e
to different carriers, particularly VLPs [38-42]. The density of M2e presentation on the
surface of the VLP is important for the efficacy of the vaccine candidate. Experimental
influenza vaccines based on VLPs containing the M2e peptide in the immunodominant
loop region of the hepatitis B core (HBc) antigen revealed that the protective capabilities of
the M2e-HBc particles correlate with the copy number of M2e. Particles formed by the HBc
peptide linked to four copies of M2e were more immunogenic than particles formed by
HBc carrying one or two copies [43]. Therefore, in this study, four copies of M2e peptide
were used to enhance the immune response.

The selected M2e peptide was derived from the swine influenza A virus, which causes
a highly contagious infection, with 10-15% lethality among unvaccinated animals [44].
The influenza A infection progresses rapidly and can lead to feverish abortions in sows,
infertility, complications from secondary infections, and the development of chronic dis-
eases [45]. As a result, infection with swine influenza A virus can cause significant economic
losses due to slowed weight gain and increased days-to-market weight attainment. Thus,
the development of a vaccine against swine influenza A with a broad strain range is an
important task.
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Here, we designed fusion proteins comprising GFP or four copies of M2e peptide
inserted into HEV capsid protein. The proteins were transiently produced in plants using
a viral-based expression vector. We have shown that GFP insertion, as well as insertion
of four copies of M2e, does not interfere with VLP assembly. Thus, the truncated HEV
capsid protein (110-610 a.a.) can be used as a carrier of long antigens for the development
of vaccines.

2. Results

2.1. Viral Vectors for the Expression of HEV/GFP and HEV/4M2e Hybrid Proteins in
Nicotiana benthamiana

Foreign peptides (four copies of M2e or GFP) were inserted into the HEV ORF2 capsid
(110-610 a.a.) at the Tyr485 being flanked by GGGSG linkers to ensure proper protein
folding (Figure 1). Tandem copies of M2e were also separated from each other by the same
linkers. For the HEV /4M2e fusion we used four copies of the M2e peptide: two peptides
corresponded to the consensus sequence of HIN1 and HIN2 of the swine influenza A virus,
and two peptides corresponded to the consensus sequence of H3N2 of the swine influenza
A virus. Their sequences differ from each other at one position.

Sgp1
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pEff LB
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g (a)
HEV110-610/4M2es HEV110-610/GFP
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HEV110-610 HEV110-610/4M2e HEV110-610/ GFP

Figure 1. (a) Scheme of the expression vectors. RDRP, RNA-dependent RNA polymerase gene; Sgpl,
the first promoter of subgenomic RNA of PVX; AMYV, translational enhancer from alfalfa mosaic
virus; 35S, promoter of the cauliflower mosaic virus RNA; Nos-T, terminator of the A. tumefaciens
nopaline synthase gene; P24, suppressor of silencing from grapevine leafroll-associated virus-2; SP,
signal peptide; HDEL, ER retention signal; RB and LB, the right and left borders of T-DNA region,
respectively. The insertion position of the target gene I is indicated by the red arrow. (b) Scheme
of the recombinant proteins. 4M2e, the sequence of four tandem copies of M2e peptide; GFP, green
fluorescent protein; HEV, hepatitis E virus ORF2. (c¢) 3D modeling of virus-like particles formed by
HEV OREF?2 capsid, HEV /4M2e, and HEV /GFP proteins by SWISS MODEL.



Viruses 2024, 16, 1093

40f13

SWISS-MODEL server [46] was used to predict the spatial structure of the hybrid
proteins. The 3D structures of HEV/GFP and HEV /4M2e were predicted to assemble into
60 monomers VLPs, whereas GFP (green) and 4M2es (purple) were predicted to be exposed
on the surface of the produced VLPs (HEV, orange) (Figure 1).

The pEff viral vector [36] was used to express the HEV, HEV/GFP and HEV /4M2e pro-
teins in N. benthamiana plants. For the expression of HEV and HEV /4M2e, we additionally
used the pAeff vector [31], enabling targeting of the expressed protein to the endoplasmic
reticulum (ER). For this purpose, we added ER-targeting signal peptide at N-terminus and
ER retention signal HDEL at the C-terminus of the fusion protein.

2.2. Expression of HEV/GFP and HEV/4M?2e in Plants and Protein Purification

Recombinant binary vectors were introduced into the A. tumefaciens strain GV3101
by electroporation. N. benthamiana leaves were infiltrated with agrobacteria carrying the
recombinant vectors. As a control for GFP fluorescence we used the pEff-GFP vector,
enabling expression of GFP without a fusion partner [36]. GFP fluorescence in leaves was
monitored by UV irradiation and quantitative fluorimetry. The pEff HEV/GFP vector
produced three-five-fold lower GFP fluorescence compared to that of pEff-GFP (Figure 2e).
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Figure 2. Expression of HEV/GFP protein in N. benthamiana plants. Coomassie brilliant blue-
stained gel (a,b) and Western blotting with antibodies against GFP (c) and hexahistidine tag (d) of
proteins isolated from plants. M, molecular weight marker (kDa); Lanes: 1, total proteins isolated
from non-infiltrated leaf; 2, total proteins isolated from leaf infiltrated with pEff-HEV/GFP; 3-5,
purified HEV/GEFP protein. Position of HEV/GFP protein is shown by an arrow. Visualization GFP
fluorescence in N. benthamiana leaves infiltrated with pEff HEV/GFP and pEff-GFP in UV (e).

The protein samples from the infiltrated zones were analyzed using SDS-PAGE and
Western blotting. An SDS-PAGE analysis showed that HEV /GFP was efficiently synthe-
sized, accounting for about 10% of the total plant protein (Figure 2a) and was partially
observed in the soluble fraction (Figure S1). The maximal expression level of HEV /GFP
protein was observed on the fourth day after infiltration (dpi) (Figure S2).

HEV/4M2e was expressed at the level of about 6-8% of total soluble plant protein
(about 150-200 ng per 1 g of green leaf biomass) (Figure 3) and appeared to be mostly
soluble (Figure S3). The control protein, HEV (110-610 a.a.), was expressed at the level of
about 20% of the total soluble protein. The expression levels of these proteins did not differ
between the vectors pEff and pAeff. We observed moderate necrosis in the zones infiltrated
with agrobacteria carrying vectors encoding the HEV /4M2es protein that can be associated
with toxicity of the corresponding protein (Figure 3¢c). The maximal expression level was
observed on the third or fourth dpi.

The biomass of agroinfiltrated leaves was collected on the third—fourth dpi. Protein
purification was carried out using metal-affinity chromatography under native condi-
tions. Purified protein samples were characterized using SDS-PAGE and Western blot-
ting (Figures 2 and 3). The final yield of the hybrid proteins after purification was about
100 pg/g of green leaf biomass for HEV/GFP and 60-80 nug/g for HEV /4M2e, while the
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yield of HEV was about 200 pg/g of green leaf biomass. HEV /GFP protein was specifically
revealed in Western blotting with the antibodies against GFP and the hexahistidine tag.
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Figure 3. Expression of HEV and HEV /4M2e proteins in N. benthamiana plants. Coomassie brilliant
blue-stained gel (a,b) and Western blotting with antibodies against M2e (c) of proteins isolated
from plants. M, molecular weight marker (kD); EL, total proteins isolated from the non-infiltrated
leaf; Lanes: 1, total proteins isolated from leaf infiltrated with pAeff-HEV; 2, total proteins isolated
from leaf infiltrated with pAeff-HEV /4M2e; 3, total proteins isolated from leaf infiltrated with pEff-
HEV /4M2e; 4, total proteins isolated from leaf infiltrated with pEff-HEV; 5, purified HEV protein
(expression using pAeff vector); 6, purified HEV /4M2e protein (expression using pAeff vector); 7,
purified HEV /4M2e protein (expression using pEff vector); 8, purified HEV protein (expression using
PpEff vector). Visualization of proteins synthesized in N. benthamiana leaves infiltrated with pAeff-
HEV, pAeff-HEV /4M2e, pEff-HEV /4M2e and pEff-HEV (d). The positions of HEV and HEV /4M2e
proteins in panel (a) are marked with an asterisk (*).

2.3. Plant-Produced HEV/GFP and HEV/4M2e Proteins Formed VLPs

The assembly of the HEV /GFP and HEV /4M2e proteins into nanosized structures was
analyzed by electron and atomic force microscopy. We observed heterogeneous particles
by both methods (Figure 4).
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Figure 4. Analysis of virus-like particles formed by HEV/GFP and HEV /4M2e proteins by trans-
mission electron microscopy (EM) and atomic force microscopy (AFM). The color scale shows
particle height.
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According to transmission electron microscopy, both HEV/GFP and HEV /4M2e
formed spherical particles with a diameter of about 21-24 nm (Table 1). The particle
height, estimated by atomic force microscopy, was nearly the same for HEV /4M2e and
slightly larger for HEV /GFP (Table 1, Figure S4). The data on the polydispersity index
(PDI) indicated that HEV /GFP particles are more heterogeneous in size than that formed
by HEV /4M2e.

Table 1. VLP characteristics determined using transmission electron microscopy and atomic
force microscopy.

Particles HEV/GFP HEV/4M2e
Electron microscopy
Diameter (nm) ! 2448 21+6
PDI 0.1 0.08
Atomic force microscopy
Height (nm) ! 37 +14 19+6
PDI 2 0.14 0.10
Height/diameter ratio ! 0.12 +0.02 0.21 +0.03

1 Mean + standard deviation; ? according to height values.

2.4. Inserted Peptides Are Displayed on the Surface of VLPs

To ensure high efficacy of a VLP-based vaccine, it is important that the antigen is
presented on the surface of the chimeric particle and not hidden inside. To analyze the
position of the antigen on VLP, we tested its accessibility to specific antibodies using ELISA.

ELISA plates, coated with serial dilutions of HEV/GFP, HEV /4M2es, and a control
HEV protein, were probed with GFP- or M2e-specific monoclonal antibodies. HEV /GFP
and HEV /4M2es reacted with anti-GFP and anti-M2e antibodies, respectively (Figure 5).
These results confirmed the accessibility of the HEV/GFP and HEV /4M2es particles to
antibodies against these antigens and suggest that the inserted proteins are exposed on the
surface of the recombinant VLPs.

20! 1.2
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Figure 5. Antigenicity of the recombinant proteins. Two-fold dilutions of recombinant HEV,
HEV/4M2e, and HEV /GFP proteins (starting from 10 pg/mL) were used to coat ELISA plates
which were then probed with antibodies specific for GFP (a) or M2e (b).

3. Discussion

Virus-like particles have gained widespread popularity as carriers of foreign epitopes
in the development of vaccines against various diseases due to their convenience and
effectiveness [1,9,11,14,18,47]. Various expression systems can be used for the production of
recombinant VLPs [9,36,48]. Plant expression systems combine the simplicity and low cost
of prokaryotic systems and the ability for post-translational modifications characteristic for
eukaryotes, especially glycosylation, which cannot be realized by the prokaryotic cell [49].
In this study, we performed transient expression in plants using self-replicating viral vector
based on the PVX genome.
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It has been shown previously that a truncated version of the HEV coat protein
(110-610 a.a.) can be expressed at high levels in plants and can form virus-like parti-
cles [24,50]. In addition, this variant of the HEV capsid can be used as antigen carrier in the
plant expression system [24,31]. In terms of expression levels and presentation of foreign
peptides in plants, HEV significantly exceeds another popular carrier for the presentation
of foreign peptides, the HBc antigen [51]. In our previous studies, HBc and HBc-M2e
fusions were expressed in N. benthamiana plants up to 5-10% of total protein [36], which is
several times lower compared to HEV [24,50]. However, the capacity of the HBc antigen
for foreign insertions is rather high, as demonstrated by successful insertions of the entire
238-aa GFP [52] and OspC protein of Borrelia burgdorferi [53]. In addition, previously we
were able to obtain recombinant HBc particles carrying four copies of the influenza M2e
peptide [43] from a bacterial expression system, while the expression of similar proteins in
plants failed.

The HEV capsid could become a convenient carrier of foreign peptides that can be
expressed at high levels in plants. However, such a carrier must tolerate insertion of large
peptides (tens to hundreds of amino acids) without affecting the expression level and the
ability of the fusion protein to self-assemble into VLPs. Therefore, in this study, we inserted
longer peptides into the HEV capsid protein to investigate their effect on proper folding of
the fusion protein and VLP formation. We inserted foreign polypeptides, GFP and four
copies of the M2e peptide of the influenza A virus at position Tyr485 of the HEV capsid
protein. In order to facilitate proper folding of the fusion proteins, GFP and four copies of
the M2e peptides were separated from the HEV coat protein backbone by flexible glycine-
rich linkers. The introduction of such linkers is especially important because when inserting
an epitope at an internal position, rather than at the N or C terminus of the capsid protein,
the linkers are required to ensure spatial proximity of the ends of the inserted peptide.

In this study, we showed that both the HEV/GFP and HEV/4M2es proteins can
be efficiently expressed in plants and form VLPs in vivo; moreover, we observed GFP
fluorescence, indicating the stability of the structural GFP organization. We showed that
the hybrid proteins HEV/GFP and HEV /4M2e were able to bind Abs against GFP and
M2e, respectively, indicating epitope display on the particle’s surface.

According to transmission electron microscopy, both HEV/GFP and HEV /4M2e
formed heterogeneous particles with a diameter of 24 £ 8 nm and 21 4 6 nm, respectively.
Considering the PDI values, the particles could be considered as narrow to moderately
disperse (PDI < 0.4) and HEV /GFP particles appeared to be more heterogeneous than
particles made by HEV/4M2e. Likewise, “empty” HEV capsid protein (110-610 a.a.)
produced in plants assembled into spherical VLPs varying from 19 to 31 nm in size [24].
Therefore, the heterogeneity of VLPs is not the result of the insertion of foreign proteins,
but is a property of truncated HEV capsid itself. A comparable phenomenon was noted
when pea enation mosaic virus 1 (PEMV1) capsid protein was expressed in plants [54].

The ratio of heights to diameters of VLPs, determined by AFMa, was around 0.12
for HEV/GFP and 0.21 for HEV /4M2e (Figure S5), suggesting that the particles are not
solid bodies and likely contain internal empty cavities. HEV /GFP particles appeared to
be “softer” consistently with their higher heterogeneity. However, these data should be
considered with care since AFM technique offers an ability to measure, with a high degree
of accuracy, only the heights of objects, while the lateral sizes appear to be enlarged due to
a tip-related effect [55].

In our previous studies, we used HEV capsid protein (110-610 a.a.) for displaying a
single copy of the M2e peptide [24,50]. The recombinant protein was efficiently expressed
in plants and formed VLPs. However, immunization of mice with such particles induced
only low levels of M2e-specific antibodies. The linking of several copies of M2e to a carrier
protein was shown to increase the immune response to M2e and the protective capabilities
of the candidate vaccine [43,56-58]. Another advantage of including multiple copies of the
M2e peptides in VLPs is the ability to expand the strain specificity of the vaccine. Although
the M2e peptide is highly conserved in human strains of influenza A virus, in strains of
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animal origin the M2e sequence may differ in several amino acids, and these differences
affect the specificity of the immune response [59,60].

HEV /M2e protein comprising a single copy of M2e could be synthesized in plants
accounting for about 10% of the total soluble protein [31] while the expression levels of
HEV alone, without foreign peptides, is in the range of 10-20% [24,50]. Larger inser-
tions moderately decreased the yield of recombinant HEV-based fusions: HEV /GFP was
expressed at about 10% and HEV /4M2e at about 6-8% of total soluble protein. We an-
ticipated that targeting the endoplasmic reticulum might increase the expression level or
improve the solubility of the recombinant protein, but this was not observed. We have
observed moderate necrosis in the zones infiltrated with agrobacteria carrying vectors
encoding the HEV /4M2es protein. An increase in M2e copy number can lead to a toxic
effect caused by the expression of a recombinant protein. It is likely that the toxicity of the
HEV /4M2e protein also limits the level of expression achieved. Nevertheless, the final
yield of HEV /4M2e protein after purification was about 60-80 pg per 1 g of leaf biomass.
This yield is sufficiently high for protein production by a plant expression system.

4. Materials and Methods
4.1. Vector Construction

We used the self-replicating viral vector pEff [36]. Vector pEff HEV /M2e encoding
HEV 110-610 capsid with M2e peptide inserted at Tyr485 position [31] was used for cloning
of the gfp gene. Gfp was obtained by PCR with primers GFP_GS_Xhol_F (ATCTCGAGGG
AGGTGGATCT GGAGTGAGCA AGGGCGAGGA GCT) and GFP_GS_SnaBI_R (ATTACG-
TATC CAGAACCACC TCCCTTGTAC AGCTCGTCCA TGC) using pEff-GFP vector as a
template. The PCR fragment was cloned into pEff HEV /M2e instead of M2e resulting in
the pEff_HEV /GFP expression vector.

For HEV /4M2e, we used four tandem copies of M2e peptide; two copies corresponded
to the consensus sequence of HIN1 and HIN2 strains of swine influenza A virus (SLL-
TEVETPTRSEWECRCSDSSD), and two copies corresponded to the consensus sequence
of H3N2 strains of swine influenza A virus (SLLTEVETPTRNEWECRCSDSSD). These
consensus sequences were derived from multiple alignments of M2e of swine influenza
A strains of the HIN1, HIN2, and H3N2 subtypes obtained using the MAFFT v.7.490
tool [61]. In order to facilitate folding of the hybrid protein, copies of M2e peptides were
separated from each other by flexible glycine-rich linkers. The sequence encoding 4M2e
was synthesized in vitro (Evrogen, Moscow, Russia) and cloned instead of the gfp gene in
the pEff vector. The obtained vector was designated pEff-HEV /4M2es.

For HEV /4M2es expression, we additionally used pEff-based vector targeting the
recombinant protein to the endoplasmic reticulum. For this purpose, the pEff vector was
modified to encode the signal peptide (MIMASSKLLSLALFLALLSHANS) from Phaseolus
vulgaris at the N-terminus and the endoplasmic reticulum retention signal sequence HDEL
at the C-terminus of the target protein as described in [31]. The control HEV protein
(110-610 a.a.) was expressed using expression vectors pEff and pAeff.

4.2. Agroinfiltration of N. benthamiana Plants

Plants were grown in a greenhouse under a 16 h daylight regime with additional illu-
mination with full spectrum phyto-lamps. The recombinant binary pEff-based expression
vectors were transferred into A. tumefaciens strain GV3101 using electroporation. Recombi-
nant A. tumefaciens strain was grown overnight with shaking at a temperature of 28 °C. The
agrobacterial cells were collected by centrifugation for 5 min at 4000 g, and the pellet was
resuspended in 10 mM MES (pH 5.5) and 10 mM MgSO, to an OD600 of 0.2 and incubated
for 3 h at room temperature. The suspension of agrobacteria was infiltrated into plant
leaves using a syringe without a needle.
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4.3. Protein Isolation and Analysis

The infiltrated leaves (8-10 mg) were homogenized in 50 uL of the PBS buffer (50 mM
sodium phosphate pH 8.0, 300 mM NacCl). The resulting suspension was mixed with a
half volume of the 3x sample loading buffer (40% glycerol, 4% SDS, 50 mM Tris pH 6.8,
1% bromophenol blue, 5% beta-mercaptoethanol), resulting in a total protein fraction for
SDS-PAGE. Then, 10 pL of the obtained mixture (corresponding to about 1 mg of leaf tissue)
was analyzed by SDS-PAGE. After electrophoresis, the gel was stained with One-Step Blue
Protein Gel Stain (BIOTIUM, San Francisco, CA, USA).

The plant-produced HEV/GFP protein was purified on Ni-NTA resin (QIAGEN,
Hilden, Germany) under native conditions. Four days after infiltration, the N. benthamiana
leaves were homogenized in a PBS buffer (50 mM sodium phosphate, pH 8.0, 300 mM
NaCl). The suspension was filtered through a paper filter and subjected to centrifugation
at 14,000 g for 10 min; the supernatant was used as a soluble protein extract. The extract
was mixed with Ni-NTA resin (QIAGEN, Hilden, Germany) equilibrated with PBS and
incubated for 60 min. The resin was then washed with PBS containing 10 mM imidazole
(twice) and with 20 mM imidazole (twice). The elution was carried out in 500 mM imidazole.
After elution, the protein was dialyzed against PBS (1:100, 4 buffer changes) using 3.5 K
MWCO Slide-A-Lyzer Mini (Thermo Fisher Scientific, Waltham, MA, USA).

For Western blotting, the proteins separated in the SDS-PAGE gel were transferred
onto a Hybond-P membrane (GE Healthcare, Chicago, IL, USA) by semi-dry transfer using
the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA, USA). The
membrane was blocked with a 5% (w/v) solution of dry milk in TBS-T (20 mM Tris pH
8.0, 150 mM NacCl, 0.1% Tween 20) buffer for 1 h at room temperature and subsequently
incubated with primary antibodies for 1 h at room temperature. As primary antibodies,
we used mouse monoclonal antibodies against the hexahistidine tag (1 mg/mL, used
at a dilution of 1:1000) (Abcam, Cambridge, UK) with the rabbit anti-mouse antibodies
conjugated with peroxidase (1 mg/mL, used at a dilution of 1:10,000) (Promega, Madison,
WI, USA) and rabbit antibodies against GFP (2 mg/mL, used at a dilution of 1:10,000)
with anti-rabbit antibodies conjugated with peroxidase) (1 mg/mL, used at a dilution of
1:10,000) (Promega, Madison, WI, USA). Then, the membrane was washed three times
with TBS-T buffer (15 min at room temperature) and incubated with secondary antibodies
conjugated with peroxidase (Promega, Madison, W1, USA) for 1 h at room temperature.
Specific protein—antibody complexes were visualized using a Western Blot ECL Plus kit
(GE Healthcare, Chicago, IL, USA) and chemiluminescence detector Fusion Solo X (Vilber,
Eberhardzell, Germany).

Expression of HEV/GFP and GFP in leaves was visualized under UV illumination
and was assayed fluorometrically with a Fluorat-02 fluorometer (Lumex, St. Petersburg,
Russia), excitation at 390 nm, emission at 510 nm.

Electrophoresis under native conditions was performed in 1% agarose (Type Il Medium
EEO, Sigma-Aldrich, St. Louis, MO, USA) gel in TAE buffer (pH 7.5) supplemented with
5% glycerol and 1 ug/mL ethidium bromide.

4.4. Structural Analysis of Nanoparticles

Particle assembly was examined using a transmission electron microscope and atomic
force microscope. Electron microscopy was performed on a JEM 1400 instrument (JEOL,
Tokyo, Japan). The purified proteins were placed on carbon-formvar-coated copper grids
(TED PELLA, Redding, CA, USA) and stained with 1% (w/v) uranyl acetate in methanol.
Atomic force microscopy was performed using an Integra Prima microscope and Nova
SPM v.4.0 software (NT-MDT, Moscow, Russia). The scanning was performed in the
semi-contact mode using gold cantilever NSG01 (NT-MDT). Particle characteristics were
determined using the NT-MDT Nova v. 1.06.26 software supplied with the instrument. The
polydispersity index (PDI) was calculated as the square of the polydispersity (standard
deviation/mean).
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4.5. ELISA

ELISA plates were coated overnight at 4 °C with serial dilutions (starting from
10 pg/mL and finishing in 0.625 pg/mL) of purified HEV, HEV/GFP or HEV /4M2e
proteins in sodium bicarbonate buffer pH 8.5. After a single wash with PBST (PBS with
0.05% Tween), plates were treated with a blocking buffer (0.2% (w/v) BSA in PBS) for 1 h
at 37 °C. After a single wash with PBS, the plates were probed with monoclonal antibody
specific for M2e or GFP for 30 min at 37 °C. After five washes with PBST, peroxidase-
labelled secondary antibody solutions were added, anti-rabbit IgG (Promega, Madison, WI,
USA) for GFP or anti-mouse IgG/IgA/IgM (P-RAM Iss, Imtek Ltd., Moscow, Russia) for
M2e. After incubation with the conjugate for 30 min, wells were washed five times with
PBST. Tetramethylbenzidine (Vector-BEST, Novosibirsk, Russia) was used as a substrate for
horseradish peroxidase. The reaction was stopped by adding HCI (0.5 N) and the optical
density was measured at 450 nm in a plate reader Multiskan FC (Thermo Fisher Scientific,
Waltham, MA, USA).

5. Conclusions

e A recombinant fusion protein comprising truncated HEV capsid with GFP or four
tandem copies of M2e peptide inserted at the Tyr485 position can be transiently
expressed in plants at a high level using viral vector based on the PVX genome.

The plant-produced fusion proteins in vivo formed VLPs displaying GFP and 4M2e.
HEV coat protein can be used as a carrier for the presentation of large antigens (dozens
to hundreds of a.a.).

e  Plant-produced HEV particles displaying four copies of M2e peptide could be useful

research tools for the development of recombinant vaccines against influenza.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v16071093/s1, Figure S1: Solubility analysis of HEV /GFP protein
expressed in N. benthamiana plants; Figure S2: Expression of HEV/GFP protein in N. benthamiana
plants on different days post infiltration; Figure S3: Expression and solubility analysis of HEV /4M2e
protein expressed in N. benthamiana plants; Figure S4: HEV/GFP and HEV /4M2e particle size
distribution; Figure S5: HEV /GFP and HEV /4M2e particle height to diameter ratio.
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