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Abstract: The development of recombinant influenza vaccines with broad spectrum protection is an
important task. The combination of conservative viral antigens, such as M2e, the extracellular domain
of the transmembrane protein M2, and conserved regions of the second subunit of hemagglutinin
(HA), provides an opportunity for the development of universal influenza vaccines. Immunogenicity
of the antigens could be enhanced by fusion to bacterial flagellin, the ligand for Toll-like receptor 5,
acting as a powerful mucosal adjuvant. In this study, we report the transient expression in plants of a
recombinant protein comprising flagellin of Salmonella typhimurium fused to the conserved region of
the second subunit of HA (76–130 a.a.) of the first phylogenetic group of influenza A viruses and
four tandem copies of the M2e peptide. The hybrid protein was expressed in Nicotiana benthamiana
plants using the self-replicating potato virus X-based vector pEff up to 300 µg/g of fresh leaf tissue.
The intranasal immunization of mice with purified fusion protein induced high levels of M2e-specific
serum antibodies and provided protection against lethal challenge with influenza A virus strain
A/Aichi/2/68(H3N2). Our results show that M2e and hemagglutinin-derived peptide can be used as
important targets for the development of a plant-produced vaccine against influenza.
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1. Introduction

Influenza is a widely distributed viral infection of humans and animals. Traditional influenza
vaccines are strain–specific and have limited efficiency in the prevention of infections caused by newly
emerging strains of influenza viruses [1]. The development of recombinant influenza vaccines with a
broad protection spectrum and short production time is an important task. Such universal vaccines
are based on the use of conserved viral antigens [2–4]. The design of a candidate vaccine protein
composed of two or more conserved target antigens that could induce different arms of immune
response (antibodies with different modes of action, CD4+ and CD8+ T-lymphocytes etc) would boost
the efficacy of such protein-based vaccines.

Hemagglutinin (HA) is the main antigen of the influenza virus; it induces the formation of
virus-neutralizing antibodies during immunization. The variability of the HA is responsible for the
antigenic variability of the influenza virus. The HA protein represents an attractive target for vaccine
development because of its important roles in the early stages of virus infection. Although the HA
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protein is highly variable, its second (HA2) subunit, forming a stalk domain, is relatively conserved [5],
especially within the particular phylogenetic group of the HA proteins (the first group-H1, H2, H5,
H6, H8, H9, H11, H12, H13, and H16 subtypes, the second group-H3, H4, H7, H10, H14, and H15
subtypes), and can be used as a candidate vaccine antigen. HA2-based recombinant proteins have been
shown to induce humoral and T-cell immune responses and provide protection against infection [6,7].

M2e, the extracellular domain of the transmembrane protein M2 of influenza A virus is one of the
most promising candidates for the development of “universal” vaccine since its sequence has been
virtually unchanged in all human isolates since 1933, and in strains of animal origin it differs in only
a few amino acids [8,9]. M2e is a short and poorly immunogenic peptide; however, when fused to
an adjuvant or carrier virus-like particle it becomes highly immunogenic. A number of candidate
vaccines based on M2e were able to induce a strong M2e-specific humoral immune response to protect
animals against influenza A virus challenge [9,10]. A combination of M2e and HA2 in a single vaccine
protein is a promising approach for the development of influenza vaccines with a broad spectrum of
protection [11–13].

However, by themselves, both M2e and HA2 are poorly immunogenic and neither immunization
with traditional vaccines nor influenza infection stimulates the production of significant amounts of
antibodies to these peptides [14–16]. Immunogenicity of these antigens could be enhanced by their
fusion to highly immunogenic adjuvants or protein carriers [9,17]. One of the most promising adjuvants
is the bacterial flagellin, a ligand of Toll-like receptor (TLR) 5. TLRs play important roles in controlling
the adaptive immune response by arming dendritic cells, triggering important costimulatory and
regulatory mechanisms, and facilitating the presentation of antigens to the immune system [18].
Attachment of the antigen to flagellin can significantly increase its immunogenicity and lead to the
formation of a protective immune response that has been demonstrated for various infections including
influenza [19–21]. Notably, flagellin is an efficient mucosal adjuvant and can be used for non-invasive
intranasal administration of vaccines.

Plants could become promising biofactories for expression of recombinant proteins due to the low
final cost and inherent safety of products resulting from the absence of pathogens common to plants
and animals. Previously, we reported the transient expression in plants of recombinant protein Flg-4M
comprising flagellin FljB of Salmonella typhimurium fused to four tandem copies of the M2e peptide,
namely two copies of human consensus M2e sequence, and two copies of the M2e peptide of avian
influenza virus strain A/Chicken/Kurgan/05/2005 (H5N1). The use of a self-replicating recombinant viral
vector based on the potato virus X (PVX) allowed for the expression of Flg-4M in Nicotiana benthaminana
leaves at a very high level, about 1 mg/g of fresh leaf tissue. Intranasal immunization of mice with
this candidate vaccine induced high levels of M2e-specific serum antibodies and provided protection
against lethal challenge with different strains of influenza virus [22]. However, unlike antibodies to
hemagglutinin, antibodies specific to M2e cannot directly neutralize the virus.

The goal of this study was to develop a plant-produced candidate influenza vaccine based on
the combination of two conserved influenza antigens (M2e and HA2) and to investigate the immune
response and protective activity in an animal model. In this work we combined the advantages of
a highly efficient PVX-based expression system, M2e and HA2 influenza A antigens and adjuvant
properties of the bacterial flagellin to develop a new vaccine candidate.

2. Results

2.1. Viral Vectors for the Expression of Flagellin Linked to the HA2-1 Peptide and Four Copies of M2e in
N. Benthamiana Plants

A fusion protein, Flg4M2eHA2-1, containing two copies of the human consensus M2e sequence
(M2eh) and two copies of M2e of the pandemic influenza virus strain A/H1N1pdm09 (M2es), fused to
the C-terminus of S. typhimurium FljB was designed (Figure 1). Individual copies of the M2e peptides
were separated by glycine-rich GGGSG linkers to facilitate folding of the fusion protein. A 6-histidine
tag was attached to the N-terminus of the hybrid protein to facilitate their purification by metal affinity
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chromatography. The consensus sequence of a highly conserved alpha helical region (from 76 to
130 a.a.) of the second subunit of HA of influenza A viruses of the first phylogenetic group was inserted
between flagellin and 4M2e sequences (Figure 1). The fusion protein consisted of 686 a.a. and had a
calculated molecular mass of 72.6 kD. Flagellin without M2e and HA2-1 fusions was used as a control.

The pEff viral vector [23] was used to express the target proteins in N. benthamiana plants.
This expression vector is based on the genome of PVX and includes the 5’-untranslated region of
the PVX genome, the RNA-dependent RNA polymerase gene, the first promoter of the subgenomic
RNA, the 5’-untranslated region of the alfalfa mosaic virus (AMV) RNA 4, acting as a translational
enhancer, the green fluorescent protein gene (gfp), the last 60 nucleotides of the coat protein gene of
PVX, and the 3’-untranslated region of the PVX genome. The entire expression cassette was placed
between the 35S promoter and the NosT terminator and cloned within the tDNA region of the binary
vector that can replicate in E. coli and A. tumefaciens cells. The genes coding for flagellin and a fusion
protein, Flg4M2eHA2-1, were cloned into pEff, replacing the gfp gene to create recombinant viral
vectors. The pEff vector additionally contains an expression cassette for the silencing suppressor, P24,
from grapevine leafroll-associated virus-2 to suppress post-transcriptional gene silencing in plant cells
(Figure 1).
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Figure 1. Structure of the expression vector pEff_Flg4M2eHA2-1. RDRP, RNA-dependent RNA
polymerase of PVX; Sgp1, the first promoter of the subgenomic RNA of PXV; AMV, the leader sequence
of RNA 4 of alfalfa mosaic virus; 6his, sequence that encodes the N-terminal 6-histidine tag; Flg,
S. typhimurium flagellin; HA2, sequence of the HA fragment (76–130 a.a.); 4M2e, the sequence of four
tandem copies of M2e peptide arranged as M2eh-M2es-M2eh-M2es; 35S, promoter of the cauliflower
mosaic virus RNA; NosT, terminator of the nopaline synthase gene from Agrobacterium tumefaciens;
P24, gene of silencing suppressor from grapevine leafroll-associated virus-2; LB and RB are the left and
right borders of T-DNA.

2.2. Expression of Recombinant Proteins in N. benthamiana Plants

To express the Flg4M2eHA2-1 protein, the corresponding vector was inserted into A. tumefaciens
strain GV3101, which was used for agroinfiltration of leaves of N. benthamiana. After agroinfiltration,
the vector tDNA was transferred from the agrobacterium to the plant cells. As a result of transcription
from the 35S promoter in infected cells, the RNA of the viral vector became synthesized, its translation
and replication occurred, and the subgenomic RNA encoding the target gene and the protein product
became synthesized.

Total protein was isolated at 2, 4, 6, and 8 days after agroinfiltration and analyzed using SDS-PAGE
and Western blotting. The level of expression of Flg4M2eHA2-1 reached its maximum on the fourth day
(Figure S1). An analysis of the total protein sample and the soluble fraction showed that Flg4M2eHA2-1
was almost completely insoluble and therefore should be purified under denaturing conditions.

For the scaled-up production of Flg4M2eHA2-1, the protein samples were isolated from
agroinfiltrated leaves 4 days after infection. Recombinant protein was isolated from 80 g of leaves using
metal-affinity chromatography under denaturing conditions. After purification the protein samples
were dialyzed against phosphate-buffered saline (PBS). The obtained protein remained soluble and
was subjected to ultracentrifugation to remove RuBisCo aggregates.

Protein samples were analyzed using SDS-PAGE and Western blotting with M2e-specific antibodies.
The data presented in Figure 2 shows that the Flg4M2eHA2-1 protein was successfully produced
and the level of expression was about 300 µg/g of fresh leaf tissue. The yield of Flg4M2eHA2-1 after
purification was 60 µg per 1 g of green leaf biomass; about 5 mg of purified protein was obtained
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and used for animal experiments. Similar expression levels of M2e-containing proteins in plants
have been achieved in other studies [24–26]. These values were lower than those obtained in the
expression of flagellin with four attached copies of the M2e of the avian influenza virus (0.5–1 mg/g
before purification [23]), but they were sufficient for the production of recombinant protein quantities
necessary for immunogenicity testing and estimation of protective action in animal studies.
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Figure 2. Coomassie brilliant blue stained gel (a) and western blot (b) of proteins isolated from N.
benthamiana plants and separated by SDS-PAGE. M, molecular weight marker (kD); lane 1, total proteins
from empty leaves; lane 2, total protein from leaf infiltrated with vector pEff_Flg4M2eHA2-1; lane 3,
protein purification on Ni-NTA column: flow-through (unbound) fraction; lane 4, protein purification
on Ni-NTA column: washed fraction; lane 5, protein purification on Ni-NTA column: eluate; lane 6,
purified Flg4M2eHA2-1 protein after ultracentrifugation (position shown by an asterisk). Positions and
sizes of molecular weight markers (kD) are shown in (b) to the left of the image.

2.3. Immunogenicity and Protective Activity of Plant-Produced Flg4M2eHA2-1 Protein

To characterize the immunogenicity and protective action of the candidate vaccine, mice were
immunized thrice with the plant-produced Flg4M2eHA2-1 and an empty flagellin as a control.
Mice were vaccinated intranasally three times at two-week intervals with 10 µg of protein without
additional adjuvants. Blood and broncho-alveolar lavage (BAL) samples were taken after the
third immunization.

The sera were analyzed by ELISA to identify antibodies directed against M2e. IgG, IgG1, IgG2a,
and IgA antibodies were detected by ELISA using plates coated with synthetic peptides G-37 and
G-26, whose sequences corresponded to M2eh and M2es, respectively. It was found that immunization
with Flg4M2eHA2-1 induced high titers of the M2e-specific IgG in serum, predominantly of the IgG1
subtype (Figure 3). The difference between titers of IgG1 and IgG2a was significant (p < 0.01). Induced
IgG and IgA antibodies nearly equally efficiently bound to peptides G-37 and G-26.

To investigate IgA and IgG responses in mucosal secretions, titers of M2e-specific antibodies were
determined in the BALs. Intranasal immunization with the Flg4M2eHA2-1 fusion protein induced
significantly higher M2e-specific IgG antibody titers in BALs compared to the PBS or Flg preparation
(Figure 4), while no statistically significant increase in the level of M2e-specific IgA antibody titers
was detected.

Serum IgG antibodies against HA2 were identified by ELISA using plates coated with the synthetic
peptide G-107 or a mixture of G-108 and G109. The G-107 peptide represented the consensus sequence
of a fragment from 93 to 122 a.a. of HA2 of influenza A viruses of the first phylogenetic group, and it
was identical in sequence to a part of HA2-1 (from 76 to 130 a.a. of HA2). Peptides G-108 and G109
correspond to the 99–130 a.a. and 76–106 a.a. regions of HA2 of the second phylogenetic group
of influenza A. We found that immunization with Flg4M2eHA2-1 induced rather low titers of the
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HA-specific IgG (Figure 5). The induced antibodies bound more efficiently to a mixture of G-108
and G109 peptides, and the differences in antibody titers compared to the Flg and PBS controls were
significant (p < 0.05).
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Figure 3. Titers of IgG, IgG1, IgG2a, and IgA antibodies to synthetic M2e peptides G-37 and G-26 in
sera of immunized mice after the third immunization. The results are expressed as the mean titer ±
the standard deviation for each group of five mice expressed in log2. Note that the titers of IgG1 and
IgG2a antibodies to G-26 peptide were not measured. Titers lower than 400 were detected for mice
immunized with PBS or Flg. Significant differences (p < 0.05) from control groups are marked with an
asterisk (*).
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Figure 4. Titers of IgG antibodies to synthetic M2e peptides G-26 and G-37 in BALs of immunized mice
after the third immunization. The results are expressed as the mean titer ± the standard deviation
for each group. Significant differences (p < 0.05) from control groups are marked with an asterisk
(*). The differences between titers of M2e-specific antibodies recognizing G-26 and G-37 were not
statistically significant.

To evaluate the protective action of the Flg4M2eHA2-1 protein, the immunized mice were
challenged with mouse-adapted influenza A strain A/Aichi/2/68 (H3N2) virus. As shown in Figure 6,
all mice immunized with Flg4M2eHA2-1 survived the challenge with the 2xLD50 dose, while the
rate of survival among the control groups was significantly lower. In the second experiment, 90% of
mice immunized with Flg4M2eHA2-1 survived the 5xLD50 lethal challenge, while the rate of survival
among the control mice was 30%.
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The differences between titers of M2e-specific antibodies recognizing G-107 and G-108+G-109 were not
statistically significant.
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Figure 6. Protective efficiency of the plant-produced Flg4M2eHA2-1 protein. Mice were challenged
with 2LD50 (a) or 5LD50 (b) of A/Aichi/2/68 (H3N2) influenza A virus. The survival of immunized and
control mice was monitored for 14 days post-infection.

We observed a decrease in lung viral titers following the challenge of immunized mice with
5xLD50 of strain A/Aichi/2/68 (H3N2) as compared to control mice. Vaccination limited the replication
of the virus in the lungs decreasing its titer from 4.3 to 3.2 log10 TCID50, this difference was significant
(p < 0.05).

3. Discussion

The purpose of the present work was to develop a plant-produced candidate influenza vaccine
based on the M2e peptide and conservative fragment of the second subunit of HA, linked to bacterial
flagellin, acting as an adjuvant for mucosal immunization. The inclusion of both antigens in vaccine
preparation simultaneously can provide a more diverse spectrum of antibodies after immunization and
thus increase the efficiency of immunization [27,28]. In order to increase the broadness of the vaccine,
we used four tandem copies of M2e—two copies of the “consensus” M2e peptide of human influenza
A viruses and two copies of the M2e peptide of the pandemic strain A/H1N1pdm09. These sequences
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differ in four of the 23 positions, and these differences are important for the specificity of the immune
response [29]. Since immunization with the Flg4M2eHA2-1 protein induced a high level of IgG
antibodies recognizing both types of M2e, it could be expected that the new candidate vaccine will
provide protection against both typical human influenza strains and A/H1N1pdm09, although we
were not able to assess the latter strain.

HA is the main antigen of the influenza virus. In contrast to M2e, it induces the formation of
virus-neutralizing antibodies during immunization. The high variability of the HA is responsible for
the antigenic variability of the influenza virus but the second subunit (HA2) is more conservative [30].
Several candidate vaccines, including “consensus” HA2 fragments of the first and the second
phylogenetic group have been described in recent years [6,31]. In this study we used the highly
conserved region from 76 to 130 a.a. of HA2, which can provide protective properties in vivo [6].
Since the HA2 peptides are located in the “internal” part of the HA, it was included in the hybrid protein
between the flagellin and the tandem copies of M2e. However, immunization with Flg4M2eHA2-1
induced only a low level of antibodies capable of binding with HA2 synthetic peptides, and most likely
anti-HA2 IgG in this vaccine design does not have a major role in protection. A similar result involving
a strong anti-M2e immune response and a weak response to HA2 was reported for a similar candidate
vaccine based on four copies of M2e and HA2 peptide from phylogenetic group 2 of influenza viruses
linked to flagellin [13].

Although there are numerous successful examples of the expression of recombinant proteins—
including influenza vaccine candidate—in plants [4,32], the yield of the recombinant protein strongly
depends on its properties and the efficiency of the expression system. Agroinfiltration of plant leaves
with a self-replicating plant viral vector is a rapid and efficient method for protein production in plants.
In this study, we used PVX-based vector pEff for the expression of recombinant proteins in plant cells.
This vector enabled a very high level of expression of the target proteins of up to 1 mg/g of fresh
leaf tissue [24]. Recently, we employed a similar expression system to produce in N. benthaminana
plants a recombinant protein, Flg-4M, comprising flagellin fused to four copies of the M2e peptide,
representing the human consensus M2e sequence and the M2e peptide of avian influenza strain
A/Chicken/Kurgan/05/2005. The protein was produced at a level of about 1 mg/g of fresh leaf tissue,
and it appeared to be in the soluble fraction of the proteins extracted from the leaves [23]. Therefore,
it likely that inclusion of the HA2 peptide in the Flg4M2eHA2-1 vaccine candidate in this work resulted
in lower expression and insolubility of the hybrid protein. A high number of hydrophobic amino acid
residues in HA2-1 (21 out of 55 a.a.) probably explains the insolubility of the Flg4M2eHA2-1 protein.

Intranasal immunization of mice with the plant-produced Flg4M2eHA2-1 protein provided
protection against the lethal influenza infection. Complete protection was observed in an experiment
where immunized mice were challenged with 2xLD50 of A/Aichi/2/68 (H3N2) and 90% protection in
the case of a higher infection doze of 5xLD50. The protection strongly depended on the presence of
influenza antigens in the hybrid protein, since immunization with plant-produced empty flagellin
conferred no extra protection relative to the PBS-immunized mice. Incomplete protection could be
related to the low immunization dose (only 10 µg) and the method of vaccine delivery. Protection
efficiencies between 80% and 100% were previously observed upon 5xLD50 challenge of immunized
mice by different influenza strains in the case of plant-produced flagellin fused to four copies of
M2e [23].

4. Materials and methods

4.1. Bacterial Strains, Media and Reagents

Escherichia coli bacteria were grown in LB broth or on Petri dishes with LB agar at 37 ◦C, and the
Agrobacterium tumefaciens strain GV3101 was grown at 28 ◦C. If necessary, the media were supplemented
with the following antibiotics: kanamycin (50 µg/mL), rifampicin (50 µg/mL), or gentamycin (25 µg/mL).
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4.2. Antigens of the Influenza Virus, Synthetic Nucleotide Sequences and Expression Vector

The“consensus”M2esequenceofhumaninfluenzaAviruses(M2eh,SLLTEVETPIRNEWGCRCNDSSD[9]),
the M2e sequence of the pandemic influenza strain A/H1N1pdm09 (M2es, SLLTEVETPTRSEWECRCSDSSD),
and the consensus sequence of the HA2 region (from 76 to 130 a.a.) of influenza A viruses of the first phylogenetic
group (HA2-1, RLENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRMQLRDNA) were
used. Nucleotide sequences encoding HA2-1 and a fusion of M2eh-M2es-M2eh-M2es peptides were synthesized
in vitro.

The target gene encoding the flagellin sequence fused to the HA2-1 fragment followed by four
tandem copies of M2e, arranged in the order M2eh-M2es-M2eh-M2es, was cloned into the pEff

vector [24] as described previously [33]. The recombinant vector pEff_Flg4M2eHA2-1 was transferred
from E. coli to the A. tumefaciens GV3101 strain using electroporation.

4.3. Agroinfiltration of N. benthamiana Plants

Plants were grown in a greenhouse with additional illumination (full-spectrum phytolamp,
16 h light/day photoperiod) at 28 ◦C until the formation of 5–6 true leaves. Agrobacteria carrying
recombinant expression vectors were grown overnight with shaking at 28 ◦C. The cells (1.5 mL) were
harvested by centrifugation for 5 min at 4000 g, and the pellet was resuspended in 1.5 mL of buffer
containing 10 mM MES (pH 5.5) and 10 mM MgSO4. Leaves of N. benthamiana plants were infiltrated
with suspension of agrobacteria (OD600 ~0.2) using a syringe without a needle. After agroinfiltration
plants were grown in a greenhouse under the same conditions.

4.4. Isolation of Recombinant Proteins from Plant Tissue

The plant-produced Flg4M2eHA2-1 protein carrying the N-terminal 6-histidine tag was isolated
under denaturing conditions on Ni-NTA resin (Promega, Madison, WI, USA). Four days after infiltration,
the N. benthamiana leaves were powdered to homogeneity in liquid nitrogen. A solution containing
6 M guanidine HCI, 50 mM NaH2PO4, 500 mM NaCI, and 5 mM imidazole, (pH 8.0) was added to
the powdered plant tissue. The resulting mixture was centrifuged at 14,000 g for 15 min, and the
supernatant was applied to Ni-NTA resin equilibrated with the same buffer and incubated for 60 min.
Then, the resin was washed twice with the same buffer. The recombinant protein Flg4M2eHA2-1 was
eluted with buffer containing 4 M urea, 50 mM NaH2PO4, 300 mM NaCI, and 500 mM imidazole.
After elution, the protein was dialyzed against PBS (1:100, three changes of buffer) using Slide-A-Lyzer
Mini dialysis devices (Thermo Fisher Scientific, Waltham, MA, USA). Dialyzed protein preparation
was ultracentrifuged at 35,000 rpm (rotor SW40Ti, Optima L-90K centrifuge, Beckman Coulter) at 15 ◦C
for 6 h and then the supernatant was stored at −20 ◦C. This stage enabled efficient removal of RuBisCo
aggregates (Figure 2). Proteins were quantitated by a Bradford assay (Bio-Rad, Waltham, MA, USA),
following the manufacturer’s instructions.

The control recombinant flagellin was expressed in N. benthamiana and purified as described
previously [23].

4.5. SDS-PAGE and Western-Blotting of Protein Preparations

The leaf tissue in the agroinfiltrated area was homogenized with a mortar and pestle and mixed
with an equal volume of 2× SDS-PAGE loading buffer (20% glycerol, 5% SDS, 62.5 mM Tris-HCI pH
6.8, 0.5% bromphenol blue, 5% β-mercaptoethanol). The purified proteins were diluted two-fold
in the same buffer. The samples were boiled for 10 min and subjected to SDS-PAGE in a 10% (w/v)
gel. After electrophoresis, the gel was either stained with Coomassie brilliant blue or the proteins
were transferred from the gel onto a Hybond-P membrane (GE Healthcare, Chicago, IL, USA) by
electroblotting. To prevent the nonspecific binding of antibodies with the membrane, it was treated
with a 5% (w/v) solution of dry milk in TBS-T (150 mM NaCI, 20 mM Tris, 0.1 % Tween 20, pH 8.0)
buffer. The membrane was probed with mouse monoclonal antibodies specific for the M2e peptide
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(Anti-Influenza A Virus M2 Protein antibody [14C2] (ab5416); Abcam, Cambridge, UK) and then
incubated with Anti-Mouse IgG HRP Conjugate (W4021, Promega). Specific protein complexes were
detected using a Western Blot ECL Plus kit (GE Healthcare).

4.6. Mouse Immunization

Female BALB/c mice (16–18 g) were vaccinated intranasally three times at two-week intervals with
10 µg (0.5 mg/mL in PBS, 10 µL per nostril) of recombinant protein (Flg4M2eHA2-1 or Flg) without
additional adjuvants. Control mice intranasally received 20 µL of PBS.

4.7. Synthetic Peptides

The following synthetic peptides were used in the ELISA experiments: G37, human “consensus” M2e
sequence (M2eh); G-26, M2e of influenza strain A/H1N1pdm09 (M2es); G-107, amino acids 93–122 of HA2
of the first phylogenetic group of influenza A viruses (TYNAELLVLMENERTLDFHDSNVKNLYDKV);
G-108, amino acids 99–130 of HA2 of the second phylogenetic group of influenza A viruses
(LVALENQHTIDLTDSEMNKLFEKTRRQLRENA); G-109, amino acids 76-106 of HA2 of the second
phylogenetic group of influenza A viruses (RIQDLEKYVEDTKIDLWSYNAELLVALENQH).

4.8. Antibody Detection by ELISA

Antigen-specific levels of antibodies were determined by ELISA performed in 96-well microtiter
plates coated overnight at 4 ◦C with the synthetic peptide (5 µg/mL) in PBS (pH 7.2). The plates were
blocked with PBS containing 5% fetal calf serum (FCS) for 1 h at room temperature. The plates were
washed 3 times in PBS containing Tween. The diluted samples were added in volumes of 100 µL per
well and the plates were incubated for 1 hour at room temperature. As a conjugate, HRP-labelled goat
anti-mouse IgG (ab97040, Abcam), IgG1 (ab98693, Abcam), IgG2a (ab98698, Abcam), and IgA (ab97235,
Abcam) were used at 1:5000 to 1:20,000 dilutions. After adding tetramethylbenzidine substrate (BD
Bioscience) and monitoring the color development, the reaction was stopped withy H2SO4, and the
OD at 450 nm was measured on a microplate spectrophotometer.

4.9. Obtaining Broncho-Alveolar Lavages (BALs)

Five mice from each group were sacrificed by placing into the CO2-box for euthanasia (Vet Tech
Solutions) after the third immunization. The lungs were removed aseptically and homogenized in
2.7 mL PBS using a Tissue Lyser II homogenizer (Qiagen, Hilden, Germany) to achieve 10% (w/v)
suspensions, and they were centrifuged (15 min, 3000 rpm, 4◦C) to remove cellular debris before
storage at −20 ◦C.

4.10. Influenza Viruses and Challenge

Mouse-adapted A/Aichi/2/68 (H3N2) influenza A virus obtained from the Collection of Influenza
and Acute Respiratory Viruses at the Research Institute of Influenza was used to challenge immunized
mice (15 in each group) at doses of 2xLD50 and 5xLD50. The LD50 was calculated using the Reed-Muench
method [34]. The virus was administered intranasally in a total volume of 20 µL (10 µL per nostril) to
mice anaesthetized by ether. Ten mice from each group were monitored daily for the survival rate
following the viral challenge for a period of 2 weeks. Experimental work with influenza strains was
carried in a BSL2 facility.

4.11. Lung Virus Titers

Five mice from each group were sacrificed (CO2-chamber, as described above) on day 6 post-
infection, and the lungs were removed. The viral titer in the lungs was determined as described
previously [13] and expressed as the log 50% tissue culture infectious dose (TCID50).
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4.12. Statistical Analysis

The differences between antibody levels and viral titers in lung suspensions were evaluated by
the Mann–Whitney U-test. Significant differences in survival among mouse groups were analyzed by
the Mantel-Cox test. If a p value was less than 0.05, the difference was considered to be significant.

4.13. Ethics Statement

The study was carried out in accordance with the Russian Guidelines for the Care and Use
of Laboratory Animals. The protocol was approved by the Committee for Ethics of Animal
Experimentation of the Research Institute of Influenza (Permit Number: 0618). All efforts were
made to minimize animal suffering.

5. Conclusions

Overall, this work shows that expression of recombinant fusion protein—based on flagellin,
the conservative viral antigens, M2e and the 76–130 a.a. fragment of the second subunit of HA—in
plants is feasible and could became a promising approach for the development of a plant-produced
vaccine against influenza. Modification of the design of the fusion protein could help to enhance the
immunogenicity of the HA-derived peptide and increase the overall efficiency of the candidate vaccine.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/162/s1,
Figure S1: Western blot of proteins of proteins isolated from N. benthamiana plants at 2, 4, 6, and 8 days after
agroinfiltration and separated by SDS-PAGE.

Author Contributions: Experimental design, L.M.T. and N.V.R.; vector construction, protein expression and
purification, E.A.B. and E.S.M.; analysis of immunogenicity and protective activity, L.A.S. and L.M.T.; manuscript
draft preparation, E.V.M. and N.V.R.; manuscript review, N.V.R.; supervision and funding acquisition, L.M.T. and
N.V.R. All authors approved the final manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Russian Science Foundation (project 15–14-00043) and the Ministry of
Science and Higher Education of Russia (N.V.R.).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HA Hemagglutinin
PVX Potato virus X
BAL Broncho-alveolar lavage

References

1. Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A
viruses. Microbiol. Rev. 1992, 56, 152–179. [CrossRef]

2. Keshavarz, M.; Mirzaei, H.; Salemi, M.; Momeni, F.; Mousavi, M.J.; Sadeghalvad, M.; Arjeini, Y.;
Solaymani-Mohammadi, F.; Sadri Nahand, J.; Namdari, H.; et al. Influenza vaccine: Where are we and where
do we go? Rev. Med. Virol. 2019, 29, e2014. [CrossRef] [PubMed]

3. Kumar, A.; Meldgaard, T.S.; Bertholet, S. Novel Platforms for the Development of a Universal Influenza
Vaccine. Front. Immunol. 2018, 9, 600. [CrossRef] [PubMed]

4. Mardanova, E.S.; Ravin, N.V. Plant-produced recombinant influenza A vaccines based on the M2e peptide.
Curr. Pharm. Des. 2018, 24, 1317–1324. [CrossRef] [PubMed]

5. Krystal, M.; Elliott, R.M.; Benz, E.W., Jr.; Young, J.F.; Palese, P. Evolution of influenza A and B viruses:
Conservation of structural features in the hemagglutinin genes. Proc. Natl. Acad. Sci. USA 1982, 79, 4800–4804.
[CrossRef] [PubMed]

6. Wang, T.T.; Tan, G.S.; Hai, R.; Pica, N.; Ngai, L.; Ekiert, D.C.; Wilson, I.A.; García-Sastre, A.; Moran, T.M.;
Palese, P. Vaccination with a synthetic peptide from the influenza virus hemagglutinin provides protection
against distinct viral subtypes. Proc. Natl. Acad. Sci. USA 2010, 107, 18979–18984. [CrossRef]

http://www.mdpi.com/2223-7747/9/2/162/s1
http://dx.doi.org/10.1128/MMBR.56.1.152-179.1992
http://dx.doi.org/10.1002/rmv.2014
http://www.ncbi.nlm.nih.gov/pubmed/30408280
http://dx.doi.org/10.3389/fimmu.2018.00600
http://www.ncbi.nlm.nih.gov/pubmed/29628926
http://dx.doi.org/10.2174/1381612824666180309125344
http://www.ncbi.nlm.nih.gov/pubmed/29521217
http://dx.doi.org/10.1073/pnas.79.15.4800
http://www.ncbi.nlm.nih.gov/pubmed/6956892
http://dx.doi.org/10.1073/pnas.1013387107


Plants 2020, 9, 162 11 of 12

7. Ekiert, D.C.; Friesen, R.H.; Bhabha, G.; Kwaks, T.; Jongeneelen, M.; Yu, W.; Ophorst, C.; Cox, F.; Korse, H.J.;
Brandenburg, B.; et al. A highly conserved neutralizing epitope on group 2 influenza A viruses. Science 2011,
333, 843–850. [CrossRef]

8. Ito, T.; Gorman, O.T.; Kawaoka, Y.; Bean, W.J.; Webster, R.G. Evolutionary analysis of the influenza. A virus
M gene with comparison of the M1 and M2 proteins. J. Virol. 1991, 65, 5491–5498. [CrossRef]

9. Neirynck, S.; Deroo, T.; Saelens, X.; Vanlandschoot, P.; Jou, W.M.; Fiers, W. A universal influenza A vaccine
based on the extracellular domain of the M2 protein. Nat Med. 1999, 5, 1157–1163. [CrossRef]

10. Fiers, W.; De Filette, M.; El Bakkouri, K.; Schepens, B.; Roose, K.; Schotsaert, M.; Birkett, A.; Saelens, X.
M2e-based universal influenza A vaccine. Vaccine 2009, 27, 6280–6283. [CrossRef]

11. Ameghi, A.; Pilehvar-Soltanahmadi, Y.; Baradaran, B.; Barzegar, A.; Taghizadeh, M.; Zarghami, N.;
Aghaiypour, K. Protective immunity against homologous and heterologous influenza virus lethal challenge
by immunization with new recombinant chimeric HA2-M2e fusion protein in balb/c mice. Viral. Immunol.
2016, 29, 228–234. [CrossRef] [PubMed]

12. Deng, L.; Kim, J.R.; Chang, T.Z.; Zhang, H.; Mohan, T.; Champion, J.A.; Wang, B.Z. Protein nanoparticle
vaccine based on flagellin carrier fused to influenza conserved epitopes confers full protection against
influenza A virus challenge. Virology 2017, 509, 82–89. [CrossRef] [PubMed]

13. Stepanova, L.A.; Kotlyarov, R.Y.; Shuklina, M.A.; Blochina, E.A.; Sergeeva, M.V.; Potapchuk, M.V.;
Kovaleva, A.A.; Ravin, N.V.; Tsybalova, L.M. Influence of the Linking Order of Fragments of HA2 and M2e
of the influenza A Virus to Flagellin on the Properties of Recombinant Proteins. Acta Naturae. 2018, 10, 85–94.
[CrossRef] [PubMed]

14. Feng, J.; Zhang, M.; Mozdzanowska, K.; Zharikova, D.; Hoff, H.; Wunner, W.; Couch, R.B.; Gerhard, W.
Influenza A virus infection engenders a poor antibody response against the ectodomain of matrix protein 2.
Virol. J. 2006, 3, 102. [CrossRef] [PubMed]

15. Khanna, M.; Sharma, S.; Kumar, B.; Rajput, R. Protective immunity based on the conserved hemagglutinin stalk
domain and its prospects for universal influenza vaccine development. Biomed. Res. Int. 2014, 2014, 546274.
[CrossRef] [PubMed]

16. Kwong, P.D.; Wilson, I.A. HIV-1 and influenza antibodies: Seeing antigens in new ways. Nat. Immunol. 2009,
6, 573–578. [CrossRef]

17. Stepanova, L.A.; Mardanova, E.S.; Shuklina, M.A.; Blokhina, E.A.; Kotlyarov, R.Y.; Potapchuk, M.V.;
Kovaleva, A.A.; Vidyaeva, I.G.; Korotkov, A.V.; Eletskaya, E.I.; et al. Flagellin-fused protein targeting M2e
and HA2 induces potent humoral and T-cell responses and protects mice against various influenza viruses A
subtypes. J Biomed Sci. 2018, 25, 33. [CrossRef]

18. Iwasaki, A.; Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat. Immunol. 2004,
10, 987–995. [CrossRef]

19. McDonald, W.F.; Huleatt, J.W.; Foellmer, H.G.; Hewitt, D.; Tang, J.; Desai, P.; Price, A.; Jacobs, A.;
Takahashi, V.N.; Huang, Y.; et al. A West Nile virus recombinant protein vaccine that coactivates innate and
adaptive immunity. J. Infect. Dis. 2007, 195, 1607–1617. [CrossRef]

20. Huleatt, J.W.; Nakaar, V.; Desai, P.; Huang, Y.; Hewitt, D.; Jacobs, A.; Tang, J.; McDonald, W.; Song, L.;
Evans, R.K.; et al. Potent immunogenicity and efficacy of a universal influenza vaccine candidate comprising
a recombinant fusion protein linking influenza M2e to the TLR5 ligand flagellin. Vaccine 2008, 26, 201–214.
[CrossRef]

21. Cui, B.; Liu, X.; Fang, Y.; Zhou, P.; Zhang, Y.; Wang, Y. Flagellin as a vaccine adjuvant. Expert Rev. Vaccines
2018, 4, 335–349. [CrossRef] [PubMed]

22. Mardanova, E.S.; Kotlyarov, R.Y.; Kuprianov, V.V.; Stepanova, L.A.; Tsybalova, L.M.; Lomonosoff, G.P.;
Ravin, N.V. Rapid high-yield expression of a candidate influenza vaccine based on the ectodomain of M2
protein linked to flagellin in plants using viral vectors. BMC Biotechnol. 2015, 15, 42. [CrossRef] [PubMed]

23. Mardanova, E.S.; Blokhina, E.A.; Tsybalova, L.M.; Peyret, H.; Lomonossoff, G.P.; Ravin, N.V. Efficient
transient expression of recombinant proteins in plants by the novel pEff vector based on the genome of
potato virus X. Front. Plant Sci. 2017, 8, 247. [CrossRef] [PubMed]

24. Ravin, N.V.; Kotlyarov, R.Y.; Mardanova, E.S.; Kuprianov, V.V.; Migunov, A.I.; Stepanova, L.A.; Tsybalova, L.M.;
Kiselev, O.I.; Skryabin, K.G. Plant-produced recombinant influenza vaccine based on virus-like HBc particles
carrying an extracellular domain of M2 protein. Biokhimiya 2012, 77, 43–52. [CrossRef]

http://dx.doi.org/10.1126/science.1204839
http://dx.doi.org/10.1128/JVI.65.10.5491-5498.1991
http://dx.doi.org/10.1038/13484
http://dx.doi.org/10.1016/j.vaccine.2009.07.007
http://dx.doi.org/10.1089/vim.2015.0050
http://www.ncbi.nlm.nih.gov/pubmed/27058011
http://dx.doi.org/10.1016/j.virol.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28622575
http://dx.doi.org/10.32607/20758251-2018-10-1-85-94
http://www.ncbi.nlm.nih.gov/pubmed/29713522
http://dx.doi.org/10.1186/1743-422X-3-102
http://www.ncbi.nlm.nih.gov/pubmed/17150104
http://dx.doi.org/10.1155/2014/546274
http://www.ncbi.nlm.nih.gov/pubmed/24982895
http://dx.doi.org/10.1038/ni.1746
http://dx.doi.org/10.1186/s12929-018-0433-5
http://dx.doi.org/10.1038/ni1112
http://dx.doi.org/10.1086/517613
http://dx.doi.org/10.1016/j.vaccine.2007.10.062
http://dx.doi.org/10.1080/14760584.2018.1457443
http://www.ncbi.nlm.nih.gov/pubmed/29580106
http://dx.doi.org/10.1186/s12896-015-0164-6
http://www.ncbi.nlm.nih.gov/pubmed/26022390
http://dx.doi.org/10.3389/fpls.2017.00247
http://www.ncbi.nlm.nih.gov/pubmed/28293244
http://dx.doi.org/10.1134/S000629791201004X


Plants 2020, 9, 162 12 of 12

25. Nemchinov, L.G.; Natilla, A. Transient expression of the ectodomain of matrix protein 2 (M2e) of avian
influenza A virus in plants. Protein Expr. Purif. 2007, 56, 153–159. [CrossRef]
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