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Abstract: Developing new vaccine candidates is considered the best strategy for protecting poultry
against artificial haemagglutinin (A/H5N1) strains. The transient expression system in plants has
been a very efficient method for rapidly producing haemagglutinin-based recombinant vaccines.
In this study, two novel artificial trimeric haemagglutinin constructs representing A/H5N1 strains
that were detected in poultry from 2005 to 2015 in Vietnam, H5.c1 (representing all of the subclades
1.1, 1.1.1, and 1.1.2) and H5.c2 (representing all of the subclades 2.3.2.1, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c),
were designed for transient expression in Nicotiana benthamiana via agroinfiltration. However, only
the H5.c1 protein, which showed the best expression and biofunction via the haemagglutination test,
was selected for purification by immobilized metal ion affinity chromatography (IMAC). The trimeric
structure of the IMAC-purified H5.c1 protein was well characterized by cross-linking reaction and
size exclusion chromatography. An indirect ELISA and Western blot analysis of vaccinated mouse
sera demonstrated that the H5.c1 protein strongly induced HA-specific Immunoglobulin G (IgG)
immune responses. Notably, the H5.c1 protein induced strongly neutralizing antibodies against
homologous H5.c1 protein and that of three heterologous native strains of clade, 1, 1.1, and 2.3.2.1c,
in haemagglutination inhibition assays. Therefore, the plant-based artificial H5.c1 protein can be a
promising vaccine candidate for conferring poultry resistance against A/H5N1 viruses in Vietnam.

Keywords: A/H5N1; haemagglutinin; trimerization; Nicotiana benthamiana; agroinfiltration;
neutralizing antibody

1. Introduction

Asian highly pathogenic avian influenza (HPAI) A (H5N1) virus is potentially able to cause a
global pandemic due to its relatively large spread via avian hosts and its potential to directly infect
humans [1]. In Vietnam, over 2750 outbreaks of H5N1 occurring in poultry were reported to the World
Organisation for Animal Health (OIE) from the end of 2003 to 03 July 2019, among which one outbreak
killed and disposed of 1120 birds in 2019 [2]. Influenza haemagglutinin (HA), a homotrimeric type I
transmembrane protein, is one of the major surface glycoproteins of H5N [3]. The viral HA protein
plays a critical role in the infectivity and pathogenicity of influenza virus by binding specifically to
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sialic acid on glycoconjugates of host membrane proteins and enabling virus entry into host cells [3].
Many studies have shown that protection provided by influenza vaccines is mediated by mainly an
anti-HA neutralizing antibody [4]. Therefore, HA has been reported as a major target antigen for
influenza vaccine development [5].

However, H5N1 HA antigenic variation occurs frequently. A/H5N1 evolved into 10 distinct
clades (0–9) that are divided into many subclades [6]. In Vietnam, six clades (clades 1, 2, 3, 5, 7,
and 8) exist, among which clade 1 (subclades 1.1, 1.1.1, and 1.1.2) and clade 2 (subclades 2.3.2.1,
2.3.2.1a, 2.3.2.1b, and 2.3.2.1c) are the most common [6]. In particular, one or more strains could
circulate at the same time, in the same area, or both. Current strain-specific vaccines (for example,
NIBRG–14 or RE–6) have limited effectiveness in the protection of poultry. The timely update of
seasonal vaccines, which is necessary to ensure protection, requires significant time and effort. Recent
studies of a universal influenza vaccine showed its potential efficacy through enhanced breadth and
durability compared to those of alternate seasonal influenza vaccines [7–12]. In 2008, Crevar and Ross
demonstrated that a polyvalent influenza virus-like particle (VLP) vaccine in which haemagglutinin
represented different clades of A/H5N1 was a potential approach to elicit an immunity response
against isolates from emerging clades and subclades of A/H5N1 [7]. Following studies reported that
a vaccine containing haemagglutinin designed by a methodology called computationally optimized
broadly reactive antigen (COBRA) elicited a broad immunity response against multiple H5N1 isolates
from different clades [8–11]. The COBRA HA VLP vaccines elicited higher antibody titres than both
a polyvalent HA VLP vaccine and a homologous vaccine [8–10]. In 2018, Pardi and co-workers
demonstrated that the highly conserved influenza virus haemagglutinin stalk domain is one of the
promising targets for a universal vaccine. They generated a formulated modified mRNA encoding
full-length HA in lipid nanoparticles (LNPs) and subsequently vaccinated rabbits, mice, and ferrets.
Immunization with HA mRNA–LNPs induced HA stalk-specific antibody responses against the HA
stalk domain of homologous, heterologous, and heterosubtypic influenza viruses in these animals [13].
Therefore, universal influenza vaccines protecting poultry against many H5N1 variants will become a
new potential trend in vaccine development.

Based on this trend, we designed two novel artificial HA proteins (including H5.c1 representing
all of the A/H5N1 subclades 1.1, 1.1.1, and 1.1.2 and H5.c2 representing all of the A/H5N1 subclades
2.3.2.1, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c). Each amino acid site of the artificial HA was determined from a
comparison of all of the HA sequences of A/H5N1 recorded in poultry from 2005 to 2015 in Vietnam,
selecting for either the most common or most recent epitope. The aim of our research was to generate
artificial HA proteins that will elicit broadly antigenic responses to protect poultry against many
A/H5N1 strains of clades 1.1, 1.1.1, and 1.1.2 or 2.3.2.1, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c that have recently
circulated. Transient expression systems in plants using agroinfiltration have been developed as a
very safe and efficient methods to rapidly produce plant-based subunit vaccines because of their low
production and infrastructure cost, ease of scale up, high stability and long shelf life [14–17]. Several
studies demonstrated that trimeric HA had the ability to efficiently elicit neutralizing antibodies
in vaccinated animals, whereas monomer haemagglutinins did not [18–20]. To produce a stable
homotrimeric HA, an artificial trimeric motif (GCN4–pII) was used [21] and fused to the HA proteins
at the C–terminal end. The artificial HA proteins were transiently expressed in N. benthamiana via
agroinfiltration. In the current paper, we present initial results of expression, structural, and functional
characterization and of specific antibody responses in mice for the trimerized artificial HA proteins.

2. Materials and Methods

2.1. Artificial Haemagglutinin

The complete HA sequences of 90, 38, 34, 19, 143, 28, and 165 of A/H5N1 subclades 1.1, 1.1.1, 1.1.2,
2.3.2.1, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c, respectively, that were detected in poultry from 2005 to 2015 in
Vietnam were collected from GenBank, National Center for Biotechnology Information (NCBI) and
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Global Initiative on Sharing All Influenza Data (GISAID). The artificial HA was designed in two steps
(as shown in Figure 1). In the first step, all of the HA sequences of each subclade were aligned by
MegAlign/Lasergene software version 7.0.0. A primary artificial HA was designed by selection for the
most conserved, common, and recent amino acids from the occurring strains. In the second step, using
the same rules, the final artificial HA sequences (including H5.c1 representing the subclade group of
1.1, 1.1.1, and 1.1.2 strains and H5.c2 representing the subclade group of 2.3.2.1, 2.3.2.1a, 2.3.2.1b, and
2.3.2.1c strains) were designed by comparing all of the primary HA sequences of each subclade group
together. The highest sequence identity of artificial H5.c1 and H5.c2 sequences when compared with all
the HA sequences in the BLAST/NCBI search at the nucleotide and amino acid levels was 99.41% and
99.65%, respectively. For expression in N. benthamiana, the H5.c1 and H5.c2 amino acid sequences were
codon optimized and synthesized commercially by GENECUST EUROPE (in Luxembourg, Germany).

Figure 1. Schematic of designing artificial haemagglutinin (HA) sequences of artificial haemagglutinin
(A/H5N1) from poultry in Vietnam.

2.2. Construction of Plant Expression Vectors

The complete artificial HA sequences were commercially provided in pUC57 vectors. To express and
multimerize HA proteins, HA proteins were inserted into pRTRA vectors that contained trimerization
(GCN4-pII) domains [22]. The resulting vectors, pRTRA_35S_LeB4SP_His_HA_cmyc_KDEL, were used for
the expression of trimer HA proteins under the control of the CaMV 35S Pro promoter and CaMV 35S Term
terminator (as shown in Figure 2). In this vector, the HA proteins were fused to a c–myc tag for detection
by Western blot, to a His tag for purification by IMAC and to the legumin B4 signal peptide and the KDEL
motif for promoting these proteins retention in the endoplasmic reticulum. The expression cassettes of HA
proteins in the pRTRA vectors were sub-cloned into pCB301 vectors [23] at HindIII restriction sites. Finally,
the pCB301_35S_LeB4SP_His_HA_cmyc_KDEL vectors were transferred into the Agrobacterium tumefaciens
strain CV58 pGV2260.



Appl. Sci. 2019, 9, 4605 4 of 17

Figure 2. Expression cassettes of haemagglutinin (HA) proteins in plants.

2.3. Agrobacterium Infiltration

The expression of recombinant protein by agrobacterium infiltration was based on the protocol
of Phan and colleagues [23,24]. Agrobacteria containing the shuttle vectors for the expression of
recombinant HcPro [25,26] and HA proteins were precultivated independently in 50 ml of LB medium
containing 50 µg/mL kanamycin, 50 µg/mL carbenicillin, and 50 µg/mL rifampicin at 28 ◦C overnight
at a speed of 140 rpm. Then, 200 ml of new LB medium including the appropriate antibiotics was
added into the preculture. The bacteria were then collected by centrifugation (4000 g, 30 min, 4 ◦C)
and resuspended in infiltration buffer containing 10 mM 2–(N–morpholino) ethanesulfonic acid (MES),
10 mM MgSO4, pH 5.6 after 24 h of cultivation. These agrobacteria were mixed and diluted in
infiltration buffer to a final OD600 of 0.8–1.0. The Agrobacterium suspension solution was used for
infiltration into N. benthamiana plants (5–6 weeks old) by vacuum for 2 min. Subsequently, the plants
were introduced into the greenhouse at 21 ◦C, with 16 h light per day. Leaf samples were harvested
post infiltration for five days and stored at −80 ◦C until use.

2.4. Purification of Protein by Immobilized Metal Ion Affinity Chromatography (IMAC)

IMAC was based on the method described by Phan and colleagues [24], with some modifications.
Eighty grams of tobacco leaf samples were ground in liquid nitrogen and blended in 240 mL of
50 mM Tris buffer (pH 8.0). The plant extracts were clarified by centrifugation (23000 rpm, 30 min,
4 ◦C). The supernatant solution was transferred into a new centrifuge tube and underwent repeated
centrifugation under the same conditions. Subsequently, the extracts were combined with 20 mL of
Ni–NTA agarose resin. After mixing for 30 min at 4 ◦C, the mixture was loaded on a chromatography
column. For H5.c1 protein purification, the different concentration of imidazole (30 mM, 25 mM, 20 mM,
or 5 mM imidazole) in 2L of washing buffer (50 mM NaH2PO4, 300 mM NaCl) was tested Finally,
H5.c1 protein was released from the column by adding 20 ml of elution buffer (50 mM NaH2PO4,
300 mM NaCl, 50 mM imidazole with artificial H5.c1, pH 8.0), concentrated in PEG 6000 and dialyzed
against PBS. The native H5TG protein was purified successfully with 30 mM and 125 mM imidazole
at the washing step and elution step, respectively [24]. Protein contents of purification steps were
determined by Bradford assay [27]. The concentrated HA proteins were added 50% glycerol (w/v).
The IMAC-purified HA proteins were stored at −20 ◦C and were then used for mouse immunization.

2.5. Cross-Linking Reaction Using Bis[sulfosuccinimidyl] Suberate (BS3)

A cross-linking reaction was carried out to determine the multimeric form of the IMAC-purified
HA proteins based on the protocol of Weldon and colleagues [19]. In brief, 1 µg of IMAC-purified HA
proteins was mixed with BS3 to a final concentration of 5 mM, and incubated at room temperature for
30 min. To stop the reaction, 1 M Tris–HCl pH 8.0 was added until a final concentration of 50 mM and
incubated at room temperature for 15 min. Then, proteins were loaded on a 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS–PAGE) under reducing conditions, blotted, and detected by
Western blot.
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2.6. Purification of Protein by Size Exclusion Chromatography (SEC)

The SEC was based on the method described by Phan and colleagues [24]. Equal amounts of
purified artificial H5.c1 and native H5TG were introduced into a Superose™ 6 10/300GL column
(GE Healthcare) which was pre-equilibrated with phosphate-buffered saline (PBS). To estimate the
molecular weight of the HA proteins, a high molecular weight kit containing standard proteins with
molecular weights (44–2000 kDa) was loaded onto the column. The fractions were collected for Western
blot analysis, collecting the oligomeric H5 fractions (B1 to B6) for concentrating. The concentrated
HA proteins were then used for ELISA and Western blotting to detect HA-specific IgG mouse
antibody production.

2.7. SDS–PAGE and Western Blotting

Proteins in crude extracts, purified artificial H5.c1 and native H5TG proteins were loaded on
reducing SDS–PAGE (10% polyacrylamide) gels and then transferred to nitrocellulose membranes.
The Western blotting procedure was performed using a monoclonal anti–c–myc antibody as a primary
antibody according to the protocol described by Gahrtz and Conrad in 2009 [28]. Next, a secondary
antibody (sheep anti-mouse IgG, horseradish peroxidase-linked whole antibody, GE Healthcare UK
limited, Little Chalfont Buckinghamshire, UK) was added, and then the signals were detected by
enhanced chemiluminescence (ECL)-based detection.

To detect the HA-specific IgG mouse antibody, 500 ng of each of the SEC-purified artificial H5.c1
and native H5TG proteins were separated on 4 lanes of a reducing SDS–PAGE gel (10% polyacrylamide)
and transferred to a nitrocellulose membrane. The membrane was blocked with a 5% (w/v) fat-free
milk powder dissolved in a PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) for 2 h. Then, each lane of the membrane was isolated by cutting and incubated
at room temperature for 90 min with a 1:200 dilution of a mixture of sera from five mice of each
group (artificial H5.c1, native H5TG and PBS groups) after second and third immunizations. Next,
the membranes were incubated with a 1:2000 dilution of an HRP-conjugated goat anti-mouse IgG
secondary antibody for 1 h at room temperature. Specific signals were detected by incubating
membranes with 3,3–diaminobenzidine (DAB, Thermo Scientific Pierce) dissolved in 0.05 M Tris–HCl
and 0.04% hydrogen peroxide for 10 min in the dark.

2.8. Mouse Immunization

The mouse immunization was based on the procedure described by Pham and colleagues [29].
Six- to eight-week-old female BALB/c mice (five per group) were given a subcutaneous injection
on a schedule of 1, 14, and 28 days. Each mouse was injected with 2.5 µg of each IMAC-purified
artificial H5.c1 and native H5TG protein. In the negative control group, mice were vaccinated with
PBS. The antigens were mixed with complete Freund’s adjuvant and incomplete Freund’s adjuvant in
the first immunization and the booster immunizations (the second and third), respectively. The mice
were bled via the retro-orbital sinus after the second and the third immunization for seven days.
Mouse sera were collected separately for haemagglutinin inhibition, indirect ELISA tests and Western
blot. All procedures were in accordance with the “3Rs”, relevant national legislation and rules of IBT,
Vietnam, on the use of animals for research.

2.9. Haemagglutination and Haemagglutinin Inhibition Assay

The haemagglutination and haemagglutinin inhibition assays followed a standard procedure of the
Office International des Epizooties (OIE) [30]. The dilution that induced complete haemagglutination
was defined as one haemagglutination unit (HAU) [30]. The homologous purified HA.c1 and
H5.c2 proteins and three heterologous inactivated A/H5N1 strains produced by reverse genetics
(with HA of A/Vietnam/1194/2004(H5N1), clade 1; A/duck/Vietnam/ST0970/2009(H5N1), clade 1.1; and
A/duck/Vietnam/HT2/2014(H5N1), clade 2.3.2.1c) were used for the HI assay. A 25 µL aliquot of serum
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from a single mouse was added to the first well of a microtitre plate containing 25 µL of PBS. Two-fold
serial dilutions were then made across the row of 8 wells. A 25 µL volume containing 4 HAUs of the
purified HA proteins or heterologous inactivated strains was introduced into each well and incubated
for 30 min at 25 ◦C. Finally, 25 µL of 1% chicken red blood cells was placed in each well, and the plates
were incubated for 30 min at 25 ◦C. The HI titre is defined as the reciprocal of the highest dilution of
serum that could completely inhibit haemagglutination [30].

2.10. Indirect ELISA

The indirect ELISA was based on the method described by Pham and colleagues [29]. First, 100 ng
of SEC-purified artificial H5.c1 and native H5TG in phage PBS (100 mM NaCl, 32 mM Na2HPO4,
17 mM Na2HPO4, pH 7.2) was added into microtitre plates (ImmunoPlateMaxisorp, Nalgen Nunc
International, Roskilde, Denmark) that were incubated at room temperature overnight. The plates
were then blocked with 3% (w/v) bovine serum albumin (BSA) and 0.05% (v/v) Tween20 in PBS (PBST)
for 2 h. Next, 100 µL of the mouse serum at a dilution of 16 x 10−3 was applied and incubated for 1 h
at 25 ◦C. Each serum dilution was repeated four times. The plates were washed 5 times with PBST
and then incubated with a horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG dilution
(2000 times in 1% (w/v) BSA in PBST for 1 h at 25 ◦C. Subsequently, 1-Step Substrate Solution (Thermo
Fisher Scientific, Lithuania) was introduced as the enzymatic substrate. Finally, the reaction was
stopped via 1 M HCl after 20 min of incubation. All mouse sera of all the plates were measured under
the same ELISA conditions. The absorbance signal was determined at 450 nm. Control values for BSA
at the solid phase were subtracted. The ELISA values of all mouse sera were normalized by use of an
internal control serum of mouse number 2 of group 1 after the 3 immunizations with 16 × 10−3 dilution.
The normalized ELISA values of all mouse sera at the 16 × 10−3 dilution were used for statistical
analysis in this paper.

2.11. Statistical Analysis

Statistical analyses for ELISA were carried out using a Welch’s t-test, and HI assays were analyzed
with the Mann–Whitney rank–sum test in Sigma Plot software. The difference between the mean of
sample data was compared and was defined as the sample’s mean (X) ± the standard deviation (SD).
P values that were less than 0.05 are presented as significant differences.

3. Results

3.1. Expression and Functional Characterization of Haemagglutinin (HA) Proteins in Plant Crude Extract

The protein three-dimensional structure regulates the functions of that protein. Therefore, the more
similar the structure of protein molecules are, the more biologically similar functions are available.
The structure of the protein provides much more insight into its biological function than its sequence.
In this study, four H5 sequences were submitted to http://raptorx.uchicago.edu/ to predict the structure
of these proteins, including two sequences of the clade 1 group (artificial H5.c1 and native H5TG
sequences, with identity at the amino acid level of 98.4%) and two sequences of the clade 2 group
(artificial H5.c2 and native H5Dk sequences, with identity at the amino acid level of 99.4%). The results
showed that the three-dimensional structures of two HA proteins in each of the clade 1 and clade
2 groups are similar (as shown in Appendix A, Figure A1), although in the amino acid sequence of HA,
each group has two different importance amino acid sites (341 and 156 of clade 1 group; and 99 and
140 of the clade 2 group). The differences in cleavage sites and antigenic sites between artificial and
native H5 sequences are described in yellow and green color, respectively, and all of the H5 sequences
removed at the cleavage site 342–344/345 are shown in Table 1.

http://raptorx.uchicago.edu/
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Table 1. The amino acid sequence at sites of protease cleavage, receptor binding, epitopes of antigenic
sites, and variable glycosylation of haemagglutinin (HA) proteins.

Group Sequences
of HA

Cleavage Site Receptor
Binding Site Antigenic Sites Glycosylation

Change

338-345/346 238-240 69 99-102 140-145
Site 1

152-157
Site 2 170-172

clade1

Artificial
H5.c1 QREG - - - -RG QSG R ANPV SHEASL PYQGQS NST

Native
H5TG QRERRKK-RG QSG R ANPV SHEASL PYQGKS NST

clade2

Artificial
H5.c2 QRER - - - - RG QSG K ANPA DHEASL SYQGNS DNA

Native
H5Dk QRERRR-KRG QSG K PNPA NHEASL SYQGNS DNA

Native HA proteins have been expressed successfully in plants [21,24]. In this study, artificial
HA proteins were also expressed and detected in the crude extracts of tobacco leaves (as shown in
Figure 3a). However, the expression of artificial H5.c2 was lower than that of the remaining proteins.
The apparent molecular weight shown in Figure 3a is higher than the expected sizes (67.15 kDa)
predicted from the polypeptide sequence of H5 by Lasergene software. This can be explained by the
fact that glycosylation influences the running behaviour during the electrophoretic separation [31].
Therefore, in the haemagglutination test, the HA titre of artificial H5.c2 was also lower than that of the
remaining proteins (as shown in Figure 3b). The artificial H5.c1 protein, which had a similar expression
and HI titre to native H5TG and H5Dk proteins, was selected for future experiments.

Figure 3. Expression of haemagglutinin (HA) proteins in the crude extracts of tobacco leaves measured
using Western blot (a); the functional characterization of HA proteins in the crude extracts of tobacco
leaves performed using a haemagglutination assay (b).
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3.2. Functional and Structural Characterization of the Purified Haemagglutinin (HA) Proteins

To precisely detect the function and structure of the recombinant artificial H5.c1 and native H5TG
proteins, which were transiently expressed in N. benthamiana, their purification is essential. These
HA proteins were purified by IMAC. IMAC is a commonly employed method to purify recombinant
proteins containing polyhistidine amino acid residues based on the strong specific interaction between
these amino acids and immobilized metal ions (Co2+, Ni2+, Cu2+, and Zn2+) [32]. To obtain HA
proteins from transiently transformed N. benthamiana leaves, these proteins were expressed as fusion
proteins containing a N-terminal 6×His-tag. The plant extract containing HA proteins was then
incubated with Ni–NTA agarose. The HA proteins containing sequences of consecutive histidine
residues were efficiently retained on IMAC column matrices. For washing and elution steps in the
IMAC column matrices, 5 and 50 mM imidazole were tested for the artificial H5.c1 protein, while 30
and 125 mM imidazole were used for the native H5TG, respectively [24]. Optimization of imidazole
concentration for purification of H5.c1 by IMAC was shown in Figure S1. The IMAC-purified artificial
H5.c1 protein was compared to the IMAC-purified native H5TG protein for functional and structural
characterization, as shown in Figure 4. The results showed that both of these HA proteins had a similar
haemagglutination function, with only 0.23 µg of the purified HA proteins stopping the agglutination
of rooster blood cells (as shown in Figure 4a).

Figure 4. Functional characterization of the immobilized metal ion affinity chromatography
(IMAC)-purified haemagglutinin (HA) proteins (a); structural characterization of the IMAC-purified
HA proteins by a cross-linking reaction using bis[sulfosuccinimidyl suberate (BS3) (b).

The trimeric HA exhibits epitopes that could induce neutralizing antibodies; therefore, it is
important to retain the stable trimeric HA state [20]. In this study, the trimerization domain (GCN4–pII)
was used to produce stable homotrimeric HA proteins. The multimeric states of IMAC-purified
HA proteins were determined by cross-linking using BS3, a homobifunctional and water-soluble
crosslinker [33,34]. In the previous study, the oligomeric status of H5 protein fused GCN4–pII was
demonstrated by the cross-linking reaction with BS3, and the gel mobility of (H5pII)3 was approximately
consistent with the expected size of a trimer [21]. Similarly, analysis by denaturing SDS–PAGE and
Western blot indicated that the recombinant artificial H5.c1 and native H5TG proteins were observed
as a mixture of multimeric protein without BS3 (as shown in Figure 4b, lanes 1, 3) and only trimeric
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proteins with BS3 (as shown in Figure 4, lanes 2, 4). These results were also similar to the study of
Weldon and colleagues. This result indicated that the modification of the HA proteins at the C-terminus
with the GCN4–pII motif stabilized the trimeric structure of the secreted recombinant HA protein [19].

The results were obtained when characterizing the structure of IMAC-purified artificial H5.c1
and native H5TG proteins by SEC, as shown in Figure 5. The HA proteins presented from A11 to
B7 fractions, in which most of the HA proteins eluted in the B1 to B6 fractions, which were fractions
containing standard proteins with high molecular weights (160–500 kDa). This result indicated that
most of the purified H5 proteins were oligomeric. The purified oligomeric H5 proteins from the B1
to B6 fractions were collected and then used for ELISA and Western blotting to detect HA-specific
IgG mouse antibody production. The purity of collected fractions were confirmed by SDS–PAGE and
Coomassie stain (Figure S2).

Figure 5. Structural characterization of the purified haemagglutinin (HA) proteins by size exclusion
chromatography (SEC) and the A9–B9 SEC fractions analyzed by SDS–PAGE 10% under reducing
conditions and Western blot using an anti–c–myc antibody.
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3.3. The Artificial H5.c1 Protein Strongly Elicited Haemagglutinin (HA)-Specific IgG and
Neutralizing Antibodies

Immunogenicity of the artificial H5.c1 protein and native H5TG was tested by immunization of
mice. Five BALB/c mice from each group were immunized with IMAC-purified artificial H5.c1 protein
(group 1), IMAC-purified native H5TG protein (group 2), or PBS, as a negative control (group 3).
The resulting antibody-dependent humoral immune responses against the SEC-purified HA proteins
were first evaluated by SDS–PAGE and Western blot (Figure 6a). Five mouse sera collected after the
second and third immunizations of each group (artificial H5.c1 protein, native H5TG and PBS) were
mixed and used as a primary antibody. Specific IgG antibodies against SEC-purified HA proteins
were detected following the second and the third immunizations. After the third immunization, a
much stronger band signal was clearly visible compared to that following the second immunization
in both the artificial H5.c1 and native H5TG groups. The band signal of the artificial H5.c1 group
was significantly stronger than that of the native H5TG group following the second immunization.
In the negative control mice group vaccinated with PBS, there was no HA-specific IgG antibody
response induced.

ELISA is the most common immunoassay used for detecting and quantifying a target substance
(typically an antigen or antibody) in which an enzymatic reaction is used to amplify the signal if the
target substance is present [35]. In this study, the immune responses in the sera of five mice of groups 1
and 2 were measured against the SEC-purified HA proteins by indirect ELISA. Five individual sera in
each group were characterized and compared by t-test analysis in Sigma Plot software. Figure 6b shows
the mean OD450 values of each mouse, with the standard deviations represented as bars, individual
values as dots, and geometric mean titres as horizontal bars for each test group. The mean OD450 value
of group 1 (artificial H5.c1) mouse sera at the 16 × 10-3 serum dilution was not significantly different
from that of group 2 (the native H5TG) following the second immunization (P value = 0.130) and the
third immunization (P value = 0.070). No immune response against HA proteins was detected in
mouse sera from mice vaccinated with PBS.

Figure 6. Western blot to detect haemagglutinin (HA)-specific IgG antibodies in mice sera (a) and an
indirect ELISA to detect HA-specific IgG antibodies in mice sera at the 16 × 10-3 serum dilution (b).
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Hemagglutination inhibition (HI) assays are commonly used to measure neutralizing antibodies
induced in serum after immunization with HA protein. In this study, four HI assays, including one for
homologous artificial HA proteins and three for heterologous strains, were used for testing induced
neutralizing antibodies in mouse sera following the second and third immunizations. The results
are shown in Figure 7, in which a single dot indicates the HA titre of a single serum sample, and the
horizontal bars represent the geometric mean titre of each test group.

In our first HI assay, the SEC-purified artificial H5.c1 and H5TG proteins were used as the
homologues for the tested mouse sera. In the mouse group that was vaccinated with the artificial H5.c1
protein, the HI titre ranged from 16–32, and the HI titre mean was 22.4 after the second immunization.
Following the third immunization, all of the sera had HI titres from 32–128, and the HI titre mean was
70.4. In the mouse group that was vaccinated with the native H5.c1 protein, the HI titre ranged from
8–32, and the HI titre mean was 16 after the second immunization. Following the third immunization,
all of the sera had HI titres from 16–128, and the HI titre mean was 70. However, the difference between
these two groups was not statistically significant, with a P value > 0.05 (as shown in Figure 7a).

Second, a heterologous inactivated virus strain whose HA protein derives from
A/Vietnam/1194/2004(H5N1) NIBRG–14, clade 1, was used. The haemagglutinin amino acid sequence
similarities of this strain compared to that of the artificial H5.c1 and the native H5TG proteins were
98.4% and 99.6%, respectively (see Appendix A Figure A3). All of the mice that were vaccinated with
the artificial H5.c1 protein had HI titres from 8–16 with a mean of 11.2 after the 2nd immunization and
16–64 with a mean of 41.6 after the 3rd immunization. All of the mice that were vaccinated the native
H5TG protein had HI titres from 4–32 with a mean of 12.8 after the 2nd immunization and 16–64 with
a mean of 45 after the 3rd immunization (as shown in Figure 7b).

Third, we used a heterologous inactivated virus strain, A/duck/Vietnam/ST0970/2009(H5N1),
clade 1.1, with the haemagglutinin ectodomain amino acid sequence similarity compared to that of the
artificial H5.c1 and the native H5TG protein of 98,8% and 97.6%, respectively (Appendix A Figure A3).
All of the mice that were vaccinated the artificial H5.c1 protein had HI titres from 16–32 with a mean
of 25.6 (the second immunization) and 32–64 with a mean of 51.2 (the third immunization). All of
the mice that were vaccinated the native H5TG protein had HI titres from 2–16 with a mean of 7.6
after the second immunization and 16–64 with a mean of 32 after the third immunization (as shown in
Figure 7c).

Finally, a heterologous inactivated virus strain, A/duck/Vietnam/HT2/2014(H5N1), clade 2.3.2.1c,
was introduced for the HI assay. The amino acid sequence similarity of the haemagglutinin ectodomain
of this strain compared to that of the artificial H5.c1 and the native H5TG proteins was 92.5% and
92.9%, respectively (see Appendix A Figure A3). The results are shown in Figure 7d. All of the mice
that were vaccinated the artificial H5.c1 protein had HI titres from 4–8 with a mean of 6.4 (the second
immunization) and 8–32 with a mean of 19.2 (the third immunization). All of the mice that were
vaccinated the native H5TG protein had HI titres from 2–8 with a mean of 4 (the second immunization)
and 8–16 with a mean of 11 (the third immunization). In contrast, in all of the HI assays, the PBS
negative control serum group had an HI titre of ≤ 4. These HI titre results indicated that the artificial
H5.c1 and the native H5TG protein induced neutralizing antibodies against homologous protein
and that of A/H5N1 heterologous strain clade 1 and clade 1.1 more than against that of A/H5N1
heterologous strains from clade 2.3.2.1c.
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Figure 7. Haemagglutinin inhibition (HI) titres against homologous HA proteins (a) and heterologous
strains (A/Vietnam/1194/2004(H5N1) – clade 1 (b), A/duck/Vietnam/ST0970/2009(H5N1) - clade 1.1 (c)
and A/duck/Vietnam/HT2/2014(H5N1) - clade 2.3.2.1c (d)).

4. Discussion

The HA is a major target antigen for influenza vaccine manufacture and plays a crucial role in the
host immune protection against influenza viruses exhibited at neutralizing activity [5]. HA sequence
keeps changing and thus the influenza vaccice needs to be updated annually. This has prompted
many scientists to study in a new trend, looking for HA sequences that are able to produce a broad
and long-lasting immune response [8–12,36–38]. Following this trend, in the present study, two novel
artificial trimeric haemagglutinin proteins representing A/H5N1 that was detected in poultry from 2005
to 2015 in Vietnam, H5.c1 (representing all of the subclades 1.1, 1.1.1, and 1.1.2) and H5.c2 (representing
all of the subclades 2.3.2.1, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c), were designed. The artificial HA protein
sequences of each group (clade 1 and clade 2) were compared to those of the native HA sequences.
The amino acid sequence alignment results showed that the sequence identity of artificial H5.c1 and
native H5TG sequences was 98.4%, whereas the sequence identity of artificial H5.c2 and native H5Dk
sequences was 99.4% at the amino acid level. The differences in some important sites in the amino acid
sequence of HA proteins, such as protease cleavage sites and antigenic sites of the HA polypeptide, are
shown in Table 1. The amino acid sequence of the artificial H5.c1 protein was not similar to that of the
native H5TG sequences at the cleavage site (341G>R) and antigenic site (156Q>K), whereas differences
at the amino acid level of artificial H5.c2 and native H5Dk sequences were at antigenic sites (99A>P,
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140D>N). When comparing the three-dimensional structures between artificial and native proteins,
the H5 protein structures were not distinguishable. However, the level of protein expression of the
artificial H5.c2 protein in N. benthamiana was lower than that of the native H5Dk protein, whereas the
protein expression level of the artificial H5.c1 protein and that of native H5TG in N. benthamiana was
similar. The difference in protein expression level between artificial H5.c2 and native H5Dk protein
might be explained by the dissimilarity in amino acid sequence since amino acids act as substrates for
protein synthesis as well as protein expression [39]. It has been reported that the high level of amino
acid mutation-based HA expression can increase or remain HA-assayed titre and HI-assayed titre of
influenza vaccine [40]. The lower level of protein expression of the H5.c2 protein led to a lower HA
titre obtained in the haemagglutination assay than that of H5.c1 protein in the tobacco crude extracts.
In addition, the small protein expression level of H5.c2 protein in tobacco leaves resulting in difficulty
to purify essential H5.c2 protein amount for further experiments.

Biostructural characterization of the artificial H5.c1 protein which highly expressed in plant
was performed by cross-linking reactions and SEC. These results confirmed again that the artificial
H5.c1 protein structure was a trimeric. Various studies demonstrated the capacity to efficiently
induce neutralizing antibodies of oligomeric and trimeric haemagglutinins in vaccinated animals,
whereas monomeric haemagglutinins do not have that ability [19–21,41–43]. Hoang and co-workers
demonstrated that 10µg of plant-made purified trimeric haemagglutinins [21] were highly immunogenic
and elicited neutralizing antibodies in mice against homologous inactivated A/H5N1 strains. In this
study, with 2.5 µg of IMAC-purified trimeric haemagglutinins inoculated per mouse, the artificial H5.c1
protein-specific IgG antibodies in mouse sera and neutralizing antibodies after vaccination were strongly
induced, as described in the indirect ELISA and HI assay results. Notably, the neutralizing antibodies
against a homologous artificial H5.c1 protein and those from two heterologous A/H5N1 strains of
clade 1 and clade 1.1 were expressed by HI titre, with the mean HI titres after the third immunization
all being over 40. For utilization as a vaccine candidate, the recombinant haemagglutinins have to
induce strong target-specific antibodies and neutralizing antibodies with a serum HI titre ≥ 40 [44]. So,
it indicated that the artificial H5.c1 protein can become a potential influenza vaccine candidate.

Due to viral antigenic drift, the currently available influenza vaccines have become less effective
at protection, and formulations must be updated annually. The development of a broadly protective
vaccine or universal influenza vaccine with long-term protective immunity against antigenically distant
influenza virus strains is urgently needed [16]. Several studies have utilized haemagglutinin (HA) to
generate broadly protective vaccines. However, all of them were based on the conserved influenza virus
haemagglutinin sequence and the ability to stimulate cross-reactive neutralizing antibody responses to
the HA protein [8–12,36–38]. In this study, we successfully generated a novel artificial trimeric H5.c1
haemagglutinin and subsequently demonstrated that these artificial H5.c1 proteins induced strong
cross-reactive antibody responses against three heterologous strains, A/Vietnam/1194/2004(H5N1)
(clade 1), A/duck/Vietnam/ST0970/2009(H5N1) (clade 1.1) and A/duck/Vietnam/HT2/2014(H5N1) (clade
2.3.2.1c). Therefore, the artificial H5.c1 protein can become a promising influenza vaccine candidate
against many different A/H5N1 strains in poultry in Vietnam.

5. Conclusions

The production of influenza subunit vaccine candidates using the plant-based transient expression
system is an efficient method due to its scalability and potential for rapid production. Two major
procedures have been used to efficiently produce influenza vaccine candidates: expression of
haemagglutinins and purification of expressed HA proteins. The novel artificial HA proteins were
successfully expressed in plants. The protein expression level, function, and structure of the artificial
H5.c1 haemagglutinin protein were similar to those of the native H5TG haemagglutinin protein.
The purified artificial H5.c1 protein strongly elicited neutralizing antibody responses in mice. Thus,
the artificial H5.c1 protein is expected to become a promising influenza vaccine candidate. Further
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work will be focused on applying the artificial H5.c1 protein in chicken studies and virus challenges to
assess the ability to protect animals against different variants of A/H5N1 clades 1.1, 1.1.1, and 1.1.2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/21/4605/s1,
Figure S1: Optimization of imidazole concentration for purification of H5.c1 by immobilized metal ion affinity
chromatography (IMAC), Figure S2: Purification of H5.c1 and H5TG by size exclusion chromatography (SEC).
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Appendix A

Four HA sequences, including the clade 1 group (artificial H5.c1 and native H5TG) and the clade 2
group (artificial H5.c2 and native H5Dk), were submitted to http://raptorx.uchicago.edu/ to predict the
structure of these proteins. The results are shown in Appendix A Figure A1. All of them were compared
at the amino acid level with each other and with two HA sequences (designated NIBRG14 and ST0970,
deriving from the native strains A/Vietnam/1194/2004(H5N1) and A/duck/Vietnam/ST0970/2009(H5N1),
respectively) using HI assays. The results were expressed by an evolutionary tree using MEGA7 (shown
in Appendix A Figure A2) and percent identity using MegAlign/Lasergene7 (shown in Appendix A
Figure A3).

Figure A1. The predicted HA protein structures by RaptorX.

http://www.mdpi.com/2076-3417/9/21/4605/s1
http://raptorx.uchicago.edu/
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Figure A2. Evolutionary relationships of HA proteins

Figure A3. Amino acid sequence identity percentage of HA proteins.
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