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Abstract

Cases of H7N9 human infection were caused by a novel, avian-origin H7N9 influenza A virus that emerged in
eastern China in 2013. Clusters of human disease were identified in many cities in China, with mortality rates
approaching 30%. Pandemic concerns were raised, as historically, influenza pandemics were caused by introduction
of novel influenza A viruses into immunologically naive human population. Currently, there are no approved human
vaccines for H7N9 viruses. Recombinant protein vaccine approaches have advantages in safety and manufacturing.
In this review, we focused on evaluation of the expression of recombinant hemagglutinin (rHA) proteins as candidate
vaccines for H7N9 influenza, with the emphasis on the role of oligomeric and particulate structures in
immunogenicity and protection. Challenges in preparation of broadly protective influenza vaccines are discussed,
and examples of broadly protective vaccines are presented including rHA stem epitope vaccines, as well as recently

introduced experimental multi-HA VLP vaccines.
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Introduction

The H7N9 virus belongs to influenza A viruses (family
Orthomyxoviridae). Cases of H7N9 human infection caused by an
avian-origin H7N9 virus emerged in eastern China in 2013 [1,2]. This
raised pandemic concerns as historically, previous pandemics were
caused by introduction of new influenza A viruses into
immunologically naive human population [3]. Chicken HON2 viruses
with similarity to A/brambling/Beijing/16/2012-like viruses provided
all six of the novel reassortant's internal genes [1,3]. The gene
encoding hemagglutinin (HA) shared the highest identity with A/
duck/Zhejiang/12/2011 (H7N3, subtype ZJ12), while the gene
encoding neuraminidase (NA) protein was most closely related to A/
wild bird/Korea/A14/2011 (H7N9, subtype KO14). Thus, phylogenetic
results indicated that novel H7N9 virus was a triple reassortant [1].

Human H7N9 cases were identified in many cities in China, with
two epidemiological peaks of infection in 2013-2014 [4]. Since 2013,
influenza surveillance at live poultry markets routinely detected H7N9
virus [5]. Human infection with avian influenza A (H7N9) virus is
associated mainly with the exposure to infected poultry [5,6]. The
mode of subtype H7N9 virus transmission between avian species
remains largely unknown, with various wild birds suggested as a
source of transmission [5].

Influenza A virus particles are pleomorphic, mostly spherical in
shape and approximately 80-120 nm in diameter. Ultrastructural
changes in the human lung cells infected with H7N9 virus have been
studied by electron microscopy [7]. One characteristic of H7N9 viral
infection was the formation of numerous tubular structures within the
nucleus and the cytoplasm, which have previously been observed for
some influenza A viruses including the 2009 pandemic (HIN1) virus
[7]. In general, the envelope of the influenza A virus is made of a lipid

bilayer derived from the host cell and contains glycoprotein spikes of
two types, hemagglutinin (HA), a ~14 nm long trimer, and
neuraminidase (NA), a ~16 nm long tetramer [8,9] (Figure 1).

It has been estimated that a spherical virion of average diameter 120
nm has ~375 spikes [9]. The HA protein is responsible for virus
attachment to the cell receptors and subsequent fusion with the host
cell membrane. It is made in the infected cells as HAO precursor that is
cleaved posttranslationally by cellular proteases into HA1 and HA2
subunits. Cleavage exposes the hydrophobic N-terminus of HA2,
which mediates fusion. There is a direct link between cleavage and
virulence of avian influenza viruses [10]. Highly pathogenic H5 and
H?7 viruses contain multiple basic amino acid cleavage sites between
HA1 and HAZ2, which can be cleaved by furin and PC6 proteases [11]
in many host cells and organs that can lead to efficient spread of the
virus and severe disease in humans. In contrast, HA of low
pathogenicity viruses does not have furin cleavage site (Figure 2). In
this sense, the 2013 H7N9 viruses are considered “low pathogenicity”
and they are often asymptomatic in birds although they can cause
severe disease in humans.

After infection, influenza A virus induces both innate and adaptive
immune responses. The virus uses various strategies to evade innate
immune responses and recognition by components of the humoral
and cellular immunity, which may result in reduced clearing of the
virus and virus-infected cells [12,13]. Three families of pattern
recognition receptors, toll-like receptors (TLRs), retinoic acid-
inducible gene 1 protein like helicases (RLRs) and nucleotide-binding
domain and leucine-rich-repeat-containing proteins (NLRs), are
involved in recognition of influenza virus and they cooperate to
respond to the virus in cell culture or in vivo [14].
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Figure 1: Distributions and shape-based differentiation of HA and NA spikes. (a) HA cluster (Left); single NA (marked) in a cluster of HAs
(Center); and cluster of mainly NA spikes (Right). (Scale bar, 50 nm) (b and ¢) The stem lengths of HA and NA (square brackets in b and c,
respectively). The structures of the stems, trans-membrane domains, and C-terminal endodomain tails are shown schematically. Molecules in
the matrix layer are shown as oval shapes in a monolayer with a spacing of ~ 4 nm (Scale bar, 5 nm.) (d) Model of the distribution of
glycoprotein HA (green) and NA (gold) on a single influenza virion. The lipid bilayer is blue. (Scale bar 20 nm.) From [9], with publisher’s
permission (Copyright (2006) National Academy of Sciences, U.S.A.). (e) Spherical/pleomorphic influenza A H7N9 virus particle, by electron

microscopy. From http://www.cdc.gov/flu/avianflu/h7n9-images.htm.

Vaccines are also designed to induce broad spectrum of immune
response. However, although the role of the innate and adaptive
immune responses including CD4* and CD8* T cells in recovery from
influenza infection including H7N9 are important and well
documented [15], we will focus in this review mostly on the antibody-
mediated protective immunity. Despite influenza vaccines were
approved over 60 years ago, the hemagglutination-inhibition serum
antibody titer is currently the only universally accepted immune
correlate of protection against influenza [16].

The surface envelope proteins generally represent the best targets
for vaccines. HA represents the main target for vaccine development.
Induction of immune responses against the surface envelope proteins
has advantages, because virus-neutralizing response to the viral
envelope proteins would prevent early steps of viral infection. Human
monoclonal antibodies targeting the HA glycoprotein can neutralize
H7N9 influenza virus [17]. The neuraminidase (NA) and M2 also
localize in the viral envelope. The NA protein has a sialidase activity
that facilitates release of the progeny virions from infected cells. In
addition, NA can facilitate virus attachment to the epithelial cells by
removal of sialic acid from the mucin layer [18,19]. The M2 protein is
a minor component of the envelope that has been implicated in the ion
channel activity and efficient uncoating of incoming viruses during the
infection cycle.

Electron microphotograph of H7N9 particle is shown (Figure 1, e).
As of February 23, 2015, the World Health Organization (WHO) had
reported 571 infections and 212 deaths from H7N9 virus, mostly in
eastern China [20].

Cases of H7N9 infection in travellers have also been reported
[4,21,22]. However, no considerable human-to-human transmission
has been described. The factors that allow interspecies transmission
but limit human-to-human transmission are not understood. Recent
study has shown that A/Anhui/1/2013 (H7N9) influenza virus

infection in chickens (natural hosts) is asymptomatic and that it
generates a high genetic diversity. In contrast, virus diversity was
tightly restricted in infected ferrets, thus limiting further adaptation to
a transmissible form. Experimental airborne transmission in ferrets
was accompanied by the mutations in PB1, NP and NA genes [6].

Genetic diversity of the 2013-14 human isolates of influenza H7N9
in China has been studied [23]. Two distinct phylogenetic groups of
influenza H7N9 currently circulate in China and cause infections in
humans as a consequence of cross-species transfer from the avian
species. The expansion to different geographic areas and persistence of
H7NO9 viruses in live poultry market demands effective vaccines for
protection against H7N9 viruses.

Prophylactic vaccination is the best way to reduce impact of
influenza. However, there are currently no approved human vaccines
for H7N9 viruses. Experimental vaccines have been developed for
H7N9 and other H7 subtype viruses including live attenuated H7N7
and H7N3 vaccines [24-26], inactivated H7N7 vaccine [27], cell-based
H7NI1 split virus vaccine [28], and viral vector vaccines [29,30].
Recently, immunization with a live attenuated H7N9 influenza
experimental vaccine protected mice against lethal challenge [31].
Furthermore, immunization with modified vaccinia virus vector
resulted in protection against H7N9 virus challenge in a ferret model
[32]. Recombinant H7N9 protein vaccines based on expression of HA
in heterologous expression systems have been also reported (see
below).

Recombinant protein vaccine approaches have advantages in safety
and manufacturing. Currently, the majority of influenza vaccines are
manufactured in fertilized eggs; and during the process of virus
production, egg-adaptive mutations can occur in the vaccine antigen
resulting in loss in vaccine efficacy. Furthermore, in the case of an
outbreak of avian influenza or other agricultural disease affecting
chickens, the supply of eggs can be diminished.
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Figure 2: Alignment of H5 protein of the high pathogenicity A/Viet Nam/1203/2004 (H5N1) virus (designated h5) to the H7 protein of the
low pathogenicity A/Shanghai/2/2013 or A/Anhui/1/2013 (H7N9) virus (designated h7). Alignment was done using ClustalW2 software with
default parameters. Furin protease cleavage site between HA1 and HA2 in the H5 is indicated in grey colour.

The recombinant technology does not have the same vulnerabilities  of broadly protective influenza vaccines capable of protecting against
to mutations during production or to supply of eggs for vaccine many isolates of the virus [42]. M2 protein is also highly conserved
manufacturing. Furthermore, recombinant HA-based vaccines have among influenza A viruses and has been considered for the
already been shown to be efficacious against influenza including H/N9  development of a universal vaccine. Conserved inner proteins of the
[33-41]. Due to significant variability of the HA proteins, the immune  virion such as NP has been also considered as candidates for universal
response to HA is expected to be strain-specific and not capable of vaccine along with conserved epitopes within HA, NA, and M2
efficient cross-neutralizing many strains of influenza. Conserved stem  proteins [42-44].
domain of HA has been considered as a candidate for the development
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In this review, we will focus on the expression of recombinant
hemagglutinin (rHA) as experimental vaccines for H7N9 influenza,
with the emphasis on the role of oligomeric and particulate structures
on immunogenicity and protection. Challenges in preparation of
broadly protective influenza vaccines will be described, and examples
of broadly protective vaccines such as HA stem epitope and recently
introduced experimental multi-HA VLPs will be reviewed and
discussed.

Subunit rHA Vaccines

Epitope rHA vaccines

Early research suggested that subunit vaccines comprising purified
influenza proteins are well tolerated clinically [45]. Several approaches
for recombinant subunit H7N9 vaccines are being developed including
epitope vaccines, full-length HA vaccines, and virus-like particles
(VLPs). B- and T-cell epitopes for many influenza viruses have been
reported in the literature, including a number of protective epitopes,
and the antigenic architecture of the HA for some influenza viruses
has been determined at high resolution [46,47]. Methods for fine
mapping of viral epitopes have also been developed [48-53].

r Sb ol s h
~J v - a
r _\.w,_\g Receptor
R ONERA - Binding
- \ g N,
£5 ] C2, r}.?\, Domain
= [ {H‘ J Cal
{ o ‘Y\ }
I LLI (‘ p A
L ‘Q s T)Cb
— r’(‘ _
(’(1 |_‘{-)‘
NS
\ i{
£ 8 rlbi‘:‘ [ :
o5 R 9 | Fusion
02 (Y Domain
< o HAle

Figure 3: Comparison of influenza HA globular head epitopes and
HA stem region epitopes, adapted from [91]. A structural view of
the H1 hemagglutinin molecule monomer showing the location of
the different globular head epitopes and their localization in the
vicinity of the receptor binding domain. The receptor binding
domain and fusion domain are also indicated.

Potentially, information regarding protective epitopes can be used
for the development of epitope-based vaccines including recombinant
proteins and even synthetic peptides. However, despite their high
safety profile, attempts to develop vaccines based on short epitopes
need to take into account limitations in the immunogenicity of
epitope-based immunogens, HLA polymorphism and the high
mutation rate of influenza viruses. The most promising application for

epitope vaccines is the development of broadly protective influenza
vaccines based on highly conserved epitopes.

Recent efforts for the development of such broadly protective
influenza epitope vaccine have focused on the highly conserved HA
stem domain [42,54] (Figure 3). For example, H3-stem based chimeric
HA vaccines were used to protect against H7N9 virus challenge in
mice. Chimeric HA constructs protected from viral challenge in the
context of different administration routes and a generic oil-in-water
adjuvant [54]. In another study, influenza HA stem-fragment also
elicited broadly neutralizing antibodies and heterologous protection
[55]. The trimeric HA stem-fragment immunogen mimics the native,
pre-fusion conformation of HA and binds conformation specific
broadly neutralizing antibodies with high affinity.

This immunogen elicited antibodies that neutralized highly
divergent H1, H5 and H3 subtype influenza virus strains in vitro.
Stem-derived immunogens conferred protection against a lethal
heterologous A/Puerto Rico/8/34 virus challenge in vivo. However,
protection against H7N9 virus has not been tested. An advantage of
bacterial expression of such designed immunogens allows for rapid
scale-up during pandemic outbreaks [55].

Because most epitopes are conformation-dependent, the increased
length of the epitope can be advantageous for vaccination. For
example, the HA1 neutralizing domain of H5NI1 influenza in an
optimal conformation induces strong cross-protection [56].
Recombinant proteins covering regions of HA1 of H5N1 virus were
prepared that differed in their ability to oligomerize. Modified
HA-13-263 construct, which formed an oligomeric conformation,
induced the strongest neutralizing antibody response and cross-
protection against challenges of two tested H5N1 virus strains. The
dimeric and trimeric HA-13-263 recombinant proteins elicited higher
neutralizing antibody response and protection than their monomeric
counterpart. These results suggested that the oligomeric form of the
protein containing the receptor binding domain can be further
developed as an effective and safe vaccine for cross-protection against
divergent strains of influenza [56].

Immunogenicity and efficacy of recombinant HA2 subunit derived
from H7N9 virus was prepared in Escherichia coli and tested in mice
[57]. The HA2 subunit was chosen as the vaccine antigen because it is
highly conserved among the human H7N9 virus strains. Moreover, in
silico analysis predicted two immunogenic regions within the HA2
subunit that may contain potential human B-cell epitopes [57]. In
BALB/c mice, intraperitoneal immunization with one or two doses of
HA2 with or without imiquimod adjuvant resulted in induction of
immune response. In a viral challenge experiment, the 2-dose-
adjuvant group had the best survival rate (100%), followed by the 2-
dose-no-adjuvant group (90%), the 1-dose-adjuvant group (70%) and
the 1-dose-no-adjuvant group (40%). Thus, rHA HA2 subunit
protected mice against influenza A H7N9 virus infection [57].

Various expression systems are actively explored for manufacturing
of recombinant subunit HA vaccines. For example, recombinant HA
was produced in Leishmania tarentolae and its immunogenicity was
studied in mice [58]. Soluble HA proteins were secreted into the cell
culture medium and were easily purified via a His-Tag domain fused
to the proteins. The recombinant HA proteins expressed by L.
tarentolae were characterized by dynamic light scattering and were
observed to be mostly monomeric. The recombinant HA proteins
were immunogenic in mice at a dose of 10 ug when administered twice
with an oil-in-water emulsion-based adjuvant. The authors suggest
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that the L. tarentolae expression system may be an alternative to the
current egg-based vaccine production [58]. However it is not clear if
immune response is highly protective against live virus challenge.

Full-length rHA vaccines

In general, most of the epitope vaccines were found to be relatively
weak immunogens. Efficacy of epitope vaccines could be considerably
improved by using adjuvants such as squalene (MF59), which
represents an unsaturated aliphatic hydrocarbon, or by using
liposomes [59,60]. The full-length HA contains virus-neutralizing
epitopes and is included in all currently approved human influenza
vaccines, as well as in the majority of experimental vaccines. A
trivalent, baculovirus-generated, recombinant subunit HAO (rHAO)
vaccine was safe and immunogenic in a healthy adult population [61].
Thus, recombinant full-length HA alone is capable of protecting
against infection with influenza viruses [62,63] including in animal
models and in humans [61,64]. Recombinant subunit vaccine under
trade name FluBlok recently has been approved by the FDA as the first
recombinant human influenza vaccine [64]. Studies have also shown
that immune response can depend upon the molecular structure of
recombinant HA (rHA) protein [65].

Recombinant HA H7 vaccine against H7N9 virus has been prepared
[40]. A previous study has shown that purified rH3 HA forms rosette-
shaped subviral particles (SVPs) of approximately 30-50 nm in
diameter [66]. We recently prepared the full-length H7 rHA from A/
Anhui/1/2013 (H7N9) using a modified purification conditions for
rH7 HA [67]. Similarly to a previous study [40], we found that purified
rHA is arranged into particulate structures, or subviral particles (SVP),
with approximately 20 nm in diameter (Figure 4). The size of rH7 SVP
resembled the 22 nm particles of hepatitis B virus (HBV) surface
antigen (HBsAg), an effective recombinant vaccine for HBV [68,69].
Thus, it is likely that formation of SVP mimics to some extent the
conformational epitopes of the virus, which can explain the high
immunogenicity of influenza rH7 HA. Recent data demonstrated that
SVPs comprised of the full-length rHA from A/Anhui/1/2013 (H7N9)
are immunogenic and protective in animal models [67].

In general, the advantages of rH7 as a vaccine include high level of
safety, rapid manufacturing and the ability to generate highly-purified,
well characterized vaccine. HA provides subtype-specific immunity
and is effective against infection with a homologous virus. However,
one of the limitations of rH7 vaccine is that by definition, it lacks
important immunogenic epitopes from other influenza proteins
including NA. It has been shown that high level of anti-NA immunity
results in cross-protection to viruses expressing divergent
neuraminidases [70]. Therefore, inclusion of NA into recombinant
vaccine formulation would be justified.

Taken together, previous studies have shown that oligomeric form
may be critically important for immunogenicity of rHA. It has been
known that for a wide range of pathogens, presentation of vaccine
antigens in particulate form has clear advantages over the presentation
of soluble antigen alone [71,72]. Therefore, attempts have been made
to improve immunogenicity of subunit proteins by oligomerization
using adjuvants and virosomes. For example, cylindrical (diameter 80
nm, height 320 nm) poly (lactide-co-glycolide) (PLGA) based PRINT
particles were designed to electrostatically bind commercial trivalent
injectable influenza vaccine. In a variety of blended PLGA
formulations, these particles were safe and showed enhanced immune
responses to influenza HA in murine models [73].

a  poly SP ™ CT
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Figure 4: Preparation of the full-length rH7 HAO. (a) Baculovirus
expression cassette for rH7 derived from A/Anhui/1/2013 (H7N9)
influenza virus. Indicated within rH7 HAO are locations of the
baculovirus polyhedrin promoter (PolH), HAO signal peptide (SP),
trans-membrane domain (TM), and C-terminus (CT). (b)
Transmission electron microscopy of purified rH7. The rH7
preparation was negatively stained with 1% phosphotungstic acid
and visualized on a Hitachi H-7600 transmission electron
microscope. Bar, 100nm.

Furthermore, liposome formulations were used to improve vaccine
immunogenicity. The combination of subunits of the influenza virus
with a liposome is called a virosome. The viral antigens HA and NA
can be anchored into the nanoparticle or liposome lipid layer, thus
resembling natural influenza virus particle [74]. Commercial
virosomal influenza vaccines have been available in Europe, such as
Inflexal V, licensed for all age groups. Inflexal V represents an
inactivated vaccine which has virosomes in its formulation. To the best
of our knowledge, there were no published reports regarding
preparation of virosomal formulations as H7N9 vaccine.

Influenza VLP Vaccines

Influenza VLP vaccines have been demonstrated as a promising
approach to co-express multiple influenza antigens in the native
conformation and to elicit highly protective immune response capable
of protecting from influenza infections [34,69]. During the course of
infection in virus-infected host cells, structural proteins and genomic
nucleic acids of viruses including influenza virus assemble into
progeny virion particles, which are released from the infected cells.
During past decade, considerable progress has been achieved in
expression of various types of VLPs for many viruses, as reviewed
elsewhere [69]. For example, expression of L1 protein of human
papilloma virus (HPV) in cells results in production of HPV VLPs
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[75,76]. Influenza structural proteins also maintain the intrinsic ability
to self-assemble into VLPs following expression of the structural genes
in various cell culture systems [37,69,77,78]. The size and morphology
of such self-assembled influenza VLPs resemble those of influenza
virions. However, VLPs are non-infectious, because in the cell culture
expression systems, viral proteins self-assemble in the absence of the
viral genetic material. This ensures intrinsic safety of recombinant
VLPs.

Recombinant virus-like particles (VLPs) have been previously
shown to be safe and effective vaccines for influenza. In many cases,
recombinant VLP were comprised of HA and additional influenza
proteins such as NA and/or M1 [34,35,37,78,79]. VLPs comprised of
only HA, NA, and M1 proteins [37] have been shown to elicit highly
efficient protective immune responses, which in some cases exceeded
immune responses elicited by rHA [36,80]. In influenza VLPs, HA and
other proteins are arranged into ~120 nm pleomorphic particles that
morphologically resemble influenza virions, which is viewed as
advantageous feature for immunogenicity and efficacy of VLP vaccines
[34,69,81].The observed high immunogenicity of influenza VLP
vaccines has been attributed to the organization of HA into regular,
highly repeated patterns in the virus resembling structures that favor
activation of immune effector functions [34,69].

The early influenza VLP studies have utilized cloning of three
strain-specific genes, HA, NA, and M1, into a single baculovirus vector
in order to generate VLPs [35,37,80,82]. Infection with such
baculovirus vector resulted in a uniform co-expression of all three
genes in Sf9 cells. The need to clone several strain-specific genes can
delay cloning, vector preparation and production process of the VLP
vaccine, especially, if sequences of all three genes are not available.
Therefore, in some studies, a “generic” M1 was used for VLP
production process, while HA and NA were derived from the vaccine-
relevant strain of interest. Furthermore, in order to speed up
preparation of VLPs, co-infection with several baculovirus vectors,
each expressing only one influenza gene, was used for H7N9 influenza
VLP preparation.

For example, H7N9 VLPs were prepared using baculovirus
expression and immunogenicity and protective efficacy of a H7N9
VLP vaccine was evaluated in the ferret challenge model [41]. In VLPs,
the full-length HA and NA were derived from A/Anhui/1/2013
(H7N9) virus, while M1 was from A/Indonesia/5/2005 (H5N1) virus.
VLPs were made by co-infection of Sf9 cells with three distinct
baculovirus vectors, each expressing one influenza gene (H7, N9 or
M1). VLPs comprised of H7, N9 and M1 proteins were harvested from
Sf9 growth medium. Purified recombinant H7N9 VLPs
morphologically resembled influenza virions and elicited high-titer
serum hemagglutination inhibition (HI) and neutralizing antibodies
specific for A/Anhui/1/2013 (H7N9) virus. H7N9 VLP-immunized
ferrets subsequently were challenged with homologous virus.
Vaccinated animals displayed considerable reductions in fever, weight
loss, and virus shedding as compared to these parameters in
unimmunized control ferrets. H7N9 VLPs were also effective in
protecting against lung and tracheal infection. The addition of either
ISCOMATRIX or Matrix-M1 adjuvant improved immunogenicity and
protection of the VLP vaccine against challenge with H7N9 virus.
These results provide support for the development of a safe and
effective human VLP vaccine against avian influenza H7N9 virus with
pandemic potential [41].

Furthermore, we have prepared H7N9 VLPs, in which HA was
derived from A/Shanghai/2/2013 (H7N9) virus, while both NA and

M1 proteins were derived from A/Puerto Rico/8/1934 (HIN1) virus, a
standard virus that is often used for preparation of influenza
reassortant viruses used in human influenza vaccine production
(Figure 5). By electron microscopy, VLP envelope was observed,
similarly to the native H7N9 virus (Figure le). For VLP preparation, in
these cases all three genes were expressed from a single baculovirus
vector. The advantage of this approach is that it achieves a uniform co-
expression of three genes in Sf9 cells, and that it allows cloning of a
single vaccine-relevant antigen (rHA) into a prefabricated baculovirus
transfer vector containing “standard” NA and M1 genes. This
considerably facilitates gene cloning and baculovirus vector
preparation thus accelerating influenza VLP vaccine production
process.

In a recent study, a recombinant influenza vaccine was also
developed by expressing HA of H7N9 (A/Shanghai/2/2013) on the
surface of recombinant baculovirus. Although this approach would
not result in a typical influenza VLP, the spatial conformation of H7 in
the resulting vaccine is expected to be similar to that in an influenza
virion or in a VLP. Mice were immunized twice either intranasally or
subcutaneously with the vaccine. Immunogenicity and cross-
protective efficacy of the vaccine was assessed against H7N9 or H7N7
subtype challenges. The authors concluded that intranasal
administration of H7 protein expressed on the baculovirus envelope
can be an alternative way to prime the immune system against
influenza infection during a pandemic situation [83].

Expression

Sfa Cell ﬁ
i

Figure 5: Preparation of influenza VLPs containing the full-length
rH7 HAO, as well as NA and M1 proteins. (a) Baculovirus
expression cassette and schematic composition of VLP comprised
of rH7 protein derived from A/Shanghai/2/2013 (H7N9) virus, as
well as NA and M1 proteins derived from A/Puerto Rico/8/1934
(HIN1) virus. Indicated within the baculovirus expression cassette
are rH7 HAO (open box), NA and MI (solid boxes), as well as
baculovirus polyhedrin promoters (arrows). (b) Transmission
electron microscopy of purified rH7 VLPs. The VLP preparation
was negatively stained with 1% phosphotungstic acid and visualized
on a Hitachi H-7600 transmission electron microscope. Bar,
100nm.

Potential pandemic concerns were raised for H7N9 virus [1,3].
However, in addition to H7N9 virus, multiple other viruses with
pandemic potential including H5N1 and HON2 subtypes continue to
circulate in birds and other animals. Furthermore, additionally to the
potential of causing lethal human disease and pandemics, avian
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influenza can cause devastating epizootics in poultry that can threaten
food supply and safety, and also result in reduced capability to
manufacture egg-derived vaccines worldwide including those against
influenza, yellow fever, mumps and measles viruses. Therefore,
vaccines capable of protecting against multiple potentially pandemic
influenza strains are needed. Candidate vaccines against H5, H7, and
H9 viruses have been prepared in the past [84]. In order to enhance
pandemic preparedness, inactivated H5N1 vaccines have been also
developed and approved by regulatory agencies [85] including recently
prepared cell culture-derived Flucelvax vaccine. In recent studies, we
described novel, multi-subtype VLPs containing three subtypes of the
full-length rHA within the envelope [79,86]. Recombinant multi-HA
VLPs represent a conceptually novel broadly protective influenza
vaccine, which is designed to elicit specific immunity to multiple
influenza strains and does not require blending of individual vaccines
to prepare a trivalent formulation. Initially, a baculovirus vector was
configured to co-express the H2, H7, and H5 genes derived from
potentially pandemic A/Swine/Missouri/4296424/2006 (H2N3),
A/New York/107/2003 (H7N2) and A/Viet Nam/1203/2004 (H5NT1)
viruses [86]. NA and M1 gene sequences were derived from A/
Indonesia/05/2005 (H5N1). VLPs that contained H2, H7 and H5 genes
were made in Sf9 cells. We have also prepared VLPs that contained the
full-length rHA genes from seasonal influenza strains A/New
Caledonia/20/1999 (HIN1), A/New York/55/2004 (H3N2) and B/

Shanghai/361/2002 [86]. Again, NA and M1 gene sequences were
derived from A/Indonesia/05/2005 (H5N1). By immunoelectron
microscopy, we showed that multiple subtypes of HA can co-localize
within VLP structure. Finally, such multi-subtype VLPs induced
highly protective immune responses against pandemic and seasonal
strains of influenza when administered to ferrets intramuscularly [86].

In another study, we prepared a triple-subtype VLP to contain the
HS5, H7, and H9 proteins derived from potentially pandemic influenza
viruses [79]. A baculovirus vector was prepared to co-express the H5,
H7, and H9 genes derived from A/Viet Nam/1203/2004 (H5N1),
A/New York/107/2003 (H7N2) and A/Hong Kong/33982/2009
(H9N2) viruses, respectively, as well as neuraminidase (NA) and
matrix (M1) genes from A/Puerto Rico/8/1934 (HIN1) virus. VLPs
were prepared in Sf9 cells (Figure 6), and immunogenicity and efficacy
of such H5/H7/H9 VLPs were evaluated in ferrets following intranasal
(i.n) vaccination. We showed that i.n vaccination with the H5/H7/H9
triple-subtype VLP induced immune responses and protected ferrets
from experimental challenges with three avian influenza viruses [79].

We have recently made another multi-HA VLPs that co-localize A/
Vietnam/1203/2004 (H5N1), A/Hong Kong/33982/2009 (HON2) and
A/Shanghai/2/2013 (H7N9) rHA proteins. Animal studies are being
conducted.

Figure 6: Preparation of influenza multi-HA VLPs. (a) Baculovirus expression cassette and schematic composition of multi-HA VLPs [79].
The H5, H7, and H9 genes were derived from A/Viet Nam/1203/2004 (H5N1), A/New York/107/2003 (H7N2) and A/Hong Kong/
33982/2009 (H9N2) viruses, respectively. Neuraminidase (NA) and matrix (M1) proteins were derived from A/Puerto Rico/8/1934 (HIN1)
virus (shown in gray). (b) Transmission electron microscopy of purified multi-HA VLPs. The VLP preparation was negatively stained with
1% phosphotungstic acid and visualized on a Hitachi H-7600 transmission electron microscope. Size of VLP is indicated. Bar, 100nm.

Thus, multi-subtype VLP that co-localize multiple subtypes of the
full-length rHA within the same particle can be used to protect against
multiple influenza viruses following intramuscular (im) or in.
vaccination. Since this multi-HA VLP is a novel approach, additional
research and pre-clinical testing is needed. For example, additional
data are needed regarding immunogenicity and protective effects of
triple-subtype VLPs given im or in against heterologous virus
challenges. It has been previously shown that mucosally vaccinated
ferrets had broader protection against challenge with unrelated strains
than parenterally vaccinated animals [35].

In summary, multi-subtype VLPs can be a promising approach for
pre-pandemic vaccine stockpiling purposes in addition to, or instead
of, current H5N1-only vaccine. In the case of a pandemic involving
influenza viruses, such multi-HA VLPs can be used as a first line of
defence during the time period that is required to make a specialized
vaccine against a specific pandemic virus strain.
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Conclusion

Novel H7N9 virus causes severe disease in people and represents a
pandemic threat. Efforts are being made to develop effective vaccines
against H7N9 virus. These efforts included live attenuated viruses,
inactivated vaccines, virus vectors, and recombinant proteins.
Recombinant rHA vaccines included epitopes derived from H7, the
full-length rH7, as well as VLPs containing rH7. The tendency was
observed that oligomeric and particulated rH7 displayed higher
immunogenicity. Therefore, efforts have been made to increase the
oligomeric state of rHA by using genetic engineering methods,
advanced adjuvants and VLPs. Two types of recombinant H7 rHA
vaccines for H7N9 viruses have been made in Sf9 insect cells using
baculovirus expression system. The first type is recombinant rHA
including Flublok technology that has recently been approved by the
Food and Drug Administration (FDA) for human use [64]. Another
type of recombinant influenza vaccine is recombinant VLP comprised
of H7 rHA and additional influenza proteins such as NA and/or M1
[34,35,37,78,79]. VLPs have been shown to elicit highly efficient
protective immune responses, which in some cases exceeded immune
responses elicited by rHA [36,80]. In the influenza VLPs, HA and
other proteins are arranged into ~120 nm pleomorphic particles that
morphologically resemble influenza virions, which is viewed as
advantageous for immunogenicity and efficacy of VLP vaccines
[34,69,81]. However, rHA is also immunogenic and protective in
animal models and in humans [61,64]. Immunogenicity of rHA at
least in part can be explained by the observed arrangement of rHA
into subviral particles, SVP, with up to 30-50 nm in diameter and
containing multiple rHA molecules [66]. Thus, it appears that
successful recombinant vaccines including L1-based HPV, HBsAg-
based HBV, and even rHA-based influenza represent particulate
structures such as VLPs or SVP, with oligomeric/particulate structures
likely responsible for high immunogenicity of these vaccines.

For preparation of influenza vaccine in Sf9 cells using baculovirus
expression system, rapid manufacturing is important including
production of recombinant baculovirus vector stocks. Rapid
manufacturing is especially important in the case of novel influenza
virus outbreaks with a pandemic potential such as H7N9 virus. Recent
introduction of automated virus counters allowed determination of
baculovirus titer in minutes, instead of days if using traditional plaque
assay. For example, ViroCyt® virus counter that has been used for
quantitation of various viruses [87] has been configured for
quantitation of recombinant baculoviruses. Furthermore, methods
have been described to improve the turnaround time for
manufacturing by designing VLPs using HA and NA [41] or HA only
(Figure 5) from the vaccine-relevant strain, while using the same
generic M1 (or NA and M1) proteins for various VLP preparations.

In the future H7N9 vaccine developments, the challenge of genetic
diversity of H7N9 viruses needs to be addressed [88]. It will be
important to test the efficacy of vaccines against different genotypes of
H7N9 viruses, the spread of which may follow the same pattern as
H5N1 and HIN2 cases in China [3,89,90]. Potentially, the challenge of
genetic diversity of H7N9 viruses can be addressed by using multi-HA
VLP vaccine approach. In addition, multi-HA VLPs can also be a
useful tool to prepare multi-subtype VLP vaccines to protect against
H7, H5 and H9 subtypes, as well as against other potentially pandemic
and epidemic subtypes of influenza viruses [79,86].
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