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Abstract

Highly pathogenic avian influenza (HPAI) H5 viruses derived from A/Goose/Guangdong/1/96
have been continuously circulating globally, severely affecting the public health and poultry
industries. The matrix 2 protein ectodomain (M2e) is considered a promising candidate for a
universal cross-protective influenza vaccine that provides more effective control over HPAI H5
viruses harboring variant hemagglutinin (HA)-antigens. Here, we evaluated the protective efficacy
of a tandem repeat construct of heterologous M2e presented on virus-like particles (M2e5x VLPs)
either alone or as a supplement against HPAI H5 viruses in a chicken model. Chickens immunized
with M2e5x VLPs alone induced M2e-specific antibodies but were not protected against HPAI
H5. The homo- and cross-protective efficacy of M2e5x VLP-supplemented vaccination of
chickens was also examined. Importantly, supplementation with M2e5x VLPs induced
significantly higher levels of antibodies specific for M2e and different viruses as well as provided
improved protection against homologous and heterologous HPAI H5 viruses. Considering the
limited efficacy of inactivated vaccines, supplement vaccination with M2e5x VVLPs may be an
effective measure for preventing outbreaks of HPAI viruses that have the ability to constantly
change their antigenic properties in poultry.
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Introduction

Highly pathogenic avian influenza (HPAI) is a disease that poses a significant threat to
public health and can cause severe economic losses to the poultry industry. In 1997, an
outbreak of H5N1 HPAI virus on a poultry farm in Hong Kong was caused by the A/Goose/
Guangdong/1/96 (Gs/Gd/96) strain, which was isolated from geese in China in 1996 [1]. H5
HPAI viruses have become widely distributed, and remain one of the most important
infectious diseases in both poultry and humans in Asia, Africa, Europe, Southeast Asia, and
the Middle East [2]. Vaccination, in conjunction with other control methods such as careful
surveillance and monitoring strategies, has been used to better control H5 HPAI viruses,
particularly in HPAI endemic countries [3, 4].

Most conventional avian influenza vaccines are based on the hemagglutinin (HA) protein.
The HA protein is a major antigenic and immunogenic target that enhances humoral
immunity and prevents clinical disease. However, HA-based vaccines provide limited cross-
protection against novel influenza strains expressing immunodominant surface glycoproteins
such as HA and neuraminidase (NA) that have undergone point mutation (antigenic drift)
and genetic reassortment (genetic drift) [5]. Therefore, to effectively control an influenza
pandemic, continuous selection and updating of vaccine strains is necessary every 2—3 years.

To develop the vaccine providing broadly cross-protection against influenza A viruses,
various studies have been conducted to target matrix 2 ectodomain (M2e) consisting of 24-
amino acids which are exposed at viral envelope [6-10]. However, although M2e sequence
is more conserved when compared to HA, M2e variation between strains can be as high as
25% [11]. In addition, M2e is known as a poor immunogen [12, 13]. Due to the presence of
low amounts of M2e on the viral surface and a protein coat comprising large HA and NA
proteins, recognition of M2e epitopes on virions by immune cells is inefficient [14, 15].
Therefore, to enhance the immunogenicity to overcome variation between strains of M2e,
previous studies of M2e-based vaccines have fused the M2e of different strains of influenza
virus to particular immunogenic vehicles [6, 7] or linked M2e to an appropriate carrier to
increase its immunogenicity [8-10]. Recent studies generated a novel M2e construct by
genetically engineering a tandem repeat comprising M2e epitope sequences (M2e5x) from
multiple host origin influenza viruses, and then presenting it with matrix 1 protein (M1) on
virus-like particles (M2e5x VLPs) resulting in a significant improvement in cross-protection
in mouse models [6, 16, 17]. M1 protein is known as an important component which is
essential for VLP formation and virus budding [18, 19]. In addition, recent studies showed
that M1 VLP had an adjuvant effect on split vaccine and induced the Th1 type immunity
[16].

Here, we aimed to overcome the limitations of HA-based vaccines by evaluating the
efficacy of the M2e5x VVLP, which is co-expressed with M1, vaccine in a chicken model.
This study determined the immunogenicity and protective efficacy of M2e5x VLPs either as
a stand-alone vaccine or as a supplement to the inactivated HA-based vaccine. M2e5x VLP-
supplemented HA vaccination of chickens induced significantly higher levels of antibodies
recognizing different M2e peptide antigens and viruses, and provided good protection
without body weight loss after lethal challenge with heterologous H5 HPAI viruses.
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Material and methods

Virus strains and cell lines

The HPAI virus strains, A/mandarin duck/Korea/PSC24-24/2010 (H5N1; clade 2.3.2.1;
PSC24-24) [20] and A/broiler duck/Korea/Buan2 (H5N8; clade 2.3.4.4; Buan2) [21], were
isolated from a wild bird and a poultry farm, respectively, and maintained by the Animal and
Plant Quarantine Agency (QIA). The viruses were propagated for 48 h in 10-day-old
specific pathogen free (SPF) embryonated chicken eggs. Soodoptera frugiperda 9 (Sf9)
insect cells, used to produce M2e5x VLPs, were maintained in SF900-11 SFM medium
(Invitrogen, Carlsbad, CA, USA) at 27°C in an incubator. 293T cells were obtained from the
American Type Culture Collection and cultured for 72 h in MEM (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen) in 5% CO».

Preparation of M2e5x VLPs and recombinant vaccine PSC24-24

M2e5x VLPs were produced in Sf9 insect cells co-infected with recombinant baculovirus
expressing influenza M1 matrix protein and M2e5x (comprising a heterologous tandem
repeat of M2e peptides derived from human, swine, and avian origin influenza A viruses)
[6]. M2e5x VLPs were purified and characterized as previously described [6].

H5N1 reassortant viruses were generated by plasmid-based reverse genetics using the HA
and NA genes of PSC24-24 and six internal genes derived from the A/Puerto Rico/8/34
(HIN1) (PR8) virus strain as previously described, with minor modifications [22]. Viral
PSC2-24 RNA was isolated from allantoic fluids using a Gene-Spin™ Viral RNA extraction
kit (iNtRON Biotechnology, Korea). The HA and NA genes were amplified using segment-
specific primers [23] and subsequently cloned into the vector, pHW2000 [22]. To modify
the polybasic amino acid cleavage site in the HA genes, site-directed mutagenesis was
performed using a commercial kit as described by the manufacturer (Stratagene, USA). The
two plasmids containing the HA and NA segments of PSC24-24 were amplified in
transformed competent cells (Invitrogen) and individual colonies were randomly picked.
The correct plasmid sequences were confirmed by sequence analysis. Virus rescue was
performed by culture of 293T cells (1 x 10 cells/well in 6-well plates), followed by co-
transfection with 300 ng each of the eight plasmids (two HA and NA genes from PSC24-24
and six internal genes from PR8) using lipofectamine (Invitrogen) in incomplete MEM
(final volume, 1 mL). At 24 h post-transfection, the cell culture supernatant was harvested
and injected into 10-day-old embryonated SPF chicken eggs. After incubation for 2-3 days
at 37°C, the egg allantoic fluid was harvested and viral growth tested in a hemagglutination
activity assay. The genome composition of H5N1 reassortants was confirmed by
sequencing.

To obtain the recombinant vaccine, PSC24-24 (rvPSC24-24), the harvest from the first
passage was injected into additional SPF chicken eggs. An H5N1 reassortant virus obtained
from several egg passages showed titer of 1082 EIDg/0.1 mL. Inactivated recombinant
vaccine was prepared by treating with 0.1% formalin.
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M2e5x VLP vaccination and challenge of chickens

To evaluate the efficacy of M2e5x VLPs, 25 6-week-old SPF chickens were divided into
five groups (five chickens per group): four immunized groups and one non-immunized
group. The four M2e5x VLP vaccine groups were intramuscularly vaccinated with
escalating doses (2 pg, 10 pug, and 50 pg of VLPs per chicken) of the M2e5x VLP vaccine
plus the adjuvant Montanide ISA 70 VG (SEPPIC, France) or with 50 pg of M2e5x VLPs
without adjuvant at 4 week intervals. The control group was inoculated with PBS and the
adjuvant ISA 70 mixture. Serum samples were collected on a weekly basis to determine
immune responses to M2e5x VLP vaccination. antibodies in immune sera were analyzed
weekly by ELISA based on synthetic human, swine, avian type I, and avian Il type M2e
peptides (Peptron, Korea). Immune responses to the virus strains PSC24-24, A/chicken/
Gimje/2008 (H5N1) (Gimje08), A/chicken/Vietnam/NCVD-A015/2008 (H5N1) (VNAO015),
A/duck/Korea/BC10/07 (H7N3) (BC10), and A/Korean native chicken/Korea/
12AQ005/2012 (HON2) (12AQ005) were determined by ELISA using the aforementioned
strains as a coating antigen. The wells of the ELISA plates (Nunc, Roskilde, Denmark) were
coated with 0.3 pg/well of synthetic peptides or inactivated purified virions overnight at 4°C
and subsequently blocked with 3% skim milk in PBS for 4 h at 37°C. The coated plates were
washed three times with PBS containing 0.05% (v/v) Tween 20 (PBST) and incubated with
a 1:200 dilution of immune sera (for synthetic peptides), or with serial dilutions of immune
sera (1:200 to 1:26 000) (for purified virions) in 1% skim milk in PBST for 1 h at 37°C. The
plates were subsequently washed three times with PBST and incubated with a 1:2000
dilution of HRP-conjugated anti-chicken IgG (KPL, Gaithersburg, ML, USA) for 1 h at
room temperature. After washing, wells were incubated with TMB substrate (KPL) for color
development and the reaction was stopped with 1 N HCL. Optical densities were read at 450
nm using an ELISA reader (Tecan, Mannedorf, Switzerland). Three weeks following boost
immunization, chickens were intranasally challenged with five times of 50% chicken lethal
doses (five CLDsp) of PSC24-24 virus (1052 EIDs0/0.1 mL).

M2e5x VLP supplement vaccination and immunogenicity

To assess the efficacy of M2e5x VLPs as a supplement vaccine, a 10 g dose of M2e5x
VLPs was added to one dose (1082 EIDs0/0.1 mL) or 1/4 dose (108 EIDs50/0.1 mL) of
rvPSC24-24. Six-week-old SPF chickens were divided into five groups (five chickens per
group): four immunized groups and one non-immunized group. Immunized groups were
divided according to M2e5x VLPs supplementation and dose of rvPSC24-24 as follows:
rvPSC24-24 (one dose) plus M2e5x VLPs, rvPSC24-24 (one dose), r'vPSC24-24 (1/4 dose)
plus M2e5x VLPs and rvPSC24-24 (1/4 dose). The non-immunized group was inoculated
with PBS. All groups were vaccinated using the adjuvant ISA 70. To assess immunogenicity
post-vaccination, chickens were bled weekly and a hemagglutination inhibition (HI) assay
was used to measure serum antibody levels in each group as previously described [11] using
PSC24-24 and Buan2 antigens. Three weeks after vaccination, chickens were intranasally
challenged with five CLDsg of homologous H5N1 virus, PSC24-24, or five CLDsq (1080
EIDgp/0.1 mL) of the heterologous H5N8 virus, Buan2. All experiments with live H5 virus
were performed in biosafety level 3 facilities following a protocol approved by the Animal
Ethics Committee of the Animal and Plant Quarantine Agency, Korea (Approval number
2014-229).
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Protective efficacy against HPAI virus challenge

The protective efficacy of the vaccine was determined by evaluating clinical signs,
mortality, and virus shedding after intranasal challenge with the PSC24-24 and Buan2
viruses. Oropharyngeal (OP) and cloacal (CL) swabs were collected from all groups at 1, 3,
5,7,9, 11, and 14 days post-infection (dpi). Samples were inoculated in chicken embryo
fibroblast (CEF) cell cultures and virus growth determined based on detection of cytopathic
effects (CPE) and HA activity. Virus distribution was determined by collecting various
tissue specimens (trachea, lung, liver, spleen, kidney, cecal tonsil, pancreas, heart, and brain)
from dead chickens during the challenge experimental period. These tissues were used to
prepare 10% (w/v) homogenates in PBS containing antibiotics and the virus titer was
measured in CEF cell cultures.

Statistical analysis

Results

Data were analyzed using Prism version 5.0 software (GraphPad Software, Inc., La Jolla,
CA, USA). Comparison of serum titers between the groups was made using one-way
analysis of variance (ANOVA). Survival rates among the groups were analyzed using the
log-rank test. A two-tailed Student’s t-test was used to compare differences in body weight
between two different groups. Statistical significance was determined as a P value < 0.05.

Immunogenicity and protection after injection of M2e5x VLPs as a stand-alone vaccine

To assess the immunogenicity of M2e5x VLPs in chickens, antibody titers in immune sera
were determined using M2e peptide antigens from different host species (human, swine, and
avian influenza virus) (Table 1). Sera collected from the groups vaccinated with a 10 ug
dose of M2e5x VLPs or with a 50 pg dose of M2e5x VLPs using the ISA70 adjuvant had
higher levels of antibodies against M2e peptide antigens than immune sera from chickens
immunized with 2 pug of M2e5x VLPs and ISA70 or with 50ug of M2e5x VVLPs only (Figure
1). In all four immunized groups, very low antibody reactivity to the avian type Il M2e
peptide was observed when compared with reactivity to peptides derived from other avian,
swine, and human virus M2e types (Figure 1D). This result is consistent with that of a
previous study in mice, which demonstrated poor antibody responses to avian type |1 M2e,
which were likely due to its internal location within the M2e5x construct on the VLPs [6].
No antibody responses to M2e were detected in sera from non-vaccinated chickens (Figure
1).

Sera collected from chickens immunized with 10 pg M2e5xVLP plus ISA70 showed high
levels of cross-immunogenicity to the various virus strains, although antibody-mediated
immune responses to BC10 were lower than those to strains PSC24-24, Gimje08, VNO015,
and 12AQ005 (Figure 2A).

Intranasal challenge with five CLD5q of PSC24-24 at 3 weeks after boost immunization
resulted in the death of all chickens in the immunized and non-immunized groups due to
infection within the span of 12 days (Figure 2B). These results indicate that M2e-specific
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antibodies elicited by M2e5x VLPs vaccination alone do not confer protection against lethal
HPAI challenge despite the presence of significant levels of antibodies.

M2e5x VLP-supplemented vaccination of chickens induces stronger M2e-specific antibody
responses

Immune sera from chickens immunized with rvPSC24-24 containing M2e5x VVLPs showed
high levels of antibodies reactive with M2e peptide antigens from different host species.
Antibody reactivity to M2e peptides increased gradually from 1 week to 3 weeks post-
vaccination (Figure 3). By contrast, the rvPSC24-24 vaccine-only groups did not exhibit an
M2e-specific antibody response (Figure 3). The antibody response to the avian type 1l M2e
peptide antigen was approximately 2-fold lower than that to human, swine, and avian type |
M2e peptides at 3 weeks post-vaccination, and was similar to M2e immune responses after
vaccination with M2e5x VLPs alone (Figure 3D). No M2e-specific antibody responses were
detected in non-immunized chickens (Figure 3).

M2e5x VLP supplemented vaccination significantly enhances antibody responses to
various viruses

Antibody levels in chickens immunized with rvPSC24-24 (one dose) and M2e5x VLPs were
approximately 10-fold higher than those in chickens immunized with rvPSC24-24 (one
dose). The antibody response to influenza virions after immunization with rvPSC24-24 (1/4
dose) and M2e5x VLPs was 5-fold higher than that after immunization with rvPSC24-24
(1/4 dose) and 3-fold higher than after immunization with rvPSC24-24 (one dose) (Figures
4A-E).

M2e5x VLP-supplemented vaccination does not affect vaccine-induced HI titers

Serum HI tests using PSC24-24 and Buan?2 as challenge viruses were conducted at 3 weeks
post-vaccination to compare functional antibody levels according the dose of rvPSC24-24.
Two of the groups immunized with one dose of rvPSC24-24 exhibited approximately 264
and 23-1-3:3 H| units against homologous virus (PSC24-24) and heterologous virus (Buan2),
respectively. The rvPSC24-24 (1/4 dose) groups demonstrated approximately 23-6-38 and
21.0 H units against PSC24-24 and Buan2, respectively (Figure 4F). These results suggest
that antibodies elicited by M2e5x VLP-supplemented vaccination do not affect HI titers,
although supplemented vaccination does enhance antibody responses to various influenza
virus subtypes.

M2e5x VLP-supplemented vaccination enhances protection against homologous and
heterologous HPAI H5 viruses

To examine the protective efficacy of M2e5x VLPs as a supplement vaccine, body weight
changes, survival rates, and virus shedding were monitored following five CLD5g challenge
at 3 weeks post-immunization.

Homologous virus challenge—All chickens immunized with rvPSC24-24 (one dose)
plus M2e5x VLPs, rvPSC24-24 (one dose), and rvPSC24-24 (1/4 dose) plus M2e5x VLPs,
survived the H5 HPAI lethal challenge. The survival rate in the group immunized with
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rvPSC24-24 (1/4 dose) was 60% and birds showed significant body weight loss (P < 0.01) at
4-9 days post-challenge when compared with birds immunized with rvPSC24-24 (1/4 dose)

plus M2e5x VLPs (Figure 5A). Rapid weight loss occurred in naive control chickens, with a
mortality rate of 100% within 5 dpi (Figures 5A and 5B).

To examine virus shedding, virus replication in OP and CL swabs was determined using the
CEF cell line. As shown in Table 2, no virus shedding was observed in the immunized
groups, with the exception of chickens immunized with PSC2424 (1/4 dose). Virus shedding
was detected in 2/5 chickens immunized with PSC2424 (1/4 dose) from 3-9 dpi (in OP swab
samples at 102:6-103-9 TCID5(/0.1 mL and in CL swab samples at 10961016 TCID5y/0.1
mL). In the naive control group, virus shedding was detected within 5 dpi in all chickens (in
OP swab samples at 102:8-103-7 TCIDs/0.1 mL and in CL swab samples at 100-7— 1011
TCIDs5p/0.1 mL) (Table 1). These results demonstrate that when M2e5x VVLPs was used as a
supplement vaccine (a low-dose (1/4) H5-inactivated viral vaccine) it was capable of
conferring increased protection against the H5 homologous virus challenge.

Heterologous virus challenge—Next, we examined the protective efficacy of a vaccine
against the heterologous virus, Buan2. A 100% survival rate was observed in the group that
received rvPSC24-24 (one dose) plus M2e5x VLPs, and an 80% survival rate was observed
in the group that received rvPSC24-24 (one dose) alone (Figure 5D). An 80% survival rate
was also observed in the rvPSC24-24 (1/4dose) plus M2e5x VLPs group, without any signs
of weight loss; however, a 40% survival rate and significant (P < 0.01) body weight loss
occurred from Days 6-8 following virus challenge in the group immunized with
rvPSC24-24 (1/4 dose) alone compared with the group immunized with rvPSC24-24 (1/4
dose) plus M2e5x VLPs (Figures 5C and 5D). Rapid weight loss and 100% mortality were
observed in naive control chickens (Figures 5C and 5D).

After intranasal inoculation with Buan2, OP and CL swabs samples collected from chickens
immunized with rvPSC24-24 (one dose) plus M2e5xVLP did not reveal viral shedding from
1-14 dpi. By contrast, virus shedding was detected from 5—7 dpi in 1/5 chickens immunized
with rvPSC24-24 (one dose), with a viral titer of 1028-1034 TCIDs50/0.1 mL in the OP swab
sample. In the group immunized with rvPSC24-24(1/4 dose) plus M2e5xVLP, virus
shedding was detected in 1/5 chickens, with a viral titer of 1017 TCIDs/0.1 mL in the CL
swab sample at 9 dpi, whereas three chickens from the group vaccinated with PSC 2424(1/4
dose) alone exhibited viral titers of 103-0-1042 TCID5p/0.1 mL in OP swab samples and
1016-10%2 TCID5(/0.1 mL in CL swab samples. In the naive control group, viral titers
ranged from 1034-10%8 TCIDs(/0.1 mL for OP swab samples and from 102-8-103-0
TCIDs50/0.1 mL for CL swab samples within 5 dpi (Table 2). These results suggest that
M2e5x VLP-supplementation plays a significant role in increasing protection against the
heterologous HPAI H5 virus, and suppresses viral shedding.

Systemic infection among the immunized and non-immunized groups was analyzed in
tissues collected from infected chickens. Chickens vaccinated with rvPSC24-24 (one dose)
plus M2e5x VVLPs were not analyzed due to no detection of virus replication. In the group
immunized with vPSC24-24 (1/4 dose) plus M2e5xVLPs, virus was only recovered from the
liver, pancreas, and brain. Viral replication in the brain was lower in the vPSC24-24 (1/4
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dose) plus M2e5xVLPs group than in the other groups. By contrast, virus titers of 101-6-
107 TCID5/0.1 mL were detected in various tissue samples from chickens that were not
immunized with M2e5x VLPs (Figure 6). Inter-group differences in virus titers in the
various tissue samples were not statistically significant due to variations in the number of
infected animals.
Discussion

Vaccines based on HA cannot provide complete protection against novel avian influenza
viruses that have evolved via antigenic shift and antigenic drift, even within the same
subtype influenza virus with vaccine strain. A previous study showed that the reassortant
influenza vaccine, Re-1, which harbors the HA and NA genes from the A/goose/
Guangdong/1/96 H5NL1 strain, provided 80% protection against the A/chicken/Shanxi/2/06
(clade 7.2) H5N1 strain in a chicken model [24]. Furthermore, ferrets immunized with an
inactivated split vaccine based on the HA protein of A/Vietnam/1194/04 (clade 1) H5N1
strain showed viral shedding in the upper respiratory tract and viral replication in the lung
following intratracheal challenge with the A/Indonesia/5/2005 (clade 2) H5N1 strain [25].
Thus, researchers have attempted to develop a universal influenza vaccine to overcome the
limitations of HA-based vaccines.

Previous studies also show that M2e5x VLPs induce a strong antibody response to various
subtypes of influenza virions and confer protection against lethal challenge in mice [6, 16,
17]. The aim of the present study was to evaluate the protective efficacy of M2e5x VLPs,
either alone or as a supplement to an inactivated viral vaccine, in chickens. To attain optimal
immunogenicity in chickens, we used the adjuvant Montanide ISA 70 VG, which improves
vaccine efficacy by inducing strong and long lasting humoral and cell-mediated immune
responses [26, 27]. After intramuscular administration of M2e5x VLPs alone with or
without adjuvant, the serum of chickens immunized with adjuvant demonstrated stronger
antibody responses to M2e peptides derived from human-, swine-, and avian-origin
influenza viruses and multiple influenza types, compared to those with non-adjuvant
chickens.

Despite mounting an immune response, chickens immunized with M2e5x VLPs alone did
not survive HPAI influenza virus challenge. Previous studies of M2e-based vaccines
demonstrated substantially different results depending on the experimental animal model
used. The use of M2e-based vaccines alone in mouse models confers protection against
HPAI and low pathogenic avian influenza (LPAI) virus challenge, making them candidate
universal influenza A vaccines [6, 16, 28, 29]. However, challenge studies in chickens have
demonstrated protection against LPAI but not HPAI, although antibodies elicited by M2e-
based vaccines were induced in immunized chickens [7, 30, 31]. The findings of the present
study are consistent with those of the aforementioned studies and demonstrate that
vaccination with M2e5x VLPs alone does not induce protection against H5 HPAI challenge,
despite inducing M2e antibody responses. Although there is no evidence, the different result
between mice and chickens might be due to difference of type and distribution for receptor,
which is affinity for influenza virus, between species. To better understand about that, it
seems necessary to further study on immune mechanism in avian.
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We hypothesized that an inactivated viral vaccine supplemented with M2e5x VLPs may
provide significantly improved cross-protective efficacy. A recent study vaccinated chickens
with a modified M2e-supplemented vaccine harboring three tandem copies of M2e and then
challenged them with HON2 LPAI [32]. The results showed that as a supplement, the M2e-
based vaccine was able to reduce viral shedding in the oropharynx and cloaca and reduced
viral replication in the trachea and cecal tonsils against the LPAI virus. In the present study,
supplementation of the H5-inactivated viral vaccine with M2e5x VLPs also resulted in
improved M2e-specific antibody responses. A low-dose of H5-inactivated viral vaccine
improved protection following HPAI H5 virus challenge, and better cross-protection was
demonstrated against heterologous HPAI H5 virus.

We observed that M2e5x VLPs play an important supplementary role in improving
protection. Chickens immunized with identical doses of PSC24-24 demonstrated similar HI
titers, regardless of the addition of M2e5x VLPs (Figure 4F), but PSC24-24 plus M2e5x
VLPs provided better protection against HPAI H5 viruses (Figure 5). When the M2e5x
VLPs as supplement to inactivated viral vaccine are added, immune response is induced by
HA as well as M2e-based vaccine. HA-specific antibody prevents infection by neutralizing
virus and M2e5x VLPs confer protection via antibody-mediated phagocytosis by
macrophage and natural killer (NK) cell-dependent ADCC [33]. Perhaps, M2e5x VLPs as
supplement to inactivated viral vaccine may be show better protection than alone inactivated
viral vaccine through correlation of different immune mechanism. Most immune-based
mechanistic studies on M2e-based vaccines have been performed in mouse models. Based
on the results of the present study, further studies are required to gain a better understanding
of the mechanisms underlying the enhanced protection provided by M2e5x VLP-
supplemented vaccination of chickens.

Human influenza vaccines are updated annually, but do not provide optimal protection
against strains that have been undergoing continuous evolution. In case of poultry influenza
vaccines, vaccine strain is not only updated not as frequent as that of human influenza, but
also changed after being severely damaged by outbreak of influenza virus. To overcome the
problems associated with HA-based vaccines, we examined the immunogenicity and
protective efficacy of an M2e-based vaccine when used either alone or as a supplement
vaccine; the M2e-based vaccine is considered a universal vaccine candidate against HPAI
H5 viruses in chickens. Although M2e5x VLPs alone did not prevent viral infection, M2e5x
VLPs as a supplement significantly improved protection against homologous and
heterologous HPAI by increasing immunogenicity. The results of the present study suggest
that the use of broadly cross-protective influenza vaccine (M2e5x VLPs) to supplement a
HA-based inactivated vaccine, in combination with eradication policy, may play an
important role in effectively controlling unpredictable emerging novel of H5 HPAI influenza
virus in endemic countries, although increase of vaccine manufacturing cost is inevitable.
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Highlights

HA-based vaccines provide limited cross-protection against novel influenza
virus.

The M2e-based vaccine is considered universal candidate against influenza
virus.

M2e5x VLPs induce M2e-specific antibodies, but not provide protection

Supplementation with M2e5x VLPs provide good protection against HPAI H5
viruses.
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Figure 1. M2e-specific antibody responses after M2e5x VLP vaccination of chickens
Four immunized groups of chickens (n=5 per group) were intramuscularly immunized

(twice) with increasing doses (2 pg, 10 pug, or 50 pg) of M2e5x VLPs plus the adjuvant ISA
70, or with 50 pg of M2e5x VLPs without adjuvant at Weeks 0 and 4. One naive control
group was immunized with PBS plus ISA 70. After vaccination, chicken serum was
collected on a weekly basis. Levels of M2e-specific antibodies [human (A), swine (B), avian
type | (C), and avian type 11 (D) were determined by ELISA and expressed as optical density
readouts at 450 nm. The results are expressed as the mean titer + the standard deviation (SD)
(sera diluted 1:200). OD, optical density; 50 ug + ISA 70: 50 ug M2e5x VLPs containing
ISA 70; 10 pg + ISA 70: 10 pg M2e5x VLPs containing ISA 70; 2 pug + ISA 70: 2 pg M2e5x
VLPs containing ISA 70; 50 pg: 50 pg M2e5x VLPs without ISA 70; naive: control group

injected with PBS.
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Figure 2. Vaccination of chickens with M2e5x VLP alone induces virus-specific antibodies but
does not confer protection against HPAI virus

Antibody responses specific for inactivated purified virions were determined by ELISA in
vaccinated and naive chickens at 3 weeks after boost vaccination. (A) Antibody binding to
purified virions. Results are expressed as the mean titer = SD (serial dilutions, 1:200-12800)
in sera from five chickens immunized with 10 pg M2e5x VLP containing ISA 70. (B)
Survival of chickens after HPAI challenge. Immune and naive groups were intranasally
challenged with a lethal dose (5 x CLDgg) of the A/mandarin duck/Korea/PSC24-24/2010
(H5N1) strain 3 weeks after the booster vaccination. Survival was monitored from 0 to 14
days post-infection. OD, optical density; PSC24-24, A/mandarin duck/Korea/
PSC24-24/2010 (H5N1) strain; Gimje08, A/chicken/Gimje/2008 (H5N1) strain; VNAOQ15,
Alchicken/Vietnam/NCVD-A015/2008 (H5N1) strain; BC10, A/duck/Korea/BC10/07
(H7N3) strain; 12AQ005, A/Korean native chicken/Korea/12AQ005/2012 (HIN2) strain; 50
ug + ISA 70: 50 pg M2e5x VLPs containing ISA 70; 10 ug + ISA 70: 10 ug M2e5x VLPs
containing ISA 70; 2 ug + ISA 70: 2 pg M2e5x VLPs containing ISA 70; 50 pg: 50 ug
M2e5x VLPs without ISA 70; naive: control group injected with PBS.
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Figure 3. M2e-specific antibody responses in chickens receiving M2e5x VLP-supplemented
vaccination

(A) Human influenza virus M2e antibody responses. (B) Swine influenza virus M2e
antibody responses. (C) Avian influenza virus major type | M2e antibody responses. (D)
Avian influenza virus minor type 1l M2e antibody responses. Four groups of chickens (n=5
per group) were intramuscularly immunized with the following vaccines: rvPSC24-24 (one
dose) + M2e5x VLPs; rvPSC24-24 (one dose); rvPSC24-24 (1/4 dose) + M2e5x VLPs; and
rvPSC24-24 (1/4 dose). The naive control group was inoculated with PBS only. Serum from
immunized and naive chickens was taken weekly after vaccination and antibody responses
against synthetic peptides analyzed by ELISA. M2e-specific antibody responses are
presented as OD values read at 450 nm, and expressed as the mean titer £ SD (sera diluted
1:200). OD, optical density; rvPSC24-24 (one dose) + M2e5x VLPs: one dose of
recombinant vaccine PSC24-24 containing 10 ug M2e5x VLPs; rvPSC24-24 (one dose): one
dose of recombinant vaccine PSC24-24 alone; rvPSC24-24 (1/4 dose) + M2e5x VLPs: 1/4
dose of recombinant vaccine PSC24-24 containing 10 ug M2e5x VLPs; rvPSC24-24 (1/4
dose): 1/4 dose of recombinant vaccine PSC24-24 alone; naive: control group injected with
PBS.
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Figure 4. M2e5x VLP-supplemented vaccination induces higher levels of antibodies against

different virus strains

Serum from immunized and naive chickens (n=5 per group) were obtained 3 weeks after
vaccination and inactivated purified virions analyzed by ELISA (A-E). Challenge viruses
were examined using the HI method (F). (A) PSC24-24-specific antibody responses. (B)
Gimje08-specific antibody responses. (C) VNO015-specific antibody responses. (D) BC10-
specific antibody responses. (E) 12AQ005-specific antibody responses. OD: optical density;
rvPSC24-24 (one dose) + M2e5x VLPs: one dose of recombinant vaccine PSC24-24
containing 10 ug M2e5x VLPs; rvPSC24-24 (one dose): one dose of recombinant vaccine
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PSC24-24 alone; rvPSC24-24 (1/4 dose) + M2e5x VLPs: 1/4 dose of recombinant vaccine
PSC24-24 containing 10 ug M2e5x VLPs; rvPSC24-24 (1/4 dose): 1/4 dose of recombinant
vaccine PSC24-24 alone; naive: control group injected with PBS; homo: homologous;
hetero: heterologous.
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Figure 5. Protection against homologous and hetrologous virus challenge after vaccination with
an M2e5x VLP-supplemented vaccine

Five immunized chickens were challenged with five chicken lethal doses (CLDsg) of the
homologous A/mandarin duck/Korea/PSC24-24/2010 (H5N1) (A and B) and the
heterologous A/broiler duck/Korea/Buan2 (H5N8) (C and D). (A) Body weight changes
after homologous virus challenge. (B) Survival curves after homologous virus challenge. (C)
Heterologous virus challenge and body weight changes. (D) Heterologous virus challenge
and survival curves. Body weight data are plotted as the percentage of the average initial
weight and expressed as the mean data = SD. OD: optical density; rvPSC24-24 (one dose) +
M2e5x VLPs: one dose of recombinant vaccine PSC24-24 containing 10 ug M2e5x VLPs;
rvPSC24-24 (one dose): one dose of recombinant vaccine PSC24-24 alone; rvPSC24-24 (1/4
dose) + M2e5x VLPs: 1/4 dose of recombinant vaccine PSC24-24 containing 10 pg M2e5x
VLPs; rvPSC24-24 (1/4 dose): 1/4 dose of recombinant vaccine PSC24-24 alone; naive,
control group injected with PBS.
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Figure 6. Virus re-isolation from infected chickens
Tissue homogenates (10%) were prepared from the organs of infected chickens and virus

titers measured in chicken embryo fibroblast cells. Virus titers were expressed as the mean
titer £ SD. rvPSC24-24 (one dose), one dose of recombinant vaccine PSC24-24 alone;
rvPSC24-24 (1/4 dose) + M2e5x VLPs: 1/4 dose of recombinant vaccine PSC24-24
containing 10 pg M2e5x VLPs; rvPSC24-24 (1/4 dose): 1/4 dose of recombinant vaccine
PSC24-24 alone; naive: control group injected with PBS.
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Table 1

List of different M2e peptide amino acid sequences

Specific M2e type

Amino acid sequence

Human SLLTEVETPIRNEWGSRSN
Swine SLLTEVETPTRSEWESRSS
Avian | SLLTEVETPTRNEWESRSS
Avian Il SLLTEVETLTRNGWGSRSS

M2e, matrix 2 protein ectodomain.
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