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Abstract

Current influenza vaccines are less efficacious against antigenically different influenza A viruses.
This study presents an approach to overcome strain-specific protection, using a strategy of co-
immunization with seasonal H3N2 split vaccine and yeast-expressed soluble proteins of a tandem
repeat containing heterologous influenza M2 ectodomains (M2e5x). Co-immunization with both
vaccines in mice was superior to either vaccine alone in inducing cross protection against
heterologous H3N2 virus by raising M2e-specific humoral and cellular immune responses toward
a T-helper type 1 profile inducing 1gG2a isotype antibodies as well as interferon-y-producing cells
in systemic and mucosal sites. In addition, co-immunization sera were found to confer cross-
protection against different subtypes of HIN1 and H5N1 influenza A viruses in naive mice. A
mechanistic study provides evidence that activation of dendritic cells by co-stimulation with
M2e5x and split vaccine was associated with the proliferation of CD4* T cells. Our results suggest
that a strategy of co-immunization with seasonal split and M2e5x protein vaccines could be a
promising approach for overcoming the limitation of strain-specific protection by current
influenza vaccination.
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1. Introduction

Most currently available inactivated influenza vaccines are formulated as a trivalent or
quadrivalent blend in a split form to include the two major viral surface proteins,
hemagglutinin (HA) and neuraminidase (NA) although there is no regulation on the latter
(Grohskopf et al., 2014). Neutralizing antibodies induced by inactivated split vaccines are
known to protect against antigenically matched or closely related viruses but provide little
protection against infection with other subtypes or with antigenically drifted viruses (Couch
etal., 2013; Tumpey et al., 2001). Therefore, new vaccination strategies that will induce
broadly cross-protective immunity to antigenically drifted strains within a subtype
(heterologous) and different subtypes (heterosubtypic) need to be developed.

The extracellular domain of M2 (M2e) is considered to be a promising target for inducing
cross protection against different subtypes of influenza A virus due to the fact that it is well
conserved among human influenza subtypes (Ito et al., 1991). Because the immunogenicity
of native M2e is very poor, various strategies have been used to overcome the low
immunogenicity of M2e, such as fusing M2e to highly immunogenic carriers, using
multimeric forms of M2e, formulating with experimental adjuvants, and supplementing
inactivated whole viral vaccines with M2e (Ernst et al., 2006; Neirynck et al., 1999; Song et
al., 2011a; Wang et al., 2012).

The main goal of this study was to test an effective influenza vaccination strategy by
combining the H3 HA-based seasonal split vaccine and conserved M2e epitope-based
proteins expressed in yeast cells to induce cross protection against heterologous and
heterosubtypic influenza viruses. This study demonstrates that co-immunization with both
seasonal H3 split vaccine and M2e tandem repeat (M2e5x) soluble proteins elicited robust
humoral and cellular immune responses to M2e and significantly improved cross protection
against lethal challenge with heterologous H3N2 influenza virus.

2. Materials and methods

2.1 Viruses, vaccine, and reagents

Influenza A viruses, A/Philippines/2/1982 (A/Phil, H3N2) and A/PR/8/1934 (A/PR8, H1IN1)
kindly provided by Dr. Huan Nguyen, A/California/04/2009 (A/CA04, H1N1) generously
provided by Dr. Richard Webby and reassortant A/Vietham/1203/2004 (A/\VN1203,
rgH5N1 containing HA with polybasic residues removed and NA from A/\VN1203 and 6
internal genes from A/PR/8/1934) (Song et al., 2010), were propagated in 10-day-old
embryonated eggs as previously described (Song et al., 2010). The influenza virus was
inactivated by mixing the virus with formalin at a final concentration of 1:4,000 (v/v) as
described previously (Lee et al., 2014b). Monovalent seasonal influenza split vaccine (Green
Cross, South Korea) used in this study was derived from NYMC X-187 (X-187, HA and NA
were derived from A/Victoria/210/2009 (H3N2) and the backbone genes from A/PR8 virus).
P. pastoris strain GS115 and the pPIC9 vector were purchased from Life Technologies
(Grand Island, NY). Adjuvant System 04 (AS04) is consisted of MPL (3-O-desacyl-4’-
monophosphoryl lipid A, Sigma-Aldrich, St Louis, MO) and aluminum hydroxide (Alum,
Sigma—Aldrich).
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2.2 Preparation of M2e5x protein

The gene construct for encoding M2e5x was genetically designed to contain five copies of
influenza virus M2e sequences (a2-20) from human influenza virus-
SLLTEVETPIRNEWGSRSN (2x), swine influenza virus -SLLTEVETPTRSEWESRSS
(1x), avian influenza virus type I-SLLTEVETPTRNEWESRSS (1x), and avian influenza
virus type Il -SLLTEVETLTRNGWGCRCS (1x), and a tetramerizing leucine zipper
domain of GCN4 (De Filette et al., 2008; Kim et al., 2013b). The M2e5x gene was cloned
into yeast-expression shuttle vector pPIC9 and expressed in a secreted form through the use
of the a-factor mating secretion signal using the yeast P. pastoris system by following the
manufacturer’s instructions. Using ion exchange chromatography on Q-Sepharose FF (GE
Healthcare, Pittsburgh, PA) followed by hydrophobic interaction chromatography on
phenyl-Sepharose 6FF column (GE Healthcare), M2e5x proteins secreted into culture
supernatants were purified. The yield of soluble M2e5x proteins purified from 1 L of yeast
culture supernatant was approximately 15 mg.

2.3 Immunization and challenge

Groups of eight female BALB/c mice (6- to 8-week-old, Harlan Laboratories) were
intramuscularly immunized with 20 ug (total protein) of M2e5x protein or 0.6 ug of seasonal
H3N2 split vaccine or M2e5x protein plus split vaccine at week 0, 4, and 8. All vaccines
were formulated with AS04 adjuvant (5 pg MPL plus 50 pug Alum) approved for human use.
Mock control mice were immunized with AS04 adjuvant only. Immunized mice were then
challenged with a lethal dose (7xLDsgg) of A/Philippines/2/1982 (A/Phil, H3N2) influenza
virus at 4 weeks after second boost and weight loss and survival rates were daily monitored
for 14 days post-infection (p.i.). One LDsq of A/Phil virus for BALB/c mice is
approximately 50 to 100 plaque forming units. Results were reproducible out of two
independent experiments. All animal experiments were reviewed and approved by the
Georgia State University IACUC review boards.

2.4 Preparation of BALF and lung extracts

Challenged mice were euthanized at 5 days p.i.. For bronchoalveolar lavage fluids (BALF),
the diaphragms were dissected to allow free lung expansion and the lungs were lavaged
three times by slowly instilling 1 ml of PBS then gently aspirating. The supernatants were
inoculated into the allantoic cavity of 9-11-day-old embryonated eggs to determine lung
viral titers as described in detail previously (Lee et al., 2011). The infectivity of the virus in
the supernatant was determined from the 50% egg infectious dose (EIDsp). Cytokine levels
in BALF were determined using enzyme-linked immunosorbent assay (ELISA) kits for IFN-
v and IL-6 according to the manufacturers’ instructions (eBioscience, SanDiego, CA).

2.5 Determination of antibody levels, M2e-specific antibody secreting cell and T cell
responses
M2e or vaccine-specific antibody titers were determined by ELISA as previously described
(Song et al., 2011b). To determine hemagglutination inhibition (HI) titers, serum samples
were incubated with receptor destroying enzyme (RDE, Denka Seiken, Japan) and heated at
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56 °C. In brief, HI titers were determined using inactivated X-187 virus and 1% chicken
erythrocyte suspension with two-fold diluted serum samples after RDE treatment.

For antibody-secreting cell (ASC) assays, 96-well culture plates were coated with M2e5x
protein, and bone marrow cells and splenocytes were added after blocking. IgG antibody
levels specific to M2e peptide in the culture supernatants were determined by ELISA as
described (Lee et al., 2014b; Song et al., 2010). Interferon (IFN)-y-producing cell spots were
determined on Multi-screen 96 well plates (Millipore, Billerica, MA) coated with IFN-y
cytokine specific capture antibodies (BD Biosciences, San Diego, CA) as previously
described (Quan et al., 2009).

2.6 In vivo protection assay of immune sera

To determine protective efficacy of immune sera in naive mice, immune or naive sera after
heat inactivation (56°C, 30 min) were mixed with a lethal dose (6 x LDsgg) of A/PR8, A/
VN1203, and A/CA04 and incubated at room temperature for 30 min prior to administration
as described (Kim et al., 2013a; Kim et al., 2014). Briefly, naive BALB/c mice were
infected with a mixture of sera and virus, and were monitored for survival rates and weight
loss for 14 days p.i..

2.7 Preparation and in vitro stimulation of bone marrow derived dendritic cells (BMDCs)

BMDCs were prepared from bone marrow cells of BALB/c mice as previously described
(Lee et al., 2014a). BMDCs were stimulated with 10 ug/ml of M2e5x protein alone or
seasonal influenza split vaccines or M2e5x protein plus split vaccine at 2 x 10° cells/ml in
96-well plates for 2 days. To balance the protein concentration in each well, bovine serum
albumin (BSA) was included. IL-6 and TNF-a cytokines were determined in the BMDC
culture supernatants using ELISA. For mixed lymphocyte reactions, BMDCs were first
treated with M2e5x protein alone or seasonal influenza split vaccine or M2e5x protein plus
split vaccine, and then cocultured with CFSE-labeled allogeneic C57BL/6 splenocytes. The
protein concentrations were also balanced with BSA at the first phase. After 5 days, the cells
were stained for anti-CD4-allophycocyanin (APC), anti-CD8a-r-phycoerythrin (PE), and
anti-CD11c-PE-Cy7 antibodies. Dead cells were excluded according to low forward scatter
and high side scatter characteristics. After gating out CD11cHi cells, T cell proliferation was
evaluated by measuring the decrease in CFSE labeling in proliferating cells. Stained cells
were acquired and analyzed using LSRFortessa (BD Biosciences) and FlowJo software
(Tree Star Inc.) respectively.

2.8 Statistical analysis

Statistical analyses were done using GraphPad Prism software. Data are presented as means
+ error of the mean (SEM). Differences between groups were analyzed by 1-way analysis of
variance (ANOVA) or 2-way ANOVA where appropriate. P-values less than 0.05 were
regarded as significant. Kinetics of mortality was analyzed by Kaplan—Meier curves and log-
rank test with Bonferroni adjustment.
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3. Results

3.1 Co-immunization with M2e5x protein and split vaccine induces M2e- and virus-specific
antibody responses

M2e5x soluble proteins were produced using the yeast expression system. M2e5x proteins
expressed in yeast cells in a secreted form were purified to approximately 60% as
determined by Coomassie Brilliant blue staining (Supplementary Fig. S1A) and confirmed
by western blot probed using M2e monoclonal antibody 14C2 (Fig. S1B). We investigated
whether coimmunization of mice with seasonal influenza split vaccine and M2e5x proteins
would improve the efficacy of cross-protection against influenza A viruses compared to
separate M2e5x protein and split standalone vaccination. To evaluate the immunogenicity of
M2e5x protein vaccines (M2e5x) or seasonal influenza split vaccines (Split) or M2e5x
protein plus split vaccines (M2e5x.Split) formulated with AS04 adjuvant, groups of mice
were intramuscularly immunized and antibody responses in sera were determined by ELISA
using a human type M2e peptide antigen or H3N2 split vaccine. At 21 days after first and
second boost, M2e-specific antibodies were observed in the M2e5x.Split and the M2e5x
group at substantially high levels but not in the Split group (Fig. S2 and 1A-C).
Interestingly, 1gG2a isotype antibody responses specific for M2e were significantly higher
in the M2e5x.Split group than those in the M2e5x group after second boost (p < 0.05). High
levels of antibody responses specific for X-187 H3N2 vaccine were induced by either split
or combined vaccination (Fig. 1D-F). Immune sera from the M2e5x.Split showed high titers
of HI activity up to 10.5 + 0.2 log2 (Fig. S3A). Moreover, sera from split only-immunized
mice also had a high level of HI titers (Fig S3A), yet not cross reactive HI activities were
detected against A/PR8, A/VVN1203 and A/CA04 (data not shown). Substantial reactivity to
AJ/PR8 (H1N1, Fig S3b), A/VN1203 (rgH5N1, Fig S3C), and A/ICA04 (H1N1, Fig S3D)
were detected by ELISA in mice immunized with Split or M2e5x.Split vaccines.
Importantly, antibody levels to A/VN1203 in M2e5x.Split immune sera showed
significantly a higher titer than that in sera from split alone immune mice by ELISA (p <
0.05, Fig. S3C).

3.2 Immunization with mixed M2e5x protein and split vaccines provides enhanced
protection against heterologous influenza virus

To compare the efficacy of protection, groups of mice were challenged with a lethal dose of
AJPhil H3N2 virus (7XLDsgg) or A/VN1203 rgH5N1 virus (4xLDsg) at 4 weeks after second
boost (Fig. 2). A/Phil virus is antigenically distinct from NYMC X-187 virus. Identity of
nucleotide and amino acid sequences of HA between A/Phil and A/Victoria/210/2009 are
90.8% and 84.6%. All naive and mock control mice lost over 25% in body weight and died
or had to be euthanized. In experiment challenge with A/Phil virus, the survival rates of the
mice from the split vaccine group were 60% (Fig. 2A). In contrast, the M2e5x.Split and the
M2ebx group showed 100% survival protection against lethal challenge with heterologous
AJPhil virus. Mice in the Split or M2e5x group showed a substantial weight loss of
approximately 22% and 20%, respectively (Fig. 2B). However, mice in the M2e5x.Split
group showed a moderate weight loss (~14%). In challenge experiment with A/VN1203,
split alone immune mice did not show any protection (Fig. 2C). The survival rates of the
mice vaccinated with M2e5x.Split and M2e5x alone were 100%. Mice in the M2e5x group
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also showed a substantial weight loss of 22% (Fig. 2D). By contrast, the M2e5x.Split group
showed a moderate loss of 11%.

M2e-specific 1gG or IgA antibody responses in BALF were determined at day 5 after
challenge with A/Phil virus. M2e-specific 1gG concentrations in BALF from the
M2e5x.Split and M2e5x group were approximately 3.3- and 3.0-fold higher than those from
the Split group, respectively, but there was no significant difference (Fig. 3A). M2e-specific
IgA antibody concentrations in BALF from the M2e5x and the M2e5x.Split group were
approximately 1.5-fold higher than those from other groups (Fig. S4A). The M2e5x.Split
and the M2e5x group showed significantly lower lung viral titers compared with those in the
Split and Naive group (Fig. 3B). Moreover, the lung viral titers of the M2e5x.Split group
(5.9 £ 0.1 Log10EIDsp/ml) were 12.6-fold lower than those in the Naive group (7.2 £ 0.3
Log10EIDsg/ml) even at an earlier time point day 3 p.i., which is statistically significant (p <
0.05, Fig. S4B). The difference between the M2e5x.Split group and other groups was found
to be bigger at the later time point day 5 p.i..

The production of IFN-y is known to be important in decreasing viral load of influenza virus
(Baumgarth and Kelso, 1996). The levels of IFN-y in BALF from the M2e5x and
M2ebx.Split group were significantly higher than those in BALF from the Split and Naive
group on day 5 after infection (Fig. 3C). During highly pathogenic H5N1 infection, cytokine
storm was hypothesized to be a cause of tissue damage, ultimately contributing to death.
Especially, increased levels of proinflammatory cytokines including TNF-y and IL-6, have
been observed in human and mice infected with highly pathogenic H5N1 influenza virus
(Chan et al., 2005; Cheung et al., 2002; de Jong et al., 2005; Lee et al., 2005; Szretter et al.,
2007; Xu et al., 2006). The levels of IL-6 inflammatory cytokine were observed at
significantly lower in BALF from the M2e5x.Split and M2e5x groups than those of other
groups, respectively (Fig. 3D). Thus, these results indicate that co-immunization of split and
M2e5x protein vaccines can improve cross protection against heterologous H3N2 viruses by
effectively controlling viral replication, increasing antiviral IFN-y cytokine, and modulating
IL-6 inflammatory cytokine after challenge.

3.3 Co-immunization with M2e5x protein and seasonal split vaccines enhances IFN-y-
secreting T cell and antibody-secreting cell responses

To better understand improved cross protection by dual vaccine components, we determined
the induction of IFN-y-producing M2e-specific T cells in lungs and spleens. After in vitro
stimulation of whole lung and spleen cells with M2e peptide, we measured IFN-y-producing
cell spots (Fig. 4A and 4B). The spot numbers of IFN-y—secreting cells were detected at a
significantly higher level in the lungs from mice in the M2e5x.Split and the M2e5x group
than those from other groups, respectively (Fig. 4A). Moreover, significantly higher levels
of IFN-y—secreting cells were observed in the spleens from the M2e5x.Split and the M2e5x
groups compared with those from other groups, respectively (Fig. 4B).

There was a correlation between in vitro antibody production and antibody-secreting cell
(ASC) responses (Kang et al., 2011; Song et al., 2010). To investigate M2e-specific ASC
responses, spleen and bone marrow cells were collected at day 5 p.i. and cultured in vitro for
1 and 5 days. The levels of anti-M2e 1gG antibodies were significantly higher in the culture
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supernatants of splenocytes (Fig. 4C) and bone marrow cells (Fig. 4D) from the M2e5x.Split
and M2e5x groups than those from other groups. Furthermore, higher levels of anti-M2e
IgG antibodies secreted into the culture supernatants were detected in splenocytes from the
M2e5x.Split group compared with those from the M2e5x group after 1 day in vitro culture
(p < 0.01). Interestingly, the levels of anti-M2e 1gG were detected at a significantly higher
level in the supernatants of bone marrow cells from the M2e5x.Split group than those from
the M2e5x group after 1 day (p < 0.001) and 5 day (p < 0.01), respectively. Importantly,
significant increases in M2e-specific 1gG antibody levels at day 5 cultures compared to
those at day 1 cultures suggest the effective induction of memory B cells that are
differentiating to antibody-secreting plasma cells upon antigenic stimulation. These results
indicate that the generation of plasma cells in bone marrow and memory B cells in spleens
can be induced more effectively by co-immunization with M2e5x proteins and seasonal split
vaccine than vaccination with M2e5x protein alone.

3.4 Immune sera of M2e5x protein with split vaccination confer improved cross-protection

We further evaluated whether immune sera would confer broad cross-protection against
heterosubtypic influenza viruses. Naive mice were infected with a mixture of immune sera
and different strains of influenza A virus. Sera from naive or split alone immune mice did
not provide any protection to naive mice (Fig. 5). In contrast, M2e5x.Split and M2e5x only
immune sera showed 100% protection to naive mice that were infected with A/PR/8/1934
(A/PR8, HIN1) (Fig. 5A-B) or A/Vietnam/1203/2004 (A/\VN1203, H5N1) (Fig. 5C-D) or
Al/California/04/2009 with swine M2e (A/CA04, H1N1), respectively (Fig. 5E-F). In
addition, only a slight loss (6-10%) in body weight depending on the virus strain used for
infection was observed in protected mice from the M2e5x.Split group. Substantial levels of
morbidity (18-22% weight loss) depending on the virus strain used for infection were
observed in mice from the M2e5x group. Therefore, these results support evidence that
combined M2e5x.Split vaccination can induce antibody responses which are superior to
seasonal split vaccination in conferring protective immunity against heterosubtypic
influenza viruses.

3.5 M2e5x proteins and influenza split vaccines stimulate BMDCs activating CD4* T cells

To understand the possible underlying mechanisms by which dual vaccine components
confer better cross protection, we investigated the effects of M2e5x proteins and/or
influenza split vaccines on stimulating dendritic cells (DCs) in vitro. The levels of IL-6 (Fig.
6A) and TNF-y (Fig. 6B) in the supernatants from BMDCs treated with both M2e5x
proteins and split vaccines for 2 days were significantly higher than those from BMDCs
treated with M2e5x protein, split vaccine alone or mock control (p < 0.001). Induction of co-
stimulatory molecules CD40 and CD80 is an essential control point for T cell activation.
BMDCs treated with both M2e5x protein and split vaccines induced higher levels of CD40
and CD80 activation markers as compared with BMDCs treated with M2e5x proteins, split
vaccines alone, or mock control (Fig. 6C).

To investigate whether activated BMDCs expressing co-stimulatory molecules by a mixture
of M2e5x proteins and split vaccines would translate into activating T cells, CFSE-labeled-
allogeneic splenocytes were incubated for 5 days with BMDCs that had been pretreated with
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M2ebx proteins and/or influenza split vaccines. T cell proliferation was evaluated by
measuring the decrease in the CFSE fluorescent intensity of replicating cells. BMDCs that
were stimulated with mixed M2e5x protein and split vaccines induced higher levels of
proliferated CD4* T cells compared to BMDCs that were stimulated with M2e5x proteins or
split vaccines alone (Fig. 6D). Therefore, these results suggest that M2e5x proteins and split
vaccines stimulate DCs to secrete more cytokines and to induce increased levels of CD4* T
cell proliferation.

4. Discussion

Current inactivated influenza vaccines are less efficacious when vaccines are mismatched
with a circulating strain or during a new pandemic outbreak. M2e, being highly conserved
among different influenza virus subtypes, has been considered a promising universal
influenza vaccine antigen. However, M2e immunity alone provides relatively weak
protection (Jegerlehner et al., 2004). Since M2e antibodies do not neutralize viruses, the
protective efficacy by M2e antibodies is lower than that of HA-based inactivated vaccines
that induce neutralizing antibodies against homologous strains. Therefore, it is unlikely that
M2e-based vaccines would be developed as a standalone universal vaccine which would
completely replace current HA based influenza vaccines.

It has been reported that whole inactivated influenza vaccines supplemented with M2e-based
vaccines could improve their cross protective efficacies compared to inactivated vaccine
alone (Park et al., 2014; Song et al., 2011a). Also, H1N1 split vaccines supplemented with
M2e5x expressed on virus-like particles (VLPs) were shown to partially overcome strain-
specificity of protection by split vaccines (Kim et al., 2014). In this study, we demonstrated
that co-immunization of H3N2 seasonal split vaccine and M2e5x protein effectively induced
M2e-specific humoral and cellular immune responses. To the best of our knowledge, this is
the first study to provide evidence that immunization with a combined vaccine of inactivated
split H3 vaccine and yeast cell-expressed M2e5x proteins could be significantly effective in
conferring cross-protection against heterologous influenza viruses compared to M2e5x
proteins and split vaccines alone. In particular, yeast-based expression of recombinant
vaccines against human hepatitis B virus and human papilloma virus was licensed for human
use (Hilleman, 2000; Shi et al., 2007). Thus, production of M2e5x proteins in yeast cells
could present a viable option for human application. In this study to assess immune effects
by immunization with yeast-expressed M2e5x proteins, all vaccines were formulated with
ASO04 adjuvant that was approved in conjunction with human vaccines (Giannini et al.,
2006). Previously it was reported that clinical studies of M2e vaccines were performed with
bacterial flagellin adjuvant-conjugated forms, resulting in some side effects at high doses
(Turley et al., 2011). It is highly significant to find that M2e-based immunity could be better
than H3 HA-based split vaccine immunity in inducing heterologous protection against H3N2
virus. Moreover, we found that M2e5x.Split immune sera can confer broader and improved
cross protection against diverse subtypes (HIN1, H5N1) of influenza A viruses, which was
superior to split vaccine immune sera (Fig. 5). Recently, it has been reported that HA stalk
neutralization was enhanced by IgA antibodies compared to 1gG antibodies (He et al., 2015).
Therefore, M2e-specific antibodies as a polyclonal context might be more effective than
those in sera. Thus, results in this study provide a proof-of-concept that the presence of M2e
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immunity in addition to HA strain specific immunity could help in broadening cross
protection against emergence of antigenically different viruses.

It is important to note that combined immunization was significantly more effective than
M2e5x vaccination in inducing anti-M2e 1gG2a antibodies and heterologous cross
protection. The 1gG2a isotype antibody is known to be involved in binding to Fc receptors
more effectively than 1gG1 isotype (Gerhard et al., 1997; Huber et al., 2001). It was reported
that Fc receptors play a role in conferring M2e-specific antibody-mediated protection (El
Bakkouri et al., 2011; Lee et al., 2014b). Thus, induction of M2e-specific 1gG2a isotype
antibodies by co-immunization of M2e5x and split vaccines might contribute to viral
clearance, possibly via Fc receptor-mediated mechanisms involving antibody-dependent
cell-mediated cytotoxicity or antibody-mediated phagocytosis.

A major purpose of vaccination is to induce memory immune responses that can rapidly
respond upon subsequent antigen exposure or infection. In the present study, compared with
M2e5x proteins or split vaccine alone, immunization with combined M2e5x and split
vaccines induced significant levels of antibody-secreting plasma cell responses in bone
marrow, which can produce M2e-specific antibodies. Also, functional memory B cells in
spleens that can differentiate into ASCs upon antigen stimulation were observed in co-
immunized mice. In addition, IFN-y-secreting cell spots were also highly induced by co-
immunization. It has been reported that HA protein has adjuvant-like effects (Cox et al.,
2004; Kang et al., 2004). Interestingly, we found that BMDCs treated with both M2e5x
protein and HA split vaccines produced higher levels of cytokine and costimulatory
molecules as compared with BMDCs treated with M2e5x protein or split vaccine alone.
Furthermore, BMDCs stimulated with both M2e5x protein and split vaccine induced the
proliferation of CD4* T cells at higher levels compared to either vaccine alone. It is likely
that the induction of IgG2a antibody- and IFN-y-secreting cells by co-immunization with
both M2e5x and split vaccines might have largely resulted from antigen presenting DC-
mediated activation of CD4* T cells. Therefore, co-immunization of M2e5x protein and split
vaccines appears to be a promising strategy for developing a vaccine that effectively
generates IFN-vy-secreting T cells as well as memory B cells that rapidly differentiate into
antibody secreting plasma cells upon antigenic stimulation.

In conclusion, co-immunization with M2e5x protein and seasonal split vaccine was found to
induce significantly improved cross-protection against heterologous influenza A virus
compared to either vaccine alone. In addition, co-immunization with seasonal split and
M2e5x protein vaccines was able to efficiently generate immunologic memory for rapid
recall responses of humoral and cellular immune components upon lethal influenza virus
infection. Antigen presenting DC-mediated activation of CD4* T cells by co-stimulation
with mixed M2e5x and split vaccines might be involved in a mechanism by which combined
vaccination of split and M2e5x proteins works for improved cross protection. Therefore,
results in the present study provide evidence that a strategy of co-immunization with
seasonal split and M2e5x protein vaccines could be a promising and translatable approach
for overcoming the limitation of strain-specific protection by current influenza vaccination
as well as strengthening the M2e-mediated cross protection.
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Fig. 1. Co-immunization with M2e5x protein and split vaccines induces M2e- and virus-specific
1gG and IgG isotype antibody responses

BALB/c mice (n = 8) were immunized with M2e5x protein (M2e5x) or H3N2 influenza split
vaccine (Split) alone or M2e5x protein plus split vaccine (M2e5x.Split). All groups of
vaccines were immunized with AS04 adjuvant. Blood samples were collected at 3 weeks
after second boost. (A—C) M2e-specific total 1gG (A), 1gG1 (B), and 1gG2a (C) antibody.
(D-F) Vaccine-specific total 1gG (D), 1gG1 (E), and IgG2a (F) antibody. ELISA was
performed with serially diluted serum samples for antibodies specific for M2e peptide (A-
C) or H3N2 influenza split vaccine (D-F) (NYMC X-187). Error bars indicates mean £
SEM. Statistical significance was determined by 2-way ANOVA. Asterisks indicate
significant differences ("p < 0.05) compared with the results in the M2e5x group.
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Fig. 2. M2e5x.Split co-immunization improves cross protection
Groups of BALB/c mice (n = 5) were challenged with a lethal dose of A/Philippines/2/82

(H3N2) virus (A, B) or reassortants A/Vietham/1203/2004 (A/VN1203, rgH5N1) virus (C,
D) 4 weeks after second boost. Survival rates (A, C) and body weight (B, D) were monitored
for 14 days. Error bars indicates mean + SEM. Error bars indicates mean = SEM. Statistical
significance was determined using Kaplan—Meier survival curve and log-rank test with
Bonferroni adjustment or by 2-way ANOVA. Dollar signs indicate significant differences
(%%p < 0.01) compared with the results in the Split group. Pounds indicate significant
differences (*p < 0.05, #p < 0.01) compared with the results in the Mock (AS04 adjuvant
only) group. Asterisks indicate significant differences ("p < 0.05, **p < 0.01) compared with
the results in the Naive (unimmunized) group.
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Fig. 3. Combined M2e5x.Split vaccine is effective in lowering lung viral titers and inflammatory
cytokine levels after heterologous challenge

Levels of IgG antibodies were determined in bronchoalveolar lavage fluids (BALF) samples
collected from mice at day 5 p.i. with A/Philippines/2/82 (H3N2) virus (n = 3). (A) M2e-
specific IgG antibody levels in BALF. Lung viral titers (B) were determined by an egg
infection assay. IFN-y (C), and IL-6 (D) cytokine in BALF were determined by a cytokine
ELISA at day 5 p.i. Data represent mean + SEM. Statistical significance was determined by
1-way ANOVA. Pounds indicate significant differences (*p < 0.05, #p < 0.01, and ###p <
0.001) compared with the results in the Split group. Asterisks indicate significant differences
(*p<0.05, *"p<0.01, and "*p < 0.001) compared with the results in the Naive group.
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Fig. 4. M2e5x.Split vaccine enhances M2e-specific cytokine and antibody secreting cellular

immune responses

(A) IFN-y-secreting cells in lungs (n = 3). (B) IFN-y-secreting cells in spleens (n = 3). Lung
cells and splenocytes were isolated from mice at day 5 p.i. Cytokine-producing cell spots
were counted by ELISPOT reader. Spleen (C) or bone marrow (D) cells were isolated from
mice at day 5 p.i. and were incubated with M2e5x protein for in vitro stimulation. Culture
supernatants were harvested after 1 or 5 days of culture. M2e-specific 1gG levels were
determined by ELISA. Data represent mean + SEM. Statistical significance was determined
by 1-way ANOVA. Plus sings indicate significant difference (**p < 0.01, and ***p < 0.001)
compared with the results in the M2e5x group. Pounds indicate significant differences (p <
0.05, #p < 0.01, and ##p < 0.001) compared with the results in the Split group. Asterisks
indicate significant differences ("p < 0.05, **p < 0.01, and

results in the Naive group.

*kk

Antiviral Res. Author manuscript; available in PMC 2016 October 01.

p < 0.001) compared with the



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leeetal.
A A/PR8 (H1N1)
110+
-0 M2e5x
- -m M2e5x.Split
> 100 ’
ot -+ Split
s -+ Naive
< 904
H
>
°
a 8
7c T T T | T T T T T T T T T 1
0123456738 9111121314
Days postinfection
c A/NN1203 (rgH5N1)
110-
o M2e5x
—_ -& M2e5x. Split
> 100 -
< -+ Split
. - Naive
2 904
2
>
°
a &
7c L} 1 T L} L T 1 T L} L] T 1 ¥ 1
0123456738 91011121314
Days postinfection
= AICA04 (H1N1)
110
-o— M2e5x
-m M2e5x.Split
10 - Spit
—4— Naive

Body weight (%)
3

8

70

L L L L L L
01234526178 911121314

Days postinfection

Percent survival

Percent survival

Percent survival

Page 18

A/PR8 (H1N1)

L L L L L L L L
01234561738 9101121314

Days postinfection

T

AVN1203 (rgH5N1)

60+

40-

204

01234561738 911121314

ostinfection

o
2
<
@
-]

A/CA04 (H1N1)

LN B B B R B | L L
012345678 911121314

Days postinfection

Fig. 5. Immune sera of M2e5x.Split co-immunization are superior to split vaccine immune sera

in conferring cross-protection

Mice (n = 3) were intranasally infected with a lethal dose of influenza virus mixed with 2-
fold diluted immune sera or naive sera. Immune sera collected from vaccinated mice after
3rd immunization were incubated with influenza viruses, A/PR/8/34 (A/PR8, HIN1) (A,B),
reassortants A/Vietnam/1203/2004 (A/VN1203, rgH5N1) (C, D), and A/California/04/2009
(AICA04, HIN1) (E, F). Body weight (A, C, E) and survival rates (B, D, F) were monitored
for 14 days. The results were reproducible from two independent experiments.
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Fig. 6. M2e5x.Split mixed vaccine activates dendritic cells subsequently promoting CD4* T cell
proliferation

(A-C) Expression of cytokines and markers by activated dendritic cells. BALB/c BMDCs
were stimulated with M2e5x protein alone (M2e5x) or seasonal influenza split vaccine alone
(Split) or M2ebx protein plus split vaccine (M2e5x.Spit). TNF-y (A) and IL-6 (B) cytokines
were determined by a cytokine ELISA. Data represent mean £ SEM. (C) Representative
histograms of CD40 or CD80 expression of BMDCs. Numbers in the histograms indicate
mean fluorescence intensity (MFI) of each marker. (D) BALB/c BMDCs were stimulated
with M2e5x protein and/or seasonal influenza split vaccine. After wash, BMDCs were
cocultured for 5 days with allogeneic C57BL/6 splenocytes with the ratio of 1:10 for BMDC
to splenocytes. CFSE profiles of CD4* T cells are representative of two independent
experiments. The numbers indicate percentages of CFSE~ CD4* T cell populations.
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