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Current influenza vaccines do not provide good protec-
tion against antigenically different influenza A viruses.
As an approach to overcome strain specificity of pro-
tection, this study demonstrates significantly improved
long-term cross protection by supplementing split vac-
cines with a conserved molecular target, a repeat of the
influenza M2 ectodomain (M2e) expressed on virus-like
particles (M2e5x VLPs) in a membrane-anchored form.
Intramuscular immunization with HINT1 split vaccine (A/
California/07/2009) supplemented with M2e5x VLPs
induced M2e-specific humoral and cellular immune
responses, and shaped the host responses to the vaccine
in the direction of T-helper type 1 responses inducing
dominant IgG2a isotype antibodies as well as interferon-y
(IFN-y) producing cells in systemic and mucosal sites.
Upon lethal challenge, M2e5x VLP-supplemented vac-
cination lowered lung viral loads and induced long-
term cross protection against H3N2 or H5N1 subtype
influenza viruses over 12 months. M2e antibodies, CD4
T cells, and CD8 T cells were found to contribute to
improving heterosubtypic cross protection. In addition,
improved cross protection by supplemented vaccina-
tion with M2e5x VLPs was mediated via Fc receptors.
The results support evidence that supplementation with
M2e5x VLPs is a promising approach for overcoming the
limitation of strain-specific protection by current influ-
enza vaccination.
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INTRODUCTION

Influenza virus causes respiratory viral diseases in humans, with
significant medical and economic burdens, causing ~250,000-
500,000 deaths annually worldwide."? The emergence of the 2009

pandemic HIN1 virus is a good example of the generation of a new
strain with distinct antigenic properties by triple reassortment.**
While antibodies to hemagglutinin (HA) provide strain-specific
protection, the current vaccine formulations do not provide good
protection against antigenically distinct strains.

Several approaches were previously demonstrated to induce
heterosubtypic cross protection by influenza vaccination. Live
virus infections were shown to confer heterosubtypic immunity
by inducing crossreactive cytotoxic T lymphocytes in mice.”" In
contrast to the live virus infection model, inactivated influenza
virus is known to be ineffective in inducing heterosubtypic immu-
nity. It was demonstrated that intramuscular immunization with
inactivated viral vaccines did not induce heterosubtypic immu-
nity.'>"* Detergent-split vaccine is known to be less protective
compared to whole inactivated viral vaccine.’*"” Therefore, intra-
muscular immunization with licensed split vaccines has an intrin-
sic limitation in inducing cross protective immunity.

In contrast to highly variable HA proteins, the ion-channel
protein M2 has an extracellular domain of 24 amino acids (M2e)
which is a conserved molecular target among human influenza
A strains.”® The wild-type M2 presented in virus-like particles
(VLPs) was capable of inducing protective anti-M2e antibodies
but its incorporation into VLPs and immunogenicity was low."”
Recently, a molecular construct with a tandem repeat of heterolo-
gous M2e peptide sequences (M2e5x) was developed in a mem-
brane-anchored form and presented on enveloped VLPs (M2e5x
VLPs).” However, M2 immunity alone provides relatively weak
protection.”

In this study, we hypothesized that licensed influenza split
vaccine would overcome its strain-specificity of protection by sup-
plementation with M2e5x VLPs as a conserved molecular antigen.
This study demonstrates that commercial split vaccine supple-
mented with M2e5x VLPs provides significantly improved long-
term cross protection against lethal challenge with heterosubtypic
influenza viruses as shown by 100% protection and prevention of
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weight loss. In addition, M2e5x VLP supplementation was found
to modify the pattern of host responses to the vaccine toward
inducing IgG2a antibodies and interferon-y (IFN-y)-producing
cells as well as to enhance immune response to heterosubtypic
viral antigens. A possible mechanism for improving cross protec-
tion by supplemented human split vaccines was also investigated,
which demonstrates the important roles of Fc receptor molecules
in providing nonneutralizing antibody-mediated protection.

RESULTS

M2e5x VLP supplementation enhances M2e and
virus-specific responses

We investigated whether these molecularly engineered M2e5x
VLPs as a supplement for commercial human influenza split vac-
cine would enhance the immune responses to M2e and increase
the breadth of cross protection against influenza A viruses. Groups
of mice were intramuscularly immunized with 2009 HIN1 split
vaccine (Split) alone or influenza split vaccine supplemented
with M2e5x VLPs (Split+M2e5x). M2e-specific antibodies were
induced in the M2e5x VLP-supplemented group at substantially
high levels but not in the split vaccine alone group and, after
boost, the antibody levels to M2e in mice supplemented with
M2e5x VLPs were further increased by ~250-fold (Figure 1a).
Levels of antibody responses specific for vaccine strain influenza
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A/Cali/04/09 (HIN1) virus were slightly higher in split vac-
cine supplemented with M2e5x VLPs than those in split vac-
cine alone although these differences between split and M2e5x
VLP-supplemented (split+M2e5x) groups were not statistically
significant (Figure 1b). Antibody responses specific for different
serotypes of influenza A viruses, A/Philippines/2/82 (H3N2), and
A/Vietnam/1203/2004 (rgH5N1), were induced at approximately
fourfold higher levels in split vaccine supplemented with M2e5x
VLPs than those in split vaccine alone after boost vaccination
(Figure 1c,d). These results suggest that supplementing influenza
split vaccine with M2e5x VLPs as a conserved antigenic target
confers increased immune responses to both M2e and heterosub-
typic viral antigens.

To further understand types of immune responses, we ana-
lyzed IgG isotypes of serum antibodies after boost vaccination
(Figure 2). An average of IgG2a antibody levels specific for M2e
in the M2e5x VLP-supplemented group was relatively higher than
that of IgG1 based on IgG isotype antibody enzyme-linked immu-
nosorbent assay values (Figure 2a). Split vaccine alone showed
IgGl as a dominant isotype antibody for vaccine viral antigen
(Figure 2b). In contrast, a reverse pattern of IgG isotypes induc-
ing high levels of vaccine-specific IgG2a antibodies was observed
in the M2e5x VLP-supplemented group (Figure 2c). As a result,
the ratio of IgG2a/IgG1 in the M2e5x VLP-supplemented vaccine
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Figure 1 M2e5x VLP-supplemented vaccination induces M2e-specific antibodies and enhanced levels of antibodies to heterosubtypic viral
antigens. BALB/c mice (N = 18) were immunized with split vaccine alone (Split) or split vaccine supplemented with M2e5x VLPs (Split+M2e5x).
Sera were collected 3 weeks after prime (P) and boost (B) vaccination. The IgG level was detected using M2e peptide or influenza A viruses,
A/California/04/09 (A/Cali, HINT1), A/Philippines/2/82 (A/Phil, H3N2), and reassortant A/Vietnam/1203/2004 (rgH5NT1) as an ELISA coating antigen
for antibody detection. (a) IgG antibody responses to M2e peptide. (b) IgG antibody responses to influenza A/Cali virus. (¢) Comparison of 1gG
antibody responses to influenza A/Phil (H3N2) virus. (d) Comparison of IgG antibody responses to reassortant A/Vietnam/1203/2004 virus (rgH5NT1).
Asterisk indicates significant differences between sera of split vaccine or split vaccine supplemented with M2e5x VLP (*P < 0.05, **P < 0.01). Error bars
indicate mean + SEM. Split: influenza split vaccine (2009 HIN1 pandemic strain), Split+M2e5x: split vaccine supplemented with M2e5x VLPs. ELISA,
enzyme-linked immunosorbent assay; M2e, M2 ectodomain; VLP, virus-like particles.
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Figure 2 M2e5x VLP-supplemented vaccination modulates virus-specific IgG antibody isotypes. BALB/c mice were immunized with split vaccine
alone (Split, N = 18), split vaccine supplemented with M2e5x VLPs (Split+M2e5x, N = 18), or split vaccine supplemented with M1 VLPs (split+M1, N
= 8). Sera were collected 3 weeks after boost (B) vaccination. The isotypes of IgG, IgG1, and IgG2a, were detected using M2e peptide or influenza A
viruses, A/California/04/09 (A/Cali, HIN1) as an ELISA coating antigen for antibody detection. (a) IgG isotype antibody responses to M2e peptide in
M2e5x VLP supplemented split vaccine group. (b) IgG isotype antibody responses to virus in split vaccine group. (c) IgG isotype antibody responses
to virus in M2e5x VLP-supplemented split vaccine group. (d) IgG isotype antibody responses to virus in M1 VLP-supplemented split vaccine group.
(e) Ratios of 1gG2a/IgGT1 isotype antibodies. Error bars indicate mean + SEM. Asterisk (P < 0.05) indicates significant difference between IgG1 and
IgG2a isotypes. ELISA, enzyme-linked immunosorbent assay; M2e, M2 ectodomain; VLP, virus-like particles.
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Figure 3 Improved efficacy of cross protection by supplemented vaccine with M2e5x VLPs. Groups of mice (N = 4) that were immunized
with split, split+M2e5x, or split+M1 via intramuscular injection were intranasally challenged with a lethal dose (5xLD,,) of influenza viruses,
A/Philippines/2/82 (H3N2), or rgH5NT, 6 weeks after boost vaccination. (a) Average body weight changes after challenge with A/Philippines/2/82
virus. (b) Survival rates after challenge with A/Philippines/2/82 virus. (c) Average body weight changes after challenge with rgH5N1 virus. (d) Survival
rates after challenge with rgH5N1 virus. Body weight and survival rates were monitored for 14 days. P value indicates significant difference between
split+M2e5x and split+M1 or split vaccinated groups. Error bars indicate mean + SEM. LD, lethal dose; M2e, M2 ectodomain; VLP, virus-like particles.

1366 www.moleculartherapy.org vol. 22 no. 7 jul. 2014



© The American Society of Gene & Cell Therapy

group was the highest among vaccinated groups (Figure 2e). M1
VLP addition also increased the levels of IgG2a antibodies, result-
ing in high ratios of vaccine-specific IgG2a/IgG1 antibodies com-
pared to those in the split vaccine only group (Figure 2d,e). These
results suggest that T helper type 1 (Th1) immune responses such
as IgG2a isotype antibodies specific for vaccine can be enhanced
by M2e5x VLP-supplemented vaccination or to a less degree by
addition of M1 VLP compared to split vaccine alone.

M2e5x VLP supplementation provides enhanced
cross protection

To compare the efficacy of M2e5x or M1 VLP supplementation
with split vaccine in conferring cross protection, groups of mice
were intramuscularly immunized and challenged with alethal dose
(5xLD,)) of heterosubtypic influenza viruses, A/Philippines/2/82
(H3N2 virus), or reassortant A/Vietnam/1203/2004 (rgH5N1)
virus, at 6 weeks after boosting (Figure 3). In the H3N2 virus
protection experiment, mice that were vaccinated with M2e5x
VLP-supplemented split vaccine showed a slight loss (~4%) in
body weight postchallenge, resulting in 100% protection (Figure
2a,b). In contrast, mice vaccinated with M1 VLPs supplemented
split vaccine showed a significant loss (~14%) in body weight as
well as a substantial delay in recovering weight compared to those
of M2e5x VLPs supplemented split vaccine (Figure 3a). In addi-
tion, mice vaccinated with 2009 HIN1 split vaccine showed a
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significant loss of over 22% in body weight as well as a substantial
delay in recovering weight (Figure 2a). The split vaccine group
alone showed 75% survival protection against lethal challenge
with H3N2 virus (Figure 2b). In the rgH5N1 virus challenge
experiment, mice vaccinated with M2e5x VLP-supplemented split
vaccine showed a slight loss (~7%) in body weight postchallenge
and 100% protection (Figure 3c,d). In contrast, mice vaccinated
with M1 VLP-supplemented split vaccine showed a significant
loss (~16%) in body weight as well as a substantial delay in recov-
ering weight comparing to those of M2e5x VLPs supplemented
split vaccine (Figure 3a). Mice vaccinated with split vaccine
showed a more significant loss of ~22% in body weight and only
50% survival protection against lethal challenge with A/Vietnam
H5NI1 virus (Figure 3d). These results demonstrate that M2e5x
VLP supplementation is superior to M1 VLP addition and split
vaccine alone in preventing body weight loss and thus conferring
improved cross protection.

M2e5x VLP supplementation is effective in inducing
M2e mucosal antibodies and lowering inflammatory
cytokine level and lung viral loads

M2e-specific IgG and IgA antibody responses in bronchoalveolar
lavage fluids (BALF) were determined using mice killed at day 4
after viral challenge with H3N2 virus (Figure 4a,b). Significantly,
higher levels of IgG and IgA antibody responses specific for M2e
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Figure 4 Mucosal antibody responses, IL-6 in BALF, and lung viral titers after boost immunization upon heterosubtypic challenge. Levels of
IgG and IgA antibodies were determined from BALF at day 4 postchallenge (N = 4) from the mice after boost vaccination. (a) M2e-specific IgG anti-
body response. (b) M2e-specific IgA antibody response. IgG or IgA antibody responses were determined by ELISA using human type M2e peptide
as a coating antigen (4 pg/ml). Levels of IL-6 cytokine and lung viral titers were determined at day 4 postchallenge (N = 4). (c) IL-6 cytokine in BALF.
IL-6 was determined by a cytokine ELISA (N = 4). (d) Lung viral titers. Lung viral titers were determined by an egg inoculation assay day 4 postchal-
lenge (N = 4). P value indicates significant difference between split+M2e5x and split vaccinated or naive groups. Data represent mean + SEM. BALF,
bronchoalveolar lavage fluid; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; M2e, M2 ectodomain; VLP, virus-like particles.
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Figure 5 M2e5x VLP-supplemented vaccination induces IFN-y producing cellular immune responses. Splenocytes and lung cells were isolated from mice
at day 4 postchallenge. IFN-y secreting cells were determined in the presence of A/California /04/09 (H1N1) viral antigen, M2e peptide, or M2e5x VLPs as
a stimulator (2 pg/ml). (@) IFN-y in splenocytes. (b) IFN-y in lung cells. IFN-y cytokine-producing cells were counted by enzyme-linked immunosorbent spot
(ELISPOT) reader. P-value indicates significant difference between split+M2e5x and split vaccinated groups. At 4 weeks after boost immunization with M2e5x
VLP-supplemented split vaccine, groups of four female Balb/c mice were treated with anti-CD4, anti-CD8, anti-CD4/CD8 monoclonal antibodies or PBS as
a control on -2 day and +1 day of challenge. All groups were challenged with a lethal dose of A/Philippines/2/82 (H3N2) influenza virus. (c) Average body
weight changes. (d) Survival rates. One asterisk indicates significant difference between PBS and CD4, CD8, or CD4/CD8 T-cell-depleted groups. Two aster-
isks indicate significant difference between PBS and CD4 or CD4/CD8 T-cell-depleted groups. Three asterisks indicate significant difference between CD4 and
CD4/CD8 T-cell-depleted groups. Data represent mean + SEM. IFN, interferon; M2e, M2 ectodomain; PBS, phosphate-buffered saline; VLP, virus-like particles.
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Figure 6 M2e antibodies and a modified pattern of IgG isotypes to vaccine are maintained for over a year. BALB/c mice (N = 4) were immunized
with influenza split vaccine alone (Split) or influenza split vaccine supplemented with M2e5x VLPs (Split+M2e5x). Long-term antibody responses were
determined in immune sera collected at 12 months after boost vaccination. (a) M2e-specific IgG antibody responses. (b) IgG antibody responses reac-
tive to A/California/04/09 (H1NT) virus. (c,d) IgG1 and IgG2a isotype antibodies were determined using influenza A virus, A/California/04/09 (H1N1)
as an ELISA coating antigen. (c) IgG isotypes in split vaccine alone. (d) IgG isotypes in split vaccine supplemented with M2e5x VLP. (e) Ratios of IgG2a/
IgG1 isotype antibodies. P-value indicates significant difference between split+M2e5x and split vaccinated groups. Error bars indicate mean + SEM. ELISA,
enzyme-linked immunosorbent assay; M2e, M2 ectodomain; VLP, virus-like particles.
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were observed in BALF of mice vaccinated with M2e5x VLP-
supplemented split vaccine.

Levels of interleukin-6 were observed at significantly lower
in BALF from mice immunized with split vaccine supplemented
with M2e5x VLP than those of split vaccine alone or naive mice,
indicating lung inflammatory responses probably due to high
viral replication after challenge with H3N2 A/Philippines/2/82
virus (Figure 4c). The group of mice immunized with split vac-
cine supplemented with M2e5x VLP showed ~10-fold and 30-fold
lower lung viral titers compared to those in the human split vac-
cine and naive mouse groups, respectively (Figure 4d). Overall,
it is likely that M2e-specific immune responses in systemic and
mucosal sites effectively contribute to controlling heterosubtypic
virus replication after M2e5x VLP-supplemented immunization.

T cells contribute cross protection by M2e5x VLP-
supplemented vaccination
Micewerechallengedwith H3N2virusat8 weeksafterboostandcells
from spleen or lung samples were collected at day 4 postchallenge
to determine IFN-y producing cellular responses (Figure 5a,b).
Over 20-fold higher levels of IFN-y secreting spleen cells were
observed in mice vaccinated with M2e5x VLP-supplemented
split vaccine compared to those in the human split vaccine alone
or the naive group (Figure 5a). Interestingly, the group of mice
that were intramuscularly immunized with split vaccine supple-
mented with M2e5x VLPs showed substantial levels of IFN-y
secreting cell spots inlung cells (Figure 5a,b). These results provide
evidence that M2e5x VLP supplementation to human split
vaccine induces an effective recall response of INF-y secreting T
cells specific for M2e.

To better understand possible contributions of CD4 and CD8
T cells to mediating heterosubtypic protection, mice that had
immunized with M2e5x VLP-supplemented split vaccine were
treated with phosphate-buffered saline (PBS), CD4, CD8, or both
T-cell-depleting antibodies (Figure 5¢,d). Mice that were depleted
of CD4, CDS8, or CD4/CD8 T cells suffered from significant body
weight loss or showed less survival rates (Figure 5¢, d) whereas
PBS-treated control mice showed minimal weight loss (Figure 5c).
Mice that were treated with CD8 T-cell-depleting antibodies
showed a moderate loss of body weight (~9%) and then fully
recovered. Meanwhile, mice with CD4 T-cell-depleting antibod-
ies showed a more substantial body weight loss up to 12% as well
as a significant delay in recovering weight (Figure 5¢). In addition,
mice that received both CD4 and CD8 T-cell-depleting antibod-
ies exhibited a more severe weight loss to ~14% as well as a more
extended delay in weight recovery and 75% survival protection
(Figure 5c¢,d). These results suggest that both CD4 and CD8 T
cells induced by M2e5x VLP-supplemented vaccination contrib-
ute to improving heterosubtypic cross protection with CD4 T cells
playing a greater role.

M2e5x VLP supplementation induces long-lasting
cross protective immunity

Split vaccine and M2e-specific antibodies in mice vaccinated with
split vaccine supplemented with M2e5x VLPs were observed at
a substantial level after 1 year postvaccination, indicating that
M2e or virus-specific antibody producing plasma cells are long
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lived (Figure 6a,b). The pattern of IgG isotype still lasted for 12
months (Figure 6c,d) and ratio of IgG2a/IgG1 in M2e5x VLP-
supplemented vaccine group (IgG2a/IgG1: 3.3) was 10-fold higher
than that of the split vaccine group (IgG2a/IgG1: 0.33; Figure 6e).
These results provide evidence that Th1 immune responses such
as IgG2a were maintained for over a year in mice with M2e5x
VLP-supplemented intramuscular vaccination.

Mice that were vaccinated with split HIN1 vaccine supple-
mented with M2e5x VLPs showed only 5% weight loss and 100%
protection after lethal challenge with H3N2 virus 12 months post-
vaccination (Figure 7a,b). In contrast, mice vaccinated with split
vaccine alone showed a severe weight loss (~22%) and only 50%
survival after challenge with H3N2 virus (Figure 7a,b). These
results provide evidence that enhanced cross protective immunity
by M2e5x VLP supplementation to human split vaccine can be
maintained for over 12 months in mice.

Long-term IFN-y secreting cellular response by M2e5x
VLP supplementation

To better assess the long-term cross protective efficacy, IL-6
inflammatory cytokine levels, and lung viral loads were deter-
mined at day 4 postchallenge after 12 months of vaccination
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Figure 7 Improved cross protection for over a year is supported by
M2e5x VLP-supplemented vaccine. BALB/c mice (N = 4) were immu-
nized with influenza split vaccine alone (Split) or influenza split vaccine
supplemented with M2e5x VLPs (Split+M2e5x). Groups of mice were
intranasally challenged with a lethal dose (5xLD, ) of influenza virus, A/
Philippines/2/82 (H3N2), after 12 months of vaccination. (a) Average
body weight changes. (b) Survival rates. Body weight and survival rates
were monitored for 14 days. P value indicates significant difference
between split+M2e5x and split vaccinated groups. Error bars indicate
mean + SEM. M2e, M2 ectodomain; VLP, virus-like particles.
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(Figure 8a,b). Approximately twofold lower amounts of IL-6
in BALF and 20-fold lower levels of viral titers in lung extracts
were detected from the M2e5x VLP-supplemented group com-
pared to the split vaccine only group. IFN-y-secreting spleen or
lung cells were also found to be induced at higher levels even
after 12 months of vaccination with split vaccine supplemented
with M2e5x VLPs compared to those with split vaccine alone
(Figure 8c,d). Taken together, Thl immune responses (IgG2a
isotype, IFN-y) were shown to be maintained at both systemic
and mucosal sites for over a year after M2e5x VLP-supplemented
vaccination.

M2e5x VLP supplementation induces long-lasting
antibodies specific fo M2e

Levels of IgG and IgA antibodies in BALF samples were mea-
sured at day 4 postchallenge of mice after 12 months of vaccina-
tion. Vaccine-specific antibodies were similarly observed in both
groups (Figure 9a,c). Significantly, higher levels of IgG (Figure 9b)
and IgA (Figure 9d) antibodies specific for M2e were observed in
BALF from the group of mice with M2e5x VLP -upplemented vac-
cination compared to those from split vaccine only control mice.
Therefore, M2e5x VLPs mixed with split vaccine are capable of
inducing long-term mucosal antibodies specific for M2e, which is
likely to contribute to enhanced cross protection.
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Fc receptors are involved in conferring protection by
M2e antibodies
First, we compared the protective efficacy of immune sera of
M2e5x VLP-supplemented vaccination and split vaccine immu-
nization in wild-type BALB/c mice (Figure 10a). Naive BALB/c
mice that were infected with a lethal dose of rgH5N1 virus with
immune sera of M2e5x VLP-supplemented vaccination showed
a slight loss (~4%) and then fully recovered to a normal level.
However, BALB/c mice that received a lethal dose of rgH5N1 virus
with immune sera of the split alone group displayed a severe loss
(~20%) and a significant delay in weight recovery (Figure 10a).
To determine a possible role of Fc receptors in protection,
an FcR knockout mouse model was used with immune sera of
M2e5x VLP-supplemented vaccination. FcR knockout mice that
received a mixture of rgH5N1 virus with immune sera of M2e5x
VLP-supplemented vaccination lost ~15% in body weight at day
8 and then were very slow in weight recovery (Figure 10a). In
addition, an FcR knockout mouse model was also used with
immune sera of M1 VLP-supplemented vaccination as control.
FcR knockout mice that received a mixture of rgH5N1 virus with
immune sera of M1 VLP-supplemented vaccination was a little
bit more decreased (~17% in body weight at day 8) than that of
M2e5x VLP-supplemented vaccination (~15%) but there was no
significant difference between M2e5x and M1 VLP-supplemented
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Figure 8 IL-6 in BALF, lung viral titers, and mucosal and systemic IFN-y secreting cell spots at 12 months after immunization upon heterosub-
typic challenge. Levels of IL-6 cytokine and lung viral titers were determined in mice immunized with influenza split vaccine alone (Split) or influenza
split vaccine supplemented with M2e5x VLP (Split+M2e5x) day 4 postchallenge with 5xLD, of A/Philippines/2/82 (H3N2) virus at 12 months after
boost vaccination. (a) IL-6 cytokine in BALF. IL-6 was determined by a cytokine ELISA (N = 4). (b) Lung viral titers. Lung viral titers were determined
by an egg inoculation assay day 4 postchallenge (N = 4). Splenocytes and lung cells were isolated from mice day 4 postchallenge (N = 4). IFN-y
secreting cells were detected in the presence of A/California/04/09 (H1N1) virus, M2e peptide, or M2e5x VLPs as a stimulator (2 pg/ml). (c) IFN-y
secreting splenocytes. (d) IFN-y secreting lung cells. IFN-y— or IL-4 cytokine—producing cells were counted by enzyme-linked immunosorbent spot
(ELISPOT) reader. P value indicates significant difference between split+M2e5x and split vaccinated or naive groups. Data represent mean + SEM.
BALF, bronchoalveolar lavage fluid; IFN, interferon; M2e, M2 ectodomain; VLP, virus-like particles.
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Figure 9 Increased M2e-specific IgG and IgA antibodies in BALF are maintained by M2e5x VLP-supplemented vaccination for over a year.
Levels of IgG and IgA antibodies were determined day 4 postchallenge (N = 4) from the mice at the time of 12 months after boost vaccination.
(a) IgG antibody level to A/California/04/09 (HINT1) virus. (b) M2e-specific IgG antibody response. (c) IgA antibody level to A/California/04/09
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human type M2e peptide as a coating antigen (4 pg/ml). P value indicates significant difference between split+M2e5x and split vaccinated or naive
groups. Error bars indicate mean + SEM. BALF, bronchoalveolar lavage fluid; ELISA, enzyme-linked immunosorbent assay; M2e, M2 ectodomain;

pg, pictogram; VLP, virus-like particles.

vaccination (Figure 10a). Therefore, protective efficacy in FcR
knockout mice was significantly weaker compared to that observed
in wild-type BALB/c mice regardless of M2e-specific IgG2a anti-
bodies (Figure 10a). As negative controls, naive sera mixed with
rgH5N1 virus were not protective in both Balb/c and FcR knock-
out mice and all these mice had to be euthanized (Figure 10a,b).
Overall, these results provide evidence that the Fc receptor plays
a crucial role in mediating improved cross protection by M2e5x
VLP-supplemented vaccination.

DISCUSSION

Current human influenza A vaccines based on the variable HA
antigens do not provide effective protection against different sero-
types of influenza viruses. In a previous study, we determined the
immunogenicity of M2e5x VLP vaccines and demonstrated that
M2e5x VLP vaccination alone did not induce good protection
against viruses such as 2009 HIN1 pandemic influenza virus.* In
this study, we investigated the effects of supplementing influenza
human split vaccine with M2e5x VLPs as a conserved vaccine tar-
get antigen. Our study demonstrated that addition of M2e5x VLPs
to split vaccine effectively induced M2e-specific humoral and cel-
lular immune responses. Notably, the M2e5x VLP-supplemented
2009 pandemic influenza vaccine conferred long-term cross
protection against the distantly related heterosubtypic H3N2 A/
Philippines/82 and rgH5N1 A/Vietnam/1203/2004 influenza
viruses. It is also worth noting that supplemented vaccination

Molecular Therapy vol. 22 no. 7 jul. 2014

prevented mice from losing body weight, resulting in mitigating
illness. Therefore, supplementing human influenza vaccines with
M2e5x VLPs can overcome inefficient cross protection induced by
current human influenza vaccines.

Developing a truly universal vaccine might not be a realistic
goal due to the extremely high genetic and antigenic differences
among influenza viruses as well as the relatively low immuno-
genicity of conserved antigenic targets. To overcome the low
immunogenicity of M2e, previous studies used M2e-conjugate
vaccines in a range of high doses (40-100 pg per mouse) and
multiple immunizations in the presence of potent adjuvants
inappropriate for human use.?>* We found that supplementa-
tion with M2e5x VLPs in the absence of adjuvants conferred
enhanced M2e-specific immunity as well as higher cross reac-
tivity of immune sera for heterologous and heterosubtypic viral
antigens. Interestingly, split vaccine could confer weak and
partial cross protection in mice after a low dose of lethal chal-
lenge although severe weight loss was accompanied. This weak
cross protection might be due to the cross reactivity of HA
and neuraminidase as well as the internal virus proteins (NSI,
NP, or M1) that are known to be present in split vaccines.®*
Supplementation with conserved target of M2e in a VLP plat-
form was found to be an important correlate in conferring
improved cross protection.

Protective immune mechanisms mediated by M2 immunity
have not been well defined, probably because anti-M2 antibodies
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Figure 10 Role of Fc receptor in conferring protection by M2e
immune sera. Naive FcR knockout or naive wild-type BALB/c mice (N =
3) were infected with rgH5N1 virus premixed with naive sera, split vac-
cine, or M1 VLP or M2e5x VLP-supplemented split vaccine immunized
sera. (a) Body weight change. (b) Survival rate. Split sera: immune sera
from split vaccine immunized mice; Split+M2e5x: immune sera from
M2e5x VLP-supplemented mice; Split+M1: immune sera from M1 VLP-
supplemented mice; Naive sera: sera from unimmunized mice. Balb/C:
wild-type mice; FCRKO: FcR receptor common y chain knockout mice.
P value indicates significant difference between Balb/C and FCRKO mice
using immunized sera of split vaccine supplemented with M2e5x VLP.
M2e, M2 ectodomain; VLP, virus-like particles.

do not directly neutralize the virus.?*?** A possible mechanism
is that influenza viruses bound to non-neutralizing antibodies
are likely to be recognized and removed by opsonophagocyto-
sis.®** The IgG2a isotype antibody is known to interact with
Fc receptors by virtue of its Fc domain binding property.>>*-*!
Furthermore, dendritic and macrophage cells were shown to
play an important role in conferring protection by M2 immune
sera.*® It is important to note that M2e5x VLP supplementation
resulted in inducing IgG2a antibody to a higher level as a domi-
nant isotype. It is important to note that supplementation of M1
VLP could also shape the IgG isotype pattern of vaccine-specific
antibodies by increasing IgG2a although it was less in magni-
tude compared to M2e5x VLP supplementation. Mechanisms
by which M1 VLP might have an adjuvant effect on split vac-
cine remain to be elucidated. These results provide evidence that

1372

© The American Society of Gene & Cell Therapy

supplementation of M1 or M2e5x VLP to influenza split vac-
cine can modify the pattern of host immune responses to the
vaccine in a direction of inducing Th1 type immunity. M2e and
vaccine-specific Thl immune responses such as higher levels of
IgG2a isotype antibodies and IFN-y might have contributed to
improved cross protection by M2e5x VLP-supplemented vacci-
nation. Therefore, M2e5x VLPs could have a dual role of induc-
ing M2e immunity as well as displaying an adjuvant effect by
enhancing and modulating host immune responses to vaccine
toward the Th1 responses.

Cellular immunity to influenza virus infection involves CD8
and CD4 T-cell subsets. T-cell depletion experiments prior to
challenge suggested that both CD4 and CD8 T cells induced by
M2e5x VLP-supplemented vaccination contributed cross protec-
tion and, in particular, CD4 T cells appeared to play a greater role
than CD8 T cells in conferring cross protection (Figure 5¢,d). It
is widely believed that CD8 cells promote viral clearance via cyto-
toxic mechanisms, lysing virus-infected epithelial cells directly
using both perforin- and FasL-mediated cytotoxicity.*” In con-
trast, results in this study indicate that CD4 T cells might have
dual roles in conferring cross protection. CD4 T cells induced by
M2e5x VLP-supplemented vaccination might have contributed to
the production of IFN-y that is known to be important in low-
ing influenza virus titers.** More importantly, consistent with the
results in this study, it was suggested that CD4 cells have perforin-
mediated cytotoxicity in the lung that may enhance recovery from
lethal infection.** Therefore, M2e5x VLP-supplemented vaccine-
induced CD4 T-cell effectors are multifunctional with direct cyto-
toxic roles in promoting cross protection against influenza.

To better understand the possible roles of Fc receptors in con-
ferring M2e immune-mediated protection, we used mice that are
deficient in the common Yy-chain of the Fc receptor and observed
severe body weight loss in FcR-deficient mice, but not in wild-type
mice, after infection with reassortant rgH5N1 virus mixed with
immune sera of supplemented vaccination. The common Y-chain
is known to be involved in activating several Fc receptors (FcyRI,
FcyRIII, and FcyRIV).* Thus, FcR-mediated clearance of virus—
antibody complexes is likely playing an important role in protec-
tion by immune sera of M2e5x VLP-supplemented influenza split
vaccine.

In summary, we observed the following results: (i) improved
cross protection was obtained even after a year of supplemented
influenza vaccination with M2e5x VLPs. (ii) Intramuscular sys-
temic immunization with M2e5x VLP-supplemented vaccines
induced high levels of humoral and cellular immune responses
to M2e at both systemic and mucosal sites. (iii) Enhanced levels
of antibodies reactive to antigenically different influenza viruses
were induced by supplementing HA-based split vaccines with
M2e5x VLPs, which are long-lasting over a year. (iv) M2e5x VLP
supplementation modified the pattern of host immune responses
resulting in predominant IgG2a isotype antibodies recognizing
influenza vaccine virus. (v) CD4 and CD8 T cells were impor-
tant in mediating cross protection and, in particular, CD4 T cells
were found to play a greater role in this cross protection. (vi) Fc
receptors are involved in mechanisms by which M2e5x VLP-
supplemented influenza split vaccines work for improved cross
protection.
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MATERIALS AND METHODS

Viruses, vaccine, and M2e5x VLPs. The A/California/04/2009 (2009 pan-
demic HINI virus; a gift from Dr Richard Webby), A/Philippines/2/1982
(subtype H3N2 virus; a gift from Dr Huan Nguyen), and reassortant
A/Vietnam/1203/2004 (rgH5N1; HA and NA were derived from A/
Vietnam/1203/2004 and the backbone genes from A/PR/8/34 virus)* were
propagated in a 10-day-old embryonated chicken eggs. Harvested allantoic
fluid was clarified by centrifugation (6,000 rpm, 30 minutes) and kept at
-80 °C. Purified inactivated A/California/04/2009 (HIN1) virus was pro-
duced by treating the virus with formalin at a final concentration of 1:4,000
(v/v) as described previously.** Commercial human influenza split vac-
cine (Green Flu-S; Green Cross, South Korea) derived from the 2009 pan-
demic strain of A/California/07/2009 (H1N1) virus, was used in this study.
M2e5x VLPs or M1 VLPs were produced as previously described.?**

Immunization and challenge. For animal experiments, 6- to 8-week-old
female BALB/c mice Harlan Laboratories, Indianapolis, IN were intramus-
cularly immunized with 0.60 ug of human split vaccine proteins (equivalent
to 0.24 ug HA) alone (N = 18), human split vaccine (0.60 pig) supplemented
with 10 ug of M2e5x VLPs (total protein; N = 18), or split vaccine (0.60 pg)
supplemented with 10 pg of M1 VLPs (total protein; N = 8) at weeks 0 and
4. Blood samples were collected at 3 weeks after each immunization or at
12 months after boost vaccination. Immunized mice were then challenged
with a lethal dose (5xLD,;) of A/Philippines/2/82 or reassortant H5N1
A/Vietnam/1203/2004 influenza viruses at 6 weeks after boost immuniza-
tion. To determine the long-term protective efficacy, additional groups
of mice (N = 4; Harlan Laboratories) were challenged with a lethal dose
(5xLD, ) of A/Philippines/2/82 influenza virus at 12 months after boost
immunization. Mice were monitored daily to record weight changes and
mortality. Full details of this study and all animal experiments presented in
this manuscript were approved by the Emory University and Georgia State
University IACUC review boards (approval numbers 179-2,008 and A11026,
respectively). Approved IACUC protocols operate under the federal Animal
Welfare Law (administered by the United States Department of Agriculture)
and regulations of the Department of Health and Human Services.

Antibody responses. M2e-specific or virus-specific antibody responses
were determined by enzyme-linked immunosorbent assay using synthetic
M2e peptides or inactivated influenza virus as a coating antigen (4 ug/ml)
as previously described.'*2**

In vivo T-cell depletion. Groups of mice at 4 weeks after boost immuniza-
tion with M2e5x VLP-supplemented split vaccine were treated with PBS,
anti-CD4 (200ng/mouse, clone GK1.5, Abcam, Cambridge, MA), anti-
CD8 (150 ng/mouse, clone 53.6.7, BioXCell, West Lebanon, NH), or CD4/
CD8 monoclonal antibodies through intraperiotoneal injection on days
-2, +1 relative to the date of challenge. The levels of CD4 and CD8 T-cell
depletion were confirmed by flow cytometry of blood samples and over
95% of T cells were depleted. All groups were challenged with a lethal dose
(8xLD,,) of A/Philippines/2/82 (H3N2) influenza virus. Mice were moni-
tored daily to record weight changes and mortality.

Analysis of antibodies, cytokines in bronchoalveolar lavages, and lung
viral loads. BALF were prepared for the analysis of antibody responses and
proinflammatory cytokine IL-6 from mice at day 4 after challenge with
5xLD, of influenza A/Philippines/2/82 (H3N2) virus. BALF samples were
obtained by infusing 1 ml of PBS into the lungs via the trachea using a
25-gauge catheter (Exelint International, Los Angeles, CA). Lung extracts
were prepared for viral titer using a mechanical tissue grinder with 1.5ml
of PBS per each lung. Embryonated chicken eggs were inoculated with
diluted lung extracts, incubated at 37 °C for 3 days, and tested for hemag-
glutination activity to determine viral titers as described.”

Determination of T-cell responses. At day 4 postchallenge, spleno-
cytes and lung cells were isolated from corresponding tissue samples as
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described.”* IFN-y secreting cell spots were determined on Multi-screen
96-well plates (Millipore, Billerica, MA) coated with cytokine specific
capture antibodies as described.'*** Briefly, 0.5x 10° spleen cells per well
or 0.2 10° lung cells per well were cultured with inactivated influenza A/
California/04/09 virus (2 ug/ml), M2e peptide (2 pg/ml), or M2e5x VLP
(2 pg/ml) as an antigenic stimulator. After 36 hours of incubation, the
spots of IFN-y-secreting T cells were counted using an ELISpot reader
(BioSys, Miami, FL).

Cross protective efficacy of immune sera from M2e5x VLP-supplemented
vaccination. BALB/c mice with a genetic defect in the Fc receptor common
Y-chain (FcR KO mice homozygous Feerlg) were obtained from Taconic
Farms (Germantown, NY) to test cross protective efficacy with immune
sera from mice that were immunized with supplemented vaccines. In brief,
immune and naive sera were two times diluted and heat-inactivated at 56
°C for 30 minutes. The sera were mixed with twelve lethal doses (12xLD50)
of influenza A/Vietnam/1203/2004 (rgH5N1) virus and incubated at room
temperature for 30 minutes as described.'*** The mixture of a lethal infec-
tious dose of A/Vietnam/1203/2004 (H5N1) influenza virus with sera was
administered to FcR knockout mice or naive Balb/c mice (N = 3) and body
weight and survival rates were daily monitored.

Statistical analysis. To determine the statistical significance, a two-
tailed Student’s t-test was used when comparing two different conditions.
A P value less than 0.05 was considered to be significant.
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