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Abstract The goal of the influenza vaccine is to prevent influenza virus infection
and control the yearly seasonal epidemic and pandemic. However, the presently
available parenteral influenza vaccine induces only systemic humoral immunity,
which does not prevent influenza virus infection on the mucosal surface. Secretary
IgA antibodies play an important role in preventing natural infection. Moreover,
the IgA antibody response mediates cross-protection against variant viruses in
animal models. Thus, a mucosal influenza vaccine that induces mucosal immunity
would be a powerful tool to protect individuals from the influenza virus. Although
the function of the mucosal immune system, especially in the respiratory tract, is
not completely understood, there are several studies underway to develop mucosal
influenza vaccines. Here, we will review current knowledge concerning the
induction of IgA, the role of B-cell production of influenza virus specific IgA
antibodies in anti-influenza immunity, and the role of humoral memory responses
induced upon vaccination.
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1 Introduction

Influenza viruses belong to the Orthomyxoviridae family, which is categorized into
three genera, namely influenzavirus A, B, and C. Influenzavirus A comprise several
subtypes based on the unique combination of two surface proteins, hemagglutinin
(HA) and neuraminidase (NA). The seasonal influenza A virus infects millions of
individuals each year, with the highest risk of complications occurring in young,
elderly, and immunocompromised patients. For example, influenzavirus A can
lead to fatal encephalopathy in infants and pneumonia in the elderly.

In addition, the avian and/or swine influenzavirus A has caused a pandemic
every few decades by emerging each time as a genetically novel virus. The most
recent pandemic in 2009 was caused by the influenzavirus A (H1N1) pdm09 of
swine origin. Cases of highly pathogenic avian influenzavirus A H5N1 and H7N9
infection and fatal pneumonia have been also reported, with many individuals
developing acute respiratory distress syndrome (ARDS) (La Gruta et al. 2007).

Vaccination is the most effective method to control both seasonal and newly
evolved pandemic strains of the influenza virus. However, currently used parenteral
influenza vaccines are only effective against strains that are closely antigenic to the
vaccine strains. Thus, the yearly seasonal vaccine contains multiple influenza virus
strains, including influenza virus A strains H1N1 and H3N2, and influenza virus B
strain. However, there is an urgent need for improved cross-protection because
antigenic mismatches between seasonal vaccines and circulating virus strains. It is
also difficult to predict the newly evolved strains such as A/H5N1 and A/H7N9.
Ideally, a universal influenza vaccine that induces a strong and long-lasting memory
response and cross-protects against drifted variants, as well as against several
subtypes of the influenza virus, which induce hetero-subtypic immunity, should be
developed. While mucosal secretary IgA (S-IgA) antibodies show cross-protection
against variant influenza viruses in mouse models, rational design of IgA antibody-
inducing vaccines has so far been hampered by a lack of knowledge about local
and tissue-specific immune responses and IgA antibody function (Matzinger and
Kamala 2011). Consequently, the importance of IgA antibodies in immunity and the
mechanisms by which IgA antibody responses are induced and maintained are just
beginning to be established (Brandtzaeg 2007). In this review, we discuss the dif-
ferent mechanisms involved in the induction of S-IgA antibodies during influenza
virus infection and vaccination and provide insight into how this information could
be used to improve vaccine design.

2 The Use of Secretary IgA Antibodies for the Prevention
of Influenza Virus Infection

The respiratory mucosal surface is the first line of defense against influenza virus
infection. For example, pre-existing S-IgA antibodies on the surface of mucosal
epithelial cells can eliminate a pathogen before it infects respiratory epithelial
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cells, thereby providing immediate immunity (Renegar et al. 2004) in a process
defined as immune exclusion (Stokes et al. 1975). S-IgA antibodies can also
disarm viruses within infected secretory epithelial cells and redirect antigens to the
lumen after they have entered the lamina propria (Brandtzaeg 2007). All of these
responses are non-inflammatory in nature because, unlike IgG antibodies, IgA
antibodies do not fix complement and do not activate the inflammatory comple-
ment pathway (Yel 2010). Therefore, a strong S-IgA response is critical for
prevention of influenza virus infection especially in case of pathogenic strains
for their severe clinical outcomes. Although it is difficult to study the functions of
S-IgA and serum antibodies independently, mucosal vaccination and influenza
virus infection in knockout mice, which lack poly Ig receptor expression and fail to
secrete IgA antibodies from the mucosal surface, show that S-IgA antibodies
protect against both homologous and heterologous influenza virus strains (Asahi
et al. 2002, 2004). Moreover, transfer of S-IgA antibodies from respiratory tract
washings from immunized to naïve mice has been shown to protect against
challenge with a homologous or drifted strain (Tamura et al. 1991). Several studies
in mice also have shown induction of strong homosubtypic, as well as modest
heterosubtypic, cross-protective IgA antibodies.

Since the influenza vaccine is generally administered intramuscularly or sub-
cutaneously, S-IgA antibodies are generally not produced in large quantities;
however, intranasal and intradermal influenza vaccinations can produce an
effective IgA antibody response (Amorij et al. 2010). The most common route for
the influenza virus to enter the host is via the respiratory tract. Therefore, intra-
nasal immunization is the most widely explored route of mucosal vaccination
against influenza. FluMist� (MedImmune, LLC), a live attenuated influenza virus
vaccine, is the only nasal vaccine on the market. However, the rational design of
S-IgA vaccines has been hampered by a lack of knowledge on the mechanisms by
which IgA antibodies are induced (Brandtzaeg 2007).

3 The Characteristics of IgA Antibodies

After IgG, IgA is the second most abundant isotype in the serum; however,
approximately 70 % of all antibodies in mucosae are IgA (Macpherson et al. 2008).
In the human serum, IgA antibodies are present mostly as monomeric IgA1 (Yel
2010), while S-IgA antibodies are found as dimeric IgA2, although tri- and tetrameric
molecules also exist. These polymeric IgA antibodies consist of monomeric IgA
molecules connected by one or more J (Joining) chains. After binding to the secretory
component (SC), the ectodomain of the polymeric Ig receptor (pIgR), the polymeric
IgA is secreted as S-IgA antibodies. Since the cross-protective characteristics of
nasal IgA antibodies depend on the polymeric nature of IgA, understanding the
molecular structure, development, and function of these higher order polymeric IgA
antibodies may be important for the rational design of cross-protective vaccines
(Taylor and Dimmock 1985; Song et al. 1995; Renegar et al. 1998).
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IgA2 antibodies develop mostly at sites colonized by a wide range of micro-
biota, including urogenital and distal intestinal tracts. For example, intestinal
bacteria instruct dendritic cells (DC) to produce IgA antibodies (Massacand et al.
2008). IgA antibodies are also present in the respiratory tract, which is not pop-
ulated with many commensals; however, the predominant isotype is IgA1.

And IgA1- specific proteases can cleave bonds within human IgA1 molecules,
but these specific bonds are only present in IgA molecules in higher primates and
not in the mouse (Weiser et al. 2003).

4 IgA Antibody Production in Mucosal Tissues

The inductive site of the mucosal immune system can be divided in two different
sites, namely inductive and effector sites. The inductive site includes mucosa-
associated lymphatic tissue (MALT), and local and regional draining lymph nodes.
Antigens are directly taken from the mucosal surface with an important role of
microfold (M) cells and antigen-presenting cells (APC). Antigen-specific antibody
producing B-cells can be developed at two different inductive sites, namely extra-
follicular and germinal centres (GC), and their induction involves T-cell-dependent
or -independent mechanisms (Cerutti 2008). The GC is a specialized environment
that supports affinity maturation, which is mediated by activation-induced deami-
nase (AID) induced somatic hypermutation (Honjo et al. 2004). In addition, AID
participates in the production of the preferred antibody class by influencing class
switch recombination (CSR) of the heavy chain (Honjo et al. 2004; Zaheen and
Martin 2010). Most IgA memory B-cells (BMem) and long-lived IgA plasma cells
develop in the GC of peripheral lymphoid organs and that step requires T-cell help
via CD40L (CD154) and TGFb1. T-cell-independent B-cell class switching in the
GC might be mediated by interactions with (DC) and stromal cells, including fol-
licular DC (Puga et al. 2010).

At extrafollicular mucosal sites, antibodies can develop both with and without
the help of T-cells, with the latter process involving B-cell activating factor
(BAFF) and a proliferation-inducing ligand (APRIL) (Chen and Cerutti 2010;
Rothaeusler and Baumgarth 2010). Although hypermutation, which is necessary
for affinity maturation, is minimal at these sites (MacLennan et al. 2003), antigen-
specific antibody producing B-cells at this site can prevent reinfection (Lee et al.
2005) generate an IgG- and IgA-producing BMem subset (Berkowska et al. 2011).

IgA CSR mechanisms have been studied mostly in the gut where they are
influenced by specific environmental factors that are mainly created by commensal
bacteria and their products (Massacand et al. 2008). While the respiratory tract is
not populated with as many commensals as the intestinal tract, it would appear to
be protected from the influenza virus by commensals in the gut because CD4 and
CD8 T-cell number and the IgA antibody response were reduced in mice treated
with an antibiotic. Immunity against the influenza virus was restored by nasal
administration of lipopolysaccharides (LPS) but also by rectal administration of
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Toll-like receptor (TLR) agonists (e.g., LPS, CpG, polyI:C) (Ichinohe et al. 2011).
These findings indicate that signals from distal mucosal regions can support
immune priming in the mucosal effector in the respiratory tract. Additional studies
are needed to determine whether distal regions contribute to immunity in the
respiratory tract.

5 Innate Sensing and Mucosal Adjuvants

Influenza viruses activate pattern recognition receptors belonging to several dif-
ferent families, namely the TLR family, the RIG-I like receptor (RLR) family, the
Nod-like receptor (NLR) family (Pang and Iwasaki 2011), and the C-type lectin
family (Londrigan et al. 2011). To improve vaccine efficacy, members of the
pattern recognition receptor family, which are not activated by influenza virus
infection, can be employed. For example, flagellin, which activates TLR5, pro-
motes IgA production and heterosubtypic protection when incorporated into the
membrane of influenza virus-like particles (Wang et al. 2010). Similarly, PolyI:
PolyC12U, activating TLR3, has been shown to induce heterosubtypic protection
through IgA antibodies after administration of an intranasal vaccine (Ichinohe
et al. 2007). Moreover, the TLR3 ligand acts synergistically with the TLR-2 ligand
zymosan (Ainai et al. 2010).

Recently, several models have demonstrated the importance of TLR signaling in
CSR. Early studies have shown only two signals to induce CSR in naïve B-cells,
namely, the presentation of antigenic peptides on MHC class II molecules after
antigen binding to the B-cell receptor, and the activation of these B-cells via
cytokines and the interaction of CD40-CD40L with antigen-specific T-cells. Pres-
ently, TLR signaling is thought to involve an important third signal (Bekeredjian-
Ding and Jego 2009). A recent study has shown that MyD88 can induce a protective
immune response during primary, but not secondary, influenza virus infection. The
IgA level in MyD88-/-TRIF-/- mice is reduced in the saliva during secondary
infection; however, in serum and nasal wash, the level, which was induced in a
TLR-independent manner, is similar to those in wild type mice (Seo et al. 2010).
Furthermore, TLRs play a role in both T-cell-dependent and -independent IgA
responses in mucosal and systemic antibody levels (Bessa et al. 2009).

Some APCs such as plasmacytoid DCs (pDC), Tip-DCs (TNF and Inducible
nitric oxygen species (iNOS) Producing DC) and LAPCs have been reported to
with the IgA response. In addition, pDCs trigger the anti-influenza response by
inducing type 1 interferon, Th1, and cytotoxic responses and enhancing B-cell
expansion and differentiation into CD27 high plasmablasts upon TLR7 stimulation
(Douagi et al. 2009). pDCs are also necessary for optimal mucosal IgA and serum
IgG production after primary, but not secondary, booster influenza vaccination,
live attenuated virus vaccination, and inactivated whole virus or split virus vac-
cination. By contrast, pDCs are not needed to induce an immune response to a live
virus (Koyama et al. 2010).

Mucosal Immunization and Adjuvants 375



Upon infection of highly pathogenic influenza virus strains, Tip-DCs produce
large concentrations of both tumor necrosis factor (TNF) and nitric oxide (NO),
which results in tissue damage (Aldridge et al. 2009). However, controlled con-
centrations of NO induce TGF-bRII expression by B-cells, thereby enabling T-cell
dependent IgA class switching. MyD88 signaling downstream of TLR2, 4, and/or
9, which is critical for the induction of iNOS, facilitates T-cell-independent IgA
secretion in BAFF- and APRIL-dependent manners (Tezuka et al. 2007).

Late-activator APC (LAPC), a newly identified APC, may play an important
role in the immune response several days after influenza virus infection. While the
influenza virus activates DCs at approximately 3 days after infection and induces
Th1-type responses, the LAPC is activated at approximately 8 days after infection.
This results in the induction of a Th2-type response, production of IgA, IgG1 and
IgG2 antibodies, and downregulation of the anti-viral Th1-type response (Yoo
et al. 2010).

6 Mucosal Vaccine Design

Currently used seasonal influenza vaccines are produced based on the prediction of
strains that might cause an epidemic in the following season. These vaccines are
generally injected intramuscularly or subcutaneously, and are expected to reduce
the severity of the disease caused by specific strains that are homologous to the
vaccine strain. These vaccines neither induce cross-protection against the heter-
ologous strain nor prevent infection because they largely induce neutralizing IgG
antibodies in the serum. On the other hand, influenza vaccines currently under
design aim to induce broader cross-protection and are referred to as ‘universal
influenza vaccines’. The more diverse and broader cross-protective immune
response induced by natural infection than by current parenteral vaccinations
suggests the induction of several possible immunological effectors that add to
cross-protection. Furthermore, individuals of different genders, ages, and genetic
backgrounds respond differently to vaccines; thus, they may rely on different
immune mediators for their protection (Nayak et al. 2010; McKinstry et al. 2011).

While infection with the natural influenza virus is superior to vaccination in
inducing cross-protection against infection by mutated viruses within a particular
subtype of the A-type virus in humans (Hoskins et al. 1976, 1979; Couch and
Kasel 1983), an inactivated whole virus particle vaccine has been shown to be
more immunogenic than split vaccines. This is in agreement with the general view
that the effectiveness and safety of vaccines are usually inversely correlated.

Both inactivated whole virion vaccines and split seasonal vaccines can induce
protective immune responses against the homologous virus (Greenbaum et al.
2004). While heterosubtypic immunity is not observed after administration of an
ether-split vaccine, an inactivated whole virion vaccine can induce broad hetero-
subtypic immunity (Takada et al. 2003). The stronger immunogenicity of the
inactivated whole virion vaccine in mice is likely due to the stimulation of innate
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immunity by genomic single-stranded RNA via TLR7 (Diebold et al. 2004; Lund
et al. 2004). Since most viruses produce dsRNA during replication (Jacobs and
Langland 1996), synthetic dsRNA can likely act as a partial molecular mimic of
viral infection.

This has been confirmed in a previous study where intranasal administration of
an ether-split vaccine from PR8 (a H1N1 influenza virus strain) and poly(I:C), a
TLR3 agonist adjuvant, induced a strong anti-HA IgA and IgG response in nasal
washes and serum, respectively, while vaccination without poly(I:C) induced a
weak response. In addition, administration of either an A/Beijing (H1N1) or
A/Yamagata (H1N1) vaccine, which are antigenically different from A/PR8, in the
presence of poly(I:C) confered complete protection against A/PR8 virus challenge
in a mouse model of nasal infection, indicating that intranasal vaccination with
poly(I:C) adjuvant confers cross-protection against variant viruses (Ichinohe et al.
2005). Safety issue of the adjuvant is very important. One of dsRNA
poly(I:C12U)(Ampligen) which are clinically safe were recently shown to be a
potent inducer of innate immune responses (Caskey et al. 2011). This dsRNA,
poly(I:C12U)(Ampligen), was investigated as a dsRNA adjuvant for intranasal
avian influenza vaccines (Ichinohe et al. 2009).

The stronger immunogenicity produced by the live virus than by the whole
inactivated virus may be caused by a mechanism that does not involve stimulation
of TLR7 or 3. For example, other receptors, or a different biodistribution or kinetic
profile may be involved. For inactivated vaccine the former might be mimicked by
using a ligand for TLRs as an adjuvant, the latter two might possibly be mimicked
by the use of different carriers for the antigens that will influence kinetics as well
as biodistribution (Bachmann and Jennings 2010).

While investigators continue to understand infections caused by the influenza
virus, the ultimate goal is to produce a vaccine that can overcome natural infec-
tions. This might be achieved by carefully selecting highly conservative domains
within influenza membrane proteins and using them as vaccines in combination
with several adjuvants which could activate a broad spectrum of tissues and cells.

A recent clinical study reported that intranasal administration of a whole inac-
tivated influenza virus without adjuvant but with a prime-booster induced high
levels of nasal neutralizing antibodies that consisted primarily of polymeric IgA
(Ainai et al. 2013). It is not clear whether the absence of adjuvant was not important
for eliciting the antibody response in these subjects who would have had a cross-
protective memory resulting from a history of infections and/or vaccinations.

In conclusion, the induction of IgA antibodies after vaccination can enhance the
immune response by introducing a local immune response, which adds to cross-
protection, balances pro-inflammatory responses, and increases the diversity of
immunological memory. The fact that IgA antibodies alone cannot induce com-
plete protection after heterosubtypic infection may be an advantage because partial
protection by IgA antibodies can reduce the viral load and provide time for
immune system priming. In this way, innate, humoral, and cellular responses are
activated, resulting in the strongest renewal of immunological memory. This
ensures the best possible preparedness for the next influenza virus encountered.
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