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Abstract

The surface haemagglutinin (HA) glycoprotein is the immunogenic target for most of the influenza virus immune
responses and consists of a globular head and a stalk domain. Recent advances have been made towards the
design of a universal influenza virus vaccine to protect against different virus strains based on conserved domains of
the HA molecule eliciting broadly neutralising antibodies (bnAb). Development of a universal vaccine for influenza
that induces long-lived cross-protective immunity would displace the need for annual seasonal vaccination;
prediction of circulating strains and vaccine reformulation. Intense research efforts have been focused on enhancing
the potency and breadth of vaccine-induced bnAbs. However, knowledge of how such bnAbs are generated and
their mechanisms of action are scarce. Experimental 2-step vaccination approaches using prime-boost regimes
stimulate the production of bnAbs but they are usually limited in potency and breadth. Adjuvant enhanced
vaccination strategies to elicit potent bnAb and improved B cell memory responses will have an immense impact in
global health care and pre-pandemic preparation.
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Review
Influenza is a perennial problem affecting millions of people

annually together with the constant threat of emerging pandemic
viruses. Conventional vaccination using trivalent inactivated or live
attenuated virus vaccines against seasonal influenza is currently the
main countermeasure. However, a major disadvantage of
contemporary vaccines is the impact of antigenic drift necessitating
constant updating of vaccine strain composition [1,2]. Thus if one
could design a universal vaccine that provides broadly neutralising
immunity to different influenza viruses, it would have immense global
health benefits [3,4]. Given the possibility of an efficacious universal
vaccine that inhibits virus replication and thereby reduces virus
shedding, vulnerable populations would be protected from the spread
of seasonal influenza virus and in the event of an impending influenza
pandemic [5].

Classification of influenza A viruses is based on distinct
phylogenetic groups: group 1 HA (H1, H2, H5, H6, H8, H9, H11-13,
H16, H17) and group 2 HA (H3, H4, H7,H10, H14 and H15).
Currently, there is great interest in developing vaccination strategies
that induce bnAbs for cross protection from different influenza virus
strains and types, since influenza A (H1N1, H3N2) viruses cause
ongoing problems of infection in human populations due to their
constant evolution of viral surface antigens which escape immunity.
Therefore, antigenic drift challenges immune memory requiring
annual development of vaccines to contain specific HA- and
neuraminidase-like proteins of predicted circulating influenza virus
strains. Despite the availability of reformulated vaccines,
approximately 500,000 annual deaths occur from seasonal influenza in
mostly the young and elderly in both hemispheres [6]. Also, given the

ever-present threat of a pandemic from emerging or re-emerging
influenza viruses, vast numbers of people around the world remain
vulnerable, lacking immunity [7]. Indeed, although H1N1 viruses have
been circulating in the human population for over three decades, in
2009 a new H1N1 strain emerged as an atypical mild pandemic
pathogen with fatalities. In addition, avian influenza viruses with high
pathogenicity (H5N1 and H7N9) causing human deaths have recently
been identified to possess pandemic potential. Besides lack of
immunity in the human population, virus transmissibility and
virulence are also important factors in pandemics. Indeed a reassortant
virus created in the laboratory, containing the viral PB2 gene from
H1N1 within a constellation of genes from the high pathogenicity
avian influenza (HPAI) H5N1 virus, was shown to have greater
virulence than the wildtype HPAI H5N1 virus with increased
transmission and hence higher classification of pandemic potential [8].

The viral surface HA glycoprotein is the immunogenic target for
most of the antiviral immune responses to influenza. The globular
head is highly variable whereas the stalk domain remains mostly
conserved between virus strains [9]. Universal influenza vaccines that
target invariant regions of the viral antigens and induce effective
broadly neutralising immune responses could potentially provide wide
cross-protective antiviral immunity. However, most neutralising
antibodies are induced by the HA head domain and are restricted in
neutralising only strain-matched influenza viruses. These antibodies
may block binding of the virus to sialic acid receptors on host cells thus
preventing virus entry, prohibit virus escape from infected cells, or
inhibit fusion of the virus once inside the target cell. On the contrary,
bnAbs that target conserved regions of the HA stalk are cross-
protective and can neutralise different viruses within or spanning virus
subtypes [10,11]. Unfortunately, activated B cells that produce
antibody responses to shared regions of the HA protein are not high in
frequency and their antibody levels are generally low in titre following
either natural virus infection or contemporary vaccination [12,13],
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warranting further investigations into optimisation [14]. This review
focuses on a novel adjuvant approach to vaccination against influenza,
to reach the objective of optimising bnAbs to HA with enhanced
potency and breadth.

Various adjuvants and immunisation strategies have been explored
to seek improved generation of anti-stalk HA neutralising antibodies
[15]. A potent natural adjuvant of the innate immune system is type I
interferon (IFN). Using a mouse model of experimental vaccination
and challenge, certain IFN-α subtype (IFNA5/A6 but not IFNA1) were
shown to act as adjuvants for viral proteins in an influenza DNA
vaccination/challenge mouse model and enhance IgG2a production
resulting in greater protection from influenza in vivo [16]. The mouse
model is often explored experimentally as mechanistic studies of
antibody responses are precluded in other models such as ferrets
because immunological laboratory tools are limited [17,18].
Furthermore, the type I IFNs enhance FcγR expression in humans and
the mouse counterpart since mouse and human IFN and FcR systems
are similar and studies in mice have been clinically translated [19,20].
However, influenza viruses have developed immune evasion strategies
to avoid immunity and in particular suppress the type I IFN response.
This is achieved through a variety of antagonistic viral NS1- associated
IFN pathways resulting in inhibition of antiviral adaptive immune
responses, highlighting the importance of IFN in host defense [21]. In
the case of influenza virus infection, this suggests that the type I IFNs
may activate infrequent pre-existing memory B cells, including the HA
stalk-specific memory B cells. Future investigations of the type I IFN
subtypes, as adjuvants to enhance the generation of bnAbs to virus
vaccination, hold great potential.

Current influenza control requires efficacious virus vaccination to
stimulate B cell responses to HA. Updated strain-matched vaccines are
developed on an annual basis requiring seed virus preparation
generated by either reassortment or reverse genetics for propagation in
eggs or cultured cells [22]. However, universal influenza vaccines that
target invariant regions of the virus and induce effective broadly
neutralising immune responses could potentially provide more
effective antiviral coverage. Successful approaches to vaccination to
redirect the immune response to the invariant HA stalk protein for
production of bnAbs relies on a novel 2-strep (prime-boost)
vaccination strategy [23,24]. One successful approach is to immunise
with chimeric HA (conserved stalk/ novel head) virus vaccines [23].
This vaccination approach using the same conserved stalk regions but
different head domains expands the otherwise scarce HA stalk-specific
memory B cells, which are normally outcompeted by numerous
immunodominant HA head-specific memory B cells [25]. Another
effective strategy is to use sequential virus immunisation with matched
HA proteins but in a DNA prime and protein boost regime [24]. This
latter approach resulted in increased production of bnAbs that could
neutralise diverse H1N1 strains dating back from 1934 to 2007 than
either vaccine component used alone but offered limited protection in
both mouse and ferret models [24]. It is also suggested that the number
and diversity of HA-specific CD4 T cell clones is expanded with the
DNA prime- protein boost strategies with matched HAs. These
different 2-step (prime-boost) vaccine studies have reported increased
neutralising antibody titres (30 to 50-fold more than single virus
vaccine alone) with 2-log reductions in lung viral loads [23,24,26].
However, virus replication was not absolutely prevented in vacinees.

During influenza virus infection, signals from IFN and help from
activated CD4 T cells are often limited by strong viral immune evasion
tactics resulting in suboptimal activation of B cells and antibody

responses [27]. As the type I IFNs provide a link between innate and
adaptive immunity, acting on both B and T cells, they can restore
immunity. Thus novel vaccine strategies, informed by the
abovementioned approaches [23,24] in combination with IFN-α/β
subtypes as vaccine adjuvants to augment the potency and breadth of
bnAbs to conserved regions of the HA stalk of influenza viruses are of
great interest.

Polyclonal B cell stimulation by vaccination or natural infection
with influenza virus can generate circulating antibody pools with
multiple epitope reactivity. Neutralising antibodies blocking HA
binding proteins to cell surface receptors may prevent virus entry.
Once the virus infection cycle has been abrogated by such antibody-
mediated responses, virus dissemination is inhibited, virus shedding is
reduced, and the infection ultimately resolved by cell-mediated
immune responses [28]. Correlates of protection in vivo are highly
functional neutralising antibodies against HA epitopes of influenza
viruses [29]. As previously stated, cognate help from activated CD4+ T
cells also stimulates B cells to secrete virus-specific antibody.
Extrafollicular antibody secreting cells producing early IgM are
regulated by type I IFN and cytokines, whereas mature B cells class
switch to produce IgG during the course of virus infection [30]. Both
memory B cells and antibody-secreting cells can produce virus-
specific antibody upon re-exposure to virus [31]. Live attenuated
influenza virus vaccines and trivalent inactivated vaccines mostly
induce neutralising antibodies directed against the HA globular head
domain, which block specific virus binding and inhibit virus entry. As
such antibodies rely on variable regions, they are generally not
dependent on Fc regions of the antibody molecule. However, as
mentioned such antibody specificities are limited in efficacy against
variable influenza virus sequences due to the high mutation rate in the
HA globular head.

Furthermore, the benefits of anti-viral antibodies as agents of
prophylaxis for protection against influenza are widely known
[reviewed in 32,33]. Recently, light has been shed on the protective
mechanism of anti-stalk bnAbs, which is thought to be different to
those reacting with the HA head. Traditionally, neutralising antibodies
function exclusively through their variable regions but FcγR-mediated
mechanisms may also be involved [34]. Characterisation of five IgG
bnAbs targeting the conserved stalk region of the HA molecule in vivo
found that they exhibited cell cytotoxicity dependent on FcγR whereas
anti-head immune complexes did not. These studies point to new
findings of neutralising antibody mechanisms in blocking influenza
virus infection via antibody-mediated cell cytotoxicity. In light of
recent discoveries of Fc dependency, reengineering of neutralising anti-
stalk monoclonal antibodies to selectively interact with FcγR may
augment protective activity.

In conclusion, the identification of influenza vaccine adjuvants to
induce bnAbs is a high priority research area. By restoring the power of
innate immunity, that is normally diverted during natural virus
infection, utilising the versatility of type I IFN subtypes as enhancers
for the production of bnAbs to invariant stalk domains of the HA
protein of influenza virus could be a productive avenue of research to
enhance anti-HA bnAb responses to vaccination. New rational
vaccination approaches that provide universal protection against
multiple influenza viruses will transform influenza control.
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