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Influenza inflicts significant global mortality and morbidity that can be combated by effective
immunization. However, the protective efficacy of current vaccines is limited by both the
significant antigenic diversity of the viral hemagglutinin protein and the capacity for rapid
antigenic change. This necessitates global influenza surveillance efforts, frequent vaccine
reformulation and annual readministration. There is, therefore, tremendous interest in the
development of novel strategies to elicit broad and durable protection against both seasonal
and pandemic infection. This review presents an overview of candidate universal influenza
vaccines designed to elicit cross-protective antibody responses to hemagglutinin. In particular,
we focus on the potential impact that widespread pre-existing influenza immunity may play
upon the design, testing and deployment of universal influenza vaccines.
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Influenza-A (IAV) and influenza-B (IBV)
viruses are globally significant pathogens that
cause respiratory infections associated with high
morbidity and mortality, particularly among
more vulnerable populations such as children
and the elderly. IAV naturally infects aquatic
birds and a broad range of potential hosts,
including rodents, bats, horses, domestic poultry and pigs. On the basis of hemagglutinin
(HA) sequence identity, IAVs encompass up to
18 reported subtypes [1], further divided into
two major phylogenetic groupings (FIGURE 1):
group 1 (H1, H2, H5, H6, H8, H9, H11,
H13, and H16–18) and group 2 (H3, H4, H7,
H10, and H14–15). Transmission into human
populations of influenza viruses containing
avian or porcine HA and/or neuraminidase
(NA) genes has led to four major pandemics
in the past 100 years: 1918- (H1N1),
1957–1968 (H2N2), 1968- (H3N2) and
2009- (H1N1) [2]. IBV infection is limited to
humans and seals [3], and two major IBV serotypes have been described: Victoria-like and
Yamagata-like. H1N1, H3N2 and both IBV
serotypes remain endemic, cocirculate and
cause seasonally recurrent human infection.
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Immunization remains the most costeffective mechanism to combat widespread
influenza infection. The first influenza vaccines
were inactivated monovalent formulations targeting H1N1 and entered human use during
the Second World War. Since the 1970s, trivalent (IAV H1N1, H3N2 and a single B
strain) and recently quadrivalent (IAV H1N1,
H3N2 and both IBV serotypes) influenza vaccines (TIV and QIV, respectively) have been
widely distributed and administered within
developed countries, particularly among at-risk
subpopulations. However, the availability of
influenza vaccines remains limited in most
developing countries, leaving the vast majority
of the global population susceptible to infection. Three classes of multivalent influenza
vaccines are currently in production. Inactivated ‘split’ vaccines can be produced using
egg-based (Afluria, Fluarix, Fluzone and
others) or cell culture-based (Flucelvax)
methods, consisting primarily of purified HA
proteins isolated from disrupted influenza virions, and can be administered intramuscularly
or intradermally. Naming conventions in the
USA have been recently revised for this class
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Figure 1. Antigenic diversity of influenza HA and degrees of broad protection. The high antigenic diversity of viral hemagglutinin
confounds influenza vaccination efforts. Influenza A and B viruses can be divided into multiple distinct subtypes, many of which are
capable of causing human infection (shown in red). Currently available vaccines elicit narrow protection against closely matched strains
within a single subtype. This is illustrated upon a phylogenetic tree showing selected circulating H1N1 sequences isolated from the USA
from 1978 to 2008, with the 2008/2009 vaccine only neutralizing the subset of H1 strains shown in the dark gray box. Although a
universal vaccine is the ultimate goal, any vaccine capable of increasing protective breadth – whether pan-subtype, pan-group, pan-IAV
or pan-IBV – would constitute a major medical advance.

of vaccines to inactivated influenza vaccine (IIV), IIV3 for TIV
and IIV4 for QIV. Alternatively, intranasal administration is
possible with a live attenuated influenza vaccine (LAIV;
FluMist), which uses temperature-sensitive viral mutants to
limit replication and spread in vivo. Most recently, a third class
of vaccines based upon recombinant HA protein (FluBlok)
has been licensed in the USA, foregoing the dependence upon
embryonated eggs for production. Regardless of production or
delivery methods, all three classes of seasonal vaccines elicit significant immunity with protection primarily mediated by
humoral responses targeting antigenic sites surrounding the
receptor-binding domain (RBD) of HA. These antibodies
potently inhibit interactions between the virus and the sialylated host cell receptors and can readily be measured in the
serum using established hemagglutination inhibition assays.
Despite being a critical tool in combating influenza infection
worldwide, the use of currently available influenza vaccines is
severely limited by the ability of influenza viruses to evade
humoral immune responses. The gradual accumulation of point
mutations (antigenic drift) in the viral hemmagglutin leads to
eventual escape from antibody recognition and a consequent
loss of vaccine effectiveness. This necessitates an annual reassessment of circulating influenza strains for changes in antigenicity and frequently vaccine reformulation. A second
limitation of current seasonal vaccines is their ineffectiveness
against serologically novel viral variants. The segmented
genome of influenza viruses facilitates periodic reassortment of
1228

HA or NA genes with environmental avian and/or porcine viral
strains. This major and dramatic change in viral composition
(antigenic shift) can result in complete evasion of prevailing
immunity and drive the emergence of pandemic influenza. The
underlying vulnerability of human populations was highlighted
by the emergence of pandemic ‘swine’ H1N1 (pdmH1N1) in
2009 [4]. A reassorted virus comprising human, swine and avian
influenza genes [5], pdmH1N1 spread rapidly from a North
American epicenter to affect all continents within 4 months,
eventually infecting an estimated 11–21% of the global population [6] and causing over 284,500 deaths [7]. Interestingly, 80%
of respiratory and cardiovascular deaths were reported in subjects <65 years old when compared with 19% in an average
pre-2009 season [8]. These observations underscore that current
seasonal influenza immunization elicits insufficient immunity
to cross-reactive B epitopes to limit infection with newly emergent viral strains. This has become a growing concern in recent
years given unpredictable zoonotic transmission from animal
reservoirs has led to human infections with variant H3N2 [9],
H10N8 [10], H7N9 [11] and H5N1 [12] – with infection by
these novel strains often associated with unusually high pathogenicity and mortality.
Universal influenza vaccines

To overcome the limited breadth of seasonal vaccines, there
has been significant interest in developing novel vaccines that
elicit broad and long-lived immunity against diverse viral
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Figure 2. Structure of influenza hemagglutinin and binding sites of broadly neutralizing antibodies. The influenza HA [149];
(PDB ID - 1RUZ) is a heterotrimer of two domains – HA1 (blue) and HA2 (orange, only ectodomain pictured). The HA1 domain contains
the receptor binding domain (RBD), a major target for neutralizing antibody that acts by blocking interaction of HA with sialylated cellular
proteins. The HA2 domain, often termed the stalk or stem, contains the fusion machinery. Human monoclonal antibodies with broad
neutralization activity can bind the RBD, stem or alternative cross-reactive epitopes. Selected examples are shown at each site and the
breadth of influenza recognition indicated.

subtypes – so-called universal influenza vaccines (UIV). Ideally,
these would offer life-long protection against seasonal influenza
infection analogous to current vaccines for other viral pathogens such as measles, hepatitis B or polio. Crucially, such vaccines would convey some level of pandemic preparedness
against emergent influenza outbreaks, potentially preventing
initial zoonotic transmission or, at a minimum, slowing spread
to facilitate timely pandemic-specific vaccine production.
Cross-reactive T-cell responses between diverse influenza isolates have been widely reported and could provide universal
protection against influenza disease (extensively reviewed
in [13–15]. However cross-reactive antibody responses hold great
promise for sterilizing protection from the acquisition of influenza infection and are the focus of this review. An overarching
strategy for antibody-based UIV development consists of two
primary goals. First, to identify conserved sites of vulnerability
common to diverse influenza strains. And second, to develop
immunization modalities to specifically target humoral immune
responses onto these sites to generate serum titers sufficiently
high to provide lasting protection.
UIV targeting HA

Many studies to date have focused on the viral entry protein
HA. Given the remarkable diversity of influenza HA, a vaccine
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able to broaden protective efficacy would be a tremendous
medical advance (FIGURE 1). Virion-associated HA is a heterotrimer of two polypeptide chains termed HA1 and
HA2 (FIGURE 2). HA1 encodes the highly glycosylated globular
head that characteristically displays low-sequence conservation
between subtypes. Antibodies that bind proximal to the sialic
acid RBD of HA1 can mediate potent viral neutralization and
are currently the primary means of vaccine-elicited protection.
However, escape from antibody recognition at the RBD readily
occurs by antigenic drift or antigenic shift. Nevertheless,
selected RBD-specific monoclonal antibodies with some degrees
of breadth have been isolated from humans (FIGURE 2) [16–19].
HA2, often termed the HA stem or stalk, is relatively conserved between subtypes and contains transmembrane domains
that anchor HA into the viral membrane and the viral fusion
machinery. The isolation of the murine monoclonal antibody
C179 [20] initially established the stem as a potential site of
broad virus neutralization, with reactivity against group 1 H1,
H2, H5 and H6 viruses [20,21]. Subsequently, many groups
have reported the isolation of human stem binding antibodies
with analogous pan-group 1 neutralizing activity (FIGURE 2)
[18,22–25]. Crystallographic studies revealed a common epitope
based around a conserved hydrophobic pocket in the
stem [22,26,27]. An alternative, proximal stem epitope was
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Table1. Selected potential pathways towards a universal influenza vaccine.
Strategy

Target

Description

Comment

Ref.

Viral vectors
or
adjuvanted
vaccines

HA

Novel vectors or adjuvants can significantly
improve the immunogenicity of current
seasonal or pandemic influenza vaccines

Increased immunogenicity may raise the
effective titers of antibodies targeting
subdominant epitopes within HA with
broad protective potential

Consensus
HA antigens

HA

Synthetic HA designed to maximize antigenic
conservation between diverse viral isolates

The ability to induce broad immunity
within a subtype has been shown for
H5N1, H1N1 and H7N2. The utility of
consensus HA for bridging greater
antigenic distances between subtypes
remains unclear

[53–58]

‘Headless’
HA

HA2

Stabilized variants of the HA2 domain lacking
HA1

HA2-based immunogens may bypass
antigenic competition from the
immunodominant HA1 domain

[61–64]

Chimeric HA

HA1 and
HA2

Chimeric HA1 domains (usually of avian origin)
fused to a common and conserved
HA2 domain

Sequential immunization with chimeric
HA may allow simultaneous priming of
protective head responses against
potentially pandemic strains, while also
promoting the expansion of
HA2 antibodies with broad influenza
specificity

[75–79]

Targeting
conserved
influenza
proteins

NA, NP
or M2

Other viral proteins with less antigenic diversity
than HA may provide potential targets for
protective T cell and antibody responses

Vaccines targeting NA, NP or M2 may
provide some protection against
influenza pathogenesis through T cell
immunity and/or antibody effector
functions such as ADCC

[44,46–48,51,52]

[88,89,91,97,99–101]

ADCC: Antibody-dependent cellular cytotoxicity; HA: Hemagglutinin; M2: Matrix protein 2; NA: Neuraminidase; NP: Nucleoprotein.

identified in group 2 viruses by the isolation of CR8020 [28],
and subsequently other groups have reported similar antibodies [29,30]. The existence of human antibodies with exceptionally
broad specificity (intergroup) was initially confirmed by the
discovery of the broadly neutralizing antibody FI6 [31]. Subsequently, other antibodies were isolated: CR9114 [32], and
39.29 and 81.39 [33]. All these antibody lineages bind an overlapping epitope surrounding the hydrophobic pocket in
HA2 and neutralize diverse group 1 and group 2 IAV isolates,
extending to IBV reactivity in the case of CR9114 [32]. The
infrequent reports to date of monoclonal antibodies with intergroup or IAV/IBV cross-reactivity suggests such specificities
may be rare in humans. The neutralization activity of stembinding antibodies in vitro appears due to antibody-mediated
inhibition of viral fusion and/or the prevention of HA1/
HA2 polypeptide cleavage [27–29,34]. However, protection
in vivo using a murine passive infusion model was largely reliant upon Fc interactions, suggesting an essential role for
antibody-dependent cellular cytotoxicity (ADCC) or other antibody effector functions [35].
The wealth of monoclonal antibodies characterized to date
clearly demonstrate that the human humoral immune system is
capable of generating antibodies with broad heterosubtypic
influenza specificity (reviewed in [36]). Moreover, passive infusion into animal models confirm both the RBD and the
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HA stem comprise highly conserved targets for antibodymediated protection [30–33,37]. It remains an open question how
to augment or elicit broadly protective HA antibodies by
vaccination?
A number of strategies currently under development that
endeavor to broaden humoral immune responses to influenza
are discussed further below and are summarized in TABLE 1. In
the general population, antibodies with heterosubtypic neutralizing activity are found only at low serological concentrations
thought insufficient to be protective [38]. This is somewhat paradoxical, as repeated and sequential exposure to antigenically
distinct HA, such as conceivably seen by periodic infection or
annual TIV administration, might be expected to drive immunity toward common epitopes. Influenza infection in mice [39]
and humans [25,39–41] reproducibly elicits cross-reactive antibody
responses, including those targeted to the HA stem, albeit with
low absolute titers. In contrast, TIV is manifestly poor at eliciting heterosubtypic immunity, both in terms of serum antibody [18,39,42] and memory B-cell responses [18]. Similarly,
infection but not TIV administration raised H1N1 crossreactive ADCC responses in macaques [43]. It is generally
accepted that conventional vaccines may lack both the antigen
loads and the ‘danger signals’ associated with natural infection.
Therefore, strategies that increase the immunogenicity of current influenza vaccines may raise subdominant antibody
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responses at cross-reactive epitopes to potentially protective
levels. Evidence supporting this comes from studies pairing
influenza vaccines with new adjuvants or improved vaccine
delivery vectors.
Coformulation of TIV with the potent oil-in-water adjuvant
MF59 has been shown in several clinical studies to increase the
potency of antibody responses against heterovariant influenza
strains compared with nonadjuvanted vaccines [44–47]. Similar
results have been reported with monovalent avian
H5N1 vaccines, with MF59 increasing humoral cross-reactivity
against heterologous H5N1 strains [48,49]. A range of new adjuvant formulations, including agonists for toll-like receptors-3,
-4, -5, -8 and -9, are currently undergoing clinical assessment
(reviewed in [50]), raising hope for a straightforward mechanism
to broaden protection from seasonal vaccines. However as seasonal vaccines are extensively used in children and the elderly,
tolerance for excessive vaccine reactogenicity is exceedingly low
and adjuvanted influenza vaccines are primarily being developed for pandemic-type avian strains. Other groups have
pursued improved delivery modalities to increase vaccine
immunogenicity. Gene-based prime-boost immunization regimens in mice, ferrets and macaques often elicit broad neutralization of variant H1 viruses, with evidence of expanded
antistem antibodies in comparison with TIV protein immunization alone [51]. Similarly, vaccination of mice or ferrets with
HA arrayed upon ferritin-based nanoparticles raised immune
serum with potent neutralizing activity against a broad spectrum of H1N1 viruses [52]. Notably, this approach raised antibodies to highly conserved HA epitopes in both the stem and
proximal to the RBD.
One strategy to combat HA diversity and generate broader
responses has been to generate synthetic consensus HA encoding highly conserved amino acids residues at each position.
Mice vaccinated with a DNA vaccine expressing a consensus
H5N1 HA displayed broad serum neutralizing activity and
were protected against challenge with homologous and heterologous H5N1 viruses [53]. Similar findings have subsequently
been reported for consensus H1N1 [54] and H7N9 [55] antigens. Computational approaches have recently been developed
to aid the rational design of consensus H5 antigens [56].
Importantly, such proteins presented upon a virus-like particle
platform retain the physiologic functions of native HA [56]
and can elicit protective immunity from lethal
H5N1 challenge in mice, ferrets [56,57] and nonhuman primates [58]. Vaccination with virus-like particles generated antibodies with broader specificity for heterologous H5N1 strains
compared with animals vaccinated with polyvalent mixtures of
HA. Therefore, consensus antigens appear to elicit broader
subtype-specific humoral immunity. It remains to be seen
whether the greater antigenic distances between influenza subtypes can be successfully bridged.
HA stem-based UIV approaches

Antibodies to epitopes in the HA stem have clear heterosubtypic neutralizing potential, driving historical interest in the
informahealthcare.com
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development of ‘headless’ HA2-based immunogens [59,60]. In
one such approach, HA1 was replaced with a glycan linker
allowing the production of headless HA2 constructs that elicited group 1 or 2 heterosubtypic antibody responses in
mice [61]. However, only partial protection to homologous
viral challenge was observed. More recently, modifications
to stabilize HA stem-based immunogens have seen increased
protein expression and improved fidelity of folding to maintain correct antigenicity. Such stabilized HA2 immunogens
have demonstrated increased protective potential in small
animals [62–65].
An alternative approach to ‘headless’ constructs has been
efforts that refocus immune responses onto the subdominant
stem region. It has been widely reported that a marked boost
in serum titers of HA2-specific neutralizing antibodies can
been observed in subjects following infection with
pdmH1N1 [25,66]. Similar findings have been described after
immunization with either H5N1 [24,67–70] or pdmH1N1
vaccines [38,41,42,71,72]. Therefore, exposure to immunologically
novel (antigen-shifted) HA has the potential to augment
humoral immunity specific for the HA stem [73,74]. Strategies
to translate these observations into universal influenza vaccine
candidates are under investigation. Chimeric HA molecules
have been constructed consisting of a conserved HA2 domains
paired with antigenically distinct HA1 domains that few
humans have been exposed to, usually of avian origin [75].
Sequential vaccination with heterologous, chimeric HA antigens elicits high titers of HA2-specific antibody and can protect mice and ferrets from diverse heterologous group 1 [76,77]
or group 2 challenge [78,79]. In a related approach, targeted glycan addition to mask prominent antigenically variable epitopes
on HA1 leads to increased stem antibody responses and protection from heterovariant H5N1 challenge in mice [80,81]. Collectively, these studies highlight the promise of stem-based
influenza vaccines that maximize the immune exposure of stem
epitopes by avoiding immunodominant HA1-directed recall
responses.
The functional importance of the viral fusion machinery
most likely accounts for the high-sequence conservation of the
HA stem. However, while antigenic escape from neutralizing
antibody recognition occurs rapidly at the RBD, less is known
about the evolution and tolerability of antigenic variation
within the stem domain. Escape mutations can be induced
in vitro under monoclonal antibody selection in some studies [20,23,28] but not in others [22,82]. Moreover, broadly crossreactive stem monoclonal antibodies display subtype or strain
specificity in epitope recognition [28,31,32], suggesting that
HA2 sequence diversity in natural viral isolates may confer
resistance to some modes of antibody-mediated neutralization.
However, circulating stem-specific B cells in humans are highly
polyclonal in nature and drawn from multiple diverse immunoglobulin gene families [16,70]. Therefore, redundancy in recognition of the stem epitope may act to constrain pathways
of immune escape from vaccine-elicited humoral responses
targeting HA2.
1231

Review

Wheatley & Kent

Downloaded by [The University Of Melbourne Libraries] at 22:07 06 September 2015

UIV targeting other viral proteins

Given the high intrinsic diversity of influenza HA, targeting
less diverse viral proteins may also be a pathway toward broad
protection and universal vaccine approaches have been
advanced targeting conserved matrix proteins 1 and 2 (M1 and
M2) and nucleoprotein (NP) (extensively reviewed in [83–85]).
The viral M2 protein is a proton-selective ion channel, of
which the 23 amino acid extracellular domain (M2e) protrudes
past the virion membrane providing a potential target for
humoral immune responses. High-sequence conservation
among influenza A viruses makes M2e an attractive immunogen, and it has been incorporated into a wide range of vaccine
platforms (reviewed in [86]). Immunization of mice with M2ebased vaccines can significantly enhance survival from lethal
influenza challenge by eliciting M2e-specific antibodies [87–89].
M2e specific antibody is not directly antiviral [90], with protection thought to be dependent upon Fc effector functions such
as ADCC leading to clearance of virally infected cells [91,92].
Monoclonal antibodies targeting M2e are generally not effective
in preventing influenza infection, but can enhance survival and/
or ameliorate disease symptoms during experimental influenza
infection in animal models [93–97] and humans [98]. Vaccines
based on M2e alone, or in combination with NP, are progressing through human clinical trials and appear safe and immunogenic [85,99–101]; however, the elicitation of broadly protective
humoral immunity remains to be assessed.
The observation that antibodies to NA from seasonal vaccines could protect against avian H5N1 in mice [102]
highlighted that conservation of NA between diverse influenza
serotypes may provide a common immunologic target. Broadly
cross-reactive monoclonal antibodies binding NA have been
identified [103–105] and can protect from influenza challenge [103,106]. While the NA content of seasonal vaccines is difficult to estimate, TIV does reliably elicit anti-NA antibody
responses [107]. Vaccines designed to augment NA-specific antibody are immunogenic in humans [108]. However, the serological titers of NA-specific antibody required to prevent disease
remain poorly defined, in part, due to the lack of a standardized assay for the measurement of NA activity.
Taken in isolation, humoral immune responses to M2, NA
or internal proteins, such as NP [85], clearly afford some protection against influenza in experimental animal models. Moreover, polyclonal antibody responses to these antigens can
meditate ADCC and other Fc-mediated effector functions
(reviewed in [109]) potentially aiding viral clearance and ameliorating disease. However, it is important to recognize that the
rapid spread of pdmH1N1 took place despite the totality of
potential cross-reactive responses previously elicited by seasonal
vaccination or infection. While baseline cross-protective T-cell
immunity to NP and/or other conserved proteins negatively
correlated with symptomatic influenza disease [110,111],
pdmH1N1 infections were atypically high within healthy
middle-aged adults, suggesting limited impact upon acquisition.
Testing candidate NP and/or M2 vaccines in ferrets
have yielded conflicting results, with reports of effective
1232

cross-protection [112], while other studies suggest only vaccines
containing an HA component could effectively protect from
heterosubtypic H5N1 challenge [113]. These findings suggest
that the potency of HA-specific antibody may still hold the
greatest promise for vaccine-elicited sterilizing protection from
influenza acquisition.
UIV in the context of pre-existing influenza immunity

Pre-existing influenza immunity within a given host population
can significantly affect responsiveness to influenza vaccines. The
phenomena of ‘original antigenic sin’ [114] was initially
described during studies into recall responses to HA – whereby
secondary vaccination with an antigenically related (drifted)
influenza HA preferentially increases the magnitude and affinity
of antibodies raised to the primary immunogen [115,116]. More
recently, this concept has been refined to account for multiple
sequential influenza exposures and termed ‘antigenic
seniority’ [117,118], where the order of exposure to influenza drift
variants may program a hierarchy of serological responses, with
the highest titers reported to the earliest encounters with
HA [117,119]. This historical baseline of influenza immunity can
suppress the development of novel humoral immune responses
following vaccination with antigenically related HA [120]. Moreover, pre-existing serum antibody responses negatively correlate
with the magnitudes of circulating influenza-specific plasmablast expansion and the development of vaccine-specific serum
antibody following seasonal immunization [120,121]. These observations highlight that the complex immunological histories seen
in human populations will be an important consideration for
UIV development.
Candidate UIV vaccines will almost certainly undergo initial
clinical assessment in healthy adults with substantial preexisting immunity. In contrast, preclinical development of
UIVs is largely assessed using influenza-naive small animal
models. Most humans appear to be naturally infected by
approximately 7 years of age [122], then experience regular twice
per decade infection events [123] and probably have multiple
additional subclinical exposures. Regular seasonal TIV immunization will additionally increase exposure to HA antigenic drift
variants. Efforts to mimic the complex human immune history
with influenza in small animals models have used prior infection or sequential vaccination. Pre-existing immunity can
markedly influence susceptibility to subsequent pandemic infection. For example, prior infection of ferrets or guinea pigs with
seasonal influenza can prime cross-reactive and partially protective immune responses against pdmH1N1, with protection
greatest when antigenic distance between primary infection and
challenge viruses was smallest [124–127]. Baseline immunity can
also affect responses to influenza vaccines. Prior H1N1
infection increased humoral responses in ferrets following
prime-boost vaccination with a heterovariant influenza
strain [128]. Notably, this effect was strain specific and related to
the antigenic distance between infecting and vaccination strains.
Similarly, priming of ferrets with TIV enhanced the immunogenicity and efficacy of subsequent immunization with a
Expert Rev. Vaccines 14(9), (2015)
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pdmH1N1 vaccine [129]. Taken together, these observations
highlight that the nature (vaccination or infection), frequency
and specific strains used to establish immune history all influence humoral responses and outcomes during secondary influenza exposure. Thus, a single infection or exposure to TIV is
unlikely to recapitulate the diverse CD4 and B-cell repertoires
expected in human adults. Efforts to recapitulate the depth of
human-like influenza immunity in small animals may be limited by the limited lifespan of mice and ferrets. Moving to
models of influenza infection in non-human primates may
combine the advantages of a lung physiology similar to
humans [130], ample immunological reagents and longevity.
Macaques are readily infected with human influenza isolates;
however, disease pathogenesis can vary based upon the route of
inoculation, infecting viral strain and species of macaque [131].
Regarding the assessment of humoral immune responses,
macaque and human immunoglobulin genes share high homology [132]; however, the effector function of the various immunoglobulin subtypes may exhibit some species-specific
differences [133]. One important caveat may be the absence of a
macaque ortholog of the human ighv1-69 gene, commonly
used among HA stem-specific neutralizing antibodies. Consistent with observations in small animal models, priming macaques with seasonal H1N1 led to more rapid viral clearance
following pdmH1N1 challenge [134] and elicited cross-reactive
antibody responses with ADCC activity [135]. Despite the obvious cost and time limitations, repeated TIV immunization and
periodic infections of nonhumans primates will more accurately
model the complex influenza-immune histories of adult
humans.
Better animal models are urgently required to clarify the
interplay between host immunity and novel UIV. However,
both potential benefits and potential disadvantages might be
envisaged. One benefit may be the ability to harness immunologic memory to jump start vaccine responsiveness. Exposure to
circulating influenza viruses seeds a long-lived pool of
influenza-specific memory B cells [136]. With increasing age, it
has been suggested that memory B cells and non-naı̈ve B cells
are preferentially recruited into secondary immune responses
following vaccination [137,138]. Therefore, the memory pool provides substrate for future humoral immune responses and UIV
strategies that target memory B cells may bypass potentially
limiting frequencies of naı̈ve precursor lymphocytes. For example, expansion of stem-specific memory B cells elicited by prior
infection or seasonal immunization presumably facilitates the
rapid expansion of HA2 serological reactivity following immunization with antigenically distant HA [24]. Furthermore, prior
affinity maturation during encounter with the primary immunogen means maturation pathways of memory B cells to
achieve high-affinity binding and potentially more potent antiinfluenza activity may be shorter than from a naı̈ve base. Similar effects might be anticipated for influenza-specific CD4+
T cells. While CD4+ T cells mediate important antiviral activity in their own right, they also play a critical role supporting
the generation of high-affinity humoral responses. Follicular
informahealthcare.com
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helper T cells (Tfh) are a subset of antigen specific CD4+
T cells localized to B-cell follicles within secondary lymphoid
tissues where cross-signaling with cognate B cells triggers the
formation and maintenance of germinal center reactions [139].
A strong correlation between neutralizing antibody responses
following TIV vaccination and the expansion of a circulating
CD4+ T-cell population with a Tfh-like phenotype has been
reported [140,141]. Furthermore, broadly cross-reactive memory
CD4+ T cells capable of recognizing antigenic shift variants
can be primed by seasonal influenza exposure [142–144]. This
population of HA-specific CD4+ memory cells may constitute
an expanded pool of Tfh to provide cognate help for HAbinding B cells to subsequent immunization. Thus, the wide
prevalence of broadly cross-reactive influenza-specific memory
T- and B-cell populations mean that a putative UIV need only
boost, or refocus, pre-existing immune specificities.
Alternatively, prior priming of the immune system may
comprise a significant disadvantage for UIVs. Establishment of
immunodominance patterns within both the B-cell and CD4+
T-cell compartments by infection or vaccination may end up
favoring suboptimal epitopes without the capacity for broad
protection. For instance, the HA globular head is generally
considered immunodominant with regard to humoral responses
to HA. Consistent with the concepts of antigen sin, shifting
the dominance hierarchies once established can be difficult and
will likely require novel HA immunogens, such as the aforementioned chimeric HA constructs, to limit the immune exposure of prominent head epitopes. The mechanisms
underpinning antigenic sin are likely multifactorial, but likely
related to the diminished capacity of naı̈ve B cells to compete
effectively with higher affinity memory B cells for limiting
CD4+ T-cell help, previously shown to modulate the recruitment and maintenance of B cells within germinal centers [139].
Furthermore, B cells compete with serum antibody for antigen
binding and as a consequence, established cross-reactive antibody may suppress B-cell responsiveness either through epitope
occlusion or through antigen depletion in vivo via opsonization
or alternative antibody effector mechanisms.
Neutralizing antibody responses as measured using hemagglutination inhibition assays are universally recognized as an
important marker of serological protection from influenza
acquisition. However, numerous studies spanning decades have
established that other immune effector arms contribute to protection from influenza infection and pathogenesis. This
includes both CD4+ and CD8+ T-cell responses (reviewed
in [14]), and polyclonal non-neutralizing humoral responses to
HA and other viral proteins, which can mediate antiviral activity or aid viral clearance via opsonization, ADCC or antibodydependent phagocytosis (reviewed in [109]). However preclinical
testing of UIV in the absence of prior immunity fails to
account for any combinatorial effects of responses drawn from
multiple immune arms. This could potentially lead to an overestimation of the protective threshold that a candidate UIV
must achieve, without the added benefit of widespread cellular
and humoral influenza-specific immunity.
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In summary, while a vaccine that elicits broad, durable and
potent universal protection is ultimately the goal, in reality any
influenza vaccine capable of increasing protective breadth –
whether pan-subtype, pan-group, pan-IAV or pan-IBV – would
constitute a major medical breakthrough. Furthermore, eliminating the cycle of annual reformulation and administration
will significantly offset economic and logistical hurdles that prevent the deployment of effective influenza immunization
regimes in resource poor countries around the world. However,
the interplay between host influenza immunity and putative
UIVs remains difficult to predict. Further experimentation will
provide clarification critical to speed the deployment and maximize the chances of success, for the many promising UIV candidates currently under development.
Expert commentary & five-year view

The continuing development of novel adjuvants and delivery
vectors suggest immunogenic improvements to current TIV
and QIV formulations are well within reach. However, it seems
likely that iterative improvements to current vaccines will not
be sufficient to provide broad, life-long immunity to seasonal
and pandemic influenza strains and more unconventional
approaches will be required. We highlight three key areas where
further research will significantly benefit UIV development.
First, there is an urgent need for improved non-human primate models to increase the informative value of preclinical
assessments of UIV candidates. While mouse and ferret models
are well established, macaques have a lifespan and physiology
that is more suitable for establishing a human-relevant immune
baseline of influenza exposure. Sequential influenza infection
provides a means to establish immune history. However, consistent with the concept of antigenic seniority, optimization of
the specific strains, order and timing of influenza exposures
will be required to best model influenza immunity to a given
target human population. As an adjunct to the development of
improved nonhuman primate models, the protective potential
of novel UIV platforms could be rapidly clarified using smallscale clinical trials, preferably in the context of experimental
influenza challenge(s).
Second, a sizable focus for recent UIV development has been
strategies targeting the highly conserved HA2 domain of HA.
However, deconvolution of the respective contributions from
RBD- versus stem-binding antibodies to vaccine-elicited

neutralizing activity and subsequent protection has so far been
difficult. Recent advances in stabilizing ‘headless’ stem immunogens should enable the immunogenic properties of the HA
stem domain to be assessed in the absence of antigenic competition. In addition, clinical studies are currently underway
examining whether passive infusion of stem-specific monoclonal
antibodies can ameliorate experimental influenza infection
(ClinicalTrials.gov identifiers: [145–147]). These studies will provide invaluable guidance as to the protective potential of stem
neutralizing antibodies, especially with regard to recent reports
about potential for enhancement of influenza pathogenesis by
HA2-specific antibody [148].
Finally, a greater understanding of the mechanistic basis for
B-cell immunodominance is needed. The direct molecular
interactions during infection or vaccination between influenza
HA and components of the humoral immune system are
poorly defined. While the epitopes within the HA head
domain clearly appear dominant over other sites within HA
such as the stem, the role that primary sequence, conformation, density and localization of HA play in establishing patterns of immunodominance in vivo require further
characterization. This is particularly relevant given interest in
UIV strategies to overcome or bypass antigenic sin and
increase the prominence of subdominant epitopes with heterosubtypic protective potential. Establishing guidelines that allow
the manipulation of established immunodominance hierarchies
to favor broadly cross-protective epitopes will speed rational
UIV design and will also be informative for vaccine development for other viral pathogens, such as HIV, where high
antigenic diversity poses a significant barrier to effective vaccine development.
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Key issues
.

Antigenic diversity of HA limits the effectiveness of current vaccines.

.

Novel universal vaccines are required to elicit broad and lifelong immunity.

.

Several vaccine candidates in development look encouraging in animal models of influenza infection.

.

However, currently, preclinical development largely fails to account for pre-existing influenza immunity prevalent in human population.

.

Baseline influenza immunity may markedly alter vaccine responsiveness and eventual effectiveness.

.

More comprehensive animal models are required to fully account for influenza immunity in target populations.
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