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Influenza viruses are Orthomyxovirus species belonging to the Orthomyxoviridae family. While influenza viruses

can be classified into four genera (A, B, C and D), only influenza A and B viruses cause clinical disease in humans.

influenza vaccine universal influenza vaccine

| 1. Introduction

Influenza viruses are characterized based on their surface proteins—hemagglutinin (HA) and neuraminidase (NA).
There are currently 18 known serotypes/antigenic types of HA (Figure 1a) and 11 known of NA. Almost all human
influenza infections are caused by H1- and H3-containing strains (HLN1 and H3N2), with two lineages of influenza
B virus—Victoria and Yamagata—also circulating globally on a seasonal basis [l. Of particular concern, however,
are zoonotic events in which highly pathogenic avian influenza viruses such as H5N1, H7N9 and HON2 viruses are
transmitted from avian species to humans. Although limited human-to-human transmission is observed, case
fatality rates are significantly higher than seasonal infections (e.g., H5N1, ~53%; H7N9, ~32%) 2. Furthermore,
evidence suggests only minor genetic changes are required to allow increased replication rates in human cells,
which could lead to more efficient human-to-human transmission and a subsequent pandemic B! Additionally,
emergence of reassortant viruses whereby entire genome segments are reassorted between viruses upon co-
infection of a host with different strains is another mechanism by which pandemic influenza viruses can emerge.
Such an event was responsible for the HIN1 pandemic of 2009 and has seen H5N6 viruses emerge in aquatic

duck populations more recently 2.
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Figure 1. Phylogeny and structure of influenza virus hemagglutinin. (a) A rooted phylogenetic tree based on the

amino acid sequences of hemagglutinin (HA) sequences from influenza A and B viruses, adapted from Noh et al.

https://encyclopedia.pub/entry/6958 1/10



Influenza Vaccines | Encyclopedia.pub

(6] (b) The structure of the ectodomain of the influenza hemagglutinin protein from the A/California/04/2009(H1N1)
virus (PDB ID 3LZG). One HA monomer is shown with the HA; subunit in red and the HA, subunit in blue.

To control the impacts of influenza virus infections, vaccination is the best possible intervention. The influenza HA
protein (Eigure 1b) has been the primary target for vaccines, as it is large, readily accessible on the virus surface,
is essential for virus binding and infection of host cells and is the major target of neutralizing antibodies . While
antibodies are produced against other influenza proteins during virus infection, and some of these antigens have
been trialed previously as vaccine candidates, anti-HA antibodies are the most abundant and protective [EI2]201L1]
(121 As such, current licensed influenza vaccines aim to induce HA-specific antibodies. Traditional influenza
vaccines, of which approximately 500—800 million doses are produced annually 13, are created by inactivation and
splitting of influenza viruses that have been propagated in hens’ embryonated eggs. Each vaccine dose is
measured by HA content, and a standard adult dose contains from 15 to 60 ug of each HA (i.e., H1, H3 and either
one or the two HAs from the two influenza B lineages, depending on whether it is a tri- or quadrivalent vaccine) 24!,
In people over 65 years of age, high-dose vaccines containing 60 pg of HA from each strain, or suitably adjuvanted
influenza vaccines, are recommended 2. The virion surface-displayed HA molecule is a virion membrane-
anchored trimer that comprises two structural elements: a distal, highly variable head domain that contains the
receptor binding site and a membrane-proximal domain that shows a high degree of homology between strains and

is referred to as the stem (Figure 1b).

Unfortunately, inactivated vaccines have only proven to be effective against homologous virus strains, owing to the
apparent immunodominance of the highly variable HA head domain rather than the more conserved stem domain,
with the majority of antibodies induced being directed towards this region L8IILZL8IIL920] |ndeed, the HA head
domain evolves at a faster rate than the stem domain 21, leading to a constant arms race to update and re-
administer vaccines annually in order to keep up with this virus evolution. Additionally, such vaccines would likely
offer little to no protection in the event of a zoonotic spillover event, meaning a new vaccine would have to be
manufactured at a rapid speed. Ideally, a universal influenza vaccine capable of providing long-lasting protection
against both seasonal infections as well as potential pandemic viruses should be available. If such an ambitious

goal were to be achieved, new approaches to influenza virus vaccine development are required.

| 2. Hemagglutinin Stem-Based Vaccines

Due to the immunodominance of the head domain, attempts to elicit a broadly protective immune response have
focused on the more highly conserved HA stem domain 21, Many monoclonal antibodies directed towards the HA
stem domain have proven to be broadly protective, either within one of the phylogenetic groups outlined in Figure
la or even providing universal protection from both group 1 and group 2 viruses [221[231124][25][26][27][28][29] Thjg
protection is mediated either through Fc effector functions or inhibition of the low pH-induced conformational

changes necessary for membrane fusion.

To create these HA stem vaccine candidates, many approaches have been trialed. Initial studies designed HA stem

constructs and delivered these as DNA or virus-like particle (VLP) vaccines B9, Vaccination of mice with these
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VLPs was able to protect from homologous virus challenge and induced cross-reactive antibody responses
capable of binding to heterologous HAs B9,

Subsequent studies utilized recombinant protein technology, incorporating trimerization domains (foldon or GCN4)
as well as rational stabilizing mutations to produce soluble recombinant HA (rHA) stem vaccine candidates [B2[21]
(32][33][34][35][36][37][38][39]  One such HA stem vaccine termed mini-HA #4900, which was based on H1 HA, was
shown to provide protection against heterologous HIN1 and H5N1 challenge in a mouse model with no clinical
symptoms or weight loss observed. Furthermore, sera from immunized mice contained antibodies able to bind to
H1, H3, H5, H7 and H9 HAs, with neutralizing activity against an H5N1 virus also observed. These antibodies were
also able to mediate antibody-dependent cellular cytotoxicity (ADCC), a key mechanism for broadly protective
antibodies against influenza viruses. Upon challenge in cynomolgus monkeys, a significant reduction in fever was
observed in vaccinated animals compared to control animals; however, no difference was observed in tracheal viral
loads. This illustrates that well-designed HA stem constructs can induce broadly cross-reactive immune responses,

though they do not necessarily reduce viral replication.

Stem-only HA constructs have also been designed from H3 HAs. Mallajosyula and colleagues [22! used sequence
conservation to guide the design of multiple HA stem constructs and included the GCN4 isoleucine zipper or
bacteriophage T4 foldon trimerization domain to enhance folding. Vaccination of mice with these constructs
induced antibodies capable of binding to multiple H1, H3 and H7 HAs, and neutralizing a heterologous H3N2
pseudovirus. When assessed in an in vivo mouse model, however, only partial (40-50%) protection was observed
following challenge with a homologous H3N2 virus, highlighting the challenges of achieving protection with stem-

only HA constructs.

While most stem-only constructs provide protection from divergent strains, this was seen mostly within the same
phylogenetic group. Inter-group protection has been achieved, however, with HA stem proteins based on H1 or H5
HAs 7. In this study, vaccination with H1 or H5 vaccines provided protection from a H3N2 virus challenge in mice,
with 40% and 80% survival after vaccination with H1 or H5 stem vaccines reported, respectively. While survival
was evident after this H3N2 challenge, the viral load in the lungs was not reduced by vaccination, consistent with

previous studies involving HA stem constructs.

To improve on the modest protection observed by many groups with headless rHAs, attempts to model pre-existing
memory immune responses to the stem domain have been made. It was hypothesized that as some human
populations have low levels of stem-reactive antibodies, immunization with stem-only rHA could selectively boost
this antibody population, leading to broader protection L4238I39 T establish an animal model system which
accounted for this memory, Wohlbold et al. immunized mice with a DNA vaccine encoding a chimeric HA consisting
of the head domain from H9 HA and the stem domain from H1 HA. Such a vaccination strategy has been shown to
induce a weak anti-H1 stem response 8. When mice were primed with the DNA vaccine before immunization with
stem-only rHA, complete protection was observed from homologous H1N1 challenge compared to just 40% from
immunization with stem-only rHA alone. In a heterologous H6NL1 virus challenge, 100% protection was seen when

primed with the DNA vaccine, and 60% protection upon H5N1 virus challenge 28],
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A similar approach was used by lbanez et al. ¥%, where a stem-only HA vaccine based on an equine H3N8
influenza virus was utilized in DNA and subunit vaccine forms. Mice were vaccinated with a stem-only DNA vaccine
(encoding the stem-only HA with a GCN4 trimerization motif) or a subunit protein vaccination boost (containing
prokaryote-expressed HA stem with no trimerization domain), or prime-boost combinations of the two 9. Using
this strategy, both the DNA vaccine and the subunit vaccine, as well as DNA prime followed by the subunit boost,
and vice versa, yielded 100% protection from homologous virus challenge. When a homosubtypic human H3N2
virus was used, only the regime using a subunit prime followed by a DNA vaccine boost showed 100% protection,

with all other regimes showing only partial (20-80%) protection 29,

These studies suggest that a small amount of pre-existing anti-stem immunity, as is likely present in some of the
human population, improves the effectiveness of stem-only influenza vaccines and provides a more cross-reactive
antibody response. These results may provide a framework for the future application of headless rHAs as potential
vaccine candidates in humans. Indeed, clinical trials assessing a stem-only vaccine candidate are currently
underway (NCT03814720), which will be greatly beneficial to assess the impact of such vaccines in the human

population.

| 3. Chimeric Hemagglutinin Vaccine Candidates

Another approach to inducing stem-specific antibodies involves the use of chimeric HAs (cHAs). These cHAs
contain a stem domain from one subtype (e.g., H1 or H3) and a head domain from another, foreign subtype to
which the subject is naive (e.g., H5, H6 or H9) L. |t was hypothesized that by sequential vaccination with cHAs
with a common stem domain but different head domains, stem-specific antibodies would be selectively boosted

and, thus, broader protection would result. This is outlined in Figure 2.

Vaccination 1 Vaccination 2 Vaccination 3

Figure 2. A schematic outlining chimeric HA-based vaccination approaches. A subject is immunized with a chimeric
HA with an exotic head domain but a stem domain for the target virus. Following from this, a second vaccination
can be administered with a chimeric HA with a consistent stem domain but another, different, exotic head domain.
This can continue in order to selectively boost antibody responses towards the conserved stem domain while not

boosting head-specific antibodies.
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Studies using foldon-stabilized recombinant cHAs have shown that this technique has promise 2243 |n these
studies, mice were vaccinated three times with cHAs with common stem domains (e.g., H1 or H3 stem) but foreign
head domains (e.g., H9, H6 or H5). Upon challenge with heterosubtypic viruses, from within the same HA
phylogenetic group, cHA vaccination regimes were able to provide complete protection, though they failed to
provide protection from intergroup challenge viruses 4243l This suggests the stem-specific antibodies induced by

cHAs are mostly restricted to one hemagglutinin group.

While most efforts towards a universal influenza vaccine have focused on influenza A viruses, this cHA technology
has been applied to influenza B viruses 4. These candidate vaccines, which contained head domains from
influenza A viruses with stem domains from influenza B viruses, could protect from a lethal challenge with diverse
influenza B viruses from both Victoria and Yamagata lineages 4. Analysis of the serum indicated that this
protection was largely due to antibody effector functions such as ADCC rather than virus neutralization. This
observation is consistent with data from studies on stem-specific monoclonal antibodies (mAbs), where their main
in vivo mechanism of action was via antibody effector functions [22145],

HA chimeras have been made as part of whole viruses as well as soluble recombinant HAs and, thus, can be used
as split virus vaccines, live-attenuated influenza virus vaccines or subunit vaccines #1246 Ope such study
utilized this cHA technology in a split virus vaccine modality 8. Mice were first primed with a monovalent
inactivated H1IN1pdmO09 vaccine before vaccination with H1 chimeric rHAs containing either a H5 or H8 head
domain “8 This approach induced higher stem-specific antibody levels when compared to current seasonal
vaccines containing regular HA. These stem-specific antibodies were able to bind to H2 and H18 HAs in vitro 48],
The serum from immunized mice was able to provide complete protection from a heterologous virus challenge in a
passive transfer experiment, where acceptor mice received sera from donor mice that were vaccinated with the
chimeric regime outlined earlier before a challenge with a chimeric virus (containing a H1 HA chimera with an H9
head domain and an N3 NA protein—to ensure the only antibodies present from the donor mice were towards the
conserved H1 stem domain) 48, This study demonstrates that the cHA technology provides some level of stem-

specific immunity that can protect from challenge with heterologous HA viruses.

Building on these pre-clinical data, data from a Phase | clinical trial were also recently published using this
approach in the form of a prime/boost strategy with live attenuated and inactivated cHA virus vaccines 47, Here, it
was found that immunization with AS03 as an adjuvant elicited broadly cross-reactive antibodies directed towards

the stem domain of HA. This important finding highlights the utility of the cHA approach in the human population.

With a similar objective as the cHA strategy, other approaches have focused on replacing more distinct antigenic
sites in the HA head region rather than the entire domain 2849, By substituting immunodominant major antigenic
sites of the H3 protein with corresponding sequences from exotic HAs, “mosaic” HAs are created. These HAs were
then incorporated into reassortant viruses and subsequently inactivated for use as vaccines, where they induced
broadly reactive stem-specific antibodies as well as head-specific neutralizing antibodies. Additionally, protection

was afforded from challenge with historical H3N2 virus strains 8. This approach has also been validated with
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influenza B viruses as a subunit vaccine approach, where cross-protection against heterologous influenza B virus
strains was observed in mice (42,

| 4. Conclusions and Outlook

The next generation of influenza vaccines would ideally be a universal solution—capable of providing complete
protection from all influenza A and B viruses. While this is a lofty goal that is perhaps currently out of reach,
research has been focused on vaccines that may lead us at least somewhat closer to this target. Such a vaccine
would provide improved protection from drifted seasonal viruses that do not exactly match the vaccine strains,
thereby limiting the impact of seasonal influenza virus infections while also providing some degree of cross-
protection to novel, heterologous strains such as highly pathogenic avian influenza (HPAI) viruses that might cause
a pandemic. This vaccine would likely need to target other viral antigens apart from HA. A novel vaccine containing
multiple influenza virus antigens in combination, such as HA, NA and M2e, could be more likely to achieve the goal
of improved protection from drifted and heterologous strains. This vaccine could also provide partial protection to
slow the spread and impact of any potential pandemic strain that emerges, buying valuable time until a more potent
strain-specific vaccine is made and is readily available. In such a case, rapid platform technologies capable of
responding quickly upon virus discovery, such as mRNA vaccines, would prove valuable in the rapid production of

a vaccine to slow the pandemic.
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