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Abstract

Influenza is a common disease caused by influenza virus infections. There are an estimated 3 to 5
million annual cases of severe illness and 290 000 to 650 000 respiratory deaths caused by
influenza viruses worldwide. Although antiviral drugs are available to treat influenza, vaccination
remains the best infection prevention modality. However, current influenza vaccines provide a
narrow range of protection and limited efficacy against seasonal and pandemic virus strains. Due
to these limitations, novel vaccines that bestow broad protection and demonstrate a high level of
efficacy against seasonal and pandemic viruses are desperately needed. The development of
several universal influenza vaccines which target conserved epitopes such as the hemagglutinin
stalk domain, neuraminidase, and the matrix 2 proton channel have made significant strides in this
field. This article provides an overview of promising universal influenza virus vaccine designs, as
well as current universal influenza vaccine clinical trials.
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Classification of influenza viruses

Influenza viruses are enveloped RNA viruses that are divided into four different groups: A, B, C,
and D, based on their antigenic similarity (1). Both group A and B influenza viruses cause yearly
seasonal epidemics. Group A viruses are the only viral class known to have caused pandemics thus
far (2). Transmission in humans occurs in three ways: direct contact with an infected person,
through fomites, or by inhaling aerosolized infectious particles (3). Group C influenza viruses
cause mild infections in humans, but do not contribute to the seasonal epidemics (4). Group D
influenza viruses primarily infect cattle, and currently evidence demonstrates that these viruses are
not able to infect humans (5). Group A viruses are characterized based on the subtypes of the two
major surface proteins expressed: hemagglutinin (HA) and neuraminidase (NA). For example,
H3N2 viruses express HA subtype 3 and NA subtype 2. In contrast, group B viruses are divided
into two lineages: Yamagata-like and Victoria-like based on their sequence similarity to the
ancestral B/Yamagata/16/88 or B/Victoria/2/87 strains, respectively (6). Because of their clinical
relevance, the remainder of this review will focus on human influenza A and B viruses.

Influenza viruses have a negative sense, single-stranded RNA genome consisting of 8
segments. These segments encode one or more viral proteins. In influenza A viruses, RNA segment
4 encodes HA, while RNA segment 6 encodes NA (7). Due to the lack of proofreading function
by the viral RNA-dependent RNA polymerase, influenza virus genome is prone to mutations,
causing the virus to mutate on average one nucleotide per genome per infectious cycle, which
requires only 6 hours for completion (8—11). If mutations result in amino acid substitutions in
either HA or NA, binding capacity of pre-existing antibodies may be diminished leading to
decreased viral recognition by the host. These viruses tend to have a selective advantage and
become the dominant circulating strain in a process referred to as “antigenic drift” (12). Due to the
segmented nature of the influenza virus genome, co-infection of a single cell with multiple
different strains of influenza viruses may cause the emergence of reassortant viruses. These
reassortant viruses arise when the segmented genomes of multiple viruses undergo recombination
in progeny - a process called “antigenic shift” (13). This reassortment may result in novel viruses
that are well-adapted for infection and transmission in humans, but contain significantly altered
glycoproteins that the majority of the human population have not previously encountered (13).
Thus, antigenic drift typically results in seasonal epidemic strains, while antigenic shift is
responsible for pandemic influenza virus strains capable of causing global pandemics (13).

Influenza virus surface proteins and antigens

Influenza virus particles consist of a lipid membrane that is studded with viral surface proteins,
including the aforementioned HA and NA. HA is also one of the main antigenic targets for
protective antibodies generated against the virus following infection or vaccination. HA is
composed of head and stalk domains; the globular head is connected to the viral membrane by the
stalk (14). The function of the HA head domain is to bind to sialic acid on host cells and initiate
infection, while the HA stalk domain undergoes complex conformational changes to mediate the
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viral fusion process within the cell (14) (Figure 1). HA also undergoes enzymatic cleavage by host
proteases to reach its active conformation, and thus, allowing progeny virus to become infectious
(15). Most antibodies raised by seasonal influenza vaccines are directed towards the HA head
domain. Because the HA head domain is distal to the virus particle, this region is easily accessible
by the immune system. However, this domain is also prone to mutation and thus is highly variable
between different strains of influenza virus (16). In contrast, the HA stalk undergoes fewer genetic
changes. This is perhaps due to decreased immunological selective pressure, and the need for
sequence conservation to allow for complex conformational changes; necessary for the membrane
fusion process (16). Antibodies targeting the head domain are therefore more likely to be strain-
specific, whereas anti-stalk antibodies recognize multiple different strains of influenza virus.

Other proteins embedded in the membrane of influenza viruses include NA and the matrix-
2 (M2) proton channel. NA is an enzyme that cleaves terminal sialic acid residues from
glycoproteins. This process is critical to release nascent virus particles, as HA remains bound to
sialic acid residues during budding (Figure 1) (17). Other functions of NA include cleavage of
mucins to allow the virus particles to access target cells in the respiratory tract, and binding to
receptors on host cells to mediate endocytosis and internalization (17). While the virion is trapped
in the endosome following receptor-mediated endocytosis, the M2 proton channel acidifies the
interior of the virus capsid (18). The decrease in pH due to endosome acidification, mediates
dissociation of the viral genome from the viral capsid, allowing for the release of the
ribonucleoproteins into the cytosol after membrane fusion (19) (Figure 1).

Vaccination and antiviral therapies to prevent and treat influenza in
Canada

In Canada, antiviral therapy is recommended for individuals belonging to groups with high risk of
complications, such as adults 65 years of age and older, pregnant women, and individuals with
severe or complicated influenza who require hospital admission or demonstrate severe symptoms.
Additionally, it is used to treat or prevent influenza outbreaks in institutional settings (20). NA
inhibitors, which primarily prevent influenza virus egress and budding from infected cells, are the
only class of antiviral drugs approved for use in Canada (21). NA inhibitors include oral
oseltamivir (Tamiflu), inhaled zanamivir (Relenza), and intravenous peramivir (Rapivab). Since
2006, amantadine and rimantadine, which are M2 proton channel antagonists, are no longer
recommended due to widespread resistance in clinical isolates (22). A selective cap-dependent
endonuclease inhibitor, Baloxivir Marboxil (Xofluza) was recently approved in the United States
(but not Canada) for the treatment of acute uncomplicated influenza in individuals 12 years and
older, or those with high risk of complications (23,24). NA inhibitors and cap-dependent
endonuclease inhibitors are similarly effective at alleviating influenza symptoms approximately
24 hours sooner compared to placebo when administered within 48 hours of symptom onset
(23,25-27). Although antivirals are somewhat effective at both treating and preventing influenza,
these drugs can cause considerable side effects, such as nausea, vomiting, and diarrhea. Similar to
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antibacterial drugs, antiviral medications can also be rendered ineffective by the emergence of
resistant strains of influenza virus (21,26).

Seasonal influenza vaccination is currently the best way to prevent influenza viral
infections. Several formulations of influenza virus vaccines are clinically approved for use in
Canada. These formulations differ based on the following four variables: number of strains,
effective dosage, method of virus inactivation, and the inclusion of an adjuvant (29). The seasonal
influenza vaccine includes three or four strains of influenza viruses as recommended by the World
Health Organization (WHO) approximately 6 months prior to the beginning of the flu season. In
the 2019-2020 season, trivalent vaccines contain an HINI1 (A/Brisbane/02/2018-like), H3N2
(A/Kansas/14/2017-like), and a Victoria-like (B/Colorado/06/2017-like) strain, while quadrivalent
vaccines contain the aforementioned trivalent strains along with an additional Yamagata-like
(B/Phuket/3073/2013-like) strain (30). Quadrivalent vaccines are generally recommended over
trivalent vaccines, if both are available, due to the broader range of protection offered (29). High
dose vaccines contain four times the amount of antigen compared to their standard dose
counterparts, and are reserved for those who are above the age of (29,31).

The viruses found within vaccines can be inactivated or attenuated in one of three ways. In
split vaccines, viruses are disrupted by a detergent, while subunit vaccines are further processed
to purify the antigens of interest, largely HA and NA (32). Live attenuated vaccines are composed
of viruses that are adapted to replicate at a lower temperature (25°C) and therefore have decreased
virulence in humans. Live attenuated vaccines are reserved for children 2-17 years in the form of
a nasal spray, while all other vaccines are delivered intramuscularly (29). Adjuvanted vaccines are
made with MF59, a proprietary adjuvant that uses squalene, a long hydrophobic molecule, to form
an oil-in-water emulsion. This allows for the elicitation of stronger immune responses to
vaccination (33). Adjuvanted vaccines are available for children 6-23 months and adults 65 years
and older; as a means to improve immunogenicity in those who typically respond poorly to
vaccination attributing to an immature immune system or immunosenescence (29).

The majority of seasonal influenza viral vaccines are manufactured using embryonated
chicken eggs (34). Although this method has been used for over 50 years there are several major
drawbacks. For example, in order to produce high titers of the candidate vaccine strain, viruses
used in seasonal vaccines must be adapted to grow in chicken eggs (35). This process lengthens
the production time of influenza virus vaccines relative to cell-based vaccine production (35). In
turn, longer production times reduce the flexibility of manufacturing, necessitating that vaccine
production begins long before the influenza season commences (34). Therefore, vaccine
developers cannot alter vaccine formulations in response to the most recent mutations in
circulating strains that occur after WHO recommendations have been made (34). This inability to
adapt virus strains can result in further delays in vaccine production due to the low yield (36).
Additionally, some virus strains, especially H3N2, grow poorly in eggs (37). Furthermore, some
egg-based adaptations that occur during the manufacturing process may cause epitope mutations,
resulting in poor vaccine efficacy due to inadequate congruency between the circulating and
vaccine strains (36). With that being said, several shortcomings of egg-based vaccine production
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can be rectified through cell-based vaccine production. Cell-based vaccine production can be
scaled up more quickly. In addition the viruses produced with this method are more similar to the
seed strain, reducing the emergence of antigenic variants that can arise as a result of egg-based
adaptations (36). Despite the advantages of cell-based production compared to egg-based
production, the latter continues to represent the majority of the influenza vaccine market due its
cost effectiveness (36).

While seasonal influenza vaccination is the best preventative measure against influenza
virus infections currently, the protection provided is often transient and ineffective in subsequent
influenza seasons. This is largely due to the aforementioned antigenic shift and antigenic drift (38).
As a result, seasonal influenza virus vaccines must be reformulated and re-administered yearly for
optimal protection against “drifted” strains. In addition, pandemic strains that arise due to antigenic
shift render any seasonal vaccines ineffective (38). The strain-specific nature of antibodies raised
in seasonal vaccines highlights the need to develop vaccine platforms that offer both prolonged
and more broad protection. Recent developments in the field of universal influenza vaccines show
great potential in addressing these needs. These universal formulas do not require yearly
reformulation due to their ability to elicit antibodies that target numerous influenza viral strains.
One especially promising formulation involves generating immune responses targeting the HA
stalk domain.

Universal influenza vaccines targeting the HA stalk domain

Seasonal influenza virus vaccination elicits the production of HA stalk binding antibodies that can
neutralize multiple strains of influenza virus (39,40). These antibodies are termed broadly
neutralizing antibodies (bNAbs) (40). bNAbs provide protection in vivo largely by activating
immune effector cell functions such as antibody dependent cellular cytotoxicity (ADCC) and
antibody dependent cellular phagocytosis (ADCP) (41,42). Additionally, bNAbs are capable of
providing protection by blocking fusion of the viral envelope with the endosomal membrane, and
preventing proteolytic activation of the HA protein (43). By targeting conserved epitopes found
within the HA stalk domain, bNAbs elicited by universal influenza vaccines are capable of
providing protection against diverse influenza virus strains and subtypes (44).

Although the broad range of protection granted by bNAbs is clearly superior to the narrow
range of protection offered by seasonal vaccines, bNAbs have notable limitations. For example,
bNADbs have reduced neutralization potency compared to HA head binding antibodies (45). In
microneutralization assays, multi-log differences in neutralization potency in favour of HA head
binding antibodies over bNAbs were present when both were compared in a monoclonal context
(45). However, when neutralization potency was measured in a polyclonal context, the difference
in potency was reduced from a multi-log difference to only a 3-fold difference in favour of HA
head binding antibodies. This ultimately suggests that the interactions between antibodies present
in polyclonal serum of influenza-exposed adults boosts the neutralization efficacy of bNAbs (45).

Seasonal vaccines and infections do not typically elicit high titers of stalk-binding
antibodies (46). This is because the HA head domain sterically shields the stalk from being
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immunologically accessible, making it more challenging for bNAbs to be produced (47). Fewer
antibodies are also produced against the stalk domain due to high affinity interactions restricted to
select few immunoglobulin genes (specifically, VH1-69 and VH1-18) (47). This lowers the
frequency of precursor B cells capable of making stalk antibodies. Lastly, bNAbs tend to be more
autoreactive, potentially causing peripheral tolerance mechanisms to inhibit the expansion of stalk-
specific B cells (48). Fortunately, it has been well documented that vaccination with or exposure
to pandemic-like influenza virus strains can lead to an immune response that preferentially
produces bNAbs over HA head binding antibodies (Figure 2) (49-52). This phenomenon has been
recapitulated using sequential vaccination with viruses expressing chimeric HA (cHA) (53,54).
Researchers have shown that sequential immunization of mice with cHA vaccine constructs
induced bNAbs conferring protection against both group 1 and group 2 influenza A viruses
(53,54). cHA constructs feature an HA head domain derived from an exotic influenza subtype not
previously exposed to the human population and the HA stalk domain of a circulating influenza
virus subtype (49,55). cHA vaccines result in primary immune responses towards both the HA
head and stalk (49). Subsequent vaccinations use different cHA constructs with a homologous
stalk domain from the first vaccination, but utilize radically different HA head domains (55). In
doing so, the immune response shifts from the previously immunodominant HA head domain
towards the stalk domain. cHA vaccines represent an effective method in redirecting immune
responses towards the HA stalk domain to boost bNAD titers.

An alternative method to induce high titers of stalk binding bNAbs is to use recombinant
HA proteins that lack the head domain (56). Unfortunately, removal of the HA head domain
destabilizes the protein and damages the neutralizing epitopes on the stalk domain (56). To
improve stability of the constructs, two research groups experimented with the addition of leucine
zipper motifs onto the HA stalk domains (57,58). Yassine et al. designed their recombinant HA
stalk protein around the HA ectodomain of the virus A/New Caledonia/20/1999 and used a ferritin
nanoparticle antigen-display platform to create the vaccine (58). This vaccine stimulated both anti-
stalk antibody production and provided protection against lethal influenza virus challenge in mice
and ferrets (58). Similarly, Impagliazzo et al. based their “mini-HA” recombinant stalk domain
around the HA sequence of A/Brisbane/59/2007 (57). This soluble protein stimulated high titers
of broadly-reactive anti-HA antibodies in non-human primates, and protected mice from lethal
influenza virus challenge (57).

Additional strategies to create universal influenza vaccines

The other major surface glycoprotein, NA, represents another promising candidate for universal
influenza vaccines (59). Naturally acquired NA inhibiting (NAI+) antibodies protect against
influenza infection, and NAI+ antibody titers positively correlate with vaccine effectiveness in
both live attenuated and inactivated vaccines (60). NAI+ antibodies can function during the later
stages of the viral life cycle relative to HA-neutralizing antibodies by mitigating viral infection
through the prevention of viral budding from infected cells (Figure 1) (59). Lastly, NA contains
contiguous antigenic domains; monoclonal antibodies against NA can recognize antigenic
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domains conserved between virus strains. This allows for cross reactivity of antibodies between
viruses possessing the same NA subtype (61). Identification of these conserved epitopes in NA
make it an intriguing target as a prospective universal influenza vaccine.

M2 is a transmembrane, homotetrameric proton ion channel involved in viral uncoating
following cell entry and in the formation and budding of virus progeny (40,62,63). The
extracellular domain of the M2 protein, M2e, is a highly conserved region in all influenza A viruses
and, therefore, is a potential target for a universal influenza vaccine (63). The conservation found
in M2e is due to its low immune reactivity, which translates to low selective pressure (63). M2e-
specific antibodies, such as 14C2, provide protection by reducing the expression level of M2,
which in turn inhibits formation of new viral particles and limits viral spread (63). Despite this,
M2 itself is a very poor immunogen due to its small extracellular domain, membrane proximity,
and relatively low abundance on the viral surface compared to HA and NA (64). Despite its
theoretical ability to offer protection against many influenza A viruses, the aforementioned reasons
pose significant barriers that any potential M2-based vaccines would have to overcome.

Targeting T cell immunity serves as another potential method of universal influenza virus
protection. Studies have shown that T cells mitigate the severity of influenza related illnesses and
reduce viral shedding (65). Once infection has taken place, influenza virus-specific CD4+ T helper
cells and CD8+ cytotoxic T cells are activated through the recognition of highly conserved
epitopes found across influenza virus subtypes encoded in the viral nucleoprotein (NP) and matrix
1 protein (M1) (40). While CD8+ T cell mediated immunity is short lived, a vaccine capable of
boosting the cross-reactive T cell responses towards these conserved antigens possesses the
potential to provide a broad range of protection against influenza (65). A modified vaccinia virus
Ankara (MVA) vector, MVA-NP+M1, expresses the conserved influenza antigens NP and M1 and
may serve as a candidate universal influenza vaccine that boosts existing cross-reactive T cell
response to these conserved internal antigens (66). T cell mediated immunity should provide a
broader range of protection in comparison to antibodies that target the highly variable external
glycoproteins (66).

Current universal vaccine clinical trials

Several universal influenza vaccine candidates are currently being evaluated in clinical trials.
Peptide vaccines have shown some success, with the “Multimeric-001 universal vaccine entering
phase III in August 2018 (67). This vaccine is composed of a recombinant protein containing 9
conserved linear epitopes of influenza virus proteins: 6 from HA, 3 from nucleoprotein (NP), and
1 from matrix protein (M1) (68). The Multimeric-001 vaccine induces influenza-specific cellular
responses, such as IL-2 and IFN-y secretion by T cells (67-69). Other peptide-based vaccines
include Flu-v, which is composed of four equimolar mixtures of four polypeptides in the M1, M2,
NP, and PB1 regions of influenza virus, and FP-01.1, which is comprised of six peptide chains of
NP, M1, PB1 and PB2 linked to an inert fluorocarbon chain to increase in vivo half-life (70,71).
Peptide vaccines are a relatively new and targeted approach towards eliciting a lasting immune
response against specific epitopes. Peptides are readily altered and manufactured, making it
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possible for vaccine manufacturers to quickly adapt the formulation to match the circulating
influenza virus strains. However, disadvantages including poor immunogenicity and stability must
be overcome before these vaccines are viable alternative to conventional interventions.

Another class of vaccines currently being tested include M2e-based vaccines. Many M2e-
based vaccines have been tested in the past, including VAX-102, which is composed of four M2e
peptides linked to a toll like receptor 5 (TLRS) agonist to enhance the immune response (72).
Although the vaccine induces high antibody levels against the M2e protein, it has been shown to
cause considerable side effects such as fever, diarrhea, and fatigue at high doses (73,74). Currently,
“Uniflu”, another M2e-based vaccine, comprised of the M2e protein fused to the hepatitis B viral
core antigen, is being evaluated in a phase I clinical trial (75). The high degree of conservation of
the M2e across influenza A virus subtypes makes this an attractive target for a universal influenza
vaccine (74). However, antibodies against M2e are unable to neutralize virus directly, and
therefore largely rely on immune effector cell mediated cytotoxicity to protect against infection
(76).

Additionally, MVA-NP+M1 vaccines have been, and are, currently being evaluated in
clinical trials (66). As previously mentioned, MVA-NP+M1 vaccines utilize modified vaccinia
virus Ankara to express a fusion protein of M1 and NP, which is used to boost the T cell response
to conserved epitopes in these antigens (77). Phase I clinical trials have been conducted comparing
the co-administration of seasonal influenza vaccine with the MVA-NP+MI1 vaccine to
administration of seasonal influenza vaccine solely in patients aged 50 and up (77). Results have
indicated that co-administration was safe and tolerated in patients. In addition the T cell response
to the conserved epitopes found on the internal antigens were boosted significantly in the group
that received the MVA-NP+M1 vaccine when compared to the group that received the seasonal
influenza vaccine alone (78). Currently, MVA-NP+M1 is undergoing a phase II clinical trial to
assess its efficacy and immunogenicity as an adjunct to a standard, licensed dose of quadrivalent
influenza vaccine in adults aged 18 and up (79).

Recently, the first HA stalk based universal vaccine was developed and tested. This vaccine
strategy is based around sequential vaccination with inactivated viruses expressing cHA, where
the stalk domains are from conserved H1 or H3, and the head domains are from influenza viruses
not yet exposed to humans. In this clinical trial, H8 and H5 head domains were used with an H1
stalk to create chimeric H8/1 and H5/1 viruses (80). Interim results of the phase 1 clinical trials
showed that H1 stalk-specific IgG antibodies were boosted approximately 5-fold over baseline
after two doses of the chimeric H8/1 and H5/1 vaccines with AS03, which is another squalene
based adjuvant (80). These anti-stalk antibodies were boosted approximately 2-fold in groups
receiving a series of vaccines with the adjuvant when compared to unadjuvanted formulations (80).
As expected, the antibodies induced by the vaccine were similarly reactive against the stalk
domains of H2, H9, and H18 (80). Stalk-based universal vaccines provide great promise at
inducing high levels of stalk-reactive antibodies. However, it remains unknown if antibodies at
these titers are protective against infection, and if the auto-reactive tendency of HA stalk-binding
antibodies will cause any adverse reactions, especially in those with autoimmune diseases.
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Conclusion

Although seasonal vaccination is the current gold standard for protection against influenza,
influenza related illnesses and mortality rates remain high, placing a significant strain on today’s
global healthcare systems. Drawbacks to seasonal vaccines include occasional ineffectiveness
against yearly influenza epidemics, inability to provide protection against pandemic strains, cost-
intensive and time-consuming yearly vaccine manufacturing process, and the propensity for egg-
based adaptations to occur. The development of several universal influenza vaccines that target
conserved influenza virus epitopes provide promise for a more effective and reliable method of
influenza prevention. This would eliminate the need for yearly vaccine reformulation and
potentially prevent future influenza pandemics. While great strides have been made in the field of
universal influenza vaccines, further animal studies and validation of immunogenicity and efficacy
in humans through clinical trials are warranted.
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Figure 1 | The influenza virus life cycle begins with the attachment to host cells and ends with
the release of viral progeny. The first stage of the viral life cycle, binding, is mediated by HA.
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HA binds to a 2-6 sialic acids on host cells in the upper respiratory tract. Interaction with this
glycan initiates fusion with the host cell plasma membrane. The virus enters the cell via
endocytosis where the endosome containing the viral particle becomes acidified leading to the
uncoating and release of the viral ribonucleoproteins (RNP) segments. Following RNP transport
into the nucleus, replication of the viral genome begins. As influenza viruses are negative sense
RNA viruses, positive-sense mRNA must first be transcribed for the generation of more viral
RNPs. The replication of the viral RNA genome also occurs in the nucleus. The viral genome and
proteins come together in the cytosol for assembly, which is followed by budding at the plasma
membrane. The final stage of the viral life cycle, release, is facilitated by NA. NA cleaves the
HA:sialic acid interactions to allow for the release of mature virions which in turn, infect other
cells.
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Figure 2 | The immune response to hemagglutinin can be redirected to the subdominant HA
stalk following exposure to pandemic strains or sequential exposure to chimeric HA proteins.
(A) HA is a surface glycoprotein composed of a highly variable head domain and a conserved,
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membrane proximal stalk domain. When an individual is exposed to an influenza virus, either
through infection or vaccination, the immune system generates an antibody response largely
targeting the HA head domain. Antibodies directed to the stalk domain are also generated but to a
lesser extent. Upon exposure to a drifted virus strain, antibodies targeting novel head epitopes are
produced and antibodies that target conserved epitopes between the previous strain and new drifted
variant are boosted. However, upon exposure to a divergent HA, as was the case in 2009 during
the Swine flu pandemic, researchers observed that individuals who had been exposed to this
pandemic strain had high titers of stalk-binding antibodies. This was attributed to the conserved
nature of the HA stalk domain. (B) Using this principle, recombinant chimeric HA (cHA) proteins
were generated and a sequential vaccination strategy was employed to boost stalk antibody titers.
These cHA proteins contained conserved HA stalk domains, but HA heads from avian influenza
virus strains to which the human population has no pre-existing immune memory. Following
repeat exposures, the response was directed against the sub-dominant stalk domain and only a
weak primary immune response against the HA head was observed, generating small titers of head-
specific antibodies. This sequential vaccination strategy has been shown to effectively induce high
titers of broadly-neutralizing stalk antibodies in a variety of animal models.
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