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Abstract: Influenza viruses have affected the world for over a century, causing multiple pandemics.
Throughout the years, many prophylactic vaccines have been developed for influenza; however,
these viruses are still a global issue and take many lives. In this paper, we review influenza viruses,
associated immunological mechanisms, current influenza vaccine platforms, and influenza infection,
in the context of immunocompromised populations. This review focuses on the qualitative nature
of immune responses against influenza viruses, with an emphasis on trained immunity and an
assessment of the characteristics of the host-pathogen that compromise the effectiveness of immu-
nization. We also highlight innovative immunological concepts that are important considerations for
the development of the next generation of vaccines against influenza viruses.

Keywords: influenza virus; trained immunity; mRNA vaccine; sex-mediated antiviral response

1. Introduction

This review provides an overview of influenza viruses and how they have remained a
global public health concern since the 1918 influenza pandemic (the Spanish flu), which
was caused by the HIN1 influenza A virus, and essentially introduced the influenza virus
to the world [1]. Mechanisms in both the influenza virus and the host’s immune system
can result in viral evasion and infection of the host. A vaccination is the most common
method to prevent diseases associated with influenza viruses. However, current influenza
vaccination strategies have substantial limitations. Vaccines represent an opportunity to
optimize the way in which the host’s immune system will respond to pathogens, in both the
magnitude and the qualitative nature of the response. There are important considerations
in host immune responses to influenza infection and vaccination, which have been largely
ignored in vaccine design and recent developments in the immunology field; they should
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be investigated further to optimize vaccine efficacy. This review will discuss qualitative
aspects of host immunity against influenza viruses that have received less attention in
comparison to quantitative features, and how they may play a role in the effectiveness
of the protection against influenza conferred by the vaccination. We also briefly review
the importance of messenger ribonucleic acid (mRNA)-based vaccines (as a recent vaccine
platform), and how some studies focus on the design and development of mRNA vaccines
against influenza.

2. Types of Influenza Viruses

Influenza viruses are members of the family Orthomyxoviridae, which comprises
enveloped viruses with varied antigenic characteristics. Influenza viruses are spherical or
filamentous; the genome contains segmented negative-sense single-stranded RNA. The
segmented RNA genome of the influenza virus family accelerates antigenic variability [2].
There are four main genera in this family: types A, B, C, and D. Types A and B are clinically
relevant to humans and are responsible for most of the flu outbreaks, while type C normally
causes a milder upper respiratory infection in humans [3,4]. In addition to humans, the
influenza A virus (IAV) is able to infect a number of animals, including pigs, dogs, horses,
and birds [5]. Type D influenza virus has not been shown to cause illness in humans [1].
Therefore, this review will mainly focus on type A and B influenza viruses.

Hemagglutinin (HA or H) and neuraminidase (NA or N) are the two major gly-
coproteins on the surface of the influenza virus, playing key roles in pathogenesis of
the infection [6]. Genetic and antigenic characteristics of HA and NA determine several
subtypes for this virus. There are 18 HA (H1-H18) and eleven NA (N1-N11) subtypes
described thus far [1]. The nomenclature follows a H(x)N(y) pattern in which the host, geo-
graphical location of the first isolation, strain number, and year of isolation are mentioned
when they are identified [7,8].

The influenza B virus has a similar viral structure to type A, but it is not further
divided into subtypes. Some minor antigenic variations have been reported since 1970 in
this virus, which has led to two antigenically detectable lineages, Victoria and Yamagata [9].

Antigenic shifts and antigenic drifts take place when there are major or minor changes
in the characteristics of surface glycoproteins in type A and B influenza viruses. Antigenic
shifts are associated with the epidemics and pandemics of IAV, whereas antigenic drifts
are responsible for more localized outbreaks [10]. Antigenic shifts occur when there is an
exchange in genomic segments at the time of a simultaneous infection of a cell by two
different influenza A viruses. This in turn might bring about a selective advantage of the
new virus compared to the parent viruses. An example is the occurrence of the influenza
A/H2N2 subtype in 1957, which overthrew the subtype that was dominant at the time
(influenza A/HINT1 virus) [10]. In the case of type B influenza viruses, variations also
occur through mechanisms, such as insertion and deletion [11,12]. Influenza C virus is the
third human influenza virus type and consists of seven genome segments. The surface
of the influenza C virus is characterized by a single spike protein named hemagglutinin-
esterase-fusion glycoprotein [13], which conveys both receptor-binding and -destroying
functions [14]. Hemagglutinin-esterase-fusion glycoprotein is also present in influenza D
viruses, where it plays a major role in binding to trachea sections from human, swine, and
bovine origin [15].

3. Antigenic Drift in Influenza Virus

Influenza infections arise in the human population through seasonal epidemics, oc-
curring during various cyclical periods in different regions across the globe. Currently,
approved influenza vaccines rely on the immune system to target immunity against the
viral HA protein. Seasonal vaccines are critical in protecting the population against in-
fluenza and in-depth analyses and redesign must be performed regularly to keep up with
the constantly evolving circulating influenza stains. The fast-paced changes in circulating
strains are due to antigenic drift.
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Antigenic drift is the result of mutations occurring in the surface proteins and other
viral proteins due to error-prone viral RNA-dependent RNA polymerase lacking the ability
to proofread during viral replication [16,17]. These amino acid changes in both the HA and
the NA surface glycoproteins are key factors in antigenic drift, as these substitutions lead to
immune evasion of the virus and allow the virus to propagate in a population and emerge
as a novel epidemic strain [18]. These continuous changes in the virus lead to the virus
existing as quasispecies. Mapping and sequencing analysis of the surface glycoproteins
of escape mutants has helped define five antigenic sites on the HA glycoprotein, named
A-E [19]. Of the surface proteins, the HA glycoprotein is considered the primary focus of
antigenic drift, which may be an area of oversight in vaccine evaluation and formulation as
it is the primary focus in vaccine design.

With each viral particle entering a host cell for replication, these changes at the amino
acid level result in the gradual accumulation of mutations, brought upon by selective
pressure of the host immune system or antiviral drugs. Since the discovery of the A/Hong
Kong/1/1968 (H3N2) influenza A virus, there has been a redesign of the seasonal vaccines
at least once a year, from November 1998 to April 1999 [20], to the 2021-2022 [21] quadriva-
lent vaccine. Furthermore, antigenic drift in influenza A /H3N2 has illustrated how some
amino acid substitutions can result in little to no escape variants, while some substitutions
can create the emergence of new subspecies that have the potential to cause an epidemic.
The influenza A /H3N2 stain from 2005 to 2006 showed a single point-mutation at position
31 of the M2 protein, a transmembrane ion channel that equilibrates pH across the viral
membrane upon entry into a host cell [22]. This mutation to the M2 protein resulted in a
drastic increase in amantadine resistance, from 2 to 12% to greater than 91%, rendering
the antiviral inadequate in inhibiting influenza replication [23]. These escape mutants will
not be the dominant emerging pandemic strain during each season, but they have the
possibility of gaining a single mutation that could escape the host’s immune system as
well as antiviral treatments and vaccines. The association between antigenic drift and the
influenza vaccine design occurs through natural evolution of the virus and the decisions
by global public health officials.

4. Antigenic Shift in Influenza Virus

One major challenge for the development of influenza vaccines is the persistent
alterations in the virus. Antigenic transformation occurs in influenza viruses through
two processes, called antigenic drifts and antigenic shifts, which occur in the surface
glycoproteins. Both mechanisms help the virus evade host immune responses, which
results in complications for vaccination efficacy [24]. Contrary to antigenic drift, which is
accompanied by minor gradual changes, an antigenic shift is the exchange of the entire
genes that encode HA and/or NA [25]. The segmented nature of the influenza virus
genome provides the possibility for gene segment exchange between viruses when a single
cell is infected simultaneously with diverse viral particles [24,26]. In other words, an
antigenic shift is the reassortment and presentation of new HA, NA, or both gene segments
from different strains of influenza viruses that circulate among humans and animals [27].

Antigenic shift occurs exclusively in IAVs due to their genomic variations across multi-
ple animal species, which serve as the sources of viruses with different antigenicity [28]. On
the other hand, influenza B viruses do not undergo antigenic shifts because non-human an-
imal hosts have not been identified for these viruses [24]. Overall, the process of antigenic
shift leads to the emergence of novel IAVs in human populations that would have limited
immunity and can cause problems in vaccination efficacy as well as elevated transmission,
which has the potential to lead to a flu pandemic, as has been the result in the past.

5. Cross-Species Transmission of Influenza Virus

The emergence of pandemic influenza virus strains and new seasonal viruses have
drawn the attention of scientists to the issue of cross-species transmission. There is a need
to advance the understanding of how bird and animal influenza viruses can cross the
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species barrier and expand their host-range. Prevention of outbreaks of human influenza is
dependent on strategies for controlling the disease in birds and animals, which can spread
the virus to humans (especially considering the difficulty in obtaining complete protection
against the numerous IAV variants). Therefore, slowing or blocking the virus spillover
across species through vaccination is more achievable than designing a vaccine against all
rapidly mutating viruses. As an example of controlling the disease in birds, Hajam et al.
recently reported on the generation of protective immunity against avian influenza viruses
in chickens with an mRNA vaccine packaged in chitosan nanoparticles [29].

The emergence of new zoonotic diseases arose with the beginning of the agriculture
revolution and animal domestication [30]. It was accompanied by the significant growth in
population size and an increasing the contact rate between humans and livestock. These
events were the keystone of infectious disease spillover across species, including IAV
infection of humans and a broad range of animals. Wild aquatic birds are considered the
major reservoirs of IAV [31]. They do not appear to show the clinical signs of the disease,
but they transmit the infection to more susceptible birds or mammals.

The transmission of IAVs among species relies on several host, viral, and epidemiolog-
ical factors affecting virus-host cell interplay. For instance, due to the lack of exonuclease
proofreading activity of RNA polymerase, RNA virus replication is error-prone [32], and
this characteristic accelerates the mutation rate of RNA viruses including influenza and
generates a heterogeneous population of mutated viruses [33]. Subsequently, genetic diver-
sity increases the flexibility of the virus for adaptation to new hosts. The genetic changes
are usually exerted by the selective pressure of the host immune system. However, the
replication efficiency of the virus in a new host is dependent on the engagement of the
virus by its specific cell surface receptors.

5.1. Intermediate Hosts
5.1.1. Terrestrial Birds

Wild waterfowl bird viruses are considered the origin of all mammalian IAVs [31].
However, mutation of the virus in an intermediate host appears to be essential for the
adaptation of avian strains to infect humans. Terrestrial birds, such as chickens, quail, and
turkeys, can serve as intermediate hosts for avian-to-human adaptation [34,35].

5.1.2. Pigs

Pigs have been long identified as the most likely intermediate hosts for adaptation
of the avian influenza virus [36—49]. As per the hypothesis of ‘mixing vessel’, pigs can
serve as a host for genetic reassortment among avian, swine, and human influenza strains.
Accordingly, all of these viruses can replicate and complete their life cycles in pigs co-
infected by two or more IAV strains and generate new variants of the virus. Several studies
imply that the H3N2, HIN1, H3N1, and HIN2 subtypes are “reassortant” strains that
emerged from pigs [40,50-62]. The 2009 HIN1 pandemic strain created through the mixing
vessel mechanism is a complex virus containing RNA segments from influenza strains of
avian, swine, and human origin [63,64]. Adaptation of IAV to humans can be mediated
in pigs without any reassortment events [48,65,66]. Since pigs are recognized as the main
source of the cross-species transmission of IAV, more research emphasis should be placed
on developing effective vaccines for swine, to promote human health and safety.

5.1.3. Horses

Horses were the source of continuous transmission of H3N8 and H7N7 influenza
outbreaks in 1872 [65], 1956 [66], and 1963 [67], in which the viruses originated from an
avian-like influenza strain, as well as other IAVs. In addition to isolation of H3N8 equine
influenza virus from camels [68] and pigs [69], it was established for the first time in dogs
in 1999 [70]. Since then, multiple H3N8 equine-to-canine host-jump incidences have been
reported worldwide [71-74]. Indeed, some reassortment also occurred between equine
H3N8 and H7N7 strains in the 1960s, which quickly disappeared during the 1970s [75].
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5.1.4. Dogs

Two well-known canine influenza viruses, H3N8 and H3N2, originated directly from
equine and avian strains, respectively. Although no reassortment has been observed
between H3N8 canine and other influenza viruses, it has been seen with H3N2 canine
influenza viruses [76-78]. Furthermore, H3N8 canine influenza virus transmission to
horses has not been verified. Based on some studies, cats [79] and ferrets [80,81] have been
infected with canine strains. Nevertheless, given the self-limiting nature of the virus and
the close relationship between dogs and people, the spread of the canine influenza virus to
humans, particularly H3N2, is a matter of potential concern.

5.1.5. Bats

Currently, bats are recognized as a source of new infectious viruses due to their poten-
tial role in the coronavirus disease 2019 pandemic. To date, studies show that bat IAVs are
phylogenetically distinct from their mammal-derived counterparts. It had been concluded
that they are unlikely to serve as a notable reservoir for influenza virus transmission to
mammals [82,83]. However, more recent research has identified that bat influenza viruses
could infect cells from a variety of species by using major histocompatibility complex II
molecules as entry receptors [84]. Specifically, it was shown that cells from humans, pigs,
chickens, and mice were susceptible to infection. This reopens the debate about whether bat
influenza viruses could promote novel reassortants with the potential to infect humans. An
influenza virus that causes disease in humans and that uses a molecule unique to antigen-
presenting cells to gain entry could be particularly dangerous as it could potentially impair
the induction of adaptive immune response.

5.2. Molecular Determinants of Species Specificity

Generally, mammalian-adapted influenza viruses are known as species-specific viruses.
However, antigenic drift generates new epitopes or glycosylation sites, which can alter the
viral tropism. For example, in the 1968 Hong-Kong pandemic, E — L and G — S amino acid
substitutions at residues 226 and 228, respectively, of the HA protein switched the receptor-
binding preference of the H3 subtype of the virus from avian receptors («2,3-linked sialic
acid) to human receptors («2,6-linked sialic acid) [85-87]. Likewise, replacement of glutamic
acid by aspartic acid (E — D substitution) at residue 190 was associated with an alteration
of receptor-binding affinity of the H1 strain from avian to swine and human cells [86,87].
Antigenic shift by exchanging the large RNA segments among two or more subtypes of
IAVs could also lead to the emergence of novel strains that gain the ability to replicate
efficiently within new host species that were not previously susceptible [31,68,88-98]. It is
an accepted notion that the last three pandemics of IAVs are reassorted descendants of the
1918 H1NT1 strain [99].

The number and position of glycosylation sites in HA proteins are other factors de-
termining the host range of the virus. The presence of one N-linked oligosaccharide at
position 63 in human lineage viruses and the absence of one or two glycosylation sites in
the mouse-adapted H3 strain are examples of different patterns of glycosylation altering
the IAV receptor tropism [43]. Length and amino acid sequence of NA are correlated with
pathogenicity and species specificity of the IAV, as well [71,100,101]. Viruses with a short NA
stalk, such as the highly pathogenic avian influenza H5N1, show more virulence [102,103].
Interestingly, modifications of HA and NA often occur simultaneously, providing suitable
conditions for the effective replication of the virus in the new host.

Polymerase complex [100,101] and internal proteins [70,98,104,105] can also determine
the host tropism of the virus. The temperature of the replication site, mutation at key
residues of the proteins, and their interaction with host cell components are factors that
can affect the species specificity of IAV.

Some competitive inhibitors can restrict the cross-species transmission of IAV.
a2-macroglobulin, a conserved effector molecule of the innate immune system of mammals,
interferes with the infection of Madin-Darby canine kidney cells by the human H3 strain
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of influenza virus [106]. Similarly, SA residues on porcine surfactant protein D restricts
the human-to-swine transmission of influenza viruses [107]. These components can be
deployed for designing new vaccines to protect mammals and birds against the disease
and concurrent spread of the virus between species.

6. Current Influenza Vaccines

The immune system encompasses an array of potent effector mechanisms. For many
people, their natural immune responses are sufficient at clearing viral infections. The large
spectrum of innate and adaptive effector cells and molecules can often prevent influenza
or limit it to a mild, transient disease. This concept of naturally acquired immunity has
been extensively reviewed elsewhere [104,105,108,109], although the constant emergence
of novel variants renders natural immunity largely irrelevant after a relatively short period
of time. Some individuals are inherently at risk of moderate to severe (and, especially,
potentially fatal) influenza. This includes elderly individuals experiencing immunosenes-
cence, very young individuals whose immune systems are still maturing, and those who
are immunosuppressed. This is why vaccines represent an excellent strategy to confer
some degree of protection.

The most important targets for influenza vaccines have been the viral membrane
surface proteins, HA and NA. Hemagglutinin enables initial binding of the virus to the
host cell by attachment to sialic acid, as well as fusion of the virus and host membranes
for the release of the viral core into the host cell for viral replication. The HA protein
is composed of a head and a stalk domain. The head domain is the primary target of
antibodies (Abs) that confer immunity to influenza viruses by inhibiting their binding to
host cells [110]. Neuraminidase removes sialic acid from viral proteins and is important in
the detachment and spread of the virus. Antibodies to NA cause an aggregation of viral
particles on the cell surface, reducing their ability to spread [110].

Like any other infection, innate immunity is critical in suppressing viral infections.
However, inactivated vaccines are weak in their ability to elicit an innate immune re-
sponse [111]. That being said, it has been shown that ultraviolet-inactivated avian influenza
virus can trigger the activation of interferon (IFN)-inducible genes and cytokine production
upon binding to human cells [112]. The primary immune response to immunization with
the inactivated influenza virus is the production of Abs against surface proteins, such as
the head domain of the HA protein and the NA protein. The former is thought to be the pri-
mary mediator of the immunity conferred by the current inactivated vaccines. As a result,
the HA content of the inactivated vaccines is accurately measured and standardized [1].
Unlike HA, NA content of such vaccines is not quantified, and only a subset of NA Abs
with a specific epitope have been studied [1]. The fact that NA can elicit protective Abs,
some of which can even confer cross-reactive immunity [113], warrants the need for more
research into the better use of this protein in vaccines.

Three types of influenza vaccines are currently licensed for use worldwide: inactivated
vaccines, live attenuated vaccines, and recombinant HA vaccines. In each dose of the
seasonal influenza vaccine, influenza A (H3N2), A (H1N1), and influenza B strains or
their HA proteins are included, with the vaccine seed viruses replaced periodically to try
to closely match the antigenicity of the virus currently circulating in the public [1,110].
The vaccines that include the two IAV strains and one of the influenza B strains are called
trivalent vaccines. Due to issues with the influenza B strain in the vaccine not corresponding
to the circulating strain, quadrivalent vaccines that contain components of both influenza
B strains were designed. Although there has been concern over the safety and efficacy of
quadrivalent vaccines compared to trivalent vaccines. A study investigated this issue by
examining the antibody responses before and after immunization with either the trivalent
or quadrivalent influenza vaccines, as well as the seroprotection, seroconversion, or adverse
effects following the vaccination. It was observed that both vaccine platforms provided
seroprotection and seroconversion and had similar adverse effects. Both vaccine platforms
also met the requirements of the Committee for Human Medicinal Products for influenza
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vaccines [114]. Currently both vaccine platforms are used annually; however, there are
different recommendations for different groups of people (e.g., recommendations based on
age group) [115].

The most widely used of the three vaccine platforms are inactivated vaccines, which
include whole-virion, split-virion, and subunit vaccines, in the order of the complex-
ity of the viral component used. Immunization with inactivated vaccines can begin at
6-12 months of age [1], with the need for an annual booster. Live attenuated vaccines cause
a weakened infection and can elicit both immunoglobulin (Ig)A in the upper respiratory
tract and IgG in tissues and serum. Live viruses have to replicate to induce immunity, and
their rate of replication is affected by the recency of a previous infection with a related
strain in the host [116]. These vaccines mimic natural infection and usually induce robust
immunity, but are not recommended for children younger than two years old, pregnant
females, or immunocompromised people due to concerns of the state of their immune
systems [1,116]. Finally, recombinant HA vaccines depend on a protein expression system
using insect cells and baculovirus [117]. They have a similar mode of action to inactivated
vaccines but are faster to manufacture and more scalable in production [1,113].

A number of manufacturers currently make and distribute influenza vaccines, in-
cluding Sanofi (Fluzone), GlaxoSmithKline (Fluarix), Seqirus (Fluad), and MedImmune
(FluMist). According to the Centers for Disease Control and Prevention (CDC), the seasonal
influenza vaccine effectiveness has varied yearly from 2009 to 2020 with the lowest and
highest being 19% and 60%, respectively [115]. Surprisingly, there is no upward trend in
vaccine effectiveness in this 10-year timeframe. Several factors could be contributing to the
varied and unpredictable vaccine effectiveness from year to year, including mismatching
of the strains used in the vaccines from the circulating strain, unpredictable antigenic drift
or shift that generate new circulating strains that deviates from the vaccine strains, and
random cross-species transmission. In an older study by Osterholm et al., an extensive
literature search led to the identification of 31 statistically and scientifically rigorous studies,
which showed the pooled efficacy of trivalent inactivated vaccines to be 59% in adults aged
18-65 years (no data for other age groups), and that of live attenuated influenza vaccine
(LAIV) to be 83% in children between 6 months and 7 years old [118].

mRNA vaccines represent a new class of technology based on messenger RNA, and
mRNA vaccines targeting the spike protein of severe acute respiratory syndrome coron-
avirus 2 were the first widely used mRNA vaccines in human. The pandemic that was
declared for the coronavirus disease that emerged in 2019 (COVID-19) and the urgency for
a fast, scalable, and low-cost vaccine brought this class of vaccines to the front line.

One of the main features that makes mRNA vaccines an intriguing technology for
control and prevention of IAV (as an RNA virus with high mutation rate) is the accurate yet
flexible antigen design [119,120]. Antigenic drift and antigenic shift result in new IAV vari-
ants that can promote evasion from previous vaccine-induced immunity. mRNA vaccine
technology can facilitate easier stockpiling where unformulated mRNA or low-volume
libraries of plasmid can be stored for many years, and when required, this unformulated
RNA can be prepared quickly for urgent uses. In addition, mRNA vaccines for influenza
prevent mutation and, therefore, antigenic drift, during the process of virus replication
in embryonated eggs [121]. Developing mRNA vaccines does not need pathogen growth
and is a completely pathogen-free and non-infectious process [122]. Among currently used
influenza vaccines, most of them are manufactured based on chicken eggs or cell substrates.
Normally, this process is time consuming and depends on the accessibility of adequate
pathogen-free embryonated eggs. Approximately six months is required to produce a first
vaccine series and protect the highest risk subpopulations to prevent outbreaks and epi-
demics. This incompatibility between the pace of vaccine production and epidemic growth
highlights the necessity of an alternative vaccine platform that that can be manufactured
faster than conventional vaccines [123].

Immunogenicity of an unmodified mRNA vaccine encoding several influenza anti-
gens, proved to be comparable to conventional inactivated vaccines [124], and induced



Vaccines 2021, 9, 979

8 0f 33

a reasonably effective antibody-mediated immune response [125]. High antibody titers
have been demonstrated in a human phase 1 clinical study in individuals who received an
mRINA-based influenza vaccine [120,123]. The current COVID-19 mRNA vaccines have
demonstrated the potential production speed of influenza mRNA vaccines. However, since
this technology is new and was rolled out so quickly for COVID-19, extra vigilance should
be practiced before widespread application in the context of influenza by conducting exten-
sive safety, pharmacokinetic, and biodistribution analyses. Since mRNA vaccines cause
transfected cells to transiently manufacture the target antigen(s), the implications of the
immune system attacking some self-cells needs to be investigated very closely.

7. Original Antigenic Sin and Influenza

One of the barriers in developing a universal influenza virus vaccine is a phenomenon
known as “original antigenic sin” (OAS). OAS was first described by Thomas Francis in
the 1960s and refers to the concept that an individual’s first encounter with an influenza
virus results in an immunological imprint. This imprinting governs Ab responses during
subsequent influenza virus infections [126]. In general, Ab responses to influenza viruses
are highly cross-reactive. However, OAS causes biased production of Abs against previ-
ously encountered epitopes rather than development of immunity to new epitopes [127].
This poses an issue when developing vaccines for influenza viruses, which rapidly and
frequently mutate.

HA is a membrane protein on influenza viruses that consists of a globular head
that differs substantially between strains, and a stalk domain that has more conserved
epitopes [128]. Arevalo et al. investigated OAS priming of the HA stalk Abs in ferrets
and humans and suggested that individuals exposed in childhood to HIN1 or H3N2 may
have strong immunological memory against group 1 HA stalks or group 2 HA stalks,
respectively [128]. Heterosubtypic infections with viruses of a different antigenic group
than the viruses encountered in childhood could lead to recognition of HA stalk and
production of Abs that fail to bind and protect against the boosting antigen [128]. An
additional study by Meade et al. showed similar findings of back-boosting in a Nicaraguan
household transmission study. The participants were assessed following infection with
H1NT1 [129]. They found that children under the age of six had a relatively narrow response
to H1 HAs that are closely related to the HA strain that caused infection and did not induce
cross-reactive Abs. In contrast, adults had much broader responses, including a boost in
Abs to various seasonal group 1 subtype HAs in an OAS-like fashion [129]. These finding
demonstrated that immunological imprinting has long-term effects on subsequent immune
responses following vaccination or infection, which could be taken advantage of in vaccine
design, and represents an opportunity to optimize peoples” immune responses.

Another surface protein that is under investigation for OAS patterns is NA. Rajendran
et al. investigated the immune responses to a panel of N1, N2, and influenza B virus
NAs in different age groups and observed similar response patterns as those to HAs. The
NA-specific Ab titers increased with age and were generally highest against strains that
circulated during the individual’s childhood [130]. Adults and elderly people had high
titers of anti-influenza B virus NA Abs, while children were almost non-reactive, possibly
because they were not yet exposed to that strain of virus [130]. Similar results were also
seen by Mendez-Legaza et al., which looked at NA-specific Abs following various HIN1
infections. The study’s participants exhibited different Ab responses that corresponded
to viruses that likely primed their immune system upon the first infection [131] and the
observations provide further evidence of OAS patterns in response to NA.

In summary, numerous studies have contributed to the understanding of OAS. Interest-
ingly, it has been proposed that antigenic sin can be turned into antigenic ‘blessing’ through
orchestration of the first encounter with influenza virus via a vaccine that delivers multiple
strains’ epitopes simultaneously [132]. This would produce a diverse immune response
and broad protection to subsequent influenza virus infections. As well, considering recent
findings, it would be crucial to have these vaccines include epitopes that induce Ab responses
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to both HA and NA to overcome OAS. Further research is required to investigate if other
influenza virus antigens can also cause sub-par immune responses against novel strains due
to OAS and include those into the development of a universal influenza virus vaccine.

8. Naturally Acquired Immunity to Influenza Viruses

In the host, IAV will first face the respiratory system’s defense mechanisms includ-
ing antimicrobial peptides and collectins [133]. Surfactant protein-A, -B, and mannose
binding lectin are all a part of the collectin family and are pathogen recognition receptors
(PRRs) that assist in IAV clearance and the attenuation of inflammation caused by IAV
infection [134]. The complement lectin, L-ficolin, has been observed to bind to HA and NA
of IAV and can protect hosts from IAV infection in murine models [135]. HA on IAV binds
sialic acid on surfactant protein-A, and results in virus neutralization and has been demon-
strated to assist in the clearance of IAV infection and reduction of pulmonary inflammation
in murine models [136]. When the host’s lungs are exposed to IAV, innate leukocytes
such as neutrophils, produce various antimicrobial peptides, such as human cathelicidin
LL-37 [137], human neutrophil peptide-1, and human neutrophil peptide-2, which neutral-
ize IAV [138]. Moreover, neutrophils produce human neutrophil peptide-1, which can in-
hibit protein kinase C (PKC) [139]. IAV replication in the host requires the hijacking of host
human ribonucleoprotein complexes, which are regulated by the PKC family [140]. PKCRIIL,
an isoform of PKC, is necessary for IAV infection and replication in host cells [139]. It has
been observed that when PKCpII activity is inhibited, IAV infection is obstructed [141].

Reaching the mucosa of the host, sialic acid «2,6-galactose sialyloligosaccharide
linkages of the epithelial cells in the respiratory system are the preferred target of influenza
viruses [142]. The virus will fuse to the host cell, allowing it to enter the cell in an endosome.
Endosomes have a low pH which allows for the virus to uptake protons via the M2 channel
and results in the uncoating of the virus and release of the virus’s ribonucleoproteins [143].
IAV can be detected by host cells by multiple PRRs. Toll-like receptors (TLRs) are types of
PRRs that exist on the surface of cells and in endosomes. As such, IAV can be recognized
by TLRs in the endosomes. TLR3 [144,145] and TLR7 [146] can both recognize the RNA of
IAV and initiate a signaling cascade that involve various components. Both TLR pathways
result in the activation of transcription factors that promote the expression of type I and
type III IFNs [142].

Another PRR for IAV detection is an RNA helicase called retinoic acid inducible gene 1
(RIG-1) that can recognize the viral RNA of IAV in the cytosol of hosT-cells [147]. This initiates
a signaling pathway that involves the activation of mitochondrial antiviral signaling protein
and results in the promotion of pro-inflammatory and antiviral activity [147-149]. The RIG-1
and TLR pathways both result in the production of IFN responses [143,146,148-153].

IAVs also have protective mechanisms, including methods to reduce IFN signaling [151].
IAV has also been observed to activate another family of PRRs called nucleotide oligomer-
ization domain (NOD)-like receptors (NLRs), specifically NOD-like receptor family pyrin
domain containing 3 (NLRP3) [154,155]. IAV has been demonstrated to activate NLRP3
inflammasomes, which have been observed to be essential in proinflammatory cytokine
productions during IAV infection. The promotion of inflammation in the respiratory tract by
NLRP3 was observed to have a protective effect in murine models of IAV infection [154].

IFNs have been demonstrated to be necessary for the activation of inflammasomes and
production of various pro-inflammatory cytokines including, interleukin (IL)-1$ and IL-18,
that have protective roles against IAV infection [156]. Some of the main cytokines produced
during IAV infection are TNFe, IL-6, IL-1§3, and IFNs [153]. Cytokine responses during
IAV infection are important in regulating inflammation, promoting anti-viral responses,
and recruiting and activating leukocytes [153].

Host cellular mediators during IAV infection include respiratory epithelial cells,
pulmonary endothelial cells, and leukocytes. Leukocytes involved in the protection of
IAV infection include natural killer (NK) cells, neutrophils, dendritic cells, and alveolar
macrophages [143]. Alveolar macrophages and monocytes are recruited by C-C motif
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chemokine ligand 2 produced by epithelial cells that have been infected with IAV. Along
with other functions, these macrophages and monocytes will phagocytose virus-infected
apoptotic cells, thereby limiting viral spread [157]. Neutrophils also assist the host de-
fense against IAV via phagocytosis, clearance of debris, killing of virus-infected cells,
release of granules, and recruiting other leukocytes [133,158]. Conversely, neutrophils
have also been associated with promoting inflammation, induction of lung damage, and
poor patient outcomes [159]. Increased expression of neutrophil activation in hosts was
associated with increased disease severity and could be used as a predictive marker for
patient outcomes [160].

Denderitic cells can detect IAV through various pathways, for instance plasmacytoid
dendritic cells can detect IAV via TLR7 [146] and conventional dendritic cells can recognize
IAV through RIG-1 [144,146]. Dendritic cells are potent antigen-presenting cells with crucial
roles in the communication between innate and adaptive immunity, making them key
innate leukocytes [133]. Dendritic cells in the respiratory system can produce inflammatory
cytokines and capture IAV antigens for education of adaptive cell-mediated immune
responses. IFNs can stimulate the maturation of dendritic cells, such as those residing in
the respiratory tract. Mature dendritic cells that have acquired IAV antigens can migrate
to lymph nodes and prime and activate T-cell responses against IAV [161]. This includes
promoting virus-specific cytotoxic T-cell responses that can kill infected hosT-cells [162,163].
Dendritic cells also help support antibody responses by presentation of antigens to B-cells
and in generation of plasma cells from B-cells, and it has been observed that in the absence
of dendritic cells, antibody responses against AV are compromised [164].

Influenza viruses in a host will initiate many different signaling pathways of the host
defense response. Despite the plethora of defense mechanisms against influenza, influenza
viruses manage to adapt and develop protective mechanisms that allow for replication
and survival. Qualitative aspects of host responses vary from person to person depending
on genetic factors and immunological imprints [160,165]. Further complicating influenza
infection, is the fact that host responses can even inflict self-harm due to losses in regulation
and/or hyperactivation that can cause various injuries [163,166,167]. Influenza infections
involve many complex factors and pathways that should be considered in vaccine design
and taken advantage of in order to promote sterilizing immunity.

Type 1 Versus Type 2 Immunity in Influenza Vaccination

The immune system can elicit qualitatively different responses to optimally respond
to distinct species of pathogens. It is important to design vaccines that capitalize on
these mechanisms to produce a tailored and maximally protective immune response.
In 1986, Mosmann et al. [168] first described the existence of two major functionally dif-
ferent subsets of CD4+ T helper (Th) cells, distinguishable by the cytokines they produce
and the different regulatory and effector functions they mediate in response to invading
pathogens. CD4+ Th1 cells are primarily associated with the induction of pro-inflammatory
responses, increased phagocytic activity, and cytotoxic CD8+ T-cell activation [168,169].
Conversely, CD4+ Th2 cells primarily regulate B-cell activation and Ab responses [168,169].
The T helper cell type hypothesis subsequently gave birth to the concept of type 1 versus
type 2 immunity, which applies to many leukocytes exhibiting both type 1 and 2 phenotypes.
Type 1 responses function primarily to protect against intracellular pathogens, such as
viruses, through cytokine production, upregulation of innate leukocyte phagocytic and
antigen-presentation activities, and induction of cytotoxic T-cell expansion essential in
the killing of virally-infected cells and induction of CD4+ and CD8+ memory T-cell re-
sponses [170]. Conversely, type 2 immune responses function to protect against extracellu-
lar pathogens, such as parasites, and involves the initiation of B-cell class switching, and
the production of Abs [169].

The polarization of type 1 versus type 2 immunity is of particular importance for
consideration in influenza virus vaccine development, given that the most effective re-
sponses against intracellular organisms like influenza viruses are type 1 in nature [170,171].
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Less severe cases of natural infection with influenza viruses have been associated with the
accelerated induction of Th1 responses, while Th2-biased responses have been strongly
associated with enhancement of lung pathology and disease progression due to reduced
viral clearance [108,166,167,172]. Thus, vaccines formulated to tilt the balance in favor of
type 1 immunity are vital for eliciting more effective and rapid responses upon influenza
re-infection, particularly in scenarios of incomplete antibody-mediated protection. It is,
therefore, pertinent that the vaccine platform elicits the appropriate initial response, in or-
der to generate a cytokine microenvironment conducive to promotion of type 1 polarization.
Several factors influence the polarization of type 1 versus type 2 immunity, the most notable
of which include the choice of vaccine platform and the subsequent relative immunogenic
strength of the vaccine-derived viral antigens, the local cytokine milieu stimulated upon ad-
ministration, the dose and route of administration, the antigens of choice, and subsequently,
the type of antigen-presenting cell stimulating the T-cell [167-170,173,174].

The vaccine platform will influence the type of immunity the host will respond with
and can affect the efficacy of the vaccine. For instance, inactivated or subunit vaccines may
not have the capacity to enter the host cell as the virus would during natural infection due
to factors such as inactivation or an absence of components that allow entry into the cell.
The host immune system may incorrectly interpret it as an extracellular pathogen and elicit
type 2 immunity rather than as an intracellular pathogen and elicit type 1 immunity. Major
pathways of host detection of influenza virus first require attachment and fusion of the
virus to the host cell before recognition of its viral RNA can occur [107]. If the vaccine is
designed in such a way that it is recognized as an extracellular pathogen, or does not mimic
influenza infection sufficiently, this will result in improper interpretation and sub-optimal
host responses, which can be imprinted into the host’s immunological response memory.

Currently available seasonal inactivated influenza vaccines have been observed to
reduce efficiency in inducing type 1 immune responses, potentially contributing to their
limited efficacy and breadth of reactivity against diverse influenza virus strains [175]. The
inactivated influenza vaccines are also poor stimulators of heterosubtypic cell-mediated
immunity needed to prevent the serious complications of influenza infection, which would
otherwise be elicited by natural influenza virus infections. Live-attenuated influenza
vaccine strains were observed to induce superior protection against influenza infection in
children and adults with pre-existing immunity, which researchers attributed to the ability
of the LAIV to stimulate potent Th1 cell responses [175-177]. While both platforms have
been observed over multiple studies to induce similar viral hemagglutination inhibition
(HAI) Ab responses, only LAIVs induce significant increases in T-cell responses. These
lines of evidence coupled with the continuous emergence of antigenic drift variants of
seasonal influenza viruses suggests that considerable attention should be paid to enhancing
influenza vaccine platforms to induce broader protective immunity, rather than a bias in
induction of strain-specific Abs to the viral HA. Since this could be afforded by vaccinations
biased towards stimulating the Thl cascade [178,179], there is consequently a need to
investigate how Th1 cell-mediated immune responses can be enhanced in the design
of new influenza vaccines. Multiple mechanisms to mediate vaccine-induced type 1
polarization have been described, including the use of IFN-y and IL-12 as vaccine adjuvants
or the inclusion of genes coding for IFN-y or IL-12 in the vaccine platform. Reports
have been published of phase I and II clinical trials utilizing platforms biased to polarize
patients” immune responses toward the appropriate phenotype, with promising results thus
far [180,181]. The inclusion of molecules capable of disrupting or inducing transcription
factors regulating Th1/Th2 polarization may provide an additional set of clinical tools in
the influenza vaccine platform toolbox.

While the stimulation of Th1 responses can inhibit disease progression through more ef-
ficient clearance of the virus, vaccines targeted towards heightening Th1 responses generally
require the use of conserved epitopes that can be recognized by all major histocompatibility
complex subclasses. Given the extensive variability of epitope recognition across individuals,
the feasibility of generating vaccines with this ability is limited. Despite type 1 responses
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being pertinent to and favorable for optimal protection against influenza infection, paradoxi-
cally, clinicians traditionally measure vaccine-induced protective immunity by following Ab
titers [182]. While the Ab response to influenza vaccination may indeed be a good correlate of
protection, high Ab titers can be consistent with either type 1 or type 2 immunity depending
on the subtypes of Ab present and, therefore, may not be predictive of the degree of pro-
tection against severe influenza illness. One improvement in monitoring influenza vaccine
rollouts would be to expand Ab testing to include analysis of Ab subtypes associated with
type 1 versus type 2 immunity. Clinically, there are no rapid cell-mediated immunological
assays; thus, it is difficult to know to what degree a given vaccine elicits type 1 versus type 2
immunity in a patient. Only after directly analyzing cytokine patterns elicited following vac-
cination, or concurrently studying humoral and cell-mediated responses can one comment
on the relative effects of a vaccine in terms of the type 1 versus type 2 paradigm. Future
studies of influenza vaccination focused on expanding the criteria used to categorize vaccine
responses to include more than just HA Ab titers will be informative for confirming correlates
of protection affiliated with vaccine efficacy.

9. Trained Immunity and Influenza

Trained immunity is a recently discovered phenomenon that occurs in innate leukocytes,
when they are exposed to certain pathogenic stimuli, and develop a non-specific immuno-
logical memory through epigenetic, functional, and metabolic reprogramming [183-186].
Clinical studies indicate that trained immunity can be used to enhance immune responses
against infections and improve vaccine efficacy in adults [183]. However, it is unclear what
promotes or restricts vaccine effectiveness. As mechanisms underlying trained immunity are
better understood, they can be exploited in the design of new therapies and vaccines that
combine activation of classical adaptive immune memory and trained immunity, which will
be an important area of future research [187].

The process of trained immunity following infection and vaccination involves mem-
bers of the innate immune system such as monocytes, dendritic cells, and NK cells. These
cell types exhibit increased reactivity to a second infection that may be the same or a
different pathogen [183]. For instance, beta-glucans are a group of polysaccharides found
naturally in the cell walls of bacteria and fungi, which are high in biologically active
polysaccharides and are recognized by PRRs on leukocytes. In mouse models, these sub-
stances were observed to improve the immune response of the host by stimulating and
improving the functions of innate leukocytes, and resulted in protection against bacterial
infections that cause peritonitis, enteritis, and pneumonia [188].

Bacillus Calmette-Guérin (BCG) vaccination protects against tuberculosis, but it
also protects against viral diseases, including respiratory syncytial virus, human papil-
loma virus, and herpes simplex virus [187]. In eliciting protective responses against
Staphylococcus aureus or Candida albicans, BCG vaccination induces trained immunity in
monocytes and NK cells, resulting in increased expression of activation markers and de-
velopment of pro-inflammatory cytokines [189]. Employing flow cytometry technology, it
was demonstrated that BCG vaccination protects mice from IAV infection by promoting
the induction of memory T-cell responses [190]. BCG vaccination was shown to reduce
influenza virus titers, and virus-induced inflammation and lung injury compared to a
control group [187]. Delivering the BCG vaccine to the lungs greatly improves efferocytosis
by alveolar phagocytes, and this increased efferocytosis protects mice from fatal influenza-
mediated pneumonia by supporting the maintenance of pulmonary homeostasis [191].

BCG vaccination induces trained immunity, which results in a more effective cytokine
response, including cytokines associated with antiviral responses such as IL-1, tumor
necrosis factor, and IFNs. These cytokines are present in high circulating concentrations in
patients with the severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) and may
contribute to acute respiratory distress syndrome (ARDS) [186]. When the BCG vaccine is
given before influenza vaccination, functional antibody responses to the 2009 pandemic
influenza A (HIN1) vaccine strain were significantly increased in concentration and their
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induction was accelerated. These findings could have implications for vaccination strategy
development and may contribute to increased vaccination efficacy. However, a study
performed by de Bree et al. observed that the BCG vaccine did not promote protection of
mice against avian H7N9 influenza and did not affect histopathological damage, inflamma-
tion, or viral replication. No significant differences in survival, weight loss, or pulmonary
disease was demonstrated between the groups that had previously been immunized with
BCG and the control groups that had not [192]. Therefore, although trained immunity from
BCG vaccination is a promising strategy to examine against influenza infection, its benefits
may be strain-dependent, and further investigations are needed.

A current relevant topic similar to influenza viruses is SARS-CoV-2, which is the
causative agent of COVID-19. As a result, there has been a great deal of interest in
SARS-CoV-2 and its potential similarities and relationships with influenza viruses. The
aim of several retrospective observational studies was to see if there was a link between
trivalent influenza vaccination and COVID-19 mortality and serious clinical outcomes in
hospitalized patients. Patients with at least two of the following symptoms were assigned
a diagnosis of respiratory infection: fever, chills, sore throat, headache, cough, or loss of
smell or taste. This retrospective observational study demonstrated that patients with
COVID-19 who had recently received an inactivated influenza vaccine had substantially
improved health outcomes compared to non-vaccinated patients [193].

Several studies have proposed that influenza virus infection can induce a trained
immunity response that improves cytokine responses to SARS-CoV-2. In vitro experiments
investigating human leukocyte responses to SARS-CoV-2 revealed that responses can be
induced by an inactivated influenza vaccine, which may result in relative protection against
COVID-19 [194]. Influenza vaccination has been linked to fewer positive COVID-19 tests
and better clinical outcomes, which suggests it could be providing a form of protection,
possibly through mechanisms of trained immunity [195].

A study done by Priya et al. using an established in vitro model of trained immu-
nity, demonstrated that the inactivated influenza vaccine can induce a trained immunity
response, including an improvement in cytokine responses after stimulation of human
leukocytes with SARS-CoV-2 [194]. During the first six months, memory NK cells with
intracellular NKp46 expression were induced by influenza vaccines. Increasing NKp46
was positively associated with increased IFN-y production, which could react quickly
to viral restimulation. This finding indicates that the ability of the NK cell memory-like
response to provide strong immunity against a variety of influenza virus subtypes may be
an advantage of trained immunity [196]. More research is needed to determine the role of
trained immunity in influenza vaccinations and COVID-19 infection.

LAIVs have previously been linked to increased pro-inflammatory cytokine produc-
tion and an effect on both innate and adaptive immune responses. Cold-adapted LAIV,
which is more immunogenic in anatomical locations below 37 °C, induces local innate
immune responses that provide a broad range of antiviral immunity. Cold-adapted LAIVs
can provide short-term, non-specific defense against genetically unrelated respiratory
pathogens. The vaccine triggered an almost immediate release of cytokines and leukocyte
infiltration into the respiratory tract, reducing the immune disruption caused by respira-
tory syncytial virus infection [197], illustrating how vaccine platforms can influence the
trained immunity responses that are elicited. Further investigation into trained immunity
responses following different vaccine platforms would be informative for future vaccine
designs and could be useful for development of vaccines that can be catered for specific
requirements.

Trained immunity-based vaccines are a relatively new idea that involve the priming
and education of innate leukocytes. The stimulation of innate leukocytes through their
PRRs causes epigenetic changes that will affect the subsequent innate immune responses.
Therefore, this concept can be capitalized on as an approach to design vaccines that train
the innate immune system. In contrast to traditional vaccines that aim to develop immune
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responses against specific antigens, trained immunity-based vaccines would develop a
more broad and non-specific immunity in the host [198].

There are investigations into the development and use of prophylactic vaccines that
focus on trained immunity for individuals that are immunocompromised and would benefit
from an enhanced broad immune protection such as individuals with immune disorders who
are more prone to developing infections [199]. A study by Guevara-Hoyer et al., has demon-
strated the possible benefit of this concept. They observed a positive effect in patients with
common variable immunodeficiency from an adjuvant trained immunity-based vaccination,
wherein they had reduced upper respiratory infections and decreased medical attention re-
quirements and expenses [199]. This demonstrates the exciting potential to generate trained
immunity-based vaccines that could have useful applications in the design of influenza
vaccines to enhance broad cross-reactive immunity, especially for immunocompromised
individuals.

Trained immunity is a relatively new concept in the field of immunology and could
be used as a tool to improve influenza vaccination efficacy. Further investigation into
the roles of trained immunity in the immune system and responses to foreign pathogens
such as influenza virus will allow for a better understanding of the molecular mechanisms
that promote innate memory-like responses. Current vaccine strategies primarily focus
on adaptive immunity. However, innate immunity may play more important roles in
vaccination than previously considered. Vaccines designed to target and educate both
innate and adaptive immunity may be the key to unleashing the full potential of influenza
vaccines and lead to a new generation of vaccines.

10. Immunological Immaturity and Influenza Vaccines

Infection with influenza viruses presents a serious health concern for immunologically
immature individuals, including fetuses, neonates, and young children, which are at a
higher risk of infection and are more vulnerable to serious consequences than adults [200].
This significant burden results from limitations in both the innate and adaptive immune
system [201]. The infant immune system is tasked with adapting to its new environment,
learning to accommodate commensal microbiota, and neutralizing harmful antigens [201].
This rapid change results in phenotypic differences in immunological characteristics com-
pared to adults, including antigen presenting cells and immunoglobulins [201]. The first
exposure to a virus is an important immunological event as it can define the immune
response to subsequent viral infections [202]. It is very important that the first exposure to
an influenza vaccine is an effective one and understanding these imprinting events will
better inform future vaccine development.

As of now, inactivated vaccines are the only vaccine type authorized for use in chil-
dren under two years of age [203]. While LAIV have demonstrated superior efficacy to
inactivated vaccines, they increase the risk of the obstruction of airways in patients under
12 months of age [204]. The pathogenesis of this wheezing is unknown and until studies are
conducted to elucidate the underlying mechanisms contributing to this side-effects, LAIV
will not be recommended for children under 12 months [204]. Unfortunately, immune
responses to the standard inactive vaccines have demonstrated inadequate effectiveness
in young children [205]. Strategies to enhance the immunological education and limit the
negative side effects of influenza vaccines must be identified to maximally protect this
high-risk population.

Due to the mismatch between the B lineage influenza virus in circulation and the one
in the seasonal vaccine, trivalent vaccines cannot provide guaranteed protection against
influenza B, to which children are especially vulnerable [206]. Thus, quadrivalent vaccines
which include both influenza B viruses were developed where an immune response is
elicited against four different antigens [206]. These quadrivalent vaccine platforms have
been extensively studied and approved in populations over the age of three years old.
However, research was lacking in the safety and immunogenicity of these vaccines in
children under three. With this high-risk population in mind, Pepin, and colleagues
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conducted a phase III clinical trial and demonstrated that these vaccines were both effective
and safe when compared to the currently approved trivalent vaccine in participants aged
6-35 months [207].

Adjuvants are used in vaccines to induce more robust immune responses [208]. The
adjuvant known as MF59 stimulates antigen-presenting cells and promotes T-cell activation
and B-cell expansion [208]. The broadened immune response to adjuvanted vaccines may
more closely mimic a natural infection and since first exposures are critical, this could
provide long-term benefits [209]. MF59-adjuvanted trivalent and quadrivalent vaccines
have been shown to be both safe and highly immunogenic when compared to their non-
adjuvanted counterparts [210,211]. To properly prime and activate the immune system,
two doses are recommended for non-adjuvanted vaccines in an infant’s first influenza
season [203]. It was demonstrated that one dose of an adjuvanted inactive vaccine provides
a better Ab response than two doses of a non-adjuvanted inactive vaccine [209]. This may
provide a more logistically effective dosing regimen than what is currently recommended.
The long-term benefits of priming have yet to be elucidated, and research into the continued
protection from these adjuvants is required.

Efforts to protect children in their first six months of life through vaccination have been
unsuccessful. The safety and efficacy of any type of influenza vaccine has not been shown
in infants. Influenza vaccination during pregnancy and the subsequent passive immunity
is an important strategy for the protection of infants in their first months of life [212,213].
By vaccinating mothers, infants have a substantially decreased risk of influenza and
influenza-related hospitalizations [212,213]. The efficacy of these vaccines is highly depen-
dent on timing [214]. The timing in which the mother receives the vaccine, the time between
vaccination and birth, and the timing of influenza circulation can limit protection for the
first two to three months of life [214]. This demonstrates the need for highly immunogenic
vaccines to increase the concentration of Abs transferred from mother to child and extend
the period of protection. As of yet, no vaccine that fills this need has been identified.

11. Immunosenescence, Influenza, and Influenza Vaccination

Elderly individuals are a key demographic for protecting against influenza as they
are disproportionately at risk for higher rates of influenza-related severe diseases, hospi-
talization, and death [215]. Despite their importance, the efficacy of influenza vaccines
are markedly lower in elderly (>65 years of age) individuals, with efficacy rates ranging
from 17-53% [216]. This increased susceptibility to influenza and reduced vaccine efficacy is
rooted in poor immunological functioning due to progressive dysregulation of the immune
system, termed immunosenescence. Due to reduced functioning in both innate and adaptive
leukocyte activities, the issues with current influenza vaccines are exacerbated in the elderly.
As such, a greater focus needs to be given to optimizing influenza vaccines for the elderly.

The combination of immunosenescence and immunological aging in elderly individu-
als leads to a progressive dysregulation of the immune system that affects all leukocyte
populations. Detailed changes occurring in innate and adaptive leukocytes populations as
a result of immunosenescence has been extensively reviewed by Allen et al. [217], and is
briefly reviewed here. Aged phagocytes, such as neutrophils, monocytes, macrophages,
and dendritic cells have reduced phagocytic ability, compromising the ability to kill and
engulf pathogens [218-220]. Elderly individuals also have a reduced capacity to combat vi-
ral and malignant threats due to dysfunctional migration and cytotoxicity of NK cells [221].
Reduced phagocytosis and NK cell cytotoxicity likely results in a reduction in the number
of viral peptides produced and acquired during infection or vaccination contributing to
reduced magnitude and breadth of adaptive responses. A variety of age-related defects in
dendritic cells likely also plays a major role in reduced immunity in the elderly. Dendritic
cells have decreased ability to become activated, have poor antigen uptake and presenta-
tion, and reduced expression of co-stimulatory molecules, all of which may contribute to
reduced activation of adaptive responses [222,223].
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The functionality of aged leukocytes of the adaptive immune system are affected at
multiple levels. First, age-related involution of bone marrow and the thymus reduces the
production of naive B and T-cells, greatly reducing the overall diversity of the B and T-cell
receptor repertoires [224,225]. As a result, aged immune systems have reduced capacity
to generate de novo immune responses against novel epitopes. With reduced pools of
naive B and T-cells, aged immune systems compensate by relying more heavily on memory
responses [226]. The effectiveness of current influenza vaccines primarily relies on the
ability to generate de novo Ab responses against antigenically shifted epitopes within the
influenza HA protein. Therefore, current influenza vaccine strategies are poorly designed
for efficacy within elderly populations. In addition to reduced pools of naive lymphocytes,
there are numerous phenotypic differences in the B and T-cells available. For example,
B-cells of aged immune systems exhibit a reduced ability to undergo somatic hypermutation
and class switch recombination [227]. The Abs that are produced demonstrate reduced
affinity maturation and suboptimal effector functions, greatly reducing their ability to
neutralize viruses [228]. Combined with restricted clonal expansion, B-cell responses are
severely hindered in elderly individuals [229]. Reliance of current influenza strategies on
antibody-mediated immunity against antigenically shifting HA epitopes is a poor strategy
for protecting high-risk elderly individuals.

Similar to B-cells, T-cells of elderly individuals exhibit numerous age- and immunosenescence-
related defects. Interestingly, with increased age the ratio of CD4+ to CD8+ T-cells increases,
which is accompanied by an increase in differentiated memory T-cells [230]. Within this larger
population of CD4+ T-cells there are numerous defects such as reduced production of IL-2, reduced
capacity for clonal expansion, and altered differentiation upon antigen stimulation [231]. Elderly
individuals fail to produce increased numbers of activated T follicular helper cells, reducing the
ability to produce effective Ab responses [232]. Similarly, compromised CD4+ T-cell function can
also negatively affect the generation of cytotoxic T-lymphocyte responses. Lastly, CD8+ T-cells
have lower cell surface expression of CD28 and reduced cytolytic abilities, which represents
a significant disadvantage in immune protection [233]. Dysregulation of innate and adaptive
leukocyte populations positions elderly individuals at a severe disadvantage in properly controlling
influenza infections and optimally responding to vaccination. Therefore, there is a critical need for
novel strategies to overcome these immunological defects.

Since current influenza vaccines focus on generating HA-specific Abs, there is a signif-
icant amount of literature characterizing B-cell responses in the elderly. Elderly individuals
have consistently been shown to reduce vaccine-induced Ab responses characterized by de-
creased IgA and IgG concentrations, delays in achieving peak Ab titers, and rapid decline of
Abs [234]. One study investigating the epitope specificity of Abs generated from influenza
vaccination demonstrated that the magnitude of polyclonal antibody responses following
vaccination did not significantly differ between elderly and young volunteers [234]. Upon
closer examination of epitope specificity, the authors demonstrated that the amount of
HAI-positive mAbs was substantially reduced in the elderly, 33% versus 72% [234]. Rather
than targeting the HA protein, the majority of the vaccination-induced Abs targeted rare
epitopes in other influenza proteins, such as NA, NP, and others. Therefore, while the total
magnitude of Ab responses was similar between the two groups in this study, the overall
magnitude of the anti-HAI response was greatly diminished in elderly individuals.

Another shortfall of current influenza vaccines is their inability to generate long lasting
Ab responses in the elderly population. Vaccination-induced influenza virus-specific Ab
responses have been shown to last less than one year in the elderly, with some studies
having demonstrated insufficient HAI Ab titers as early as 120 days (four months) post-
vaccination [235,236]. As a result, some members of the elderly population are insufficiently
protected for the influenza season. Similarly, vaccine induced CD4+ T-cell responses have
been shown to be shorter lived in elderly individuals [237].

With increasing age and the development of comorbidities, aged individuals often
require the long-term use of medication to manage their health. A recent study by Agar-
wal et al. demonstrated that elderly individuals on long-term metformin therapy had
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significantly lower IgA, IgG, and IgM Ab responses following influenza vaccination [238].
Surprisingly, 28 days post-immunization the virus neutralizing activity of patient sera was
37-fold lower for metformin users compared to non-users. Reduced virus neutralizing
activity of metformin users was demonstrated at all later study time points. Interestingly,
metformin users had a 25% higher proportion of CD8+ T-cells at baseline, which increased
to 41% following vaccination. This study did not determine the protective efficacy against
influenza infection, thus, it is unclear if the enhanced CD8+ T-cell responses in metformin
users would be beneficial or detrimental. The results of this study underline the impor-
tance of considering the effect of medication on influenza vaccine efficacy and that other
unexpected factors may affect the immune responsivity of elderly individuals.

Despite vaccination representing the best strategy for protection against influenza,
influenza vaccines remain poorly effective in elderly individuals, with efficacy ranging
from 17-53% [216]. Therefore, there is a need for novel strategies capable of overcoming
barriers associated with immunosenescence to provide protection against influenza to the
elderly population. Optimization of vaccine immunogenicity requires a multipronged
approach, including optimization of current vaccination protocols, trained immunity-based
vaccines, and social interventions.

12. Immunocompromised Individuals

Immunocompromised individuals are at an increased risk of serious complications
from infections with influenza viruses [239]. Due to the weakened nature of the immune
system, immunocompromised populations are recommended to get influenza vaccines with
inactivated virus [240]. Compromised humoral and cell-mediated responses will result in
an impaired ability to produce Abs necessary to prevent infection and a hindered ability to
clear viral particles and limit the spread and repercussions of the viral infection. There is a
need for increased awareness and education of the importance of receiving the annual in-
fluenza vaccination in immunocompromised individuals and healthcare workers [241,242].
Although it is highly recommended for many immunocompromised populations to get the
influenza vaccine annually because of the increased risk of fatal conditions, these popula-
tions remain heavily under-vaccinated [243,244]. Inmunocompromised individuals have
higher rates of pneumonia and mortality from influenza and longer hospital stays than
non-immunocompromised individuals [245]. Inmunocompromised individuals comprise
a large variety of populations including those on immunosuppressants, with human im-
munodeficiency virus, on steroids, taking immune-modulating agents, with cancer, with
autoimmune diseases, inflammatory conditions, or transplant recipients [246]. Immuno-
compromised individuals are at higher risk of many health complications and disease [246].
Interestingly, it was observed that immunocompromised individuals had less detectable
symptoms of influenza infection than the non-immunocompromised. This suggests they
might have different clinical manifestations and there may be a need for different markers
of disease since the symptoms stray from that of the general public, which could be due to
different infection kinetics or pathogenesis [239].

In patients with solid organ transplants, natural infection with influenza virus was
linked to increased CD4+ T-cell responses compared to vaccinated individuals who were not
infected, suggesting a sub-optimal design of influenza vaccines for this demographic [247].
Transplant recipients must take immunosuppressants to prevent rejection of the transplant,
which makes influenza infection a concern. Immunosuppressants are given to the recipient
and function to repress their immune system from attacking the transplanted foreign
material. This will also downregulate the immune responses and the host protection against
influenza infection and compromise the efficacy of the influenza vaccines [247]. Transplant
recipients are recommended to get the inactivated vaccine annually, but due to problems
with vaccine design and the fact that their immune system may not be able to fight the
infection, they are still susceptible to infection [247].

Natural infection with influenza virus in patients with transplants resulted in stronger
Ab responses with a greater variety than vaccination with a split virus vaccine [248]. It
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has also been shown that booster vaccinations provide additional immunogenic protection
in recipients of solid organ transplants [249]. A high-dose influenza vaccine conferred
better immunological protection against influenza virus infection than the standard dose
in patients with solid-organ transplants [250]. Cell-mediated and antibody responses to
influenza following vaccination were assessed in patients with stable kidney transplants
and it was observed that they had reduced T-cell and Ab responses compared to controls.
Although there were no substantial side-effects observed following vaccination, the im-
munosuppressants the transplant recipients had to take, dampened their immunological
memory and responses to influenza [251]. A study investigating the kinetics of the antibody
responses following influenza vaccination in recipients of renal transplants found that there
was a delay in the induction of influenza-specific Abs, as well as overall weaker responses
in the transplant recipients compared to controls who had not received transplants and
were not immunocompromised [252].

Obesity is a risk factor for chronic and infectious diseases with serious complications
resulting from influenza infection [253]. Obesity has consequences on the immune system
that compromise the ability of a host to fight influenza infection [254]. During the 2009 IAV
pandemic, an increased risk for obese individuals to contract severe influenza infection and
require hospitalization compared to non-obese individuals was observed, indicating obesity
is a risk factor for more serious outcomes or complications of influenza infection [254,255].
Humoral responses have been observed to be negatively affected by obesity in both young
and elderly populations, which result in compromised immune responses following influenza
vaccination and against influenza infection [256]. Reduced CD8+ T-cell functions were
apparent in obese individuals compared to those of healthy weight [257]. Diet or genetically-
induced obesity in mouse models demonstrated that influenza infection has severe outcomes
in obese populations compared to controls [254]. In mouse models of obesity, reduced
numbers of regulatory T-cells, importantly in the bronchoalveolar fluid, have been detected,
suggesting that increased lung pathologies in obese individuals with influenza infection might
be due to a reduction in the ability to down-regulate overly robust immune responses [254].
Obesity has also been associated in murine models with interference of the healing processes in
the lungs and can cause influenza infections to have serious and even fatal consequences [258].
Humoral responses were observed to be hindered in obese mice and humans, which may
also help explain the reduced vaccine efficacy and capacity to fight influenza infection [259].

There is still doubt about the most effective and safest vaccine platform, timing of
vaccination, and amount of vaccine doses in immunocompromised populations. Moreover,
the degree of immunosuppression and the extent of harm the influenza infection causes
can vary depending on many factors. These include the underlying condition and the
treatments being given, which makes influenza vaccination more complex [245]. Although
studies have shown beneficial effects from high doses and booster vaccinations, at the
current moment the main recommendation for immunocompromised populations is to
receive the annual inactivated influenza vaccine at the standard single dose [240]. There
are different methods that are being researched to improve vaccine immunogenicity in
immunocompromised individuals by addition of adjuvants, such as MF59 or increasing
vaccine dosages [248,260].

Optimization of Current Influenza Vaccines for Immunosenescence

Simple modifications to current influenza vaccines are a cost-effective, timesaving,
and low-risk strategy for enhancing the efficacy of influenza vaccines. First demonstrated
in 1994, increasing the dose of HA delivered was shown to enhance anti-HA and neutral-
izing Ab levels compared to the standard dose [261]. Since then, numerous studies have
confirmed the benefit of increased HA dose in enhancing vaccine-induced Ab responses
and protection against influenza [262,263]. For example, the Fluzone high-dose influenza
vaccine, which contains four times the standard dose of HA antigen (60 pg versus 15 pg),
has been shown to be 24% more effective in preventing influenza in elderly adults relative
to the standard-dose vaccine [262,263]. It is hypothesized that increasing the amount of
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Ag results in greater Ag uptake and subsequent presentation by dendritic cells, leading
to enhanced adaptive responses and possibly provides support for B-cell maturation in
germinal centers.

Another simple strategy for enhancing influenza vaccine efficacy is the use of in-
tradermal (ID) vaccination [264-266]. Holland et al. compared standard-dose ID versus
intramuscular influenza vaccination in elderly individuals and demonstrated that ID vac-
cination provided superior seroprotection and seroconversion rates [266]. ID vaccine
administration is believed to enhance vaccine immunogenicity due to the greater number
of antigen-presenting cells present within the dermis, allowing for enhanced Ag presen-
tation and subsequent immune responses. Interestingly, all currently licensed influenza
vaccines are given via intramuscular injection, and it is unclear if they have been tested
via ID administration. Due to its extremely cost-effective nature, we recommend that
ID administration of currently licensed influenza vaccines be investigated to potentially
enhance vaccine efficacy.

Multi-site vaccination is a powerful, economical strategy, which has been severely
underutilized in the field of vaccinology. First pioneered in 1984 by Warrell et al., multi-
site ID, and subcutaneous vaccination was demonstrated to induce rapid, high-titer Ab
responses relative to conventional single injection strategies in patients [267]. We recently
confirmed and extended this strategy to the field of cancer immunotherapy. Using a
replication-deficient human serotype 5 adenovirus vector as a vaccine in a model of murine
melanoma, we demonstrated that four intramuscular injections, with the same total vaccine
dose, generated superior Ab and CD8+ T-cell responses compared to one- or two-site
injection strategies [268]. The robust production of CD8+ T-cell responses using this
strategy may be beneficial in the generation of universal influenza vaccines focused on
generating strong influenza-specific CTL responses in the elderly. We predict that multi-site
injection provides superior immune responses by maximizing the engagement of multiple
secondary lymphoid tissues. Multi-site vaccination is a simple, low-cost strategy to enhance
vaccine response; it should be investigated as a way to enhance vaccine responses in the
elderly. The combination of multi-site injection, high Ag dose, and ID administration may
prove to be an ideal strategy to maximize the efficacy of current influenza vaccines.

Earlier in this review, we discussed how some studies have demonstrated the ability
of pre-immunization with the live attenuated tuberculosis BCG vaccine to enhance the
immunogenicity of vaccines against numerous infectious diseases. A study investigating
the effects of BCG pre-immunization on influenza vaccine efficacy in young healthy adults,
demonstrated that BCG pre-immunization followed by influenza vaccination two weeks
later, resulted in enhanced HI Ab responses and more rapid seroconversion [269]. While
this strategy has not been tested for enhancing influenza vaccine responses in elderly
populations, BCG vaccination has been shown to be safe and reduce the prevalence of
acute upper respiratory tract infections in the elderly [270]. Due to an impressive track
record in terms of trained immunity efficacy and safety, the BCG vaccine is a promising
initial candidate to investigate the ability of pre-immunization and trained immunity to
enhance the efficacy of influenza vaccines in the elderly. Further research is needed to
identify optimal trained immunity-based vaccine strategies and formulations for enhancing
influenza vaccine efficacy, especially in elderly populations.

13. The Effect of Sex on Infections with Influenza Viruses and Potential Implications
for Vaccination

Sexual dimorphism of the immune system has been thoroughly documented in cases
of viral, bacterial, and fungal pathogens, as well as autoimmune diseases [271]. We
observed sexually dimorphic antiviral responses in murine models (Bridle and Karimi
unpublished data). IAV severity is impacted by both biological sex and socioeconomic
factors linked to gender [272]. Sex and gender contribute to host responses to vaccination,
antivirals, and IAV infection severity [272]. The effect of sex on immune responses is
affected by which life stage an individual is at [273]. Prior to puberty, males are more likely
to have severe IAV infections compared to female youth. This trend reverses in adults
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aged 20-65 [272]. In Australia, males aged 0-14 years of age and 85+ had higher infection
rates than their female counterparts [274]. Within children from Costa Rica, infections with
IAV occurred more frequently in boys than girls, whereas Influenza B virus exhibited the
opposite trend [275]. Both pregnancy and menopause status are relevant information that
should be recorded in surveillance data and considered during clinical trial design [274].

These observed epidemiological differences in infection rates can be explained by
studies that elucidate mechanistic variances in the immune system gene profile. A com-
prehensive research effort spanning 3672 samples from six continents determined that
humans have an immunological sex-related gene expression signature in healthy adult
human blood involving 144 genes [276]. Female profiles exhibited higher gene expression
from their CD4+ T-cells, whereas males had elevated gene expression from myeloid cells.
A generated score based on the gene expression data could be correlated with male Ab
responses to influenza infection [276]. A different study analyzing the effects of e-cigarette
use on live attenuated influenza virus-induced gene expression determined that significant
variations existed between male and female expression profiles [277]. Genes associated
with T- and B-cell adaptive immunological functions, including expression of CXCL12,
CXCL13, and CCL20, IFN responses (including IFI27, IENAR1, IFNL1, IL-18, IRF2, IRF5),
and CD40- and TLR7-mediated responses to pathogens were varied, implicating differen-
tial ability to produce Abs and mount an effective memory response. Females often have a
more protective anti-influenza response than their male counterparts [277].

Females have more robust Ab responses after influenza vaccination. A study that
used both BALB/c and C57BL/6 strains of mice determined that female mice have higher
IgG Ab titers regardless of the strain or age (three months versus 18 months) in response to
trivalent inactivated split-virus influenza vaccination [278]. In an HIN1 vaccination model,
female mice produced a larger quantity of Abs [279]. Antibodies obtained from female mice
were more protective when transferred to naive mice of either sex compared to Abs derived
from male mice. Female B-cells expressed higher concentrations of TLR7 and deletion
experiments demonstrated that a lack of TLR7 diminished sex-based differences [279].
Hence, TLR7 sexual dimorphism plays an important role in vaccine efficacy. Experiments
in outbred Swiss mice examining differences between sexes in response to whole virus
trivalent inactivated influenza vaccination determined that females had an elevated IgM Ab
response to all three viruses and elevated IgG Abs for HIN1 [280]. There was no difference
in the IgG response to either the B or H3N2 influenza viruses. These studies demonstrate
that it is paramount for influenza researchers to include both male and female animals
within preclinical trials. Variations in post-vaccination Ab responses have extended to
human studies. Indeed, higher magnitude female B-cell responses have been documented
in a cohort of 138 adults aged 50-74, as were higher numbers of CD4+ T-cells and fewer
NK cells [281]. Another recent study reported that human females mounted higher Ab and
IL-6 responses after HIN1 vaccination [282]. A study of vaccinated healthcare workers
within Johns Hopkins Hospital (n = 274) did not observe overall significant differences in
neutralizing Ab titers between males and females when all age groups were merged [283].
Females in older age groups had higher titers than males. Elevated female body mass index
resulted in reduced Ab responses; males did not exhibit the same trend [283].

Sex hormones influence immune responses to influenza vaccination. Human nasal
epithelial cell cultures were treated with endogenous 17-estradiol and estrogen receptor
modulators to analyze their influence on influenza A viral replication [284]. Cell lines
derived from female donors had reduced IAV titers when they were exposed to bisphenol
A, estradiol, or raloxifene. Genomic estrogen receptor-2 was required for the viral titer
to decrease. Cell lines derived from male donors did not have the same effect, indicating
researchers also need to consider testing cell lines derived from both sexes in preclinical
studies. Higher concentrations of the sex hormone estradiol correlated with higher Ab
responses to influenza vaccination in female humans [282]. Moreover, C57BL/6 female
mice had more protective responses to HIN1 vaccinations, although the effect diminished
in older mice. Administering estradiol increased Ab responses, whereas administering
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testosterone diminished the responses [282]. Thus, estradiol treatment post-influenza
vaccination may boost memory responses and protect a larger proportion of susceptible
population subsets.

Testosterone was characterized as having an immunosuppressive influence after
influenza vaccination [285]. In this study with 87 participants, female serum had higher
concentrations of inflammatory cytokines and Abs, which correlated with phosphorylated
STAT3 in monocytes [285]. This provides a mechanistic explanation for why females tend
to have lower viral titers during influenza infections but a propensity towards more severe
inflammation-mediated pathogenesis. Males with higher levels of testosterone had lower
titers of antibodies induced by the trivalent inactivated influenza vaccine. Testosterone
has been shown to have an immunosuppressive effect by interacting with the androgen
receptor on CD4+ T-cells to produce the immunosuppressive cytokine IL-10 [286]. Male
SJL mice also produce more IL-4 and reduced quantities of IL-12 compared to female
mice [286]. IL-4 promotes naive T-cells to differentiate into the Th2 subtype, which is less
favorable than the Thl response for effective viral clearance. Testosterone levels decrease
with age, which may explain higher incidences of immune-mediated severe influenza in
senior males due to excessive inflammation in response to the infection [287]. Indeed,
higher testosterone levels proved to be protective against inflammatory damage following
HINI influenza infection in a C57BL/6 mouse model [288]. Similarly, treating female mice
with testosterone reduced influenza-mediated mortalities by preventing inflammatory
responses from becoming excessive.

A mounting body of evidence exists that sexual dimorphism might contribute sub-
stantially to influenza vaccination responses and, thus, should always be considered when
designing the next generation of influenza vaccines. Males generally produce fewer neu-
tralizing Abs in response to modern vaccines and have more severe infections in elderly
populations. Thus, consideration should be given to boosting male immunity in senior pop-
ulations. Developing sex-optimized vaccines would contribute to lowering the mortality
of annual influenza infection in hospitals and long-term care facilities.

14. Conclusions

Influenza viruses remain a global problem, with no permanent solution. Annual
vaccines are currently used to manage influenza infections. Yet seasonal influenza results
in hundreds of thousands of deaths annually, with varying vaccine efficacy each year [289].
The development of new methods to design vaccines that cater to the more-qualitative as-
pects of immunological responses could assist in the production of more effective vaccines,
and possibly a more-universal type of vaccine for influenza. The qualitative aspects of
the host immune systems are of even more crucial consideration in immunocompromised
populations, such as young children, elderly people, and individuals with underlying
health conditions, where influenza is a more serious health concern [240]. The qualitative
aspects of host immune responses, including trained immunity, should be exploited in
vaccine design to optimize immunity against influenza, and confer a broader, longer lasting,
and more diverse range of responses.

Author Contributions: B.W.B., K K. and L.C. contributed to the conceptualization of the manuscript
and coordinated its writing. L.C., K.A. (Kasra Alizadeh), K.A. (Kimia Alizadeh), EF,, J.EK., N.K.,
JPK,YM, JJAM, SM,, AR, A AS. and S.V. drafted the manuscript. B.W.B., K.K. and L.C. edited
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for K.K. was provided by an operating grant (#054725) from the Pet Trust Foun-
dation, awarded 12 June 2020. Funding for B.W.B was provided by a discovery grant (#04069;
awarded 1 April 2021) from the Natural Sciences and Engineering Research Council of Canada, an
innovation grant that was jointly funded by the Canadian Cancer Society Research Institute (#705965;
awarded 1 August 2019) and the Canadian Institutes of Health Research—Institute of Cancer Research
(CIHR-ICR; #160399; awarded 1 August 2018), an operating grant from the Cancer Research Society
(#25222; awarded 1 September 2018), a grant from the COVID-19 Rapid Research Fund from the



Vaccines 2021, 9, 979 22 of 33

Ontario Ministry of Colleges and Universities (awarded 1 March 2020), and a Pandemic Response
Challenge Program grant from the National Research Council of Canada (awarded 21 January 2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
writing of the manuscript, or in the decision to publish it.

References

10.
11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

Yamayoshi, S.; Kawaoka, Y. Current and future influenza vaccines. Nat. Med. 2019, 25, 212-220. [CrossRef] [PubMed]

Lewnard, J.A.; Cobey, S. Immune history and influenza vaccine effectiveness. Vaccines 2018, 6, 28. [CrossRef]

Mosnier, A.; Caini, S.; Daviaud, I.; Nauleau, E.; Bui, T.T.; Debost, E.; Bedouret, B.; Agius, G.; van der Werf, S.; Lina, B. Clinical
characteristics are similar across type A and B influenza virus infections. PLoS ONE 2015, 10, e0136186. [CrossRef]

Poon, L.L.; Song, T.; Rosenfeld, R.; Lin, X.; Rogers, M.B.; Zhou, B.; Sebra, R.; Halpin, R.A.; Guan, Y.; Twaddle, A. Quantifying
influenza virus diversity and transmission in humans. Nat. Genet. 2016, 48, 195-200. [CrossRef] [PubMed]

Bodewes, R.; Morick, D.; de Mutsert, G.; Osinga, N.; Bestebroer, T.; van der Vliet, S.; Smits, S.L.; Kuiken, T.; Rimmelzwaan, G.F.;
Fouchier, R.A. Recurring influenza B virus infections in seals. Emerg. Infect. Dis. 2013, 19, 511. [CrossRef]

Moghadami, M. A narrative review of influenza: A seasonal and pandemic disease. Iran. J. Med. Sci. 2017, 42, 2. [PubMed]
Herausragende Charakteristikum, D. Stellungnahmen des Arbeitskreises Blut des Bundesministeriums fiir Gesundheit.
Bundesgesundheitsblatt—Gesundh.—Gesundh. 2007, 50, 1184.

Fouchier, R.A.; Munster, V.; Wallensten, A.; Bestebroer, T.M.; Herfst, S.; Smith, D.; Rimmelzwaan, G.F,; Olsen, B.; Osterhaus, A.D.
Characterization of a novel influenza A virus hemagglutinin subtype (H16) obtained from black-headed gulls. ]. Virol. 2005, 79,
2814-2822. [CrossRef]

Kanegae, Y.; Sugita, S.; Endo, A.; Ishida, M.; Senya, S.; Osako, K.; Nerome, K.; Oya, A. Evolutionary pattern of the hemagglutinin
gene of influenza B viruses isolated in Japan: Cocirculating lineages in the same epidemic season. J. Virol. 1990, 64, 2860-2865.
[CrossRef]

Blut, A. Influenza virus. Transfus. Med. Hemother. 2009, 36, 32.

Rota, P.A.; Wallis, T.R.; Harmon, M.W.; Rota, ].S.; Kendal, A.P.; Nerome, K. Cocirculation of two distinct evolutionary lineages of
influenza type B virus since 1983. Virology 1990, 175, 59-68. [CrossRef]

Nerome, R.; Hiromoto, Y.; Sugita, S.; Tanabe, N.; Ishida, M.; Matsumoto, M.; Lindstrom, S.; Takahashi, T.; Nerome, K. Evolutionary
characteristics of influenza B virus since its first isolation in 1940: Dynamic circulation of deletion and insertion mechanism. Arch.
Virol. 1998, 143, 1569-1583. [CrossRef]

Herrler, G.; Klenk, H.-D. Structure and function of the HEF glycoprotein of influenza C virus. Adv. Virus Res. 1991, 40, 213-234.
[PubMed]

Gao, Q.; Brydon, E.W,; Palese, P. A seven-segmented influenza A virus expressing the influenza C virus glycoprotein HEF. J. Virol.
2008, 82, 6419-6426. [CrossRef] [PubMed]

Su, S.; Fu, X,; Li, G.; Kerlin, F; Veit, M. Novel Influenza D virus: Epidemiology, pathology, evolution and biological characteristics.
Virulence 2017, 8, 1580-1591. [CrossRef]

Houser, K.; Subbarao, K. Influenza vaccines: Challenges and solutions. Cell Host Microbe 2015, 17, 295-300. [CrossRef] [PubMed]
Shaw, M.L.; Palese, P. Fields Virology. Orthomyxoviradae: The Viruses and Their Replication, 6th ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2011.

Treanor, J. Influenza vaccine—Outmaneuvering antigenic shift and drift. N. Engl. J. Med. 2004, 350, 218-220. [CrossRef]

Wilson, L.A.; Cox, N.J. Structural basis of immune recognition of influenza virus hemagglutinin. Annu. Rev. Immunol. 1990, 8,
737-771. [CrossRef] [PubMed]

Rose, V.L. Advisory Committee on Immunization Practices issues recommendations for the 1998-99 influenza season. Am. Fam.
Physician 1998, 58, 567-570.

Recommended Composition of Influenza Virus Vaccines for Use in the 2021-2022 Northern Hemisphere Influenza Season. Avail-
able online: https://www.who.int/influenza/vaccines/virus/recommendations/2021-22_north/en/ (accessed on 26 May 2021).
Hussain, M.; Galvin, H.D.; Haw, T.Y.; Nutsford, A.N.; Husain, M. Drug resistance in influenza A virus: The epidemiology and
management. Infect. Drug Resist. 2017, 10, 121-134. [CrossRef]

Van der Vries, E.I; Michael, G. Antiviral Resistance in Influenza Viruses: Clinical and Epidemiological Aspects. Antimicrob. Drug
Resist. 2016, 2, 1165-1183. [CrossRef]

Kim, H.; Webster, R.G.; Webby, R.J. Influenza Virus: Dealing with a Drifting and Shifting Pathogen. Viral Immunol. 2018, 31,
174-183. [CrossRef]


http://doi.org/10.1038/s41591-018-0340-z
http://www.ncbi.nlm.nih.gov/pubmed/30692696
http://doi.org/10.3390/vaccines6020028
http://doi.org/10.1371/journal.pone.0136186
http://doi.org/10.1038/ng.3479
http://www.ncbi.nlm.nih.gov/pubmed/26727660
http://doi.org/10.3201/eid1903.120965
http://www.ncbi.nlm.nih.gov/pubmed/28293045
http://doi.org/10.1128/JVI.79.5.2814-2822.2005
http://doi.org/10.1128/jvi.64.6.2860-2865.1990
http://doi.org/10.1016/0042-6822(90)90186-U
http://doi.org/10.1007/s007050050399
http://www.ncbi.nlm.nih.gov/pubmed/1957719
http://doi.org/10.1128/JVI.00514-08
http://www.ncbi.nlm.nih.gov/pubmed/18448539
http://doi.org/10.1080/21505594.2017.1365216
http://doi.org/10.1016/j.chom.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25766291
http://doi.org/10.1056/NEJMp038238
http://doi.org/10.1146/annurev.iy.08.040190.003513
http://www.ncbi.nlm.nih.gov/pubmed/2188678
https://www.who.int/influenza/vaccines/virus/recommendations/2021-22_north/en/
http://doi.org/10.2147/IDR.S105473
http://doi.org/10.1007/978-3-319-47266-9_23
http://doi.org/10.1089/vim.2017.0141

Vaccines 2021, 9, 979 23 of 33

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Webster, R.G.; Laver, W.G.; Air, G.M.; Schild, G.C. Molecular mechanisms of variation in influenza viruses. Nature 1982, 296,
115-121. [CrossRef] [PubMed]

Hirst, G.K.; Gotlieb, T. The experimental production of combination forms of virus. I. Occurrence of combination forms after
simultaneous inoculation of the allantoic sac with two distinct strains of influenza virus. J. Exp. Med. 1953, 98, 41-52. [CrossRef]
Webster, R.G.; Govorkova, E.A. Continuing challenges in influenza. Ann. N. Y. Acad. Sci. 2014, 1323, 115-139. [CrossRef]
[PubMed]

Cox, N.J.; Subbarao, K. Global epidemiology of influenza: Past and present. Annu. Rev. Med. 2000, 51, 407-421. [CrossRef]
Hajam, I.A_; Senevirathne, A.; Hewawaduge, C.; Kim, J.; Lee, ].H. Intranasally administered protein coated chitosan nanoparticles
encapsulating influenza HOIN2 HA2 and M2e mRNA molecules elicit protective immunity against avian influenza viruses in
chickens. Vet. Res. 2020, 51, 37. [CrossRef]

Dobson, A.P,; Carper, E.R. Infectious diseases and human population history. Bioscience 1996, 46, 115-126. [CrossRef]

Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A viruses. Microbiol.
Rev. 1992, 56, 152-179. [CrossRef]

Buonagurio, D.A.; Nakada, S.; Parvin, J.D.; Krystal, M.; Palese, P.; Fitch, WM. Evolution of human influenza A viruses over 50
years: Rapid, uniform rate of change in NS gene. Science 1986, 232, 980-982. [CrossRef] [PubMed]

Eigen, M.; Schuster, P. The hypercycle. A principle of natural self-organization. Part A: Emergence of the hypercycle.
Naturwissenschaften 1977, 64, 541-565. [CrossRef]

Liu, M.; Guan, Y.; Peiris, M.; He, S.; Webby, R.J.; Perez, D.; Webster, R.G. The quest of influenza A viruses for new hosts. Avian Dis.
2003, 47, 849-856. [CrossRef]

Perez, D.R.; Webby, R.J.; Hoffmann, E.; Webster, R.G. Land-based birds as potential disseminators of avian mammalian reassortant
influenza A viruses. Avian Dis. 2003, 47, 1114-1117. [CrossRef]

Brown, L.H.; Ludwig, S.; Olsen, C.W.; Hannoun, C.; Scholtissek, C.; Hinshaw, V.S.; Harris, P.A.; McCauley, ] W.; Strong, I.;
Alexander, D.]J. Antigenic and genetic analyses of HIN1 influenza A viruses from European pigs. J. Gen. Virol. 1997, 78 Pt 3,
553-562. [CrossRef]

Choi, YK.; Nguyen, T.D.; Ozaki, H.; Webby, R.J.; Puthavathana, P; Buranathal, C.; Chaisingh, A.; Auewarakul, P.; Hanh, N.T.; Ma,
S.K.; et al. Studies of H5N1 influenza virus infection of pigs by using viruses isolated in Vietnam and Thailand in 2004. . Virol.
2005, 79, 10821-10825. [CrossRef] [PubMed]

Donatelli, I.; Campitelli, L.; Castrucci, M.R.; Ruggieri, A.; Sidoli, L.; Oxford, ].S. Detection of two antigenic subpopulations of
A(HIN1) influenza viruses from pigs: Antigenic drift or interspecies transmission? J. Med. Virol. 1991, 34, 248-257. [CrossRef]
Guan, Y.; Shortridge, K.F; Krauss, S.; Li, PH.; Kawaoka, Y.; Webster, R.G. Emergence of avian HIN1 influenza viruses in pigs in
China. J. Virol. 1996, 70, 8041-8046. [CrossRef] [PubMed]

Karasin, A.L; Schutten, M.M.; Cooper, L.A.; Smith, C.B.; Subbarao, K.; Anderson, G.A.; Carman, S.; Olsen, C.W. Genetic
characterization of H3N2 influenza viruses isolated from pigs in North America, 1977-1999: Evidence for wholly human and
reassortant virus genotypes. Virus Res. 2000, 68, 71-85. [CrossRef]

Karasin, A.I; West, K,; Carman, S.; Olsen, C.W. Characterization of avian H3N3 and HIN1 influenza A viruses isolated from pigs
in Canada. J. Clin. Microbiol. 2004, 42, 4349-4354. [CrossRef] [PubMed]

Kida, H; Ito, T,; Yasuda, J.; Shimizu, Y.; Itakura, C.; Shortridge, K.F,; Kawaoka, Y.; Webster, R.G. Potential for transmission of
avian influenza viruses to pigs. J. Gen. Virol. 1994, 75 Pt 9, 2183-2188. [CrossRef]

Kida, H.; Shortridge, K.F.; Webster, R.G. Origin of the hemagglutinin gene of H3N2 influenza viruses from pigs in China. Virology
1988, 162, 160-166. [CrossRef]

Peiris, ].S.; Guan, Y.; Markwell, D.; Ghose, P.; Webster, R.G.; Shortridge, K.F. Cocirculation of avian HIN2 and contemporary
“human” H3N2 influenza A viruses in pigs in southeastern China: Potential for genetic reassortment? J. Virol. 2001, 75, 9679-9686.
[CrossRef]

Pensaert, M.; Ottis, K.; Vandeputte, J.; Kaplan, M.M.; Bachmann, P.A. Evidence for the natural transmission of influenza A virus
from wild ducts to swine and its potential importance for man. Bull. World Health Organ. 1981, 59, 75-78.

Scholtissek, C.; Biirger, H.; Bachmann, P.A.; Hannoun, C. Genetic relatedness of hemagglutinins of the H1 subtype of influenza A
viruses isolated from swine and birds. Virology 1983, 129, 521-523. [CrossRef]

Schultz, U.; Fitch, W.M.; Ludwig, S.; Mandler, J.; Scholtissek, C. Evolution of pig influenza viruses. Virology 1991, 183, 61-73.
[CrossRef]

Webby, R.J.; Webster, R.G. Emergence of influenza A viruses. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2001, 356, 1817-1828.
[CrossRef]

Xu, C.; Fan, W.; Wei, R.; Zhao, H. Isolation and identification of swine influenza recombinant A /Swine/Shandong/1/2003(HIN2)
virus. Microbes Infect. 2004, 6, 919-925. [CrossRef]

Brown, I.H.; Harris, P.A.; McCauley, ].W.; Alexander, D.J. Multiple genetic reassortment of avian and human influenza A viruses
in European pigs, resulting in the emergence of an HIN2 virus of novel genotype. J. Gen. Virol. 1998, 79 Pt 12, 2947-2955.
[CrossRef]

Castrucci, M.R.; Donatelli, I.; Sidoli, L.; Barigazzi, G.; Kawaoka, Y.; Webster, R.G. Genetic reassortment between avian and human
influenza A viruses in Italian pigs. Virology 1993, 193, 503-506. [CrossRef] [PubMed]


http://doi.org/10.1038/296115a0
http://www.ncbi.nlm.nih.gov/pubmed/6174870
http://doi.org/10.1084/jem.98.1.41
http://doi.org/10.1111/nyas.12462
http://www.ncbi.nlm.nih.gov/pubmed/24891213
http://doi.org/10.1146/annurev.med.51.1.407
http://doi.org/10.1186/s13567-020-00762-4
http://doi.org/10.2307/1312814
http://doi.org/10.1128/mr.56.1.152-179.1992
http://doi.org/10.1126/science.2939560
http://www.ncbi.nlm.nih.gov/pubmed/2939560
http://doi.org/10.1007/BF00450633
http://doi.org/10.1637/0005-2086-47.s3.849
http://doi.org/10.1637/0005-2086-47.s3.1114
http://doi.org/10.1099/0022-1317-78-3-553
http://doi.org/10.1128/JVI.79.16.10821-10825.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051873
http://doi.org/10.1002/jmv.1890340410
http://doi.org/10.1128/jvi.70.11.8041-8046.1996
http://www.ncbi.nlm.nih.gov/pubmed/8892928
http://doi.org/10.1016/S0168-1702(00)00154-4
http://doi.org/10.1128/JCM.42.9.4349-4354.2004
http://www.ncbi.nlm.nih.gov/pubmed/15365042
http://doi.org/10.1099/0022-1317-75-9-2183
http://doi.org/10.1016/0042-6822(88)90405-9
http://doi.org/10.1128/JVI.75.20.9679-9686.2001
http://doi.org/10.1016/0042-6822(83)90194-0
http://doi.org/10.1016/0042-6822(91)90118-U
http://doi.org/10.1098/rstb.2001.0997
http://doi.org/10.1016/j.micinf.2004.04.015
http://doi.org/10.1099/0022-1317-79-12-2947
http://doi.org/10.1006/viro.1993.1155
http://www.ncbi.nlm.nih.gov/pubmed/8438586

Vaccines 2021, 9, 979 24 of 33

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Choi, Y.K,; Goyal, S.M.; Farnham, M.W.; Joo, H.S. Phylogenetic analysis of HIN2 isolates of influenza A virus from pigs in the
United States. Virus Res. 2002, 87, 173-179. [CrossRef]

Karasin, A.I; Carman, S.; Olsen, C.W. Identification of human HIN2 and human-swine reassortant HIN2 and HIN1 influenza A
viruses among pigs in Ontario, Canada (2003 to 2005). J. Clin. Microbiol. 2006, 44, 1123-1126. [CrossRef]

Karasin, A.I; Landgraf, J.; Swenson, S.; Erickson, G.; Goyal, S.; Woodruff, M.; Scherba, G.; Anderson, G.; Olsen, C.W. Genetic
characterization of HIN2 influenza A viruses isolated from pigs throughout the United States. J. Clin. Microbiol. 2002, 40,
1073-1079. [CrossRef]

Karasin, A.I; Olsen, C.W.; Anderson, G.A. Genetic characterization of an HIN2 influenza virus isolated from a pig in Indiana. J.
Clin. Microbiol. 2000, 38, 2453-2456. [CrossRef] [PubMed]

Lekcharoensuk, P.; Lager, K.M.; Vemulapalli, R.; Woodruff, M.; Vincent, A.L.; Richt, ].A. Novel swine influenza virus subtype
H3N1, United States. Emerg. Infect. Dis. 2006, 12, 787-794. [CrossRef]

Ma, W.; Gramer, M.; Rossow, K.; Yoon, K.J. Isolation and genetic characterization of new reassortant H3N1 swine influenza virus
from pigs in the midwestern United States. J. Virol. 2006, 80, 5092-5096. [CrossRef] [PubMed]

Olsen, C.W.; Karasin, A.L; Carman, S.; Li, Y.; Bastien, N.; Ojkic, D.; Alves, D.; Charbonneau, G.; Henning, B.M.; Low, D.E.; et al.
Triple reassortant H3N2 influenza A viruses, Canada, 2005. Emerg. Infect. Dis. 2006, 12, 1132-1135. [CrossRef] [PubMed]

Song, D.S.; Lee, J.Y.; Oh, J.S.; Lyoo, K.S.; Yoon, KJ.; Park, Y.H.; Park, B.K. Isolation of H3N2 swine influenza virus in South Korea.
J. Vet. Diagn. Investig. 2003, 15, 30-34. [CrossRef]

Webby, R.J.; Rossow, K.; Erickson, G.; Sims, Y.; Webster, R. Multiple lineages of antigenically and genetically diverse influenza A
virus co-circulate in the United States swine population. Virus Res. 2004, 103, 67-73. [CrossRef]

Webby, R.J.; Swenson, S.L.; Krauss, S.L.; Gerrish, PJ.; Goyal, S.M.; Webster, R.G. Evolution of swine H3N2 influenza viruses in the
United States. J. Virol. 2000, 74, 8243-8251. [CrossRef] [PubMed]

Zhou, N.N.; Senne, D.A.; Landgraf, ].S.; Swenson, S.L.; Erickson, G.; Rossow, K.; Liu, L.; Yoon, K.; Krauss, S.; Webster, R.G.
Genetic reassortment of avian, swine, and human influenza A viruses in American pigs. J. Virol. 1999, 73, 8851-8856. [CrossRef]
Dunham, E.J.; Dugan, V.G.; Kaser, E.K.; Perkins, S.E.; Brown, L.H.; Holmes, E.C.; Taubenberger, ].K. Different evolutionary
trajectories of European avian-like and classical swine HIN1 influenza A viruses. J. Virol. 2009, 83, 5485-5494. [CrossRef]
Smith, G.J.; Vijaykrishna, D.; Bahl, J.; Lycett, S.J.; Worobey, M.; Pybus, O.G.; Ma, S.K.; Cheung, C.L.; Raghwani, J.; Bhatt, S.; et al.
Origins and evolutionary genomics of the 2009 swine-origin HIN1 influenza A epidemic. Nature 2009, 459, 1122-1125. [CrossRef]
[PubMed]

Coady, J.H. The 1872 epizootic. |. Am. Vet. Med. Assoc. 1977, 170, 668.

Sovinova, O.; Tumova, B.; Pouska, F.; Nemec, J. Isolation of a virus causing respiratory disease in horses. Acta Virol. 1958, 2, 52-61.
Waddell, G.H.; Teigland, M.B.; Sigel, M.M. A new influenza virus associated with equine respiratory disease. J. Am. Vet. Med.
Assoc. 1963, 143, 587-590. [PubMed ]

Tian, S.F,; Buckler-White, A.J.; London, W.T.; Reck, L.J.; Chanock, R.M.; Murphy, B.R. Nucleoprotein and membrane protein
genes are associated with restriction of replication of influenza A /Mallard/NY /78 virus and its reassortants in squirrel monkey
respiratory tract. J. Virol. 1985, 53, 771-775. [CrossRef] [PubMed]

Blok, J.; Air, G.M. Variation in the membrane-insertion and “stalk” sequences in eight subtypes of influenza type A virus
neuraminidase. Biochemistry 1982, 21, 4001-4007. [CrossRef] [PubMed]

Crawford, P.C.; Dubovi, E.J.; Castleman, W.L.; Stephenson, I.; Gibbs, E.P,; Chen, L.; Smith, C.; Hill, R.C.; Ferro, P.; Pompey, J.; et al.
Transmission of equine influenza virus to dogs. Science 2005, 310, 482—485. [CrossRef] [PubMed]

Pecoraro, H.L.; Bennett, S.; Huyvaert, K.P,; Spindel, M.E.; Landolt, G.A. Epidemiology and ecology of H3N8 canine influenza
viruses in US shelter dogs. J. Vet. Intern. Med. 2014, 28, 311-318. [CrossRef] [PubMed]

Anderson, T.C.; Crawford, P.C.; Dubovi, E/J.; Gibbs, E.P.; Hernandez, ].A. Prevalence of and exposure factors for seropositivity to
HB3NS8 canine influenza virus in dogs with influenza-like illness in the United States. J. Am. Vet. Med. Assoc. 2013, 242, 209-216.
[CrossRef]

Dalziel, B.D.; Huang, K.; Geoghegan, J.L.; Arinaminpathy, N.; Dubovi, E.J.; Grenfell, B.T.; Ellner, S.P.; Holmes, E.C.; Parrish, C.R.
Contact heterogeneity, rather than transmission efficiency, limits the emergence and spread of canine influenza virus. PLoS Pathog.
2014, 10, e1004455. [CrossRef]

Hayward, J.J.; Dubovi, EJ.; Scarlett, ].M.; Janeczko, S.; Holmes, E.C.; Parrish, C.R. Microevolution of canine influenza virus in
shelters and its molecular epidemiology in the United States. . Virol. 2010, 84, 12636-12645. [CrossRef]

Murcia, PR.; Wood, J.L.; Holmes, E.C. Genome-scale evolution and phylodynamics of equine H3N8 influenza A virus. J. Virol.
2011, 85, 5312-5322. [CrossRef]

Moon, H.; Hong, M.; Kim, J.K;; Seon, B.; Na, W.; Park, S.J.; An, D.J.; Jeoung, H.Y,; Kim, D.J.; Kim, J.M.; et al. H3N2 canine
influenza virus with the matrix gene from the pandemic A /HINT1 virus: Infection dynamics in dogs and ferrets. Epidemiol. Infect.
2015, 143, 772-780. [CrossRef] [PubMed]

Song, D.; Moon, H.].; An, D.J,; Jeoung, H.Y; Kim, H.; Yeom, M.]J.; Hong, M.; Nam, J.H.; Park, S.J.; Park, B.K; et al. A novel
reassortant canine H3N1 influenza virus between pandemic HIN1 and canine H3N2 influenza viruses in Korea. . Gen. Virol.
2012, 93, 551-554. [CrossRef]

Su, S.; Cao, N.; Chen, J.; Zhao, F; Li, H.; Zhao, M.; Wang, Y.; Huang, Z.; Yuan, L.; Wang, H.; et al. Complete genome sequence of
an avian-origin H3N2 canine influenza A virus isolated in farmed dogs in southern China. J. Virol. 2012, 86, 10238. [CrossRef]


http://doi.org/10.1016/S0168-1702(02)00053-9
http://doi.org/10.1128/JCM.44.3.1123-1126.2006
http://doi.org/10.1128/JCM.40.3.1073-1079.2002
http://doi.org/10.1128/JCM.38.6.2453-2456.2000
http://www.ncbi.nlm.nih.gov/pubmed/10835031
http://doi.org/10.3201/eid1205.051060
http://doi.org/10.1128/JVI.80.10.5092-5096.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641303
http://doi.org/10.3201/eid1207.060268
http://www.ncbi.nlm.nih.gov/pubmed/16836834
http://doi.org/10.1177/104063870301500107
http://doi.org/10.1016/j.virusres.2004.02.015
http://doi.org/10.1128/JVI.74.18.8243-8251.2000
http://www.ncbi.nlm.nih.gov/pubmed/10954521
http://doi.org/10.1128/JVI.73.10.8851-8856.1999
http://doi.org/10.1128/JVI.02565-08
http://doi.org/10.1038/nature08182
http://www.ncbi.nlm.nih.gov/pubmed/19516283
http://www.ncbi.nlm.nih.gov/pubmed/14077956
http://doi.org/10.1128/jvi.53.3.771-775.1985
http://www.ncbi.nlm.nih.gov/pubmed/3973966
http://doi.org/10.1021/bi00260a015
http://www.ncbi.nlm.nih.gov/pubmed/6896994
http://doi.org/10.1126/science.1117950
http://www.ncbi.nlm.nih.gov/pubmed/16186182
http://doi.org/10.1111/jvim.12301
http://www.ncbi.nlm.nih.gov/pubmed/24467389
http://doi.org/10.2460/javma.242.2.209
http://doi.org/10.1371/journal.ppat.1004455
http://doi.org/10.1128/JVI.01350-10
http://doi.org/10.1128/JVI.02619-10
http://doi.org/10.1017/S0950268814001617
http://www.ncbi.nlm.nih.gov/pubmed/24977303
http://doi.org/10.1099/vir.0.037739-0
http://doi.org/10.1128/JVI.01601-12

Vaccines 2021, 9, 979 25 of 33

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

Jeoung, H.Y,; Lim, S.I; Shin, B.H.; Lim, J.A.; Song, ].Y.; Song, D.S.; Kang, B.K.; Moon, H.].; An, D.J. A novel canine influenza H3N2
virus isolated from cats in an animal shelter. Vet. Microbiol. 2013, 165, 281-286. [CrossRef]

Kim, H.; Song, D.; Moon, H.; Yeom, M.; Park, S.; Hong, M.; Na, W.; Webby, R.].; Webster, R.G.; Park, B.; et al. Inter- and
intraspecies transmission of canine influenza virus (H3N2) in dogs, cats, and ferrets. Influenza Other Respir. Viruses 2013, 7,
265-270. [CrossRef] [PubMed]

Lee, YN.; Lee, D.H.; Park, ].K,; Yuk, S.S.; Kwon, ].H.; Nahm, S.S.; Lee, ].B.; Park, S.Y.; Choi, L.S.; Song, C.S. Experimental infection
and natural contact exposure of ferrets with canine influenza virus (H3N2). J. Gen. Virol. 2013, 94, 293-297. [CrossRef] [PubMed]
Tong, S.; Li, Y; Rivailler, P.; Conrardy, C.; Castillo, D.A.; Chen, L.M.; Recuenco, S.; Ellison, J.A.; Davis, C.T.; York, .A.; et al. A
distinct lineage of influenza A virus from bats. Proc. Natl. Acad. Sci. USA 2012, 109, 4269-4274. [CrossRef]

Wu, Y.; Tefsen, B.; Shi, Y.; Gao, G.F. Bat-derived influenza-like viruses H17N10 and H18N11. Trends Microbiol. 2014, 22, 183-191.
[CrossRef]

Karakus, U.; Thamamongood, T.; Ciminski, K.; Ran, W.; Glinther, S.C.; Pohl, M.O.; Eletto, D.; Jeney, C.; Hoffmann, D.; Reiche, S.;
et al. MHC class II proteins mediate cross-species entry of bat influenza viruses. Nature 2019, 567, 109-112. [CrossRef]
Matrosovich, M.; Tuzikov, A.; Bovin, N.; Gambaryan, A.; Klimov, A.; Castrucci, M.R.; Donatelli, I.; Kawaoka, Y. Early alterations
of the receptor-binding properties of H1, H2, and H3 avian influenza virus hemagglutinins after their introduction into mammals.
J. Viirol. 2000, 74, 8502-8512. [CrossRef]

Naeve, C.W.; Hinshaw, V.S.; Webster, R.G. Mutations in the hemagglutinin receptor-binding site can change the biological
properties of an influenza virus. J. Virol. 1984, 51, 567-569. [CrossRef] [PubMed]

Vines, A.; Wells, K.; Matrosovich, M.; Castrucci, M.R,; Ito, T.; Kawaoka, Y. The role of influenza A virus hemagglutinin residues
226 and 228 in receptor specificity and host range restriction. J. Virol. 1998, 72, 7626-7631. [CrossRef]

Castrucci, M.R.; Kawaoka, Y. Biologic importance of neuraminidase stalk length in influenza A virus. J. Virol. 1993, 67, 759-764.
[CrossRef] [PubMed]

Dalton, R.M.; Mullin, A.E.; Amorim, M.].; Medcalf, E.; Tiley, L.S.; Digard, P. Temperature sensitive influenza A virus genome
replication results from low thermal stability of polymerase-cRNA complexes. Virol. ]. 2006, 3, 58. [CrossRef]

Hatta, M.; Kawaoka, Y. The continued pandemic threat posed by avian influenza viruses in Hong Kong. Trends Microbiol. 2002,
10, 340-344. [CrossRef]

Hiromoto, Y.; Yamazaki, Y.; Fukushima, T.; Saito, T.; Lindstrom, S.E.; Omoe, K.; Nerome, R.; Lim, W.; Sugita, S.; Nerome, K.
Evolutionary characterization of the six internal genes of H5N1 human influenza A virus. J. Gen. Virol. 2000, 81, 1293-1303.
[CrossRef] [PubMed]

Kawaoka, Y.; Krauss, S.; Webster, R.G. Avian-to-human transmission of the PB1 gene of influenza A viruses in the 1957 and 1968
pandemics. J. Virol. 1989, 63, 4603-4608. [CrossRef] [PubMed]

Li, Z.; Chen, H.; Jiao, P; Deng, G.; Tian, G.; Li, Y.; Hoffmann, E.; Webster, R.G.; Matsuoka, Y.; Yu, K. Molecular basis of replication
of duck H5N1 influenza viruses in a mammalian mouse model. J. Virol. 2005, 79, 12058-12064. [CrossRef]

Murphy, B.R.; Buckler-White, A.].; London, W.T.; Snyder, M.H. Characterization of the M protein and nucleoprotein genes of an
avian influenza A virus which are involved in host range restriction in monkeys. Vaccine 1989, 7, 557-561. [CrossRef]
Neumann, G.; Kawaoka, Y. Host range restriction and pathogenicity in the context of influenza pandemic. Emerg. Infect. Dis.
2006, 12, 881-886. [CrossRef]

Scholtissek, C.; Biirger, H.; Kistner, O.; Shortridge, K.F. The nucleoprotein as a possible major factor in determining host specificity
of influenza H3N2 viruses. Virology 1985, 147, 287-294. [CrossRef]

Snyder, M.H.; London, W.T.; Maassab, H.F.; Chanock, R.M.; Murphy, B.R. A 36 nucleotide deletion mutation in the coding region
of the NS1 gene of an influenza A virus RNA segment 8 specifies a temperature-dependent host range phenotype. Virus Res.
1990, 15, 69-83. [CrossRef]

Subbarao, E.K.; London, W.; Murphy, B.R. A single amino acid in the PB2 gene of influenza A virus is a determinant of host range.
J. Virol. 1993, 67, 1761-1764. [CrossRef] [PubMed]

Taubenberger, ].K.; Morens, D.M. 1918 Influenza: The mother of all pandemics. Emerg. Infect. Dis. 2006, 12, 15-22. [CrossRef]
Snyder, M.H.; Buckler-White, A.J.; London, W.T.; Tierney, E.L.; Murphy, B.R. The avian influenza virus nucleoprotein gene
and a specific constellation of avian and human virus polymerase genes each specify attenuation of avian-human influenza
A /Pintail /79 reassortant viruses for monkeys. J. Virol. 1987, 61, 2857-2863. [CrossRef] [PubMed]

Hatta, M.; Gao, P; Halfmann, P.; Kawaoka, Y. Molecular basis for high virulence of Hong Kong H5N1 influenza A viruses. Science
2001, 293, 1840-1842. [CrossRef]

Matrosovich, M.; Zhou, N.; Kawaoka, Y.; Webster, R. The surface glycoproteins of H5 influenza viruses isolated from humans,
chickens, and wild aquatic birds have distinguishable properties. J. Virol. 1999, 73, 1146-1155. [CrossRef]

Li, K.S.; Guan, Y.; Wang, J.; Smith, G.J.; Xu, KM.; Duan, L.; Rahardjo, A.P; Puthavathana, P.; Buranathai, C.; Nguyen, T.D.;
et al. Genesis of a highly pathogenic and potentially pandemic H5N1 influenza virus in eastern Asia. Nature 2004, 430, 209-213.
[CrossRef]

Iwasaki, A.; Pillai, P.S. Innate immunity to influenza virus infection. Nat. Rev. Immunol. 2014, 14, 315-328. [CrossRef] [PubMed]
Chen, X,; Liu, S.; Goraya, M.U.; Maarouf, M.; Huang, S.; Chen, J.L. Host Inmune Response to Influenza A Virus Infection. Front.
Immunol. 2018, 9, 320. [CrossRef] [PubMed]


http://doi.org/10.1016/j.vetmic.2013.03.021
http://doi.org/10.1111/j.1750-2659.2012.00379.x
http://www.ncbi.nlm.nih.gov/pubmed/22616918
http://doi.org/10.1099/vir.0.042473-0
http://www.ncbi.nlm.nih.gov/pubmed/23329681
http://doi.org/10.1073/pnas.1116200109
http://doi.org/10.1016/j.tim.2014.01.010
http://doi.org/10.1038/s41586-019-0955-3
http://doi.org/10.1128/JVI.74.18.8502-8512.2000
http://doi.org/10.1128/jvi.51.2.567-569.1984
http://www.ncbi.nlm.nih.gov/pubmed/6748165
http://doi.org/10.1128/JVI.72.9.7626-7631.1998
http://doi.org/10.1128/jvi.67.2.759-764.1993
http://www.ncbi.nlm.nih.gov/pubmed/8419645
http://doi.org/10.1186/1743-422X-3-58
http://doi.org/10.1016/S0966-842X(02)02388-0
http://doi.org/10.1099/0022-1317-81-5-1293
http://www.ncbi.nlm.nih.gov/pubmed/10769072
http://doi.org/10.1128/jvi.63.11.4603-4608.1989
http://www.ncbi.nlm.nih.gov/pubmed/2795713
http://doi.org/10.1128/JVI.79.18.12058-12064.2005
http://doi.org/10.1016/0264-410X(89)90283-1
http://doi.org/10.3201/eid1206.051336
http://doi.org/10.1016/0042-6822(85)90131-X
http://doi.org/10.1016/0168-1702(90)90014-3
http://doi.org/10.1128/jvi.67.4.1761-1764.1993
http://www.ncbi.nlm.nih.gov/pubmed/8445709
http://doi.org/10.3201/eid1209.05-0979
http://doi.org/10.1128/jvi.61.9.2857-2863.1987
http://www.ncbi.nlm.nih.gov/pubmed/2441080
http://doi.org/10.1126/science.1062882
http://doi.org/10.1128/JVI.73.2.1146-1155.1999
http://doi.org/10.1038/nature02746
http://doi.org/10.1038/nri3665
http://www.ncbi.nlm.nih.gov/pubmed/24762827
http://doi.org/10.3389/fimmu.2018.00320
http://www.ncbi.nlm.nih.gov/pubmed/29556226

Vaccines 2021, 9, 979 26 of 33

106.

107.

108.
109.
110.
111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Rogers, G.N,; Pritchett, T.].; Lane, ].L.; Paulson, ].C. Differential sensitivity of human, avian, and equine influenza A viruses to a
glycoprotein inhibitor of infection: Selection of receptor specific variants. Virology 1983, 131, 394-408. [CrossRef]

Van Eijk, M.; van de Lest, C.H.; Batenburg, ]J.J.; Vaandrager, A.B.; Meschi, J.; Hartshorn, K.L.; van Golde, L.M.; Haagsman, H.P.
Porcine surfactant protein D is N-glycosylated in its carbohydrate recognition domain and is assembled into differently charged
oligomers. Am. J. Respir. Cell Mol. Biol. 2002, 26, 739-747. [CrossRef] [PubMed]

Krammer, F. The human antibody response to influenza A virus infection and vaccination. Nat. Rev. Immunol. 2019, 19, 383-397.
[CrossRef]

Jung, H.E.; Lee, H.K. Host Protective Inmune Responses against Influenza A Virus Infection. Viruses 2020, 12, 504. [CrossRef]
Gomez Lorenzo, M.M.; Fenton, M.]. Inmunobiology of influenza vaccines. Chest 2013, 143, 502-510. [CrossRef]

Rajao, D.S.; Pérez, D.R. Universal Vaccines and Vaccine Platforms to Protect against Influenza Viruses in Humans and Agriculture.
Front. Microbiol. 2018, 9, 123. [CrossRef]

Ramos, I; Bernal-Rubio, D.; Durham, N.; Belicha-Villanueva, A.; Lowen, A.C,; Steel, J.; Fernandez-Sesma, A. Effects of receptor
binding specificity of avian influenza virus on the human innate immune response. J. Virol. 2011, 85, 4421-4431. [CrossRef]
[PubMed]

Doyle, TM.; Hashem, A.M.; Li, C.; Van Domselaar, G.; Larocque, L.; Wang, J.; Smith, D.; Cyr, T.; Farnsworth, A.; He, R.; et al.
Universal anti-neuraminidase antibody inhibiting all influenza A subtypes. Antivir. Res. 2013, 100, 567-574. [CrossRef] [PubMed]
Greenberg, D.P.; Robertson, C.A.; Noss, M.].; Blatter, M.M.; Biedenbender, R.; Decker, M.D. Safety and immunogenicity of a
quadrivalent inactivated influenza vaccine compared to licensed trivalent inactivated influenza vaccines in adults. Vaccine 2013,
31,770-776. [CrossRef] [PubMed]

CDC Seasonal Flu Vaccine Effectiveness Studies. Available online: https://www.cdc.gov/flu/vaccines-work/effectiveness-
studies.htm (accessed on 26 May 2021).

Wright, P.F. How do influenza vaccines work? Clin. Infect. Dis. 2004, 39, 928-929. [CrossRef] [PubMed]

Cox, M.M.; Hollister, ].R. FluBlok, a next generation influenza vaccine manufactured in insect cells. Biologicals 2009, 37, 182-189.
[CrossRef]

Osterholm, M.T.; Kelley, N.S.; Sommer, A.; Belongia, E.A. Efficacy and effectiveness of influenza vaccines: A systematic review
and meta-analysis. Lancet Infect. Dis. 2012, 12, 36—44. [CrossRef]

Mascola, J.R.; Fauci, A.S. Novel vaccine technologies for the 21st century. Nat. Rev. Immunol. 2020, 20, 87-88. [CrossRef]
Feldman, R.A.; Fuhr, R.; Smolenov, I.; Mick Ribeiro, A.; Panther, L.; Watson, M.; Senn, J.J.; Smith, M.; Almarsson, O.; Pujar, H.S.;
et al. mRNA vaccines against HION8 and H7N9 influenza viruses of pandemic potential are immunogenic and well tolerated in
healthy adults in phase 1 randomized clinical trials. Vaccine 2019, 37, 3326-3334. [CrossRef] [PubMed]

Cohen, J. Why is the flu vaccine so mediocre? Science 2017, 357, 1222-1223. [CrossRef]

Pardi, N.; Hogan, M.].; Weissman, D. Recent advances in mRNA vaccine technology. Curr. Opin. Immunol. 2020, 65, 14-20.
[CrossRef]

Bahl, K.; Senn, ].J.; Yuzhakov, O.; Bulychev, A.; Brito, L.A.; Hassett, K.J.; Laska, M.E.; Smith, M.; Almarsson, 0. Thompson, J.;
et al. Preclinical and Clinical Demonstration of Immunogenicity by mRNA Vaccines against HION8 and H7N9 Influenza Viruses.
Mol. Ther. ]. Am. Soc. Gene Ther. 2017, 25, 1316-1327. [CrossRef]

Petsch, B.; Schnee, M.; Vogel, A.B.; Lange, E.; Hoffmann, B.; Voss, D.; Schlake, T.; Thess, A.; Kallen, K.J; Stitz, L.; et al. Protective
efficacy of in vitro synthesized, specific mRNA vaccines against influenza A virus infection. Nat. Biotechnol. 2012, 30, 1210-1216.
[CrossRef]

Lutz, J.; Lazzaro, S.; Habbeddine, M.; Schmidt, K.E.; Baumhof, P.; Mui, B.L.; Tam, Y.K.; Madden, T.D.; Hope, M.].; Heidenreich,
R.; et al. Unmodified mRNA in LNPs constitutes a competitive technology for prophylactic vaccines. NP] Vaccines 2017, 2, 29.
[CrossRef]

Francis, T., Jr. On the Doctrine of Original Antigenic Sin. Proc. Am. Philos. Soc. 1960, 104, 572-578.

Ranjeva, S.; Subramanian, R.; Fang, V.J.; Leung, G.M.; Ip, D.K.M; Perera, R.; Peiris, ].5.M.; Cowling, B.].; Cobey, S. Age-specific
differences in the dynamics of protective immunity to influenza. Nat. Commun. 2019, 10, 1660. [CrossRef] [PubMed]

Arevalo, C.P; Le Sage, V.; Bolton, M.] ; Eilola, T.; Jones, ].E.; Kormuth, K.A.; Nturibi, E.; Balmaseda, A.; Gordon, A.; Lakdawala,
S.S.; et al. Original antigenic sin priming of influenza virus hemagglutinin stalk antibodies. Proc. Natl. Acad. Sci. USA 2020, 117,
17221-17227. [CrossRef]

Meade, P,; Kuan, G.; Strohmeier, S.; Maier, H.E.; Amanat, F; Balmaseda, A.; Ito, K.; Kirkpatrick, E.; Javier, A.; Gresh, L.; et al.
Influenza Virus Infection Induces a Narrow Antibody Response in Children but a Broad Recall Response in Adults. mBio 2020, 11,
e03243119. [CrossRef] [PubMed]

Rajendran, M.; Nachbagauer, R.; Ermler, M.E.; Bunduc, P.; Amanat, F; Izikson, R.; Cox, M.; Palese, P; Eichelberger, M.; Krammer,
F. Analysis of Anti-Influenza Virus Neuraminidase Antibodies in Children, Adults, and the Elderly by ELISA and Enzyme
Inhibition: Evidence for Original Antigenic Sin. mBio 2017, 8, e02281-e16. [CrossRef] [PubMed]

Mendez-Legaza, ].M.; Ortiz de Lejarazu, R.; Sanz, I. Heterotypic Neuraminidase Antibodies Against Different A(H1N1) Strains
are Elicited after Seasonal Influenza Vaccination. Vaccines 2019, 7, 30. [CrossRef] [PubMed]

Worobey, M.; Plotkin, S.; Hensley, S.E. Influenza Vaccines Delivered in Early Childhood Could Turn Antigenic Sin into Antigenic
Blessings. Cold Spring Harb. Perspect. Med. 2020, 10, a038471. [CrossRef]


http://doi.org/10.1016/0042-6822(83)90507-X
http://doi.org/10.1165/ajrcmb.26.6.4520
http://www.ncbi.nlm.nih.gov/pubmed/12034574
http://doi.org/10.1038/s41577-019-0143-6
http://doi.org/10.3390/v12050504
http://doi.org/10.1378/chest.12-1711
http://doi.org/10.3389/fmicb.2018.00123
http://doi.org/10.1128/JVI.02356-10
http://www.ncbi.nlm.nih.gov/pubmed/21345953
http://doi.org/10.1016/j.antiviral.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24091204
http://doi.org/10.1016/j.vaccine.2012.11.074
http://www.ncbi.nlm.nih.gov/pubmed/23228813
https://www.cdc.gov/flu/vaccines-work/effectiveness-studies.htm
https://www.cdc.gov/flu/vaccines-work/effectiveness-studies.htm
http://doi.org/10.1086/423003
http://www.ncbi.nlm.nih.gov/pubmed/15472841
http://doi.org/10.1016/j.biologicals.2009.02.014
http://doi.org/10.1016/S1473-3099(11)70295-X
http://doi.org/10.1038/s41577-019-0243-3
http://doi.org/10.1016/j.vaccine.2019.04.074
http://www.ncbi.nlm.nih.gov/pubmed/31079849
http://doi.org/10.1126/science.357.6357.1222
http://doi.org/10.1016/j.coi.2020.01.008
http://doi.org/10.1016/j.ymthe.2017.03.035
http://doi.org/10.1038/nbt.2436
http://doi.org/10.1038/s41541-017-0032-6
http://doi.org/10.1038/s41467-019-09652-6
http://www.ncbi.nlm.nih.gov/pubmed/30971703
http://doi.org/10.1073/pnas.1920321117
http://doi.org/10.1128/mBio.03243-19
http://www.ncbi.nlm.nih.gov/pubmed/31964741
http://doi.org/10.1128/mBio.02281-16
http://www.ncbi.nlm.nih.gov/pubmed/28325769
http://doi.org/10.3390/vaccines7010030
http://www.ncbi.nlm.nih.gov/pubmed/30871198
http://doi.org/10.1101/cshperspect.a038471

Vaccines 2021, 9, 979 27 of 33

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Lamichhane, P.P; Samarasinghe, A.E. The Role of Innate Leukocytes during Influenza Virus Infection. J. Immunol. Res. 2019, 2019,
8028725. [CrossRef]

Chang, W.C.; White, M.R.; Moyo, P.; McClear, S.; Thiel, S.; Hartshorn, K.L.; Takahashi, K. Lack of the pattern recognition molecule
mannose-binding lectin increases susceptibility to influenza A virus infection. BMIC Immunol. 2010, 11, 64. [CrossRef]

Pan, Q.; Chen, H.; Wang, E; Jeza, V.T.; Hou, W.; Zhao, Y.; Xiang, T.; Zhu, Y.; Endo, Y.; Fuyjita, T.; et al. L-ficolin binds to the
glycoproteins hemagglutinin and neuraminidase and inhibits influenza A virus infection both in vitro and in vivo. J. Innate
Immun. 2012, 4, 312-324. [CrossRef]

LeVine, A.M.; Hartshorn, K.; Elliott, J.; Whitsett, J.; Korfhagen, T. Absence of SP-A modulates innate and adaptive defense
responses to pulmonary influenza infection. Am. J. Physiol. Lung Cell Mol. Physiol. 2002, 282, L563-L572. [CrossRef]

Tripathi, S.; Tecle, T.; Verma, A.; Crouch, E.; White, M.; Hartshorn, K.L. The human cathelicidin LL-37 inhibits influenza A viruses
through a mechanism distinct from that of surfactant protein D or defensins. J. Gen. Virol. 2013, 94, 40-49. [CrossRef]
Hartshorn, K.L.; White, M.R,; Tecle, T.; Holmskov, U.; Crouch, E.C. Innate defense against influenza A virus: Activity of human
neutrophil defensins and interactions of defensins with surfactant protein D. J. Immunol. 2006, 176, 6962-6972. [CrossRef]
Salvatore, M.; Garcia-Sastre, A.; Ruchala, P; Lehrer, R.I; Chang, T.; Klotman, M.E. alpha-Defensin inhibits influenza virus
replication by cell-mediated mechanism(s). J. Infect. Dis. 2007, 196, 835-843. [CrossRef] [PubMed]

Mondal, A.; Dawson, A.R.; Potts, G.K.; Freiberger, E.C.; Baker, S.F.; Moser, L.A_; Bernard, K.A.; Coon, J.J.; Mehle, A. Influenza
virus recruits host protein kinase C to control assembly and activity of its replication machinery. Elife 2017, 6, €26910. [CrossRef]
Sieczkarski, S.B.; Brown, H.A.; Whittaker, G.R. Role of protein kinase C betall in influenza virus entry via late endosomes. J. Virol.
2003, 77, 460—469. [CrossRef] [PubMed]

Hsu, A.C.; Parsons, K.; Barr, I.; Lowther, S.; Middleton, D.; Hansbro, PM.; Wark, P.A. Critical role of constitutive type I interferon
response in bronchial epithelial cell to influenza infection. PLoS ONE 2012, 7, e32947. [CrossRef] [PubMed]

Tripathi, S.; White, M.R.; Hartshorn, K.L. The amazing innate immune response to influenza A virus infection. Innate Immun.
2015, 21, 73-98. [CrossRef] [PubMed]

Le Goffic, R.; Pothlichet, J.; Vitour, D.; Fyjita, T.; Meurs, E.; Chignard, M.; Si-Tahar, M. Cutting Edge: Influenza A virus activates
TLR3-dependent inflammatory and RIG-I-dependent antiviral responses in human lung epithelial cells. J. Immunol. 2007, 178,
3368-3372. [CrossRef]

Guillot, L.; Le Goffic, R.; Bloch, S.; Escriou, N.; Akira, S.; Chignard, M.; Si-Tahar, M. Involvement of toll-like receptor 3 in the
immune response of lung epithelial cells to double-stranded RNA and influenza A virus. J. Biol. Chem. 2005, 280, 5571-5580.
[CrossRef] [PubMed]

Koyama, S.; Ishii, K.J.; Kumar, H.; Tanimoto, T.; Coban, C.; Uematsu, S.; Kawai, T.; Akira, S. Differential role of TLR- and
RLR-signaling in the immune responses to influenza A virus infection and vaccination. J. Immunol. 2007, 179, 4711-4720.
[CrossRef]

Wu, W.; Wang, X.; Zhang, W.; Tian, L.; Booth, J.L.; Duggan, E.S.; More, S.; Liu, L.; Dozmorov, M.; Metcalf, J.P. RIG-I Signaling via
MAVS Is Dispensable for Survival in Lethal Influenza Infection. Mediat. Inflamm. 2018, 2018, 6808934. [CrossRef]

Koerner, I; Kochs, G.; Kalinke, U.; Weiss, S.; Staeheli, P. Protective role of beta interferon in host defense against influenza A virus.
J. Viirol. 2007, 81, 2025-2030. [CrossRef] [PubMed]

Xia, C.; Vijayan, M.; Pritzl, C.J.; Fuchs, S.Y.; McDermott, A.B.; Hahm, B. Hemagglutinin of Influenza A Virus Antagonizes Type I
Interferon (IFN) Responses by Inducing Degradation of Type I IFN Receptor 1. J. Virol. 2015, 90, 2403-2417. [CrossRef]

Price, G.E.; Gaszewska-Mastarlarz, A.; Moskophidis, D. The role of alpha/beta and gamma interferons in development of
immunity to influenza A virus in mice. J. Virol. 2000, 74, 3996—4003. [CrossRef]

Du, Y,; Yang, F; Wang, Q.; Xu, N.; Xie, Y.; Chen, S.; Qin, T.; Peng, D. Influenza a virus antagonizes type I and type II interferon
responses via SOCS1-dependent ubiquitination and degradation of JAK1. Virol. ]. 2020, 17, 74. [CrossRef] [PubMed]

Jewell, N.A.; Cline, T.; Mertz, S.E.; Smirnov, S.V.; Flafio, E.; Schindler, C.; Grieves, J.L.; Durbin, R.K.; Kotenko, S.V.; Durbin, J.E.
Lambda interferon is the predominant interferon induced by influenza A virus infection in vivo. J. Virol. 2010, 84, 11515-11522.
[CrossRef]

Ramos, I.; Fernandez-Sesma, A. Modulating the Innate Inmune Response to Influenza A Virus: Potential Therapeutic Use of
Anti-Inflammatory Drugs. Front. Immunol. 2015, 6, 361. [CrossRef] [PubMed]

Allen, I.C.; Scull, M.A.; Moore, C.B.; Holl, E.K.; McElvania-TeKippe, E.; Taxman, D.J.; Guthrie, E.H.; Pickles, R.J.; Ting, ].P. The
NLRP3 inflammasome mediates in vivo innate immunity to influenza A virus through recognition of viral RNA. Immunity 2009,
30, 556-565. [CrossRef]

Ichinohe, T.; Lee, HK.; Ogura, Y.; Flavell, R.; Iwasaki, A. Inflammasome recognition of influenza virus is essential for adaptive
immune responses. J. Exp. Med. 2009, 206, 79-87. [CrossRef] [PubMed]

Pothlichet, J.; Meunier, I.; Davis, B.K,; Ting, J.P.; Skamene, E.; von Messling, V.; Vidal, S.M. Type I IEN triggers RIG-I/TLR3/NLRP3-
dependent inflammasome activation in influenza A virus infected cells. PLoS Pathog. 2013, 9, €1003256. [CrossRef] [PubMed]
Van de Sandt, C.E.; Kreijtz, ].H.; Rimmelzwaan, G.F. Evasion of influenza A viruses from innate and adaptive immune responses.
Viruses 2012, 4, 1438-1476. [CrossRef] [PubMed]

Tate, M.D.; Deng, Y.M.; Jones, J.E.; Anderson, G.P.; Brooks, A.G.; Reading, P.C. Neutrophils ameliorate lung injury and the
development of severe disease during influenza infection. J. Immunol. 2009, 183, 7441-7450. [CrossRef]


http://doi.org/10.1155/2019/8028725
http://doi.org/10.1186/1471-2172-11-64
http://doi.org/10.1159/000335670
http://doi.org/10.1152/ajplung.00280.2001
http://doi.org/10.1099/vir.0.045013-0
http://doi.org/10.4049/jimmunol.176.11.6962
http://doi.org/10.1086/521027
http://www.ncbi.nlm.nih.gov/pubmed/17703413
http://doi.org/10.7554/eLife.26910
http://doi.org/10.1128/JVI.77.1.460-469.2003
http://www.ncbi.nlm.nih.gov/pubmed/12477851
http://doi.org/10.1371/journal.pone.0032947
http://www.ncbi.nlm.nih.gov/pubmed/22396801
http://doi.org/10.1177/1753425913508992
http://www.ncbi.nlm.nih.gov/pubmed/24217220
http://doi.org/10.4049/jimmunol.178.6.3368
http://doi.org/10.1074/jbc.M410592200
http://www.ncbi.nlm.nih.gov/pubmed/15579900
http://doi.org/10.4049/jimmunol.179.7.4711
http://doi.org/10.1155/2018/6808934
http://doi.org/10.1128/JVI.01718-06
http://www.ncbi.nlm.nih.gov/pubmed/17151098
http://doi.org/10.1128/JVI.02749-15
http://doi.org/10.1128/JVI.74.9.3996-4003.2000
http://doi.org/10.1186/s12985-020-01348-4
http://www.ncbi.nlm.nih.gov/pubmed/32532301
http://doi.org/10.1128/JVI.01703-09
http://doi.org/10.3389/fimmu.2015.00361
http://www.ncbi.nlm.nih.gov/pubmed/26257731
http://doi.org/10.1016/j.immuni.2009.02.005
http://doi.org/10.1084/jem.20081667
http://www.ncbi.nlm.nih.gov/pubmed/19139171
http://doi.org/10.1371/journal.ppat.1003256
http://www.ncbi.nlm.nih.gov/pubmed/23592984
http://doi.org/10.3390/v4091438
http://www.ncbi.nlm.nih.gov/pubmed/23170167
http://doi.org/10.4049/jimmunol.0902497

Vaccines 2021, 9, 979 28 of 33

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.
170.
171.
172.
173.

174.

175.

176.

177.

178.

179.

180.

181.

182.
183.

184.

185.

Zhu, L.; Liu, L.; Zhang, Y.; Pu, L.; Liu, J.; Li, X.; Chen, Z.; Hao, Y.; Wang, B.; Han, J.; et al. High Level of Neutrophil Extracellular
Traps Correlates With Poor Prognosis of Severe Influenza A Infection. J. Infect. Dis. 2018, 217, 428-437. [CrossRef]

Tang, B.M.; Shojaei, M.; Teoh, S.; Meyers, A.; Ho, J.; Ball, T.B.; Keynan, Y.; Pisipati, A.; Kumar, A.; Eisen, D.P,; et al. Neutrophils-
related host factors associated with severe disease and fatality in patients with influenza infection. Nat. Commun. 2019, 10, 3422.
[CrossRef]

Kim, T.S; Braciale, T.]. Respiratory dendritic cell subsets differ in their capacity to support the induction of virus-specific cytotoxic
CD8+ T cell responses. PLoS ONE 2009, 4, e4204. [CrossRef]

Lawrence, C.W.; Braciale, T.]. Activation, differentiation, and migration of naive virus-specific CD8+ T cells during pulmonary
influenza virus infection. J. Immunol. 2004, 173, 1209-1218. [CrossRef]

McGill, J.; Van Rooijen, N.; Legge, K.L. Protective influenza-specific CD8 T cell responses require interactions with dendritic cells
in the lungs. J. Exp. Med. 2008, 205, 1635-1646. [CrossRef] [PubMed]

Jego, G.; Palucka, A.K,; Blanck, J.P.; Chalouni, C.; Pascual, V.; Banchereau, J. Plasmacytoid dendritic cells induce plasma cell
differentiation through type I interferon and interleukin 6. Immunity 2003, 19, 225-234. [CrossRef]

Liu, Y,; Li, S.; Zhang, G.; Nie, G.; Meng, Z.; Mao, D.; Chen, C.; Chen, X.; Zhou, B.; Zeng, G. Genetic variants in IL1A and IL1B
contribute to the susceptibility to 2009 pandemic HIN1 influenza A virus. BMC Immunol. 2013, 14, 37. [CrossRef] [PubMed]
Kreijtz, ]. H.; Fouchier, R.A.; Rimmelzwaan, G.F. Immune responses to influenza virus infection. Virus Res. 2011, 162, 19-30.
[CrossRef]

Wilkinson, TM.; Li, CK.; Chui, C.S.; Huang, A K,; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, A.; Oxford, J.;
Nicholas, B.; et al. Preexisting influenza-specific CD4+ T cells correlate with disease protection against influenza challenge in
humans. Nat. Med. 2012, 18, 274-280. [CrossRef] [PubMed]

Mosmann, T.R.; Cherwinski, H.; Bond, M.W.; Giedlin, M.A.; Coffman, R.L. Two types of murine helper T cell clone. I. Definition
according to profiles of lymphokine activities and secreted proteins. J. Immunol. 1986, 136, 2348-2357.

Annunziato, F.; Romagnani, C.; Romagnani, S. The 3 major types of innate and adaptive cell-mediated effector immunity. |
Allergy Clin. Immunol. 2015, 135, 626-635. [CrossRef] [PubMed]

Pape, K.A.; Khoruts, A.; Mondino, A.; Jenkins, M.K. Inflammatory cytokines enhance the in vivo clonal expansion and differenti-
ation of antigen-activated CD4+ T cells. J. Immunol. 1997, 159, 591-598. [PubMed]

Spellberg, B.; Edwards, ].E. Type 1/Type 2 immunity in infectious diseases. Clin. Infect. Dis. 2001, 32, 76-102. [CrossRef]

Chen, K;; Kolls, J.K. T cell-mediated host immune defenses in the lung. Annu. Rev. Immunol. 2013, 31, 605-633. [CrossRef]
Pipkin, M.E,; Sacks, J.A.; Cruz-Guilloty, F,; Lichtenheld, M.G.; Bevan, M.].; Rao, A. Interleukin-2 and inflammation induce distinct
transcriptional programs that promote the differentiation of effector cytolytic T cells. Immunity 2010, 32, 79-90. [CrossRef]
Magram, J.; Connaughton, S.E.; Warrier, R.R.; Carvajal, D.M.; Wu, C.Y,; Ferrante, J.; Stewart, C.; Sarmiento, U.; Faherty, D.A;
Gately, M.K. IL-12-deficient mice are defective in IFN gamma production and type 1 cytokine responses. Immunity 1996, 4,
471-481. [CrossRef]

Hoft, D.F,; Lottenbach, K.R.; Blazevic, A.; Turan, A.; Blevins, T.P; Pacatte, T.P;; Yu, Y.; Mitchell, M.C.; Hoft, S.G.; Belshe, R.B.
Comparisons of the Humoral and Cellular Inmune Responses Induced by Live Attenuated Influenza Vaccine and Inactivated
Influenza Vaccine in Adults. Clin. Vaccine Immunol. 2017, 24, €00414116. [CrossRef]

Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; Deeks, ].J.; Lalvani, A.
Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 2013, 19, 1305-1312. [CrossRef]
Garcon, N.M.; Groothuis, J.; Brown, S.; Lauer, B.; Pietrobon, P,; Six, H.R. Serum IgG subclass antibody responses in children
vaccinated with influenza virus antigens by live attenuated or inactivated vaccines. Antivir. Res. 1990, 14, 109-116. [CrossRef]
Altenburg, A.F.; Rimmelzwaan, G.F,; de Vries, R.D. Virus-specific T cells as correlate of (cross-)protective immunity against
influenza. Vaccine 2015, 33, 500-506. [CrossRef] [PubMed]

Grant, E.J.; Josephs, TM.; Loh, L.; Clemens, E.B.; Sant, S.; Bharadwaj, M.; Chen, W.; Rossjohn, J.; Gras, S.; Kedzierska, K. Broad
CDS8. Nat. Commun. 2018, 9, 5427. [CrossRef]

Wohlbold, T.J.; Nachbagauer, R.; Xu, H.; Tan, G.S.; Hirsh, A.; Brokstad, K.A.; Cox, R.J.; Palese, P.; Krammer, F. Vaccination with
adjuvanted recombinant neuraminidase induces broad heterologous, but not heterosubtypic, cross-protection against influenza
virus infection in mice. mBio 2015, 6, €02556. [CrossRef] [PubMed]

Van der Velden, M.V,; Aichinger, G.; Pollabauer, E.M.; Low-Baselli, A.; Fritsch, S.; Benamara, K.; Kistner, O.; Miiller, M.; Zeitlinger,
M.; Kollaritsch, H.; et al. Cell culture (Vero cell) derived whole-virus non-adjuvanted H5N1 influenza vaccine induces long-lasting
cross-reactive memory immune response: Homologous or heterologous booster response following two dose or single dose
priming. Vaccine 2012, 30, 6127-6135. [CrossRef]

Treanor, J.J. Clinical Practice. Influenza Vaccination. N. Engl. |. Med. 2016, 375, 1261-1268. [CrossRef] [PubMed]

Bulut, O; Kilic, G.; Dominguez-Andrés, J.; Netea, M.G. Overcoming immune dysfunction in the elderly: Trained immunity as a
novel approach. Int. Immunol. 2020, 32, 741-753. [CrossRef] [PubMed]

Netea, M.G.; van der Meer, ] W. Trained immunity: An ancient way of remembering. Cell Host Microbe 2017, 21, 297-300.
[CrossRef]

Netea, M.G,; Joosten, L.A_; Latz, E.; Mills, K.H.; Natoli, G.; Stunnenberg, H.G.; O’Neill, L.A.; Xavier, R.J. Trained immunity: A
program of innate immune memory in health and disease. Science 2016, 352, aaf1098. [CrossRef] [PubMed]


http://doi.org/10.1093/infdis/jix475
http://doi.org/10.1038/s41467-019-11249-y
http://doi.org/10.1371/journal.pone.0004204
http://doi.org/10.4049/jimmunol.173.2.1209
http://doi.org/10.1084/jem.20080314
http://www.ncbi.nlm.nih.gov/pubmed/18591411
http://doi.org/10.1016/S1074-7613(03)00208-5
http://doi.org/10.1186/1471-2172-14-37
http://www.ncbi.nlm.nih.gov/pubmed/23927441
http://doi.org/10.1016/j.virusres.2011.09.022
http://doi.org/10.1038/nm.2612
http://www.ncbi.nlm.nih.gov/pubmed/22286307
http://doi.org/10.1016/j.jaci.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25528359
http://www.ncbi.nlm.nih.gov/pubmed/9218573
http://doi.org/10.1086/317537
http://doi.org/10.1146/annurev-immunol-032712-100019
http://doi.org/10.1016/j.immuni.2009.11.012
http://doi.org/10.1016/S1074-7613(00)80413-6
http://doi.org/10.1128/CVI.00414-16
http://doi.org/10.1038/nm.3350
http://doi.org/10.1016/0166-3542(90)90048-C
http://doi.org/10.1016/j.vaccine.2014.11.054
http://www.ncbi.nlm.nih.gov/pubmed/25498210
http://doi.org/10.1038/s41467-018-07815-5
http://doi.org/10.1128/mBio.02556-14
http://www.ncbi.nlm.nih.gov/pubmed/25759506
http://doi.org/10.1016/j.vaccine.2012.07.077
http://doi.org/10.1056/NEJMcp1512870
http://www.ncbi.nlm.nih.gov/pubmed/27682035
http://doi.org/10.1093/intimm/dxaa052
http://www.ncbi.nlm.nih.gov/pubmed/32766848
http://doi.org/10.1016/j.chom.2017.02.003
http://doi.org/10.1126/science.aaf1098
http://www.ncbi.nlm.nih.gov/pubmed/27102489

Vaccines 2021, 9, 979 29 of 33

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.
209.

Netea, M.; Giamarellos-Bourboulis, E.; Dominguez-Andrés, J.; Curtis, N.; van Crevel, R.; van de Veerdonk, F; Bonten, M. Trained
immunity: A tool for reducing susceptibility and severity of SARS-CoV-2 infection. Cell 2020, 181, 969-977. [CrossRef] [PubMed]
Netea, M.G.; Dominguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.; van der Meer, ] W.;
Mhlanga, M.M.; Mulder, W.]. Defining trained immunity and its role in health and disease. Nat. Rev. Immunol. 2020, 20, 375-388.
[CrossRef] [PubMed]

Ciarlo, E.; Heinonen, T.; Théroude, C.; Asgari, F.; Le Roy, D.; Netea, M.G.; Roger, T. Trained Immunity Confers Broad-Spectrum
Protection Against Bacterial Infections. J. Infect. Dis. 2020, 222, 1869-1881. [CrossRef]

Mourits, V.P.; Koeken, V.A.; De Bree, L.C.].; Moorlag, S.J.; Chu, W.C.; Xu, X,; Dijkstra, H.; Lemmers, H.; Joosten, L.A.; Wang, Y.
BCG-Induced Trained Immunity in Healthy Individuals: The Effect of Plasma Muramyl Dipeptide Concentrations. J. Immunol.
Res. 2020, 2020, 5812743. [CrossRef] [PubMed]

Tran, K,; Downey, J.; Divangahi, M. Cross-Protection of BCG Vaccination in Influenza Infection: Trained Adaptive Immunity? In
D34. Infections and the Immune Response; American Thoracic Society: New York, NY, USA, 2020; p. 6531.

Mukherjee, S.; Subramaniam, R.; Chen, H.; Smith, A.; Keshava, S.; Shams, H. Boosting efferocytosis in alveolar space using BCG
vaccine to protect host against influenza pneumonia. PLoS ONE 2017, 12, e0180143. [CrossRef]

De Bree, L.C.].; Marijnissen, R.J.; Kel, ]. M.; Rosendahl Huber, S.K.; Aaby, P.; Benn, C.S.; Wijnands, M.V.; Diavatopoulos, D.A.;
van Crevel, R.; Joosten, L.A. Bacillus calmette—guérin-induced Trained immunity is not Protective for experimental influenza
a/anhui/1/2013 (h7n9) infection in Mice. Front. Immunol. 2018, 9, 869. [CrossRef]

Fink, G.; Orlova-Fink, N.; Schindler, T.; Grisi, S.; Ferrer, A.P.S.; Daubenberger, C.; Brentani, A. Inactivated trivalent influenza
vaccination is associated with lower mortality among patients with COVID-19 in Brazil. BM] Evid.-Based Med. 2020, 26, 192-193.
[CrossRef]

Debisarun, P.A.; Struycken, P.; Dominguez-Andrés, J.; Moorlag, S.J.; Taks, E.; Gossling, K.L.; Ostermann, P.N.; Miiller, L.;
Schaal, H.; Ten Oever, ]J. The Effect of Influenza Vaccination on Trained Immunity: Impact on COVID-19. Available online:
https:/ /www.medrxiv.org/content/10.1101/2020.10.14.20212498v1.full. pdf+html (accessed on 29 August 2021).

Conlon, A.; Ashur, C.; Washer, L.; Eagle, K.A.; Bowman, M.A.H. Impact of the Influenza Vaccine on COVID-19 Infection Rates
and Severity. Am. J. Infect. Control 2021, 49, 694-700. [CrossRef]

Dou, Y,; Fu, B.; Sun, R,; Li, W.; Hu, W.; Tian, Z.; Wei, H. Influenza vaccine induces intracellular immune memory of human NK
cells. PLoS ONE 2015, 10, e0121258. [CrossRef] [PubMed]

Lee, Y].; Lee, ].Y; Jang, Y.H.; Seo, S.-U.; Chang, J.; Seong, B.L. Non-specific effect of vaccines: Immediate protection against
respiratory syncytial virus infection by a live attenuated influenza vaccine. Front. Microbiol. 2018, 9, 83. [CrossRef]
Sédnchez-Ramon, S.; Conejero, L.; Netea, M.G.; Sancho, D.; Palomares, O.; Subiza, J.L. Trained Immunity-Based Vaccines: A
New Paradigm for the Development of Broad-Spectrum Anti-infectious Formulations. Front. Immunol. 2018, 9, 2936. [CrossRef]
[PubMed]

Guevara-Hoyer, K.; Saz-Leal, P.; Diez-Rivero, C.M.; Ochoa-Grullén, ].; Ferndndez-Arquero, M.; Pérez de Diego, R.; Sanchez-
Ramoén, S. Trained Immunity Based-Vaccines as a Prophylactic Strategy in Common Variable Immunodeficiency. A Proof of
Concept Study. Biomedicines 2020, 8, 203. [CrossRef] [PubMed]

Poehling, K.A.; Edwards, K.M.; Weinberg, G.A.; Szilagyi, P.; Staat, M.A.; Iwane, M.K; Bridges, C.B.; Grijalva, C.G.; Zhu, Y.;
Bernstein, D.I.; et al. The underrecognized burden of influenza in young children. N. Engl. J. Med. 2006, 355, 31-40. [CrossRef]
Simon, A.K.; Hollander, G.A.; McMichael, A. Evolution of the immune system in humans from infancy to old age. Proc. Biol. Sci.
2015, 282, 20143085. [CrossRef]

Kelvin, A.A.; Zambon, M. Influenza imprinting in childhood and the influence on vaccine response later in life. Eurosurveillance
2019, 24, 1900720. [CrossRef] [PubMed]

National Advisory Committee on Immunization. Canadian Immunization Guide Chapter on Influenza and Statement on Seasonal
Influenza Vaccine for 2020-21; Public Health Agency of Canada: Ottawa, ON, Canada, 2020.

Belshe, R.B.; Edwards, K.M.; Vesikari, T.; Black, 5.V.; Walker, R.E.; Hultquist, M.; Kemble, G.; Connor, E.M.; CAIV-T Comparative
Efficacy Study Group. Live attenuated versus inactivated influenza vaccine in infants and young children. N. Engl. ]. Med. 2007,
356, 685-696. [CrossRef]

Jefferson, T.; Rivetti, A.; Di Pietrantonj, C.; Demicheli, V. Vaccines for preventing influenza in healthy children. Cochrane Database
Syst. Rev. 2018, 2, CD004879. [CrossRef]

Tisa, V.; Barberis, I.; Faccio, V.; Paganino, C.; Trucchi, C.; Martini, M.; Ansaldi, F. Quadrivalent influenza vaccine: A new
opportunity to reduce the influenza burden. J. Prev. Med. Hyg. 2016, 57, E28-E33.

Pepin, S.; Dupuy, M.; Borja-Tabora, C.F.C.; Montellano, M.; Bravo, L.; Santos, J.; de Castro, J.A.; Rivera-Medina, D.M.; Cutland, C,;
Ariza, M; et al. Efficacy, immunogenicity, and safety of a quadrivalent inactivated influenza vaccine in children aged 6-35months:
A multi-season randomised placebo-controlled trial in the Northern and Southern Hemispheres. Vaccine 2019, 37, 1876-1884.
[CrossRef]

Tregoning, ].S.; Russell, R.F.; Kinnear, E. Adjuvanted influenza vaccines. Hum. Vaccines Immunother. 2018, 14, 550-564. [CrossRef]
Patel, M.M.; Davis, W.; Beacham, L.; Spencer, S.; Campbell, A.P; Lafond, K.; Rolfes, M.; Levine, M.Z.; Azziz-Baumgartner,
E.; Thompson, M.G; et al. Priming with MF59 adjuvanted versus nonadjuvanted seasonal influenza vaccines in children—A
systematic review and a meta-analysis. Vaccine 2020, 38, 608-619. [CrossRef]


http://doi.org/10.1016/j.cell.2020.04.042
http://www.ncbi.nlm.nih.gov/pubmed/32437659
http://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
http://doi.org/10.1093/infdis/jiz692
http://doi.org/10.1155/2020/5812743
http://www.ncbi.nlm.nih.gov/pubmed/32626788
http://doi.org/10.1371/journal.pone.0180143
http://doi.org/10.3389/fimmu.2018.00869
http://doi.org/10.1136/bmjebm-2020-111549
https://www.medrxiv.org/content/10.1101/2020.10.14.20212498v1.full.pdf+html
http://doi.org/10.1016/j.ajic.2021.02.012
http://doi.org/10.1371/journal.pone.0121258
http://www.ncbi.nlm.nih.gov/pubmed/25781472
http://doi.org/10.3389/fmicb.2018.00083
http://doi.org/10.3389/fimmu.2018.02936
http://www.ncbi.nlm.nih.gov/pubmed/30619296
http://doi.org/10.3390/biomedicines8070203
http://www.ncbi.nlm.nih.gov/pubmed/32660100
http://doi.org/10.1056/NEJMoa054869
http://doi.org/10.1098/rspb.2014.3085
http://doi.org/10.2807/1560-7917.ES.2019.24.48.1900720
http://www.ncbi.nlm.nih.gov/pubmed/31796156
http://doi.org/10.1056/NEJMoa065368
http://doi.org/10.1002/14651858.CD004879.pub5
http://doi.org/10.1016/j.vaccine.2018.11.074
http://doi.org/10.1080/21645515.2017.1415684
http://doi.org/10.1016/j.vaccine.2019.10.053

Vaccines 2021, 9, 979 30 of 33

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Vesikari, T.; Kirstein, J.; Devota Go, G.; Leav, B.; Ruzycky, M.E.; Isakov, L.; de Bruijn, M.; Oberye, J.; Heijnen, E. Efficacy,
immunogenicity, and safety evaluation of an MF59-adjuvanted quadrivalent influenza virus vaccine compared with non-
adjuvanted influenza vaccine in children: A multicentre, randomised controlled, observer-blinded, phase 3 trial. Lancet Respir.
Med. 2018, 6, 345-356. [CrossRef]

Patel, S.S.; Bizjajeva, S.; Lindert, K.; Heijnen, E.; Oberye, ]. Cumulative clinical experience with MF59-adjuvanted trivalent
seasonal influenza vaccine in young children. Int. J. Infect Dis. 2019, 855, S26-S38. [CrossRef]

Jarvis, J.R.; Dorey, R.B.; Warricker, ED.M.; Alwan, N.A ; Jones, C.E. The effectiveness of influenza vaccination in pregnancy in
relation to child health outcomes: Systematic review and meta-analysis. Vaccine 2020, 38, 1601-1613. [CrossRef] [PubMed]
Mazagatos, C.; Godoy, P.; Munoz Almagro, C.; Pozo, F,; Larrauri, A.; IVE in Pregnant Women Working Group. Effectiveness of
influenza vaccination during pregnancy to prevent severe infection in children under 6 months of age, Spain, 2017-2019. Vaccine
2020, 38, 8405-8410. [CrossRef]

Katz, J.; Englund, J.A.; Steinhoff, M.C.; Khatry, S.K.; Shrestha, L.; Kuypers, J.; Mullany, L.C.; Chu, H.Y.; LeClerq, S.C.; Kozuki, N,;
et al. Impact of Timing of Influenza Vaccination in Pregnancy on Transplacental Antibody Transfer, Influenza Incidence, and
Birth Outcomes: A Randomized Trial in Rural Nepal. Clin. Infect Dis. 2018, 67, 334-340. [CrossRef]

Iuliano, A.D.; Roguski, K.M.; Chang, H.H.; Muscatello, D.J.; Palekar, R.; Tempia, S.; Cohen, C.; Gran, ].M.; Schanzer, D.; Cowling,
B.J.; et al. Estimates of global seasonal influenza-associated respiratory mortality: A modelling study. Lancet 2018, 391, 1285-1300.
[CrossRef]

Goodwin, K.; Viboud, C.; Simonsen, L. Antibody response to influenza vaccination in the elderly: A quantitative review. Vaccine
2006, 24, 1159-1169. [CrossRef] [PubMed]

Allen, ].C.; Toapanta, ER.; Chen, W.; Tennant, S.M. Understanding immunosenescence and its impact on vaccination of older
adults. Vaccine 2020, 38, 8264-8272. [CrossRef]

Kissin, E.; Tomasi, M.; McCartney-Francis, N.; Gibbs, C.L.; Smith, P.D. Age-related decline in murine macrophage production of
nitric oxide. J. Infect. Dis. 1997, 175, 1004-1007. [CrossRef] [PubMed]

Hearps, A.C.; Martin, G.E.; Angelovich, T.A.; Cheng, W.J.; Maisa, A.; Landay, A.L.; Jaworowski, A.; Crowe, SM. Aging is
associated with chronic innate immune activation and dysregulation of monocyte phenotype and function. Aging Cell 2012, 11,
867-875. [CrossRef]

Simell, B.; Vuorela, A.; Ekstrom, N.; Palmu, A.; Reunanen, A.; Meri, S.; Kayhty, H.; Vakevainen, M. Aging reduces the functionality
of anti-pneumococcal antibodies and the killing of Streptococcus pneumoniae by neutrophil phagocytosis. Vaccine 2011, 29,
1929-1934. [CrossRef] [PubMed]

Le Garff-Tavernier, M.; Béziat, V.; Decocq, J.; Siguret, V.; Gandjbakhch, F,; Pautas, E.; Debré, P.; Merle-Beral, H.; Vieillard, V.
Human NK cells display major phenotypic and functional changes over the life span. Aging Cell 2010, 9, 527-535. [CrossRef]
[PubMed]

Agrawal, A.; Agrawal, S.; Gupta, S. Role of Dendritic Cells in Inflammation and Loss of Tolerance in the Elderly. Front. Immunol.
2017, 8, 896. [CrossRef] [PubMed]

Panda, A.; Qian, F.; Mohanty, S.; van Duin, D.; Newman, FK.; Zhang, L.; Chen, S.; Towle, V.; Belshe, R.B.; Fikrig, E.; et al.
Age-associated decrease in TLR function in primary human dendritic cells predicts influenza vaccine response. J. Immunol. 2010,
184, 2518-2527. [CrossRef] [PubMed]

Aspinall, R.; Andrew, D. Thymic involution in aging. J. Clin. Immunol. 2000, 20, 250-256. [CrossRef] [PubMed]

Chinn, LK; Blackburn, C.C.; Manley, N.R.; Sempowski, G.D. Changes in primary lymphoid organs with aging. Semin. Immunol.
2012, 24, 309-320. [CrossRef]

Crotty, S.; Ahmed, R. Immunological memory in humans. Semin. Immunol. 2004, 16, 197-203. [CrossRef]

Frasca, D.; Landin, A.M.; Lechner, S.C.; Ryan, ].G.; Schwartz, R.; Riley, R.L.; Blomberg, B.B. Aging down-regulates the transcription
factor E2A, activation-induced cytidine deaminase, and Ig class switch in human B cells. J. Immunol. 2008, 180, 5283-5290.
[CrossRef]

Jiang, N.; He, ].; Weinstein, J.A.; Penland, L.; Sasaki, S.; He, X.S.; Dekker, C.L.; Zheng, N.Y.; Huang, M.; Sullivan, M.; et al. Lineage
structure of the human antibody repertoire in response to influenza vaccination. Sci. Transl. Med. 2013, 5, 171ral9. [CrossRef]
[PubMed]

Palma, P; Rinaldi, S.; Cotugno, N.; Santilli, V.; Pahwa, S.; Rossi, P.; Cagigi, A. Premature B-cell senescence as a consequence of
chronic immune activation. Hum. Vaccines Immunother. 2014, 10, 2083-2088. [CrossRef]

Herndler-Brandstetter, D.; Landgraf, K.; Tzankov, A.; Jenewein, B.; Brunauer, R.; Laschober, G.T.; Parson, W.; Kloss, F.; Gassner,
R.; Lepperdinger, G.; et al. The impact of aging on memory T cell phenotype and function in the human bone marrow. J. Leukoc.
Biol. 2012, 91, 197-205. [CrossRef] [PubMed]

Kovaiou, R.D.; Grubeck-Loebenstein, B. Age-associated changes within CD4+ T cells. Iimmmunol. Lett. 2006, 107, 8-14. [CrossRef]
[PubMed]

Sage, P.T.; Tan, C.L.; Freeman, G.J.; Haigis, M.; Sharpe, A.H. Defective TFH Cell Function and Increased TFR Cells Contribute to
Defective Antibody Production in Aging. Cell Rep. 2015, 12, 163-171. [CrossRef] [PubMed]

Scheuring, U.J.; Sabzevari, H.; Theofilopoulos, A.N. Proliferative arrest and cell cycle regulation in CD8(+)CD28(-) versus
CD8(+)CD28(+) T cells. Hum. Immunol. 2002, 63, 1000-1009. [CrossRef]


http://doi.org/10.1016/S2213-2600(18)30108-5
http://doi.org/10.1016/j.ijid.2019.05.009
http://doi.org/10.1016/j.vaccine.2019.12.056
http://www.ncbi.nlm.nih.gov/pubmed/31932138
http://doi.org/10.1016/j.vaccine.2020.07.014
http://doi.org/10.1093/cid/ciy090
http://doi.org/10.1016/S0140-6736(17)33293-2
http://doi.org/10.1016/j.vaccine.2005.08.105
http://www.ncbi.nlm.nih.gov/pubmed/16213065
http://doi.org/10.1016/j.vaccine.2020.11.002
http://doi.org/10.1086/513959
http://www.ncbi.nlm.nih.gov/pubmed/9086170
http://doi.org/10.1111/j.1474-9726.2012.00851.x
http://doi.org/10.1016/j.vaccine.2010.12.121
http://www.ncbi.nlm.nih.gov/pubmed/21236231
http://doi.org/10.1111/j.1474-9726.2010.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/20477761
http://doi.org/10.3389/fimmu.2017.00896
http://www.ncbi.nlm.nih.gov/pubmed/28798751
http://doi.org/10.4049/jimmunol.0901022
http://www.ncbi.nlm.nih.gov/pubmed/20100933
http://doi.org/10.1023/A:1006611518223
http://www.ncbi.nlm.nih.gov/pubmed/10939712
http://doi.org/10.1016/j.smim.2012.04.005
http://doi.org/10.1016/j.smim.2004.02.008
http://doi.org/10.4049/jimmunol.180.8.5283
http://doi.org/10.1126/scitranslmed.3004794
http://www.ncbi.nlm.nih.gov/pubmed/23390249
http://doi.org/10.4161/hv.28698
http://doi.org/10.1189/jlb.0611299
http://www.ncbi.nlm.nih.gov/pubmed/22013229
http://doi.org/10.1016/j.imlet.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16949678
http://doi.org/10.1016/j.celrep.2015.06.015
http://www.ncbi.nlm.nih.gov/pubmed/26146074
http://doi.org/10.1016/S0198-8859(02)00683-3

Vaccines 2021, 9, 979 31 of 33

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Henry, C.; Zheng, N.Y.; Huang, M.; Cabanov, A.; Rojas, K.T.; Kaur, K.; Andrews, S.F,; Palm, A.E.; Chen, Y.Q.; Li, Y;; et al. Influenza
Virus Vaccination Elicits Poorly Adapted B Cell Responses in Elderly Individuals. Cell Host Microbe 2019, 25, 357-366. [CrossRef]
Young, B.; Zhao, X.; Cook, A.R.; Parry, C.M.; Wilder-Smith, A.; I-Cheng, M.C. Do antibody responses to the influenza vaccine
persist year-round in the elderly? A systematic review and meta-analysis. Vaccine 2017, 35, 212-221. [CrossRef]

Castilla, J.; Martinez-Baz, 1.; Martinez-Artola, V.; Reina, G.; Pozo, E; Garcia Cenoz, M.; Guevara, M.; Moran, J.; Irisarri, E; Arriazu,
M.; et al. Decline in influenza vaccine effectiveness with time after vaccination, Navarre, Spain, season 2011/12. Euro Surveill.
2013, 18, 20388. [CrossRef]

Kang, I.; Hong, M.S.; Nolasco, H.; Park, S.H.; Dan, ].M.; Choi, ].Y.; Craft, ]. Age-associated change in the frequency of memory
CD4+ T cells impairs long term CD4+ T cell responses to influenza vaccine. J. Immunol. 2004, 173, 673-681. [CrossRef]
Agarwal, D.; Schmader, K.E.; Kossenkov, A.V,; Doyle, S.; Kurupati, R.; Ertl, H.C.J. Inmune response to influenza vaccination in
the elderly is altered by chronic medication use. Immun. Ageing 2018, 15, 19. [CrossRef]

Memoli, M.J.; Athota, R.; Reed, S.; Czajkowski, L.; Bristol, T.; Proudfoot, K.; Hagey, R.; Voell, J.; Fiorentino, C.; Ademposi, A.; et al.
The natural history of influenza infection in the severely immunocompromised vs nonimmunocompromised hosts. Clin. Infect.
Dis. 2014, 58, 214-224. [CrossRef]

Caldera, F.; Mercer, M.; Samson, S.I; Pitt, ] M.; Hayney, M.S. Influenza vaccination in immunocompromised populations:
Strategies to improve immunogenicity. Vaccine 2021, 39 (Suppl. 1), A15-A23. [CrossRef]

Struijk, G.H.; Lammers, A.J.; Brinkman, R.J.; Lombarts, M.].; van Vugt, M.; van der Pant, K.A.; Ten Berge, 1.].; Bemelman, F].
Immunization after renal transplantation: Current clinical practice. Transpl. Infect. Dis. 2015, 17, 192-200. [CrossRef] [PubMed]
Ariza-Heredia, E.J.; Gulbis, A.M.; Stolar, K.R.; Kebriaei, P.; Shah, D.P.; McConn, K.K.; Champlin, R.E.; Chemaly, R.F. Vaccination
guidelines after hematopoietic stem cell transplantation: Practitioners” knowledge, attitudes, and gap between guidelines and
clinical practice. Transpl. Infect. Dis. 2014, 16, 878-886. [CrossRef] [PubMed]

Monier, A.; Puyade, M.; Hernanz, M.P.G.; Bouchaert, P; Leleu, X.; Tourani, ].M.; Roblot, F.; Rammaert, B. Observational study of
vaccination in cancer patients: How can vaccine coverage be improved? Med. Mal. Infect. 2020, 50, 263-268. [CrossRef]
Loulergue, P.; Mir, O.; Alexandre, J.; Ropert, S.; Goldwasser, F.; Launay, O. Low influenza vaccination rate among patients
receiving chemotherapy for cancer. Ann. Oncol. 2008, 19, 1658. [CrossRef] [PubMed]

Collins, J.P.; Campbell, A.P.; Openo, K.; Farley, M.M.; Cummings, C.N.; Hill, M.; Schaffner, W.; Lindegren, M.L.; Thomas, A.;
Billing, L.; et al. Outcomes of Immunocompromised Adults Hospitalized With Laboratory-confirmed Influenza in the United
States, 2011-2015. Clin. Infect. Dis. 2020, 70, 2121-2130. [CrossRef]

Hughes, K.; Middleton, D.B.; Nowalk, M.P.; Balasubramani, G.K.; Martin, E.T.; Gaglani, M.; Talbot, H.K.; Patel, M.M.; Ferdinands,
J.M.; Zimmerman, R.K,; et al. Effectiveness of Influenza Vaccine for Preventing Laboratory-Confirmed Influenza Hospitalizations
in Immunocompromised Adults. Clin. Infect. Dis. 2021, 72, ciaal927. [CrossRef] [PubMed]

L'Huillier, A.G,; Ferreira, V.H.; Hirzel, C.; Nellimarla, S.; Ku, T.; Natori, Y.; Humar, A.; Kumar, D. T-cell responses following
Natural Influenza Infection or Vaccination in Solid Organ Transplant Recipients. Sci. Rep. 2020, 10, 10104. [CrossRef]

Hirzel, C.; Chruscinski, A.; Ferreira, V.H.; L'Huillier, A.G.; Natori, Y.; Han, S.H.; Cordero, E.; Humar, A.; Kumar, D.; Influenza
in Transplant Study Group. Natural influenza infection produces a greater diversity of humoral responses than vaccination in
immunosuppressed transplant recipients. Am. J. Transpl. 2021, 21, 2709-2718. [CrossRef]

Cordero, E.; Roca-Oporto, C.; Bulnes-Ramos, A.; Aydillo, T.; Gavalda, J.; Moreno, A.; Torre-Cisneros, J.; Montejo, ].M.; Fortun, J.;
Murioz, P; et al. Two Doses of Inactivated Influenza Vaccine Improve Immune Response in Solid Organ Transplant Recipients:
Results of TRANSGRIPE 1-2, a Randomized Controlled Clinical Trial. Clin. Infect. Dis. 2017, 64, 829-838. [CrossRef] [PubMed]
Natori, Y.; Shiotsuka, M.; Slomovic, J.; Hoschler, K.; Ferreira, V.; Ashton, P; Rotstein, C.; Lilly, L.; Schiff, J.; Singer, L.; et al. A
Double-Blind, Randomized Trial of High-Dose vs Standard-Dose Influenza Vaccine in Adult Solid-Organ Transplant Recipients.
Clin. Infect. Dis. 2018, 66, 1698-1704. [CrossRef] [PubMed]

Cowan, M.; Chon, WJ.; Desai, A.; Andrews, S.; Bai, Y.; Veguilla, V.; Katz, ].M.; Josephson, M.A.; Wilson, P.C.; Sciammas, R.;
et al. Impact of immunosuppression on recall immune responses to influenza vaccination in stable renal transplant recipients.
Transplantation 2014, 97, 846-853. [CrossRef]

Gangappa, S.; Wrammert, J.; Wang, D.; Li, Z.N.; Liepkalns, ].S.; Cao, W.; Chen, ].; Levine, M.Z,; Stevens, J.; Sambhara, S.; et al.
Kinetics of antibody response to influenza vaccination in renal transplant recipients. Transpl. Immunol. 2019, 53, 51-60. [CrossRef]
[PubMed]

Green, W.D.; Beck, M. A. Obesity Impairs the Adaptive Inmune Response to Influenza Virus. Ann. Am. Thorac. Soc. 2017, 14,
S406-5409. [CrossRef]

Milner, ].J.; Rebeles, J.; Dhungana, S.; Stewart, D.A.; Sumner, S.C.; Meyers, M.H.; Mancuso, P.; Beck, M.A. Obesity Increases
Mortality and Modulates the Lung Metabolome during Pandemic HIN1 Influenza Virus Infection in Mice. J. Immunol. 2015, 194,
4846-4859. [CrossRef] [PubMed]

Louie, ] K.; Acosta, M.; Samuel, M.C.; Schechter, R.; Vugia, D.J.; Harriman, K.; Matyas, B.T.; California Pandemic (HIN1) Working
Group. A novel risk factor for a novel virus: Obesity and 2009 pandemic influenza A (HIN1). Clin. Infect. Dis. 2011, 52, 301-312.
[CrossRef]

Frasca, D.; Ferracci, F.; Diaz, A.; Romero, M.; Lechner, S.; Blomberg, B.B. Obesity decreases B cell responses in young and elderly
individuals. Obesity 2016, 24, 615-625. [CrossRef]


http://doi.org/10.1016/j.chom.2019.01.002
http://doi.org/10.1016/j.vaccine.2016.11.013
http://doi.org/10.2807/ese.18.05.20388-en
http://doi.org/10.4049/jimmunol.173.1.673
http://doi.org/10.1186/s12979-018-0124-9
http://doi.org/10.1093/cid/cit725
http://doi.org/10.1016/j.vaccine.2020.11.037
http://doi.org/10.1111/tid.12368
http://www.ncbi.nlm.nih.gov/pubmed/25662181
http://doi.org/10.1111/tid.12312
http://www.ncbi.nlm.nih.gov/pubmed/25405922
http://doi.org/10.1016/j.medmal.2019.11.006
http://doi.org/10.1093/annonc/mdn531
http://www.ncbi.nlm.nih.gov/pubmed/18662953
http://doi.org/10.1093/cid/ciz638
http://doi.org/10.1093/cid/ciaa1927
http://www.ncbi.nlm.nih.gov/pubmed/33388741
http://doi.org/10.1038/s41598-020-67172-6
http://doi.org/10.1111/ajt.16503
http://doi.org/10.1093/cid/ciw855
http://www.ncbi.nlm.nih.gov/pubmed/28362949
http://doi.org/10.1093/cid/cix1082
http://www.ncbi.nlm.nih.gov/pubmed/29253089
http://doi.org/10.1097/01.TP.0000438024.10375.2d
http://doi.org/10.1016/j.trim.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30664927
http://doi.org/10.1513/AnnalsATS.201706-447AW
http://doi.org/10.4049/jimmunol.1402295
http://www.ncbi.nlm.nih.gov/pubmed/25862817
http://doi.org/10.1093/cid/ciq152
http://doi.org/10.1002/oby.21383

Vaccines 2021, 9, 979 32 of 33

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Sheridan, P.A.; Paich, H.A.; Handy, J.; Karlsson, E.A.; Hudgens, M.G.; Sammon, A.B.; Holland, L.A.; Weir, S.; Noah, T.L.; Beck,
M.A. Obesity is associated with impaired immune response to influenza vaccination in humans. Int. J. Obes. 2012, 36, 1072-1077.
[CrossRef]

O’Brien, K.B.; Vogel, P.; Duan, S.; Govorkova, E.A.; Webby, R.].; McCullers, J.A.; Schultz-Cherry, S. Impaired wound healing
predisposes obese mice to severe influenza virus infection. J. Infect. Dis. 2012, 205, 252-261. [CrossRef]

Kosaraju, R.; Guesdon, W.; Crouch, M.].; Teague, H.L.; Sullivan, E.M.; Karlsson, E.A.; Schultz-Cherry, S.; Gowdy, K.; Bridges, L.C.;
Reese, L.R;; et al. B Cell Activity Is Impaired in Human and Mouse Obesity and Is Responsive to an Essential Fatty Acid upon
Murine Influenza Infection. J. Immunol. 2017, 198, 4738-4752. [CrossRef] [PubMed]

Neidich, S.D.; Green, W.D.; Rebeles, J.; Karlsson, E.A.; Schultz-Cherry, S.; Noah, T.L.; Chakladar, S.; Hudgens, M.G.; Weir, S.S.;
Beck, M.A. Increased risk of influenza among vaccinated adults who are obese. Int. |. Obes. 2017, 41, 1324-1330. [CrossRef]
Keitel, W.A.; Couch, R.B.; Cate, TR; Hess, K.R.; Baxter, B.; Quarles, ].M.; Atmar, R.L.; Six, H.R. High doses of purified influenza
A virus hemagglutinin significantly augment serum and nasal secretion antibody responses in healthy young adults. J. Clin.
Microbiol. 1994, 32, 2468-2473. [CrossRef] [PubMed]

Gravenstein, S.; Davidson, H.E.; Taljaard, M.; Ogarek, J.; Gozalo, P.; Han, L.; Mor, V. Comparative effectiveness of high-dose
versus standard-dose influenza vaccination on numbers of US nursing home residents admitted to hospital: A cluster-randomised
trial. Lancet Respir. Med. 2017, 5, 738-746. [CrossRef]

DiazGranados, C.A.; Dunning, A.J.; Kimmel, M.; Kirby, D.; Treanor, J.; Collins, A.; Pollak, R.; Christoff, J.; Earl, J.; Landolfi, V.;
et al. Efficacy of high-dose versus standard-dose influenza vaccine in older adults. N. Engl. ]. Med. 2014, 371, 635-645. [CrossRef]
[PubMed]

La Montagne, J.R.; Fauci, A.S. Intradermal influenza vaccination—can less be more? N. Engl. ]. Med. 2004, 351, 2330-2332.
[CrossRef] [PubMed]

Belshe, R.B.; Newman, EK.; Cannon, ]J.; Duane, C.; Treanor, J.; Van Hoecke, C.; Howe, B.].; Dubin, G. Serum antibody responses
after intradermal vaccination against influenza. N. Engl. |. Med. 2004, 351, 2286—2294. [CrossRef]

Holland, D.; Booy, R.; De Looze, F.; Eizenberg, P.; McDonald, ].; Karrasch, J.; McKeirnan, M.; Salem, H.; Mills, G.; Reid, J.; et al.
Intradermal influenza vaccine administered using a new microinjection system produces superior immunogenicity in elderly
adults: A randomized controlled trial. J. Infect. Dis. 2008, 198, 650-658. [CrossRef]

Warrell, M.].; Suntharasamai, P.; Nicholson, K.G.; Warrell, D.A.; Chanthavanich, P.; Viravan, C.; Sinhaseni, A.; Phanfung, R.;
Xueref, C.; Vincent-Falquet, J.C. Multi-site intradermal and multi-site subcutaneous rabies vaccination: Improved economical
regimens. Lancet 1984, 1, 874-876. [CrossRef]

Mould, R.C.; AuYeung, A.W.K,; van Vloten, ].P; Susta, L.; Mutsaers, A J.; Petrik, ].].; Wood, G.A.; Wootton, S.K.; Karimi, K.; Bridle,
B.W. Enhancing Immune Responses to Cancer Vaccines Using Multi-Site Injections. Sci. Rep. 2017, 7, 8322. [CrossRef] [PubMed]
Leentjens, J.; Kox, M.; Stokman, R.; Gerretsen, J.; Diavatopoulos, D.A.; van Crevel, R.; Rimmelzwaan, G.E; Pickkers, P.; Netea,
M.G. BCG Vaccination Enhances the Immunogenicity of Subsequent Influenza Vaccination in Healthy Volunteers: A Randomized,
Placebo-Controlled Pilot Study. J. Infect. Dis. 2015, 212, 1930-1938. [CrossRef] [PubMed]

Wardhana, D.E.A,; Sultana, A.; Mandang, V.V,; Jim, E. The efficacy of Bacillus Calmette-Guerin vaccinations for the prevention of
acute upper respiratory tract infection in the elderly. Acta Med. Indones 2011, 43, 185-190.

Shepherd, R.; Cheung, A.S.; Pang, K.; Saffery, R.; Novakovic, B. Sexual dimorphism in innate immunity: The role of sex hormones
and epigenetics. Front. Immunol. 2021, 11, 604000. [CrossRef]

Morgan, R.; Klein, S.L. The intersection of sex and gender in the treatment of influenza. Curr. Opin. Virol. 2019, 35, 35-41.
[CrossRef]

Vom Steeg, L.G.; Klein, S.L. Sex and sex steroids impact influenza pathogenesis across the life course. Semin. Immunopathol. 2019,
41, 189-194. [CrossRef] [PubMed]

Wong, K.C.; Luscombe, G.M.; Hawke, C. Influenza infections in Australia 2009-2015: Is there a combined effect of age and sex on
susceptibility to virus subtypes? BMC Infect. Dis. 2019, 19, 42. [CrossRef] [PubMed]

Avila-Morales, S.; Ospina-Henao, S.; Ulloa-Gutierrez, R.; Avila-Aguero, M.L. Epidemiological and clinical profile between
influenza A and B virus in Costa Rican children. Int. . Infect. Dis. 2021, 105, 763-768. [CrossRef]

Bongen, E.; Lucian, H.; Khatri, A.; Fragiadakis, G.K.; Bjornson, Z.B.; Nolan, G.P.; Utz, PJ.; Khatri, P. Sex differences in the
blood transcriptome identify robust changes in immune cell proportions with aging and influenza infection. Cell Rep. 2019, 29,
1961-1973. [CrossRef]

Rebuli, M.E; Glista-Baker, E.; Hoffman, J.R.; Duffney, P.F; Robinette, C.; Speen, A.M.; Pawlak, E.A.; Dhingra, R.; Noah, T.L.;
Jaspers, 1. Electronic-cigarette use alters nasal mucosal immune response to live-attenuated influenza virus. A Clinical Trial. Am.
J. Respir. Cell Mol. Biol. 2021, 64, 126-137. [CrossRef] [PubMed]

Bufan, B.; Arsenovic-Ranin, N.; Petrovic, R.; Zivkovic, L; Stoiljkovic, V.; Leposavic, G. Strain specificities in influence of ageing on
germinal centre reaction to inactivated influenza virus antigens in mice: Sex-based differences. Exp. Gerontol. 2020, 133, 110857.
[CrossRef]

Fink, A.L.; Engle, K.; Ursin, R.L.; Tang, W.Y.; Klein, S.L. Biological sex affects vaccine efficacy and protection against influenza in
mice. Proc. Natl. Acad. Sci. USA 2018, 115, 12477-12482. [CrossRef]

Zivkovic, L; Bufan, B.; Petrusic, V.; Minic, R.; Arsenovic-Ranin, N.; Petrovic, R.; Leposavic, G. Sexual diergism in antibody
response to whole virus trivalent inactivated influenza vaccine in outbred mice. Vaccine 2015, 33, 5546-5552. [CrossRef]


http://doi.org/10.1038/ijo.2011.208
http://doi.org/10.1093/infdis/jir729
http://doi.org/10.4049/jimmunol.1601031
http://www.ncbi.nlm.nih.gov/pubmed/28500069
http://doi.org/10.1038/ijo.2017.131
http://doi.org/10.1128/jcm.32.10.2468-2473.1994
http://www.ncbi.nlm.nih.gov/pubmed/7814484
http://doi.org/10.1016/S2213-2600(17)30235-7
http://doi.org/10.1056/NEJMoa1315727
http://www.ncbi.nlm.nih.gov/pubmed/25119609
http://doi.org/10.1056/NEJMe048314
http://www.ncbi.nlm.nih.gov/pubmed/15525715
http://doi.org/10.1056/NEJMoa043555
http://doi.org/10.1086/590434
http://doi.org/10.1016/S0140-6736(84)91340-0
http://doi.org/10.1038/s41598-017-08665-9
http://www.ncbi.nlm.nih.gov/pubmed/28814733
http://doi.org/10.1093/infdis/jiv332
http://www.ncbi.nlm.nih.gov/pubmed/26071565
http://doi.org/10.3389/fimmu.2020.604000
http://doi.org/10.1016/j.coviro.2019.02.009
http://doi.org/10.1007/s00281-018-0718-5
http://www.ncbi.nlm.nih.gov/pubmed/30298431
http://doi.org/10.1186/s12879-019-3681-4
http://www.ncbi.nlm.nih.gov/pubmed/30630435
http://doi.org/10.1016/j.ijid.2021.03.006
http://doi.org/10.1016/j.celrep.2019.10.019
http://doi.org/10.1165/rcmb.2020-0164OC
http://www.ncbi.nlm.nih.gov/pubmed/33095645
http://doi.org/10.1016/j.exger.2020.110857
http://doi.org/10.1073/pnas.1805268115
http://doi.org/10.1016/j.vaccine.2015.09.006

Vaccines 2021, 9, 979 33 of 33

281.

282.

283.

284.

285.

286.

287.

288.

289.

Voigt, E.A.; Ovsyannikova, 1.G.; Kennedy, R.B.; Grill, D.E.; Goergen, K.M.; Schaid, D.]J.; Poland, G.A. Sex differences in older
adults’” immune responses to seasonal influenza vaccination. Front. Immunol. 2019, 10, 180. [CrossRef]

Potluri, T.; Fink, A.L.; Sylvia, K.E.; Dhakal, S.; Vermillion, M.S.; Vom Steeg, L.; Deshpande, S.; Narasimhan, H.; Klein, S.L.
Age-associated changes in the impact of sex steroids on influenza vaccine responses in males and females. NP] Vaccines 2019, 4,
29. [CrossRef] [PubMed]

Kuo, H.; Shapiro, J.R.; Dhakal, S.; Morgan, R.; Fink, A.L.; Lui, H.; Westerbeck, ].W.; Sylvia, K.E.; Park, H.; Ursin, R.L.; et al.
Sex-specific effects of age and body mass index on antibody responses to seasonal influenza vaccines in healthcare workers.
Vaccine 2021, 21, 00227-00229. [CrossRef]

Peretz, ].; Pekosz, A.; Lane, A.P; Klein, S.L. Estrogenic compounds reduce influenza A virus replication in primary human nasal
epithelial cells derived from female, but not male, donors. Am. |. Physiol. Lung Cell Mol. Physiol. 2016, 310, L415-1L425. [CrossRef]
Furman, D.; Hejblum, B.P.; Simon, N.; Jojic, V.; Dekker, C.L.; Thiébaut, R.; Davis, M.M. Systems analysis of sex differences reveals
an immunosuppressive role for testosterone in the response to influenza vaccination. Proc. Natl. Acad. Sci. USA 2014, 111,
869-874. [CrossRef]

Liva, S.M.; Voskuhl, R.R. Testosterone acts directly on CD4+ T lymphocytes to increase IL-10 production. J. Immunol. 2001, 167,
2060-2067. [CrossRef]

Snyder, PJ.; Peachey, H.; Hannpoush, P; Berlin, J.A.; Loh, L.; Lenrow, D.A.; Holmes, ].H.; Dlewati, A.; Santanna, J.; Rosen, C.J.;
et al. Effect of testosterone treatment on body composition and muscle strength in men over 65 years of age. J. Clin. Endocrinol.
Metab. 1999, 84, 2647-2653. [CrossRef] [PubMed]

Tuku, B.; Stanelle-Bertram, S.; Sellau, J.; Beck, S.; Bai, T.; Kouassi, N.M.; Preuf3, A.; Hoenow, S.; Renné, T.; Lotter, H.; et al.
Testosterone protects against severe influenza by reducing the pro-inflammatory cytokine response in the murine lung. Front.
Immunol. 2020, 11, 697. [CrossRef] [PubMed]

Paget, ].; Spreeuwenberg, P.; Charu, V.; Taylor, R.J.; Iuliano, A.D.; Bresee, ].; Simonsen, L.; Viboud, C.; Global Seasonal Influenza-
Associated Mortality Collaborator Network and GLaMOR Collaborating Teams. Global mortality associated with seasonal
influenza epidemics: New burden estimates and predictors from the GLaMOR Project. J. Glob. Health 2019, 9, 020421. [CrossRef]
[PubMed]


http://doi.org/10.3389/fimmu.2019.00180
http://doi.org/10.1038/s41541-019-0124-6
http://www.ncbi.nlm.nih.gov/pubmed/31312529
http://doi.org/10.1016/j.vaccine.2021.02.047
http://doi.org/10.1152/ajplung.00398.2015
http://doi.org/10.1073/pnas.1321060111
http://doi.org/10.4049/jimmunol.167.4.2060
http://doi.org/10.1210/jc.84.8.2647
http://www.ncbi.nlm.nih.gov/pubmed/10443654
http://doi.org/10.3389/fimmu.2020.00697
http://www.ncbi.nlm.nih.gov/pubmed/32431696
http://doi.org/10.7189/jogh.09.020421
http://www.ncbi.nlm.nih.gov/pubmed/31673337

	Introduction 
	Types of Influenza Viruses 
	Antigenic Drift in Influenza Virus 
	Antigenic Shift in Influenza Virus 
	Cross-Species Transmission of Influenza Virus 
	Intermediate Hosts 
	Terrestrial Birds 
	Pigs 
	Horses 
	Dogs 
	Bats 

	Molecular Determinants of Species Specificity 

	Current Influenza Vaccines 
	Original Antigenic Sin and Influenza 
	Naturally Acquired Immunity to Influenza Viruses 
	Trained Immunity and Influenza 
	Immunological Immaturity and Influenza Vaccines 
	Immunosenescence, Influenza, and Influenza Vaccination 
	Immunocompromised Individuals 
	The Effect of Sex on Infections with Influenza Viruses and Potential Implications for Vaccination 
	Conclusions 
	References

