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Abstract: Influenza remains one of the major public health concerns because it causes annual
epidemics and can potentially instigate a global pandemic. Numerous countermeasures, including
vaccines and antiviral treatments, are in use against seasonal influenza infection; however, their
effectiveness has always been discussed due to the ongoing resistance to antivirals and relatively
low and unpredictable efficiency of influenza vaccines compared to other vaccines. The growing
interest in vaccines as a promising approach to prevent and control influenza may provide alternative
vaccine development options with potentially increased efficiency. In addition to currently available
inactivated, live-attenuated, and recombinant influenza vaccines on the market, novel platforms such
as virus-like particles (VLPs) and nanoparticles, and new vaccine formulations are presently being
explored. These platforms provide the opportunity to design influenza vaccines with improved
properties to maximize quality, efficacy, and safety. The influenza vaccine manufacturing process
is also moving forward with advancements relating to egg- and cell-based production, purification
processes, and studies into the physicochemical attributes and vaccine degradation pathways. These
will contribute to the design of more stable, optimized vaccine formulations guided by contemporary
analytical testing methods and via the implementation of the latest advances in the field.

Keywords: influenza virus; influenza vaccine; neuraminidase; hemagglutinin; vaccine manufactur-
ing; vaccine characterization; recombinant vaccine; universal influenza vaccine

1. The Influenza Virus and Subtypes

The influenza virus is an enveloped virus belonging to the Orthomyxoviridae family.
There are four genera of influenza virus that infect vertebrates: influenza virus A, B, C,
and D which are distinguished based on antigen differences in their matrix protein and
nucleoprotein. Type A is by far the most virulent virus that causes severe respiratory
disease or death. It can even lead to the emergence of a new influenza epidemic and a
worldwide pandemic. Influenza B viruses also cause the seasonal flu epidemic in humans.
There are two circulating influenza B lineages, B/Yamagata and B/Victoria, which are
included in the seasonal flu vaccines [1]. Meanwhile, influenza C viruses commonly cause
mild symptoms and are not known to cause an epidemic, and influenza D viruses have
been recognized to infect swine, cattle, and sheep, and are not identified to cause disease in
humans [2,3]. The virus carries a negative-sense, single-stranded RNA (ssRNA) genome
that is divided into eight (subtypes A, B) or seven (subtype C, D) separate segments [4,5].

Influenza virus A and B are indistinguishable in shape under transmission electron
microscopy (TEM) (Figure 1). They have spherical or filamentous forms of about 100 nm in
diameter for spherical structures and frequently over 300 nm in length for the filamentous
shape [6]. The influenza A virion is covered with viral surface glycoproteins of hemag-
glutinin (HA) and neuraminidase (NA). Each virion with an average size of 120 nm has
approximately 300400 HAs and 40-50 NAs on its lipid membrane, although the numbers
of each protein vary between the different subtypes [7-9]. These two glycoproteins become
the basis of further subdivisions of influenza A virus. To date, 18 subtypes of HA and 11 sub-
types of NA have been identified. H1-3 and N1,2 strains (e.g., as in A/HIN1 and A/H3N2)

Vaccines 2021, 9, 1032. https:/ /doi.org/10.3390/vaccines9091032

https://www.mdpi.com/journal /vaccines


https://www.mdpi.com/journal/vaccines
https://www.mdpi.com
https://orcid.org/0000-0001-7868-0075
https://orcid.org/0000-0003-1310-9534
https://doi.org/10.3390/vaccines9091032
https://doi.org/10.3390/vaccines9091032
https://doi.org/10.3390/vaccines9091032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/vaccines9091032
https://www.mdpi.com/journal/vaccines
https://www.mdpi.com/article/10.3390/vaccines9091032?type=check_update&version=1

Vaccines 2021, 9, 1032

2 of 27

predominantly infect people and are currently circulating as seasonal influenza strains
amongst humans. Influenza infection with other subtypes, such as highly pathogenic
H5NT1, has also been recorded to cause outbreaks in poultry and human infection [10-13].

) Hemagglutinin (HA)

Lipid
bilayer

M1 Protein

Nucleoprotein (NP)

L

Neuraminidase (NA)

Non-structural protein 2

Non-structural protein 1

(A) (B)

Figure 1. (A) TEM image of influenza virus mainly in spherical shapes with particle sizes around
100-150 nm; (B) Schematic diagram of an influenza A virus, representing the virus components, includ-
ing surface glycoproteins HA and NA, M1, and M2 protein, nonstructural proteins, and nucleoproteins.

A small number of matrix ion channel proteins (M2) across the viral membrane with
a ratio of one M2 per 10!-10? molecules of HA also exist [14]. The lipid envelope and
its three proteins (HA, NA, and M2) coat a matrix protein called M1, which encircles the
virion core. The inner part of the virion contains the non-structural protein 2 (NS2) and
the ribonucleoprotein (RNP) complex, which comprises the RNA segments layered with
the nucleoprotein (NP), and RNA-dependent RNA polymerase consists of two subunits of
polymerase basic (PB1 and PB2) and one subunit of polymerase acidic protein (PA).

The configuration of the influenza B virion is almost identical to four membrane
proteins: HA, NA, and in place of M2, NB and BM2 are found in the subtype B virus.
Influenza C and D virions are structurally distinct from those of the A and B viruses, having
only a single primary surface glycoprotein, the HA-esterase-fusion glycoprotein, which
has a similar function to HA and NA of subtype A and B viruses. Influenza C and D
virus particles have a variety of shapes: they are elliptical or spherical with a diameter of
80-120 nm, or filamentous with a similar diameter but a length in the um range [15-17].

2. Influenza Virus Life Cycle

The replication cycle of the influenza virus goes through several stages as shown in
Figure 2, and is as follows: (1) virus attachment to the sialic acid receptor, (2) entry of the
virus into the host cell, (3) fusion and uncoating of the virus particles, (4) vRNPs entry into
the nucleus followed by transcription and replication of the viral RNA genome then export
of vRNPs from the nucleus, (5) assembly of viral components and budding at the host cell
membrane, and finally (6) the release of new virions from the host cells.

(1) Virus attachment to the sialic acid receptor: the first stage of viral infection is the
attachment of HA to the sialic acids located at the host cell membrane’s surface.
Sialic acids are connected to the carbohydrates of HA via glycosidic linkage. There
are two linkages which are essential for the specificity of HA; (i) « (2, 3) linkage
which is abundant in the digestive tract in avian or in the bronchial tissue in human,
monkeys, horses, as well as upper respiratory tract of the lung epithelium in swine,
and (ii) « (2, 6) which is found on the cell surface of the human upper respiratory
tract as well as the trachea of bats and swine [4,18].

(2)  Entry of the virus into the host cell: receptor-mediated endocytosis occurs upon virus
binding, and the virus enters the host cell in an endosome.
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(3) Fusion and uncoating of the virus particles: The acidic pH of the endosome (pH 5-6)
causes the fusion of the viral and endosomal membranes and opens up the M2 ion
channel protein and acidifies the nucleus, thus allowing vRNP to be released from
M1 to enter the host cell’s cytoplasm and then to the nucleus.

(4) VRNPs entry into the nucleus followed by transcription and replication: the viral pro-
teins that constitute the vVRNP (NP, PA, PB1, and PB2) detect the nuclear localization
signals which can attach to the cellular nuclear import machinery and consequently,
enter the nucleus to undergo the transcription and replication processes. The negative-
sense RNA is first transformed into a positive-sense RNA and serves as a template for
the generation of viral RNA, followed by the internal RNA synthesis initiated by the
viral RNA-dependent RNA polymerase (RdRp). Through its C-terminal domain, the
RdRp associates with the large subunit of RNA Polymerase II (Pol II), which continue
the transcription to produce mature mRNA. vRNPs are then exported out from the
viral core through the nuclear pores [19,20].

(5) The assembly of virus components and budding: the virus’ protein components,
i.e., HA, NA, and M2, are transported to the membrane’s apical region where the
virions bud from the polarized epithelial cells.

(6) The release of new virions from the host cells: after forming viral particles, the sialic
acid residues from glycoproteins and glycolipids are cleaved by NA, enabling the
newly synthesized viral particles to be released from the host membrane and spread
to the nearby cells [21].
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Figure 2. The life cycle of influenza A virus: (1) virus attachment to sialic acid receptor via HA;
(2) entry of the virus into the host cell via endocytosis; (3) fusion and uncoating of virus particle;
(4) vRNPs entry into the nucleus followed by transcription and replication of the viral RNA genome
and then export of vVRNPs from the nucleus; (5) assembly of viral components and budding at the
host cell membrane; (6) new virion release from the host cell.

3. HA and NA of Influenza Virus

HA and NA are the major transmembrane glycoproteins, with HA representing
roughly 80% of the virus surface. These two glycoproteins recognize the same molecule of
the host cell, sialic acid (SA) [22]. In addition to the virus’ infectivity and transmissibility,
these two proteins are also associated with virulence properties, host specificity, and
resistance to antiviral treatment of the virus [7]. The ribbon diagram of HA and NA
structures is shown in Figure 3.
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Figure 3. Ribbon diagrams of the 1918 human HA (Protein Data Bank (PDB) ID: 1RUZ) and 2009
HIN1 NA in complexes with oseltamivir (PDB ID: 3T16) with their receptor binding sites shown in
blue circles. (A) HA monomer; (B) NA monomer; (C) trimeric HA and (D) tetrameric NA shown
from the top.

HA comprises three indistinguishable subunits (homotrimer) attached to the viral lipid
membrane with each monomer possessing a globular head containing the receptor-binding
domain, and a stalk region (Figure 3A) [23]. This protein is responsible for the initial contact
between the virus and its target cell containing terminal sialic acid residues. Moreover,
HA contributes to the virus’ internalization with the host cell through endocytosis, thus
delivering the nucleoprotein into the cytoplasm. HA acts as the major antigen on the flu
virus and becomes the primary target for antibody neutralization [24].

The NA (Figure 3B) is a tetrameric protein with four identical polypeptides consisting
of a globular head, a cytoplasmic tail, a transmembrane domain, and a stalk region [25]. It
is an enzyme that destroys the receptors recognized by HA by catalyzing the cleavage of
terminal x-(2,3 or 2,6)-ketosidic linkage sialic acid from a range of glycoconjugates such as
glycoproteins and glycolipids, therefore playing an essential role in the replication cycle
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of the virus. NA acts as a biological scissor that cleaves sialic acid residues from HA and
cell surface glycans and facilitates the movement of the virus during virus entry, as well as
from the surface glycoprotein of newly synthesized virions, hence allowing the virus to be
released from the host cell and carry on the infection to other cells [26].

Influenza viruses are completely reliant on a well-balanced action of HA and NA to
establish a productive infection. During initial infection, an increase in receptor-binding
affinity appears to necessitate an increase in the viral NA’s receptor-destroying activity as
well. On the other hand, enhanced receptor binding is a serious disadvantage in the late
stage of infection because it prevents new virions from being released from host cells [27].

4. Glycosylation of HA and NA

During the replication cycle of the influenza virus, small changes in the virus’ genes
via mutations might occur due to the error-prone replication process resulting in antigenic
drift (Small changes or mutation in the virus genes which can lead to changes in HA or NA.).
Aside from the alteration in amino acid sequences, antigenic drift often involves the changes
in the glycosylation patterns of viral glycoproteins. HA and NA both possess potential
regions for N-linked glycosylation, the addition of oligosaccharide chains through N-
glycosidic bonds to the Asn residues which exist as part of the Asn-AA-Ser/Thr sequence,
where AA can represent all amino acids except for proline. The attachment happens
with the aid of glycosyltransferases and oligosaccharyltransferase enzymes located in the
endoplasmic reticulum (ER), followed by the structural alteration of the oligosaccharides
by mannosidases and glycosidases during transfer through ER and Golgi bodies [28]. This
post-translational modification is vital for the influenza virus life cycle by affecting the
biosynthesis, structural stability, and glycoprotein function.

Glycosylation sites of HA are located in the stalk region and contribute to the molecular
stability of HA, its receptor binding and the immune response of the host [29]. Prior studies
have also suggested that glycosylation on the HA globular head domain may expose or
protect the antigenic sites, leading to virus evading neutralizing antibodies [30-34].

Four seasonal human influenza strains, two A subtypes (A/HIN1 and A/H3N2) and
two B lineages (B/Victoria and B/Yamagata) have circulated globally since 1977 [35,36].
Figure 4 demonstrates the evolvement of the glycosylation patterns of A/HIN1 and
A /H3N2 strains from 1918 to 2018, i.e., when they were first introduced to humans and
those currently circulating. The glycosylation in the stalk region of HA of the 1918 pandemic
A/HINI and 1968 A/H3N2 influenza viruses were known to be highly conserved. The
1918 A/HINT1 possessed six conserved N-linked glycosylation (NLG) sites at residues 27,
28, 40, 304, 498, and 557 (Figure 4A), while 1968 A /H3N2 had five glycosylation sites at
residues 24, 38, 54, 301, and 499 (Figure 4B). The globular head of HA, on the other hand,
had gone through subsequent glycan gains and losses over the years. The number of NLG
sites in the A/H3N2 HA globular head has increased from initially two (at residues 97 and
181) in 1968, to eight (at residues 79, 138, 142, 149, 160, 174, 181, and 262) on the current 2018
seasonal strains, after the disappearance of site 97 around 1975. Similarly, 1918 A/HIN1
acquired an increasing number of glycans until its disappearance in 1957 and had the same
glycosylation profile when it re-emerged in 1977 until the 2009 A /HIN1 strain replaced it.
The currently circulating A/H1NT1 strain is the result of a reassortment of swine lineage
viruses and the glycosylation is similar to the very early human A/HIN1. Meanwhile, the
NLG sites for the influenza B virus have been relatively stable at around 10-12 sites since
the splitting of Victoria and Yamagata lineages in 1983 [28].

Changes in glycosylation sites and glycan profiles in HA affect how viruses interact
with the host immune system. The evasion of neutralizing antibody recognition enables
the virus to continue circulating in the human population. Consequently, more studies
regarding the glycosylation pattern of viral glycoprotein are needed to design better
vaccines against influenza viruses [34,37].

While the NLG of HA is known to contribute to immune escape and influenza viruses’
virulence, it is still unclear how the NLG of NA affects its function. Previously published
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research established that the glycosylation of the N8 NA protein is necessary for proper
tetramerization [38]. Additionally, glycosylation of the head domain of the NA protein is
required for proper maturation [39]. In a recent study, Bao et al., explored the function of
the NLG modification in the NA protein of the A/1933/WSN/H1IN1 (WSN) virus. The
results indicated that the NLG modification of the NA protein was critical for its budding.
In transfected cells, non glycosylated NA protein lost its ability to bud. Additionally, the
absence of the NLG modification significantly reduced the mutant virus’s budding and
replication. The deletion of NLG at the 219 position significantly attenuated the WSN virus
in a mouse model. It was suggested that overexpression of non glycosylated NA protein
in cells induced the unfolded protein response (UPR), which may affect the ability of NA
proteins to bud, thereby attenuating the mutant virus’s virulence [40].

1918 A/H1N1 1957 A/H1N1 1977 A/H1N1 2009 A/H1N1 2018 A/H1NA1

2000 A/H3N2

Figure 4. Some of the NLG sites of 1918 HA (A) and 1968 HA (B). Blue color residues represented
the NLG sites when they were first identified, while red, green, and yellow color residues represent
NLG sites acquired afterward. The pink circle represents the NLG sites that have been lost during the
evolution. The 1918 A/H1NT1 initially possessed six NLG sites and acquired five more in 1957. The
1977 A/HI1N1 gained two NLG sites but lost two, whereas 2009 A/HIN1 gained two sites and lost
three. The current 2018 A /HI1NT1 circulating strain has lost five more NLG sites compared to the 2009
strain. Meanwhile, NLG sites in 1968 A/H3N2 HA globular head have been gradually increasing
from initially two in 1968 to eight in the current 2018 strain (with the loss of site 97 in 1975).
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5. The Influenza Epidemic vs. Pandemic

Influenza viruses can cause severe contagious disease by infecting the respiratory tract
and may result in hospitalization and even death. Annual seasonal epidemics of influenza
were predicted to have approximately 3 to 5 million cases of severe illnesses and 290,000 to
650,000 related respiratory deaths globally [41]. The highest mortality rates were estimated
in Southeast Asia and sub-Saharan Africa, and the high-risk groups for severe outcome
and death include people aged 75 years or older, children younger than five years, and
individuals with lingering illnesses that put them at more significant risk of acquiring
influenza or its complications [41,42].

New strains of influenza A virus appear sporadically every 2 to 5 years as epidemics
and last between 3 and 6 months depending on the region. The influenza epidemic is often
referred to as the flu season, which is potentially tied to the weather and climate. The
introduction of specific mutations within surface glycoproteins HA and NA enables the
virus to evade the host immune system and results in no permanent immunity against the
virus after neither natural infection nor vaccination. The minor changes of the influenza
virus’ antigenicity are described as antigenic drift and become the basis for the influenza
epidemic’s frequent occurrence, making it necessary to update influenza vaccines annually
to match the currently circulating strains subject to WHO recommendation [43—45].

Influenza pandemics, on the other hand, result from significant changes in the virus’s
antigenicity and are suggested to happen approximately every 10 to 40 years [46]; however,
it could happen at any time. History documented that no less than three pandemics
occurred during the twentieth century: the 1918-1919 Spanish flu, 1957-1958 Asian Flu and
1968-1969 Hong Kong Flu, with the respective mortality rates varying from devastating
to mild [47]. These pandemic viruses obtained new subtypes by the reassortment of RNA
segments from distinct influenza viral strains. This genetic change, referred to as an
antigenic shift (An abrupt change in the antigenicity of a virus caused by the recombination
of two viral strains’ genomes), permits a viral strain to jump from one species of animal to
another and from animals to human [48,49].

The 1918 pandemic, also termed as Spanish Flu, was the first and remains the most
disastrous influenza pandemic in history. It was estimated that the virus spread worldwide
by infecting about 25-30% of people worldwide and killing approximately 50 million
individuals, around 2.7% of the world’s population [50-52]. A more recent analysis by
Spreeuwenberg et al. in 2018 indicated that earlier estimations were excessively high.
Their own estimate puts the death toll at 17.4 million, 0.95% of the world’s population [53].
The 1918 pandemic was caused by the A/H1N1-subtype influenza virus, which was con-
sidered as the common ancestor of nearly all human influenza A cases. These include
not only antigenically “drifted” descendants of the 1918 HIN1 virus, but also the geneti-
cally reassorted pandemic viruses that emerged in 1957 (H2N2), 1968 (H3N2), and 2009
(HINT1) [54]. The H2N2 subtype of influenza A virus which emerged in the Hunan Province
of China in February 1957, was believed to be clinically milder than the HIN1 virus that
caused the 1918 pandemic with a mortality rate worldwide of 1.1 million deaths [55]. The
virus circulated globally until H3N2 appeared in 1968, causing another pandemic. It first
emerged in China, then spread rapidly to Hong Kong. The 1968 pandemic, also called
Hong Kong flu, was comparatively a milder pandemic with the death toll around 1 million
people [56,57]. The influenza pandemic in the twenty-first century started in early 2009
when a novel swine-origin flu virus appeared and substituted the former seasonal influenza
HINT1. Initially identified in Mexico, the virus spread rapidly worldwide and was declared
a pandemic by WHO in June 2009 after 74 countries reported the infections [58,59]. The
virus, also called “2009 HIN1”, was a reassortment product between two pre-existing
swine flu viruses—a North American HIN2 and a Eurasian H1N1 [60].

There has been an increase in reports of direct bird-to-human transmission of avian
influenza viruses in the last two decades, resulting in an ongoing outbreak of influenza
A/H5N1 among poultry with associated human infections. In 1997, fatal cases of H5SN1
infections in humans were first detected in Hong Kong. Six years later in 2003, the virus re-
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emerged as a highly pathogenic avian influenza virus and caused devastating outbreaks in
local poultry, raising concerns about a potential influenza pandemic [61-63]. The outbreaks
had become endemic in several countries, with the highest number of cases occurring
in Egypt, Indonesia, and Vietnam [64]. In 2007, there was evidence of limited person-
to-person transmission of the H5N1 in China. Furthermore, WHO reported that limited,
nonsustained human-to-human H5N1 cases were observed in Indonesia and Pakistan
in 2006 and 2007, respectively. The first case of H5N1 infection in the Americas was
reported in Canada on January 8, 2014, in a traveler returning from China. Although
human infections with this virus are uncommon, approximately 60% of cases result in
death [65]. In November 2019, the WHO declared the total number of 861 verified human
cases for avian influenza A (H5N1), leading to 455 death cases since 2003, with one last
case reported in Nepal on 30 April 2019 [66].

6. Vaccines against Influenza Epidemic and Pandemic

Several vaccines exist to combat the influenza epidemics and pandemics. Influenza
vaccines are reformulated each year based on global surveillance of the current circulating
strain. Therefore, annual vaccination remains the most effective way to prevent seasonal
epidemic influenza.

Currently, there are three types of vaccines used worldwide: inactivated influenza vac-
cine (ITV), live attenuated influenza vaccine (LAIV), and recombinant HA vaccine (Table 1).
Each type of vaccine has its advantages and disadvantages. Vaccines can induce immune ef-
fectors, including humoral effectors (antibodies produced by B lymphocyte), that can bind
specifically to the virus antigen, and cellular effectors (cytotoxic CD8+ T lymphocytes) that
can limit the spread of the virus inside the body by killing the infected cells. All influenza
vaccines must be annually updated because the immunity only lasts for a short period
of time [67] and to match the antigenicity of the circulating viruses [68,69]. Hence, WHO
and other stakeholders meet biannually to select the most appropriate influenza viruses
from globally circulating viruses according to their antigenic and genetic characteristics
and the epidemiologic information from different countries. One of these influenza vaccine
composition meetings occurs for the Northern hemisphere and the other for the Southern
hemisphere [70,71].

Trivalent vaccines containing two influenza A (HIN1 and H3N2) and one lineage of
influenza B viruses were formulated to provide protection against three distinct influenza
viruses for many years, even though there are two different lineages of circulating B viruses.
Therefore, to give a wider protection against the current circulating viruses, a second lineage
of B virus was added to the formulation for a quadrivalent influenza vaccine. Current
approved influenza vaccines are quantitatively standardized in terms of HA quantity or
antigenicity, but not in terms of neutralizing antibodies (NA). As a result, both the NA
content and the NA immunogenicity of vaccinations may be very varied.

6.1. Inactivated Influenza Vaccine (1IV)

The inactivated virus vaccine is the most common worldwide approach due to its
high safety and relatively low production costs. As a result, it has the highest percentage
in the flu vaccine global market. The IIV can be given for children six months and older
like Afluria Quadrivalent, Fluarix Quadrivalent, FluLaval Quadrivalent, and Fluzone
Quadrivalent; however, some IIVs are only for individuals who 65 years and older, like
Fluad and Fluzone High-dose Quadrivalent (Table 1). The virus is generally grown in
embryonated chicken eggs or cultured cells of mammalian origin for this type of vaccine
(Figure 5). It has been shown that IIV can induce local and systemic immunity, although
booster vaccinations might be needed to maintain the antibody titers [85]. IIV has three
types: whole-virus inactivated vaccines, split-virus inactivated vaccines, and subunit
inactivated vaccines.
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Table 1. Various licensed seasonal influenza vaccines available in the US (representing the northern hemisphere) and

Australia (representing the southern hemisphere).

No Tradename Manufacturer Age Group Country References
Inactivated Influenza Vaccine, Split Virion, Egg-Based
1 Afluria Quadrivalent Seqirus Pty. Ltd. Six months and over us [72]
2 Fluarix Quadrivalent GlaxoSmithKline Biologicals ~ Six months and over US [73]
. ID Biomedical .
FluLaval Quadrivalent Corporation of Quebec Six months and over us [74]
4 Fluzone nghdose Sanofi Pasteur, Inc. 65 years and over us [75]
Quadrivalent
5 Fluzone Quadrivalent Sanofi Pasteur, Inc. Six months and over Us [76]
6 FluQuadri Sanofi-Aventis Australia Six months and over Australia [77]
7 Vaxigrip Tetra Sanofi-Aventis Australia Six months and over Australia [78]
8 Fluarix Tetra GlaxoSmithKline Biologicals ~ Six months and over Australia [74]
9 Afluria Quadrivalent Seqirus Pty. Ltd. Five years and over Australia [79]
10 Influvac Tetra Mylan Health Three years and over Australia [79]
Inactivated Influenza Vaccine, Surface Antigen, Adjuvanted, Egg-Based
11 Fluad Seqirus, Inc. 65 years and over Us [80]
12 Fluad Quadrivalent Seqirus, Inc. 65 years and over Us [81]
13 Fluad Quad Seqirus, Inc. 65 years and over Australia [80]
Recombinant Vaccine
14 Flublok Quadrivalent Sanofi Pasteur, Inc. 18 years and over Us [82]
Inactivated Subunit Influenza Vaccine, Cell Culture-Based
15 Flucelvax Quadrivalent Seqirus, Inc. Four years and over Us [83]
Live Attenuated Influenza Vaccine

16 FluMist Quadrivalent MedImmune, LLC Two years through Us [84]

49 years

6.1.1. Whole-Virus Inactivated Vaccines (WIV)

The whole-virus vaccine was the first of the influenza vaccines to be used. However,
a number of systemic and local side effects were reported upon administration. These
adverse effects could result from the impurities in these vaccines, such as egg proteins [36].
However, improved technologies in vaccine production have led to safer vaccines with
lower impurities and fewer side effects [87]. In WIV, after the incubation and growth
in embryonated eggs, virions are chemically inactivated, mainly with formaldehyde or
B-propiolactone, then purified (Figure 5). Although this method is the most used approach
for influenza virus inactivation, other methods can be used for virus inactivation, including
heat and radiation [88].

The use of this type of influenza vaccine is currently limited due to the other types
that have entered to the market, such as split-virus inactivated vaccines, which have fewer
reactogenic effects. The vaccine 3Fluart is a WIV produced by Fluart Innovative Vaccines
Kft. and is used only in Europe.

6.1.2. Split-Virus Inactivated Vaccines

The majority of the currently used influenza vaccines are split-virus or subunit vac-
cines due to their adequate immunogenicity and ease of production. However, they lose
some of the inherent immunogenicity because of the lack of the whole virus structure,
unlike WIV [87]. The split-virus vaccine can be prepared by disrupting the virus membrane
chemically using surfactants such as Triton-100 or Octyl glycoside [89]. Then, the surfactant
is removed by tangential flow filtration. The seasonal influenza split-virus vaccines in
the US (representing the northern hemisphere) and Australia (representing the southern
hemisphere) are summarized in Table 1 with their manufacturer and age group information.
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In Australia, most of the seasonal influenza vaccines are split-virus inactivated vaccines
with five vaccines in the market (FluQuadri (by Sanofi, Pennsylvania, USA), Vaxigrip Tetra
(by Sanofi-aventis, Auck-land, New Zeland), Fluarix Tetra (by GlaxoSmithKline Biologicals,
Dresden, Germany), Afluria Quadrivalent (by Seqirus, Melbourne, Australia), and Influvac
Tetra (by Abbott, Hoofddorp, Netherlands)). In US, also split-virus inactivated vaccines
have the dominant part of seasonal influenza vaccines with five (Afluria Quadrivalent
(by Seqirus, Melbourne, Australia), Fluarix Quadrivalent (by GlaxoSmithKline Biologicals,
Dresden, Germany), FluLaval Quadrivalent (by ID Bio-medical, Laval, QC, Canada), Flu-
zone Highdose Quadrivalent (by Sanofi, Pennsylvania, USA), and Fluzone Quadrivalent
(by Sanofi, Paris, France)).
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6.1.3. Subunit Inactivated Vaccines

Generally, subunit vaccines contain only the antigenic parts of the virus: HA and NA.
These proteins are either purified from the influenza virus after splitting the virus using
surfactants (Figure 5). This type of influenza vaccine usually needs an adjuvant to induce
an adequate immunogenicity, especially in the elderly [90].

Fluad and Fluad Quadrivalent are subunit influenza vaccines by Seqirus that can be
given to 65 years and over. Another vaccine, Influvac Tetra manufactured by Mylan Health,
is used for three years and older (Table 1). Due to their comparable immunogenicity and
low reactogenicity, split-virus and subunit-virus vaccines have been more commonly used
than whole-virus vaccines since the 1970s [91].

6.2. Live Attenuated Influenza Vaccines (LAIV)

The LAIV was developed to mimic natural infection and immunity without causing
severe illness and consequently induces humoral and cellular immunity. LAIV was first
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proposed back in the 1960s by growing the influenza viruses under suboptimal conditions
in eggs [92].

These attenuated viruses are temperature-sensitive and grow only at 25 °C (cold-
adapted). Cold-adapted donor viruses undergo several passages with a gradual reduction
in the temperature in embryonated chicken eggs. Thus, LAIV can grow at the same
temperature range as the nasopharynx’s mucosal surface when LAIV is administered
intranasally [93]. LAIV has some superiority over IIV because it induces mainly local
mucosal immunity and local immunoglobulin A (IgA) production as well as IgG [85,93,94],
in contrast to only systemic IgA and IgG antibodies with IIV. However, due to the risk of
using live viruses for immunization, LAIV is not recommended for immunocompromised
individuals with low immunity (immunocompromised) or people who are in close contact
with them.

FluMist Quadrivalent (Table 1), which is manufactured by MedImmune and approved
in the US, is an intranasal LAIV seasonal influenza vaccine that can be used safely in
children and adults, ages 2 to 49 years, and contain four influenza strains (two influenza A
and two influenza B). [95-97]. Fluenz Tetra, manufactured by AstraZeneca and approved
in Europe, is another LAIV used for ages from 2 to 17 years. No LAIV is approved in
Australia as of 2021.

6.3. Recombinant HA Vaccine

Recombinant HA vaccine can be produced using recombinant protein expression
technology by insect cells and baculovirus due to their high yield and cost effectiveness
(Figure 5) [98]. Insect cells are the typical cell lines used for recombinant protein expression,
and the Gibco Sf9 cell line is the most commonly used in human or veterinary medicine for
recombinant protein expression [99].

The recombinant HA vaccine has an advantage over egg-based influenza vaccines:
there are no unwanted mutations from egg adaptation (Table 1). Moreover, recombinant HA
vaccine is an appropriate option for people with egg allergy [100]. Although recombinant
HA vaccine and IIV have a similar mechanism of action, recombinant HA vaccine is less
immunogenic and hence requires three times more HA than IIV in order to induce the same
antibody titers as in IIV [101]. Another advantage of the recombinant HA vaccine is its
suitability for an influenza pandemic because it might take a shorter time to manufacture,
and it would be much safer than other influenza vaccines due to the absence of highly
pathogenic viruses [102]. However, due to its lack of efficacy in children, the recombinant
HA vaccine is limited to adults [69,103]. Flublok Quadrivalent, manufactured by Sanofi
Pasteur, is the first recombinant HA vaccine (Table 1).

7. Influenza Vaccine Manufacturing Processes

At present, influenza vaccines can be produced by three different approaches: conven-
tional egg-based vaccines (the traditional method), cell-based vaccines, and recombinant
HA vaccines. These methods are summarized in Figure 5. Both egg-based and cell-based
vaccine manufacturing begins with candidate vaccine viruses (CVV) grown in eggs or
cells (Step 1). After harvesting, separation, filtration, and purification (Step 2), the virus
is inactivated chemically, generally using formalin, to make inactivated influenza vac-
cines, or disrupted chemically by surfactants to prepare split virus vaccines or subunit
vaccines (Step 3). The recombinant influenza vaccine does not need the growth of the
whole virus; only the genetic information of the HA antigen is obtained and combined with
a baculovirus to facilitate the delivery of the genetic information (DNA) into a host cell
for expressing the HA antigen. The final step involves fill-finish processes and packaging,
delivering, and storage of the product under cold-chain conditions (Step 4).

7.1. Egg-Based Vaccines

Since the 1940s, egg-based vaccines have been the most common method for produc-
ing millions of influenza vaccines annually [104,105]. An abundant egg supply is needed
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to grow target viruses in chicken eggs regardless of vaccine strain [106]. This method starts
with the selection of the predicted circulating virus strains, followed by the reassortment
of the genetic segments of HA and NA in an egg-adapted virus that contains other gene
segments from strains that can grow in the eggs in large amounts with a good safety profile,
such as A/Puerto Rico/8/1934 [103]. After these reassorted viruses are generated, they are
injected in embryonated chicken eggs to grow and then are sequenced for confirmation
to collect the candidate virus. The approved virus is then delivered by centers affiliated
with WHO Global Influenza Surveillance and Response System (GISRS) to private manu-
facturers [107]. The manufacturers mass-produce the virus in embryonated chicken eggs,
then purify the reassorted viruses. Then, the purified viruses are chemically inactivated
using formalin or -propiolactone, and the content of HA is standardized by removing the
contaminants of nonviral proteins [108]. The HA protein is the key factor for the induction
of antibodies against influenza viruses and, consequently, is the focus of influenza vaccine
development [109,110].

Although the egg-based manufacturing method has many benefits, such as obtaining
generally a high titer of influenza virus and significant experience in large-scale produc-
tion, several drawbacks can affect its efficiency. Firstly, the adaptation of the reassortant
viruses in eggs and screening the antigenicity of isolate viruses delay the time needed
for the production of influenza vaccines for the next influenza season and, consequently,
necessitate the start of production of influenza vaccines long before the upcoming influenza
season [111,112]. Some influenza strains (like H3N2 viruses), however, are poorly grown
in eggs [113]. As a result, the production of influenza vaccines with such strains takes a
long time and delays the delivery of the vaccines by affecting the standard production
time frame [114]. During egg-based manufacturing, viruses are not monitored and mutate.
This egg adaptation can lead to the production of viruses that poorly match the circulating
strains, which contributes to the decrease in vaccine efficacy [113,115]. Additionally, there
is a biosecurity concern due to the potential risk of exposure to the avian influenza virus in
flock houses.

7.2. Cell-Based Vaccines

The FDA announced the approval of Flucelvax in 2012, the first approved cell-based
influenza vaccine in the US. Madin—Darby canine kidney (MDCK) cells are used to grow
viruses [116]. Reassortment of viruses in the cell-based method can be generated similar to
the egg-based method using the HA and NA of selected strains [105]. The cell-based ap-
proach has some advantages over the egg-based method. Firstly, using cells can overcome
the limitation of egg-shortage and offers a more flexible vaccine production approach due
to the dependence on the bioreactor’s capacity. Thus, cell-based vaccines can be produced
in less time compared to egg-based ones [105]. Moreover, a more heterogeneous glycosy-
lation profile of HA protein can be observed when growing the virus in egg [117]. Some
studies investigate the theory that using mammalian cells as a substrate can enhance the
vaccines” immunogenicity compared to avian cells [118].

Furthermore, cell-based vaccines are a suitable alternative for people who have previ-
ously experienced egg allergy, as their products are free from egg protein. Interestingly,
one of the most important advantages of the cell-based method is the lack of HA mutations
due to egg adaptation. Thus, in 2016, the FDA has approved the use of cell-based virus to
prevent further mutations caused by egg adaptation [119].

Although advantages of the cell-based method exist, some drawbacks remain. Expe-
rience in large-scale production of cell-based vaccines is still less than that of egg-based
vaccines. Moreover, according to the CDC, Flucelvax can cost 40% higher than egg-based
vaccines. Albeit to a lesser degree, mutations can still happen in HA and NA proteins in
cell culture due to serial passaging [120].
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8. Influenza Vaccine Formulation and Ingredients

Vaccines must contain ingredients that are confirmed to be safe for humans. In addi-
tion, each vaccine component serves a specific purpose, i.e., increasing the immunogenicity
of antigens and keeping the vaccine formulation stable.

8.1. Active Components

The viral antigens, the active pharmaceutical ingredient (API) serves as the immuno-
genic component that is the most crucial part of the vaccine. Every influenza season,
WHO has recommended four influenza viruses to be included in quadrivalent vaccines
and three strains in trivalent vaccines. Thus, quadrivalent influenza vaccines contain four
influenza strains (two influenza A strains and two influenza B strains), and trivalent in-
fluenza vaccines contain three influenza strains (two influenza A strains and one influenza
B strain).

8.2. Adjuvants

Adjuvants are compounds that improve the immune reaction to a vaccine. Aluminum
salts such as aluminum hydroxide (Panflu), aluminum phosphate, and potassium alu-
minum sulfate are among them. Adjuvants are believed to increase the immune response
by having the antigen(s) close to the injection site, where immune system cells can easily
reach them [121]. The usage of aluminum adjuvants in vaccines usually results in less
antigen per dose of vaccine and, in certain instances, requires fewer vaccine doses. The
involvement of adjuvants in vaccines is often linked to local reactions at the injection site
following vaccination [122]. Other adjuvants can be used in flu vaccines such as virosomes
or oil-in-water emulsions (MF59, AS03, AF03). Fluad Quad is the only adjuvanted (MF59)
flu vaccine in Australia.

8.3. Stabilizers

Stabilizers are used to preserve a vaccine’s potency by maintaining the antigen and
other vaccine ingredients intact during storage. Stabilizers also keep vaccine ingredients
from sticking to the side of the vaccine vial. Examples of stabilizers include sugars (lactose
and sucrose) and amino acids (glycine and monosodium glutamate) [123].

8.4. Preservatives

Preservatives are used in some vaccine formulations to eliminate fungal and/or
bacterial infections in vaccines. Preservatives were initially introduced to avoid bacterial
contamination in multidose vials (not used in individual vial vaccines). Thiomersal,
phenoxyethanol, and phenol are among the preservatives utilized. Preservatives have
been used in numerous vaccinations, although there have been relatively few significant
harmful effects linked with their use worldwide, such as allergy [124].

8.5. Trace Components

Trace components in vaccines are the minute amounts of chemicals or substances used
in the early stages of the manufacturing, or leachables, e.g., from the container. Depending
on the production procedure, trace quantities of cell culture fluids, egg proteins, antibiotics,
or inactivating agents can be present [124]. In certain instances, only small amounts of
these compounds are found in the final vaccine component.

Antibiotics are occasionally utilized during the processing phase to guarantee that
contamination by bacteria does not arise. Some influenza vaccines contain antibiotics such
as Neomycin, Polymyxin B, and/or Gentamicin. Moreover, prefilled vaccine syringes may
contain traces of silicon oil that is used as a lubricant in prefilled vaccine syringes.

During the development of WIV and split-virus inactivated vaccines, inactivating
agents are used, and the final vaccine contains relatively few of these inactivating chemicals
or splitting agents, such as formaldehyde, glutaraldehyde, or surfactants, respectively [88].
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9. Novel Influenza Vaccine Platforms
9.1. Virus-Like Particle (VLP) Vaccines

VLPs are composed of surface viral glycoproteins that self-assemble to form nonrepli-
cating particles that look like viruses. These particles mimic the native viral structure but
lack genetic materials and cannot cause an infection [125]. VLPs were successfully devel-
oped as vaccines and have been used against several viruses, including hepatitis B virus
(Heptavax-B (by Merck, Whitehouse, NJ, USA), Engerix-B (by GlaxoSmithKline Biologi-
cals, Rixensart, Belgium), H-B-VaxII (by Merck, Whitehouse, USA), and Hepavax-Gene (by
Janssen Vaccines Corp., Incheon, South Korea), human papillomavirus (Gardasil (by Merck,
Whitehouse, USA), Cervarix (by GlaxoSmithKline Biologicals, Rixensart, Belgium), Cecolin
(by Wantai Biopharma, Beijing, China), and Gardasil-9 (by Merck, Whitehouse, USA)), and
hepatitis E virus HEV (Hecolin, by Wantai Biopharma, Beijing, China) [126]. Therefore, the
VLP platform has proven to be a good strategy to produce vaccines including for influenza.
VLPs have been combined with hepatitis B virus core (HBc), and a recombinant M2 protein
containing three tandem copies of M2e (3M2e), as well as nucleoprotein (NP) epitopes
to overcome the challenge of rapid influenza evolution [127]. Innate immunity can be
activated by VLPs directly or by stimulating antigen-presenting macrophages or dendritic
cells, which can lead to the efficient induction of virus-specific T- and B-cell responses.
Moreover, influenza VLP vaccines can contain several different viral proteins (HA, NA,
M1, or M2e) in combination or individually on single VLPs, providing some flexibility
in vaccine design for broader protection. The addition of pure viral neuraminidase to a
traditional influenza vaccination resulted in a balanced and wide immune response [128].
Moreover, because of the protein’s conserved nature, M2e is a potential target for universal
vaccine development. Cross-reactive antibody responses and significant protection levels
against homologous and heterologous A subtypes were induced by the VLPs composite
of M1 and NA [129]. Some of the VLP influenza vaccine candidates have reached clinical
trials (Table 2). A recombinant A (H1IN1) 2009 influenza VLP vaccine (HA) by Novavax
was evaluated in phase 2 clinical trials in 2012 for safety and immunogenicity [130]. This
VLP influenza vaccine showed a robust immune response after a single vaccination, with
only mild adverse events. Moreover, a plant-based QVLP (HA) by Medicago completed
phase 2 clinical trials in 2019 [131]. The plant-based VLP influenza vaccine was able to
induce robust antibody responses and antigen-specific CD4+ T cells. These VLP vaccine
candidates were able to produce humoral and/or cellular responses. It also showed cross-
protection by inducing antibodies against four different influenza strains (two influenza A
and two influenza B) [131].

Table 2. Current VLP influenza vaccine candidates in preclinical and clinical trials.

VLP Vaccine Candidate  Type of Response Cros§- Clinical Phase Type'of Sponsor References
Protection Species
BV VLP-HA-NA-M1 Humoral and N/A Preclinical Mice - [132]
cellular
HBc VLP-M2e-HA2 .. .
(Tandiflul) Cellular Yes Preclinical Mice - [133]
HBc VLP-M2e-NP Humoral and Yes Preclinical Mice - [127]
cellular
Influenza VLP-HA (H1, .. .
H8, H13, H3, H4, H10) Humoral Yes Preclinical Mice - [134]
Recombinant A (HIN1)
2009 influenza VLP Humoral N/A Phase IT Human Novavax [135]
vaccine (HA)
HA and M2e5x Humoral and N/A Preclinical Mice - [136]
cellular
Plant-based QVLP (HA) Humoral and Yes Phase I &II Human Medicago [131,137]

cellular
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9.2. Antigen-Presenting Cell (APC) Inducible Vaccines

CD11c+ dendritic cells (DCs) contribute significantly to adaptive antiviral immune re-
sponses during viral infection by accumulating and converting viral antigens into peptides
for presentation to T-cells in secondary lymphoid organs through the main histocompati-
bility complex (MHC) [138].

Some preclinical work has been done to strengthen the T-cell response to the influenza
virus by inducing the antigen-presenting cells. For instance, Fonteneau and colleagues
have studied the in vitro impact of influenza virus infection on blood-purified DCs and
their capacity to accumulate and present viral antigens to CD8+ and CD4+ T-cells. They
demonstrated that exposure to influenza virus induces an expansion of anti-influenza virus
T helper 1 (TH1) CD4+ T-cells and cytotoxic T lymphocytes CTLs. These findings indicate a
novel function for DCs in the generation of antiviral T-cell responses, suggesting that these
DCs play an important part in the adaptive immune response to viruses [139]. Another
approach has shown that grafting the alpha-Gal epitope onto HA enhances the APCs’
influenza vaccine virus uptake [140]. Thus, immunogenicity of influenza virus vaccines
may be enhanced by efficiently targeting vaccinations to APCs. Additionally, influenza HA
can be targeted to APCs using fusion DNA vaccines which encode proteins that bind to
influenza HA bivalently to target them to distinct surface molecules on APCs [141]. This
targeting is able to induce the immune response toward either CD8+/Th1 T cell response
or antibody/Th2 response [141].

9.3. Nanoparticle-Based Influenza Vaccines

Conventional influenza vaccines can provide systemic protection against the virus;
however, local protection in the mucosal respiratory is also desirable against the influenza
virus [142,143]. Nanoparticles have characteristics such as solubility and stability that
make them suitable for mucosal immunity as they induce immunity that works against
respiratory viruses. These nanoparticles can be derived from a natural or synthetic source
and work as antigen carriers [144]. Thus, more studies have been done using nanoparticles
against the influenza virus than other viruses. Papaya mosaic virus nanoparticle was used
as an adjuvant with trivalent inactivated flu vaccines, and it has been tested to immunize
mice. This nanoparticle vaccine was found to be superior to IIV in terms of induction of
anti-influenza immunity based on IgG2, IgA, and IgG titers in bronchoalveolar lavage
samples and serum, especially after intranasal immunization [145].

Moreover, a polylactic-co-glycolic acid (PLGA) nanoparticle was conjugated to in-
fluenza A (H1N1)-conserved peptides and was intranasally administered as a vaccine.
This vaccine was able to induce antigen-specific CD4+ and CD8+ T-cells and consequently
induce protection in the lungs of pigs [146]. Therefore, the induction of cross-protective
antibodies that can target several pathways involved in the infection would be highly
beneficial for better protection against the influenza virus. Two different conserved in-
fluenza antigens (helix C and the ectodomain of matrix protein 2 (M2e)) were linked in a
self-assembled nanoparticle to achieve this goal. They were able to induce neutralizing
antibodies in mouse models [147].

9.4. Universal Influenza Vaccines

Although vaccination is the most efficient way to prevent influenza infection, antigenic
shift and antigenic drift of influenza viruses allow them to escape antibody neutraliza-
tion [148]. These variations in the influenza viruses are unpredictable, so influenza outbreak
management is very challenging. To overcome the limitations of the current influenza
vaccines, a universal influenza vaccine that provides long duration and broad protection
would be highly desirable. An ideal universal influenza vaccine should be effective against
all influenza viruses (A and B) HA and NA subtypes or antigenic mutations. To reach this
goal, the vaccine should induce cross-protective antibodies, which might be achieved by
targeting the conserved epitopes found in HA, NA, or M2 or internal proteins such as M1
and NP.
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The stem or stalk region of the HA is highly conserved across different strains of
influenza viruses and is considered a very promising target for developing a universal in-
fluenza vaccine [149]. Furthermore, some of the isolated antibodies from humans generated
against the stalk region of the virus neutralize all influenza A virus subtypes, which can be
used for developing a universal influenza vaccine [150]. For example, a sequential chimeric
HA vaccine technique was developed to redirect the immune response from the head to
the stalk domain (Table 3). Chimeric HAs are composed of stalk domains from group 1 or
group 2 influenza viruses and head domains from subtypes of avian influenza virus. After
completing a phase I clinical trial in 2020, this universal influenza vaccine candidate was
found to be safe and evoke a broad, vigorous, long-lasting, and effective immune response
directed against the conserved, immuno-subdominant stalk of the hemagglutinin [151].

Table 3. Universal influenza vaccine candidates in preclinical and clinical trials.

Vaccine Candidate

Vaccine Type Manufacturer Clinical Phase Participants Mechanism of Action

Chimeric HA
proteins [151]

Computationally
optimized broadly
reactive antigens
(COBRA) [152]
NP, M1 and
HA peptides
(Multimeric-001) [153]

Ag-specific cellular

Hemsgfégtlnln Glaxo-SmithKline Phase I 66 response
Broadly cross-reactive Abs
Computationally Elicitation of a unique
. . - broad cross-reactive and
optimized Sanofi-Pasteur Preclinical ..
antigens cross-neutralizing Ab
against HA.
. BiondVax
Recomb.mant Pharmaceuticals Phase III 12463 Cgllular (B-and T-cell)
proteins Ltd./NIAID immune response.

Moreover, a computationally optimized broadly reactive Ags (COBRA) targeting H1
was developed as a universal influenza vaccine (Table 3). To evaluate the breadth of B cells,
antibody-secreting cells elicited by a COBRA hemagglutinin (HA) (termed P1) were com-
pared to antibody-secreting cells elicited by historical HIN1 vaccine strains. P1 HA-elicited
monoclonal antibodies (mAbs) demonstrated an extensive range of HA identification, span-
ning from narrowly to widely reactive mAbs. A new vaccine, Multimeric-001, was also
developed to defend against seasonal and pandemic influenza virus types, independent
of mutations, by containing conserved linear epitopes from the HA, NP, and M1 proteins
of influenza type A and type B strains (Table 3). This vaccine was evaluated in phase III
clinical trial in 2020 to assess its protection and tolerability, as well as the humoral and
cellular immune responses [154]. The vaccine was well tolerated, and no serious adverse
effects were recorded. The humoral and cellular responses indicate that the vaccine has
cross-immunity against influenza virus strains independent of mutations. Participants
given Multimeric-001 dose prior to a seasonal vaccination had greater antibody response
to match the HIN1 and H3N2 strains compared to seasonal vaccination alone. Moreover,
there was an increase in CD4+ and CD8+ T cell responses to HIN1, H3N2, and influenza B
relative to baseline in those who were vaccinated with Multimeric-001.

10. Characterization of Vaccine Products

Most of the vaccine production time (70%) is devoted to quality testing [155] to
assure purity, potency, and vaccine safety. During the development of influenza vaccines,
extensive characterizations are required to ensure that the manufacturing steps follow
current good manufacturing practice (cGMP).

Although the production of vaccines differs, quality control tests must consider certain
aspects of physicochemical parameters, such as purity, quantity, homogeneity, and stability.

10.1. Purity

The purity of the vaccine is a critical physicochemical criterion for determining the
proportion of “active” vaccine antigens in the final vaccine product. Ultimately, the de-
gree of pureness measured by the vaccine antigen will rely on the test’s specificity, ad-
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ditional methods for quantification and preparation of the sample of the product, and
nonproduct impurities. Thus, it is critical to employ selective assays to measure putative
nonproduct/process-related impurities (e.g., host cell proteins, host cell DNA and/or RNA,
lipids, cell culture inducers, etc.) and product-related impurities (e.g., molecular weight
variants such as aggregates and degradants) to delineate the existence of contaminants and
impurities below a defined amount [156]. Moreover, IIV need to be purified by removing
the inactivating agent using filtration, centrifugation, or evaporation methods. Splitting
materials in split-virus vaccines such as Triton-100 need to be removed in the final product,
which can be done by filtration or other separation methods such as hydrophobic interac-
tion chromatography [157]. Table 4 summarizes several approaches that may be used, often
in combination, to determine vaccine purity. For example, using orthogonal processes such
as mass spectrometry, the molecular mass can be accurately measured, and the covalent
change (i.e., glycosylation) identity and locations may also be detailed. Furthermore, since
an impurity can exhibit the same mass/charge (m/z) ratio as the vaccine antigen during
mass spectrometric analysis, using another orthogonal method such as light scattering
(size-exclusion chromatography, multiple-angle laser light scattering) that measures mass
based on the radius of gyration helps in separating the vaccine antigen from the unresolved
impurity during mass spectrometric analysis.

10.2. Quantity

HA is the primary antigenic protein in the influenza virus, and the quantity of HA
should be enough in the vaccine to induce the immune system. Thus, HA quantity must
be 15 pg/mL for any type of influenza vaccine [157]. Quantification is carried out using
conventional protein estimation approaches such as UV Abs 280 nm, bicinchoninic acid
assay, Bradford assay, Lowry assay, detergent-based fluorescent detection, quantitative gel
electrophoresis with fluorescent staining, amine-labeling “derivatization” (using fluores-
cent probes), and ELISA (enzyme linked immunosorbent assay). Although each approach
has some possible advantages and disadvantages, it is critical to understand the method(s)
of measuring in relation to the sample volume, pH environments, sensitivity, throughput,
robustness, and precision of the assay [176]. Finally, assessing the quantity of the “working”
vaccine antigen in the presence of product-related impurities is critical for developing
correct dose guidelines.

10.3. Homogeneity

The size or molecular weight of the proteins in the vaccine antigen can be determined
using many techniques: separation and scattering methods are the main two methods [177].
In the separation method, a force can be applied (e.g., mechanical, centrifugal, electri-
cal) on the sample to separate molecules based on various characteristics such as size,
charge, hydrophobicity, then the size, shape, or charge of the biomolecule can be deter-
mined depending on its movement. Separation methods include chromatography assays
such as high-performance liquid chromatography, gel electrophoresis, and sedimentation
equilibrium. In addition to light scattering methods, other spectroscopy methods such
as mass spectroscopy and fluorescence spectroscopy are also frequently employed when
characterizing samples. Moreover, microscopic methods such as transmission electron
microscopy (TEM) and flow imaging microscopy have valuable applications in terms of
protein characterization (Table 4). Field-flow fractionation is a technique that separates
proteins/glycoproteins/particles depending on the orientation of the laminar flow of the
molecules in a narrow channel [178], with smaller molecules flowing faster and larger
molecules (that cannot disperse rapidly) moving slowly. The usage of mass spectrometry
to assess the molecular mass or scale of proteins aids in protein recognition and quantifies
protein purity, covalent alteration, and degradation products at both quantitative and qual-
itative stages [179]. Light scattering and electron microscopy (EM) are the two techniques
often used for characterizing and determining the size of protein/glycoprotein-based
vaccine antigens or the size distribution of virions in WIVs.
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Table 4. Techniques in vaccine development and characterization.

Assay or Technique Use References
Identity
Hemagglutinin inhibition assay ~ Selection of the candidate virus vaccine [158-160]
(HI Test) CVV and stability
Single radial immunodiffusion
assay SRID Vaccine potency [161-163]
Enzyme-linked immunosorbent
assay ELISA
Sedimentation
Velocity Mass and size [164]
Equilibrium Mass, association [164]
Chromatography
Hydrophobic interaction Purification [165]
Reverse phase Purification and stability [166]
Ion exchange Charge [167]
Size exclusion Size [168]
Affinity Specific interaction [169]
Light scattering
Dynamic light scattering DLS Size measuljements and [170,171]
aggregation study
Static light scattering
UV-Visible absorbance Agglomeration assessment
s [171-173]
spectroscopy and stability
Mass spectrometry Protein quantification, vaccine potency [34,174]
Fluorescence spectroscopy PrOte“.‘ stability, [89,172]
agglomeration assessment
Microscopy
Transmission electron Structure-guided information and
. . [89,171,172]
microscopy TEM aggregation study
Flow imaging microscopy Size [175]

Moreover, the presence of protein aggregation in a vaccine product can affect the
stability and efficacy of the vaccine [172]. These aggregates can be caused by removing the
splitting agent (surfactant) in the manufacturing of split-virus influenza vaccines [180]. In
addition to EM and light scattering, UV —Vis absorption spectroscopy and fluorescence
emission spectroscopy are reliable techniques in identifying protein aggregations [89,172].
EM is a direct imaging tool for determining the size and shape of large proteins or a
complex of proteins. However, owing to the high expense of the instrumentation and
the specialized knowledge needed for such experiments, other techniques (such as light
scattering) are often chosen as primary methods for size analysis. Molecular weight,
distribution, diffusion coefficients and hydrodynamic radius can be measured through
dynamic light scattering.

10.4. Stability

Understanding the function and stability of the protein/glycoprotein vaccine antigen
is crucial to the vaccine’s general effectiveness in eliciting the required protective immune
response. The instability of vaccines may be induced by different factors such as heat,
light, radiation, environmental changes, or interactions with the container or other vaccine
ingredients. Excessive heat or freezing might hasten the loss of a vaccine’s potency. It
is thus necessary to treat vaccines with care, pay close attention to their handling to
guarantee that they are of high quality, and provide maximum efficacy. This may be
accomplished via the use of cold chains to keep vaccines in a restricted temperature
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environment (which is required for potency preservation) from the producer all the way
down to the end consumers. Moreover, in split-virus vaccines, surfactant type, incubation
time, virus concentration, surfactant concentration, and virus split ratio are other factors
that could affect a vaccine’s stability. For example, aggregation may present after diluting or
removal of the surfactant, so the remaining surfactant concentration should be monitored
by optimizing the number of filtering steps to maintain vaccine stability and efficacy [180].

A combination of analytical methods can be used to study vaccine stability, such as
fluorescence emission spectroscopy, UV —Vis absorption spectroscopy, and hemagglutinin
inhibition assay (HI) test (Table 4). Because aggregation and/or degradation are typical
characteristics that influence the stability for proteins/glycoproteins, utilizing these analysis
methods helps identify the size or molecular weight of the aggregation to understand a
vaccine’s short-term and long-term stability [181].

11. Effectiveness of Influenza Vaccines

Vaccine effectiveness has been one of the major issues in influenza vaccines and
hence the effectiveness of the seasonal influenza vaccination is evaluated every year.
Efficacy measurement of vaccines may be affected by some factors such as the population
investigated, the research design, the outcome(s) assessed, and the flu vaccination season
analyzed [182]. Typically, flu vaccination lowers the risk of influenza disease by between
40 to 60% in the general population during flu seasons when the majority of circulating
influenza viruses are closely matched to those used in flu vaccines [183]. However, a
poorly matched flu vaccine will offer little or no protection against disease caused by the
commonly circulating viruses. Therefore, influenza vaccine effectiveness has varied from
year to year, ranging from a low of 10% in 2004-2005 to a high of 60% in 2010-2011 seasons
(Figure 6).
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Figure 6. Fluctuation of seasonal influenza vaccines effectiveness from 2004-2020 in US, according to
CDC [183].

Many parameters contribute to inconsistency in vaccination responses including intrin-
sic viral characteristics as well as host factors [184]. A growing body of data suggests that
host variables such as age, gender, pregnancy, and immunological history play significant
roles in modifying the effectiveness of influenza vaccines. Thus, a better understanding of
the host variables that influence influenza vaccine-induced immunity may help enhance
effectiveness of existing seasonal and future universal influenza vaccines by optimizing or
even customizing vaccine type, dosage, and adjuvant usage [185]. The influenza vaccine’s
effectiveness is usually measured using the test-negative design (TND) since 2004, when
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health officials started tracking the effectiveness of influenza vaccines. TND is a modified
case—control approach, it contrasts the vaccination status of individuals with influenza-like
symptoms who come to healthcare settings. Although it minimizes selection bias associ-
ated with health-seeking activities, it has limitations in that it only includes people who
seek care for respiratory illnesses. However, randomized controlled trials would be more
appropriate to measure a vaccine’s effectiveness as they are less prone to selection and
confounding biases [182].

To improve the effectiveness of influenza vaccines, different strategies can be used.
For instance, increasing the vaccine’s HA antigen dosage to achieve greater haemagglutinin
inhibition titers and immunogenicity [186]. It was shown in a recent meta-analysis that
higher-dose IIV was more beneficial than standard-dose IIV in avoiding hospitalization
from influenza, as well as a reduction in influenza-related mortality in individuals over the
age of 65 [186]. Using intradermal vaccination to improve vaccine effectiveness is another
option, showing haemagglutinin inhibition levels that are equal to or better than those
obtained via intramuscular injection [187]. This was attributed to an increase in the number
of antigen-presenting cells inside the dermis, which is one of the mechanisms responsible
for enhanced immunogenicity of intradermal vaccination. The addition of adjuvants to
vaccines is another method for increasing the efficacy of vaccines. The introduction of
novel adjuvant trivalent inactivated vaccines has been demonstrated to enhance immune
response in the elderly when compared to nonadjuvanted trivalent inactivated vaccines,
and to decrease the risk of hospitalization due to influenza and pneumonia by half [80].
Another option would be using a non-egg-based system to avoid mutations and other
changes such as post-translational modifications including glycosylation on viral proteins
during egg adaptation of virus.

12. Conclusions

Due to extensive viral shift and drift, influenza can evade the host’s immune defenses,
and hence, remains one of the significant, recurring global public healthcare challenges.
Therefore, there is a need to update the influenza vaccines annually. Currently, three
types of influenza vaccines are on the market: inactivated influenza vaccine (IIV), live
attenuated influenza vaccine (LAIV), and recombinant hemagglutinin (HA) vaccine. Like
most other vaccines, the influenza vaccine has a complex formulation that requires several
key components such as a viral antigen, adjuvant, preservative, and stabilizer to maintain a
stable and effective vaccine formulation. Further, the vaccine undergoes many quality tests
throughout the processing steps and the final product to ensure that the vaccine is up to
standard and safe to use. Nevertheless, more research is needed to overcome the limitations
of current influenza vaccines, such as low efficacy, long production time, and the lack of
cross-protection. To this end, new influenza vaccine candidates are in progress to improve
the vaccine efficacy or to provide cross-protection against many different strains (i.e., a
universal influenza vaccine) to overcome the need for an annual update for the vaccine.
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