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ABSTRACT

Introduction: Influenza is a vaccine-preventable disease. Due to the evolving nature of influenza
viruses, the composition of vaccines has to be updated annually. Most of the current influenza vaccines
are still produced in embryonated chicken eggs, a well-established process with some limitations.
Area covered: This review focuses on the recombinant DNA technology using baculovirus expression
vector system a modern method of manufacturing licensed influenza vaccines. The speed, scalability,
biosafety and flexibility of the process, together with the reliability of the hemagglutinin in the vaccine,
represent a significant advance toward new platforms for vaccine production.

Expert opinion: The scenario of vaccine production in the next years seems to be particularly
interesting, involving a transition from the current egg-based production to new technologies, such
as the cell culture platform, the RNA technology, the plant-based system, and the DNA vaccine. This
latter offers great advantages over egg- and cell-based influenza vaccine production. The universal
vaccine remains the goal of researchers and ideally would avoid the need for annual reformulation and
re-administration of seasonal vaccines. The lesson learned from the COVID-19 pandemic highlights the
importance of having different technologies available and able to promptly respond to a great demand
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of vaccines worldwide.

1. Introduction

Influenza is a global public health problem; vaccination is the
most effective way of controlling seasonal influenza infections
and preventing possible pandemics [1,2]. The World Health
Organization (WHO) estimates that annual influenza epidemics
affect approximately 5-15% of the population in the Northern
hemisphere and cause about 290,000 to 650,000 respiratory
deaths, worldwide [3,4]. The disease can affect all age-groups,
but some groups are more at risk than others. Vaccination
recommendations differ among countries; however, the WHO
recommends annual vaccination for pregnant women at any
stage of pregnancy, children from 6 months to 5 years old, the
elderly, individuals with chronic medical conditions and health
workers [4].

Due to the evolving nature of influenza viruses, the com-
position of vaccines has to be updated annually in order to
include the seasonal viruses predicted to circulate during the
next influenza season. Updating is a complex process that
involves intense collaboration among the WHO Global
Influenza Surveillance and Response System, regulatory autho-
rities, vaccine manufacturers and public health laboratories [5].
Since 1998, the WHO has issued recommendations for the
composition of seasonal influenza vaccines twice per year:
once in February for the Northern hemisphere and once in
September for the Southern hemisphere, which means that
the vaccine composition is decided upon almost a year in

advance of the seasonal influenza peak [6]. When there is
a good match between vaccine strains and the circulating
viruses, vaccination provides 70-90% protection in healthy
adults younger than 65 years [7]. Sometimes, mutations in
circulating influenza viruses, including the unpredictable late
appearance of an antigenic variant virus, and the mutations
that the viruses may undergo during the manufacturing pro-
cess, have resulted in vaccine mismatch and reduced vaccine
effectiveness (VE) [4,6]. This occurred in the 2014-2015
Northern hemisphere influenza season, when an H3N2 variant
virus emerged and little or no VE was observed. However, with
only few exceptions, retrospective studies have shown good
correspondence between the viruses recommended by the
WHO for inclusion in the vaccine and the viruses circulating
in the next influenza season [6,8,9].

The degree of protection elicited by influenza vaccines
depends on a complex interplay among vaccine composition
and circulating viruses, the subjects vaccinated (i.e. age and
health status), previous exposure to influenza, product-specific
factors, such as formulation and the use of adjuvants, manu-
facturing, and timeliness [2,4].

Current seasonal vaccines contain three or four different
influenza viruses recommended by the WHO. The trivalent
vaccine is composed of A(HTN1) virus, A(H3N2) virus, and
one lineage of B virus (Yamagata or Victoria). Owing to fre-
quent mismatch and the co-circulation of both lineages of
B virus, since the 2013-2014 Northern hemisphere season,
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Article highlights

¢ Influenza is a global public health problem; vaccination is the most
effective way of controlling seasonal influenza infections and pre-
venting possible pandemics.

¢ Due to the evolving nature of influenza viruses, the composition of
vaccines has to be updated annually in order to include the seasonal
viruses predicted to circulate during the next influenza season.

» The majority of influenza vaccines are currently produced in embryo-
nated chicken eggs, a well-established production system with some
limitations that impact vaccine manufacturing.

e Recombinant DNA technology using baculovirus-based expression
system represents a modern method with a significant advance
toward new platforms for the production of influenza vaccines.

e The main advantages of the baculovirus-based expression system are
the fully control over the whole process, the final product can exactly
match the influenza virus sequence, the speed, and scalability. This
technology enables the annual vaccine preparation to be promptly
modified in response to the unpredictable late appearance of an
antigenic variant virus or to a pandemic strain. No live viruses are
required, and the final product is highly purified without any residual
egg proteins.

o Quadrivalent recombinant influenza vaccine, based on baculovirus
expression vector system to express recombinant haemagglutinin in
insect cells, is the only one authorized for use in adults in US and
Europe.

e Other platforms are under development, some of which are RNA
technology, the plant-based system, and the DNA vaccine.

the WHO has recommended the inclusion of both lineages,
resulting in a quadrivalent vaccine that provides wider protec-
tion against influenza B viruses [10].

Three different classes of influenza vaccines have been
licensed so far: inactivated, live attenuated and recombinant
influenza vaccines (RIVs). The inactivated influenza vaccines
(V) consist of whole virus, split virus or subunits, and are
administered intramuscularly or subcutaneously. The whole
virus vaccines have been extensively used in humans but are
no longer in use in most parts of the world, owing to their
relatively high reactogenicity. Conventionally, subunit or split
virus vaccines are the most widespread [2,11]. Traditional
vaccines are produced in 9 to 11-day-old pathogen-free
embryonated chicken eggs, harvested from the allantoic
cavity and then treated, according to the type of vaccine.
After harvesting, the whole virus is chemically inactivated
with formaldehyde or B-propiolactone, concentrated, and
purified in order to remove non-viral protein contaminants.
Split virus and subunit vaccines are produced in the same
way but undergo a further purification process; this exposes
all the viral proteins, but results in the partial loss of the
original viral organization and the viral RNA (split virus vac-
cine), or hemagglutinin (HA) and neuraminidase (NA) only
(subunit vaccines). Vaccination with split virus or subunit
vaccines usually induces an immune response against HA,
and these vaccines contain a standard dose of 15 pg of HA of
each influenza virus. In 2009, the Food and Drug
Administration (FDA) licensed a high-dose influenza vaccine
containing 60 pg of HA per each virus strain, four times more
than the standard dose, for use in older adults (=65 years
old) [12]. In 2020, the high-dose vaccine received marketing
authorization in 25 European countries for use in adults

60 years of age and older [13]. Despite the higher frequency
of local and systemic reactions, the high-dose vaccine is well
tolerated, induces a better and significantly higher immune
response, and provides better protection against laboratory-
confirmed influenza infection than the standard dose
[14-19].

RIVs have recently been licensed and contain HA only.

The live attenuated influenza vaccines (LAIVs) are adminis-
tered intranasally to healthy subjects from 24 months to
49 years of age, depending on the country-specific regulations
(United States, Europe, Russia, and India). Intranasal adminis-
tration mimics the natural pathway of infection and induces
a broader humoral and cellular response than 1IVs, in addition
to mucosal IgA responses in the upper respiratory tract. There
is evidence that LAIVs provide protection against both well
matched and antigenically drifted influenza strains [5,11,20-
22]. However, some safety concerns are persisting on using
LAIVs in addition to the tumultuous recent history due to the
lesser efficacy against the H1N1 circulating virus [21,23,24].

The majority of influenza vaccines (roughly 85-90%) are cur-
rently produced in embryonated chicken eggs [25] (hereafter
referred to as eggs), an old-fashioned but well-established pro-
duction system. Although the egg-based production confers
several benefits, some limitations have emerged, and other plat-
forms and technologies have been developed or are under
development [5].

This review focuses on a modern recombinant DNA tech-
nology based on baculovirus expression vector system for
manufacturing licensed influenza vaccines, compared to the
egg- and cell-culture platforms.

2. Egg- and cell-culture platforms

The egg-based production of influenza vaccines is a well-
established process that was developed over 70 years, and
extensive safety data are available [5]. The process is cost-
effective, allowing global access to the vaccine, and high titers
of virus can be obtained, with a production capacity of
413 million doses of trivalent influenza vaccine every year
worldwide [7,26].

Despite being the most widely used system for vaccine
manufacture, egg-based production has some limitations.
First, a large number of eggs are needed in a short-time
period, one or two eggs are required for each dose of vaccine,
the process is labor-intensive and cumbersome, and the eggs
need to be from specific pathogen-free flocks [5,26,27].
Moreover, the purification process is difficult, yielding
a partially purified vaccine that could contain small amounts
of egg protein. In addition, as allergy to eggs is one of the
most common allergies in the pediatric population, and given
the theoretical risk of an anaphylactic reaction, these vaccines
have been not recommended to subjects with egg allergy
[5,28-31]. Specifically, influenza vaccines have been contra-
indicated in subjects with severe egg allergic reaction. On
the contrary, studies have shown that subjects with egg
allergy can receive influenza vaccines since the amount of
egg protein present in the vaccine is insufficient to trigger
an allergic reaction [28,32-35]. Finally, antibiotics and



preservatives are often used in the process, in order to main-
tain adequate sterility [36].

In the event of an avian influenza outbreak, the virus could
be lethal for eggs, resulting in a shortage of eggs and low
titers [5,26]. Moreover, egg-based production takes a long
time; as highlighted during the 2009 H1N1 pandemic, the
process was unable to produce and distribute enough doses
of vaccines against a new influenza virus in a short time [37].
Indeed, the complete process, from the selection of candidate
vaccine viruses (CVVs) to vaccine availability, typically takes 6-
8 months. Furthermore, unexpected events, such as low virus
yield or the late appearance of an antigenic variant virus, can
affect the process, resulting in delays in vaccine produc-
tion [5,7].

It is also noteworthy that some viruses, such as H3N2, grow
poorly in eggs and can acquire some adaptive changes, lead-
ing to specific amino acid substitutions at the tip of the HA
and close to the receptor-binding site. These adaptations have
been seen to alter antigenicity and reduce VE [5,38]. A study
conducted by Skowronski et al. [39] showed that, during the
2012-2013 season, the low VE was due to a mutation acquired
by the egg-adapted vaccine strain rather than to antigenic
drift in circulating viruses. This was in contrast with the tradi-
tional concept that low VE was related to the mismatch
between the circulating viruses and the vaccine viruses recom-
mended by the WHO. This study highlights the importance of
monitoring the annual vaccine constituents, which could
impair VE even if the antigenic integrity of circulating viruses
is maintained during the influenza season. Furthermore,
a retrospective analysis of influenza seasons from 2011-2012
to 2017-2018 showed that there was little to no antigenic
similarity between circulating H3N2 viruses and the seed
virus of the egg-based vaccines in half of the seasons evalu-
ated [40]. However, the scenario is more complicated and
seems that the low VE in some influenza seasons (i.e. 2012-
2013, 2017-2018) is likely multifactorial and related to age-
specific vaccine response, underlying medical conditions, NA
drift, heterogeneous response to influenza vaccine and
immune history rather than egg adaptations alone [41-45].

The many shortcomings of egg-based vaccine production
have prompted the development of alternative technologies.
In 2017, Seqirus announced the successful production of the
first H3N2 cell-based seasonal influenza vaccine using a CVV
isolated and grown in cells [46]. This innovative technology
avoids the egg-adapted changes associated with traditional
manufacturing methods and constitutes a great achievement,
given that egg-adapted mutations are very likely to be main-
tained if egg-derived virus seeds are used for the production
of influenza vaccines in other substrates [5]. A cell-based
quadrivalent inactivated influenza vaccine (Flucelvax Tetra in
Europe; Flucelvax Quadrivalent in the United States) was
approved for the 2019-2020 season, completing the transition
to a product completely isolated and grown in cells [47,48].

Since 1995, the WHO has supported the development of an
alternative influenza virus cultivation system [49], and the cell
culture platform has become one attractive alternative for
vaccine production. The system is independent of the supply
of eggs, the final product is free from egg protein, and cells
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can be cryopreserved and reconstituted as needed [5,50]. The
process has greater flexibility, scalability and a shorter produc-
tion cycle, does not require additives in the production pro-
cess, and allows pathogenic viruses to be produced safely.
Viruses adapted for growth in cells seem not to undergo egg-
adaptation and to be representative of the circulating strains,
remaining unchanged in cell culture [5,51,52]. However, con-
cerns have been raised regarding mutations that influenza
viruses can develop after serial passaging in conventional
cell culture [53,54]. Three cell lines are widely studied and
applied to influenza vaccine production: Madin-Darby Canine
Kidney (MDCK), Vero and PER.C6 [5]. Trivalent and quadriva-
lent cell-derived vaccines have proved to be well tolerated
and display a good safety profile [27]. Furthermore, cell-
derived vaccines have demonstrated to be non-inferior to
egg-grown vaccines and in some circumstances even more
immunogenic against influenza B viruses [55,56]. However,
data to assess the effectiveness of these vaccine compared
with their egg-based counterparts are still limited [57]. The
cell-derived method also has some disadvantages. As yet,
experience of vaccine production in cells is somewhat limited.
Moreover, the process needs new and qualified production
facilities, is more expensive than egg-based production (costs
are approximately 40% higher [7]), shows variation among
batches, and carries a risk of mycoplasma contamination
[5,58]. Regulatory authorities require proof that vaccine is
pathogen-free, without oncogenic agents, and
a characterization of the cell substrate after manipulations (i.
e. immortalization of primary cells) [1,5,59]. In addition, the
volumetric yield of influenza virus is lower than in the egg-
based process [58] and adapting the new virus to the cell
substrate may be a major challenge [36].

3. Recombinant DNA technology

The first influenza vaccine produced by means of modern
recombinant DNA technology was Flublok, manufactured by
Protein Sciences, Meriden, CT, acquired by Sanofi Pasteur in
2017. Flublok was first approved by the FDA in 2013 for use in
persons aged 18-49 years in the United States; in 2017, it was
replaced by Flublok Quadrivalent for use in subjects 18 years
of age and older [60,61]. The quadrivalent vaccine, named
Supemtek, has been authorized by the European Medicines
Agency (EMA) for use in adults in the European Union in
November 2020 [62].

The novelty of this vaccine lies in the technology used,
which enables RIV to be created synthetically without the
need for CVV, seed viruses grown in eggs, and eggs for the
manufacturing process [63].

The starting point is the viral DNA sequence, in order to
make the HA of the influenza virus; this DNA is then combined
with a baculovirus, resulting in a ‘recombinant’ virus [63,64].
The host range of baculoviruses is restricted to invertebrates,
the baculovirus most commonly used for manufacturing pur-
poses being Autographa californica multiple-capsid nuclear
polyhedrosis virus [65]. Baculoviruses are able to infect insect
cells, which do not support the replication of most types of
viruses that cause human diseases, the only exceptions being
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arboviruses, which are sporadically reported to replicate in
insect cells [66]. However, the baculovirus-insect cell system
is limited by the nature of insect cell glycosylation. As a result,
N-glycans are different from those produces by mammalian
cells, may lack terminal sialic acid residues, and consists of
simple paucimannose structures [67-70]. The vaccine is pro-
duced in a non-transformed, non-tumorigenic continuous cell
line (expresSF+ insect cells) derived from Sf9 cells of the fall
armyworm, Spodoptera frugiperda. This cell line is grown in
suspension and serum-free medium, two primary require-
ments for large-scale manufacturing and safety [71,72]
(Figure 1). RIV contains three times as much HA as IV [73];
the antigens are highly purified full-length proteins containing
the HA1-HA2 regions and the transmembrane domain and are
not cleaved. Since it is not known whether the cleavage site is
involved in the immune response, no significant differences
should be found between the immune response to cleaved or
uncleaved HA, at least in adults and the elderly, and the
mechanism of action of this type of vaccine should be similar
to that of IIV, i.e. antibody response against the HA [74-76].
This novel technology presents some features that make it
more appealing and interesting than vaccine production in
eggs and/or cells. First of all, the baculovirus expression vector
system employing recombinant technology allows a level of
control over the whole process that is unreachable with the
other current platforms. Indeed, the recombinant baculovirus
codes for the required antigen and, since growth in other
substrates (such as eggs and/or cells) is not required, the
final product can exactly match the influenza virus sequence
without the risk of adaptive changes that reduce VE [65,74].
Moreover, it has been proved that the HA produced in insect
cells retains its native structure after purification and is cor-
rectly translated and biologically active [77]. As this method of
vaccine production is relatively rapid (requiring as little as
45 days after receipt of the virus) [72] and the process has
been successfully scaled to allow the rapid delivery of a large
number of doses, this technology enables the annual vaccine
preparation to be promptly modified in response to the
unpredictable late appearance of an antigenic variant virus
or to a pandemic strain. In addition, since the starting point

selecting viruses
for seasonal influenza vaccine

WHO

HA

DNA combined SF+ cells infected

with baculovirus

N

DNA sequence

l‘v '
=

HA sequence

wild type virus

viral genome

Figure 1. Schematic representation of production process of RIV.

is the DNA sequence, the WHO's selection of viruses for inclu-
sion in the vaccine composition can be delayed until more
surveillance and epidemiological data are available
[64,66,76,78]. Finally, since no live influenza viruses are pro-
duced, this production system does not require high-level
biosafety facilities, which means that manufacturing personnel
are not exposed to live viruses and that the production of
seasonal and/or pandemic influenza vaccines is more rapid
and economical [75]. The final product is highly purified, with-
out having undergone inactivation and/or extraction pro-
cesses, and is free from pathogens, preservatives (such as
thimerosal), antibiotics, adjuvants and, significantly from
a clinical perspective, any residual egg proteins [65,74,75,771.

Several studies have evaluated the safety, efficacy, and
immunogenicity of RIVs in preventing seasonal influenza in
adults =18 years old [73,76,78-83]. Table 1 highlights the
studies supported licensure of quadrivalent RIV (RIV4) for
adults 50 years of age and older, adults 18-49 years and
children aged 6 to 17 years compared to IV produced in
eggs [73,84,85]. Overall, the data show that the vaccine is
well tolerated and immunogenic in adults and the elderly.
The high purity of the antigen allows the administration of
higher doses (45 pg of HA per strain) without a significant
increase in side-effects. Previous studies on high-dose vaccines
have proved that these types of vaccine are able to produce
an enhanced immunologic response in adults and the elderly,
while maintaining a favorable safety profile [86-88]. Notably,
Dunkle et al. [79] performed a randomized, double-blind, mul-
ticenter clinical trial in the US in 2014-2015 influenza season
aimed at comparing RIV4 to a standard-dose quadrivalent IIV
produced in eggs in persons 50 years of age and older. The
trial assessed the relative vaccine efficacy against reverse-
transcriptase-chain-reaction (RT-PCR)-confirmed influenza-like
iliness occurred from 14 days or more after vaccination. The
results showed a 30% lower probability of influenza-like illness
with RIV than egg-derived vaccine. This trial showed that RIV,
as compared with standard vaccine, improved protection
against laboratory confirmed influenza like-illness in adults
50 years of age or older. An exploratory study performed in
pediatric subjects showed that the safety and immunogenicity

HA production
urilication

A

bv baculovirus and harvest P

RA
AR

Vz



EXPERT REVIEW OF VACCINES (&) 1237

Table 1. Overview of clinical studies supporting RIV4 licensure. rHA: recombinant hemagglutinin.

Active Comparator/ Number of
Study Population Purpose of study Control Location  Seasons subjects References
Phase Il
PSC12 Adults aged Randomized controlled trial to One injection of RIV4 containing us 2014-2015 RIV4: 4328 (Dunkle
NCT02285998 > 50 years, establish that RIV4 is non- 45 pg of rHA per strain or; QIVe: 4344 etal.,
medically inferior to fully licensed QlVe containing 15 pg of HA 2017)
stable (traditional approval status) per strain [75]
quadrivalent inactivated
influenza vaccine (QIVe,
Fluarix® Quadrivalent, GSK)
in protecting against
laboratory- confirmed
clinical influenza disease
PSC16 Healthy adults ~ Randomized controlled trial to One injection of RIV4 containing us 2014-2015 RIV4:1011 (Dunkle
NCT02290509  aged 18 to demonstrate the safety and 45 ug of HA per strain or; QlVe: 339 et al,
49 years non-inferior QlVe containing 15 pg of HA 2017)
immunogenicity of all 4 per strain [81]
vaccine antigens of RIV4 vs.
a licensed comparator
(QIVe, Fluarix®
Quadrivalent, GSK)
Phase Il
PSC08 Healthy children Exploratory study to assess the One injection of RIV4 containing us 2013-2014 RIV4 (9-17 years of (Dunkle
NCT01959945 and safety, reactogenicity, and 45 ug of HA per strain or QIVe age): 80 etal,
adolescents immunogenicity of RIV4 containing 15 ug of HA per RIV4 (6-8 years of 2018)
age 6- compared with QIVe strain age): 28 [80]
17 years (Fluarix® Quadrivalent, QlIVe (9-17 years
GSK) in the pediatric of age): 78
population 6-17 years of QlIVe (6-8 years of
age age): 31

of the RIV4 were comparable to those of IV with most con-
vincing data in 9-17 years old cohort than those aged 6-
8 years [84].

RIV elicits strong immunogenicity, a long-lasting immune
response and, notably, provides cross-protection against
drifted influenza viruses, a feature that could be of particular
importance during mismatched influenza seasons. The
mechanism behind the cross-protection seems to be related
to a difference in the glycosylation of the HA produced in the
cells of lepidopteran insects, which allows greater accessibility
by B-cells to the stalk domain, the most highly conserved
region of the HA [89-91]. Notably, it has been reported that
against H3N2 virus, the vaccine was more immunogenic than
IIV in the elderly [82].

As reported by a systematic review released by the European
Center for Disease Prevention and Control (ECDC) [57], the body
of knowledge of newer and enhanced influenza vaccines is still
limited. Data related to efficacy or effectiveness for recombinant
HA influenza vaccines were limited to two efficacy randomized
controlled trials (RCTs) [1,2,79,81]. Recombinant HA was found
to provide a greater protective effect against overall influenza
viruses compared with placebo/no vaccination in 2007-2008
influenza season [81], and when compared to traditional stan-
dard-dose influenza vaccination during the 2014-2015 season
by Dunkle and colleagues (moderate-certainty evidence) [79]. In
this RCT, the relative VE was shown to be 30% more protective
in prevention of influenza disease over quadrivalent standard-
dose comparator. It is speculated that improved vaccine perfor-
mance may be attributable to either the restriction of mutations
seen with egg-based vaccines, or the higher dose of antigen
seen in this type of influenza vaccine (based on recombinant

technology). It should be recognized that during both seasons
in which the clinical trials were conducted, there was significant
mismatch between the vaccine strains and the circulating wild-
type viruses. The findings [57] suggest that the safety profile of
recombinant HA influenza vaccines is largely similar to that of
traditional standard-dose influenza vaccines in terms of local
and systemic effects (low-moderate certainty evidence).
Collectively, the results of the RIV3/RIV4 studies suggest that
recombinant HA vaccines may offer better protection than no
vaccination or standard-dose influenza vaccines with some
possible cross protection to drift variants. Other studies are
needed to better characterize these newer and enhanced vac-
cines and the increased use will provide larger data [57].

4. Conclusions

Recombinant DNA technology represents a significant
advance toward new platforms for the production of influenza
vaccines. The speed, scalability, biosafety, and flexibility of the
manufacturing process, together with the reliability of the HA
in the vaccine, a protein genetically identical to the one
selected by the WHO for inclusion in the annual seasonal
influenza vaccine, are valuable advantages over the egg- and
cell-based platforms [65,92].

This new technology would allow a prompt response to the
emergence of a new pandemic strain and seems to confer
cross-protection even in the event of mismatched influenza
seasons. Overall, recombinant DNA technology is an important
milestone in the field of influenza vaccine production and
would appear to be the future of production.
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5. Expert opinion

Influenza is a vaccine-preventable disease. However, the evolving
nature of influenza viruses and their ability to escape the immune
system make them a public health challenge. Vaccination is the
most effective way of controlling seasonal influenza infections and
the most important strategy for preventing possible pandemic
events. Most of the current influenza vaccines are still produced
and/or isolated in eggs, an old-fashioned production system
established in the 1940s. However, two other technologies have
been developed: the cell culture platform and DNA-based tech-
nology. This latter offers great advantages over egg- and cell-
based influenza vaccine production and could be defined as an
‘anticipated modernization of influenza vaccine production’ [92].
The ideal method of production should possess some indispen-
sable characteristics: great flexibility and scalability, especially in
the event of a pandemic; the virus included in the vaccine should
be representative of the circulating strains; production should be
economical and safe, and also yield large quantities; the process
should be standardized and controlled and allow production to be
started as soon as the sequence of the new influenza strain is
available [5]. Recombinant DNA technology displays many of
these characteristics, and, with further improvement of the tech-
nology, it may be possible in the future to postpone vaccine strain
selection to a time much closer to the beginning of the influenza
season. In addition, from a public health point of view, these
vaccines would be particularly useful during seasons characterized
by the predominance of influenza strains antigenically mis-
matched to the seasonal vaccine. Moreover, the inclusion of
a known amount of purified recombinant NA in this vaccine
could constitute a further useful advantage of the current tech-
nology, since there is evidence of protective efficacy of the NA
protein [92].

The scenario of vaccine production in the next years seems to
be particularly interesting and promising, involving a transition
from the current egg-based production to new technologies,
such as the RNA technology, the plant-based system and the
DNA vaccine in addition to the one mentioned before.

The emergency use authorization of COVID-19 vaccines, one
of which (the Pfizer-BioNTech COVID-19 Vaccine) was officially
approved by FDA on 23 August 2021 [93] and marketed as
Comirnaty, makes the expectation of RNA vaccines against influ-
enza disease realistic in the next years. In July 2021, Moderna, Inc.
announced that mRNA-1010, Moderna’s first quadrivalent influ-
enza vaccine candidate, has entered the clinic aimed at evaluat-
ing its safety, reactogenicity, and immunogenicity in healthy
adults 18 years and older in the US [94]. Other companies such
as Seqirus, Sanofi/Translate Bio have announced plans to accel-
erate the development of influenza RNA vaccines [95]. This tech-
nology is not entirely new, and scientists have been studying RNA
vaccines for decades [96]. The first study dates back to 1993
highlighting the usefulness of mRNA technology for immuniza-
tion against influenza viruses [97], however only in the early 2000s
this technology has been taken into consideration again. Animal
studies have provided promising data on cellular and antibody
response, underlining a broadly protective immune response [98-
100]. Results from the first human trials of mRNA vaccines against
H10N8 and H7N9 influenza viruses in healthy adults showed
a robust humoral immune response with acceptable tolerability

profile [97,101]. Overall, this technology has some beneficial fea-
tures. First of all, the process is rapid, highly scalable and ideally
the production could start within 6-8 weeks after the publication
of the antigen sequence. This may allow a timely and effective
response in the case of pandemic caused by a new influenza
virus, the possibility to postpone the WHO selection to accurately
target the dominant circulating strains or to promptly response to
viral antigenic drift. The mRNA is noninfectious, non-integrating
platform with no potential risk of infection or integrating into the
host cell DNA and the absence of anti-vector immunity allows
repeated administrations. Basically, RNA vaccines work using the
host cell machinery for translating the mRNA into the correspond-
ing antigen, mimicking a viral infection and producing a strong
humoral and immune response [96,102-104].

In recent decades, the use of plants as bio-factories for vac-
cines production has aroused the attention of manufacturers. The
plant-based vaccine production offers some advantages over the
egg-based production such as the scalability of the process,
plants require the same growth conditions as just one and only
glass-house space and/or land and the risk of contamination by
human pathogens is minimized. In addition, once the genetic
sequence from a pathogen has been isolated, the protein pro-
duction can usually be started within just a few weeks [5,105].
A phase 1-2 clinical trial in healthy adults receiving one intramus-
cular dose of a seasonal influenza plant-based quadrivalent virus-
like particle (QVLP) reported promising results. The QVLP vaccine
was well tolerated and induced strong and cross-reactive humoral
and cellular response. Notably, the long-lasting response per-
sisted for at least 6 months and could be partially attributed to
the parallel induction of CD4 T cell help by this kind of vaccine
[106]. Recent phase 3 efficacy studies of QVLP in adults (18-
64 years) and older subjects (=65 years) confirmed the protection
provided by the vaccine against both A (especially H3N2) and
B strains in adults and showed to be non-inferior to a commercial
quadrivalent IV in the elderly even in a season characterized by
mismatched strains [107]. Altogether, these results showed that
the plant platform is very promising in the world of vaccines.

Even DNA vaccine seems to be a promising technology in
development since the 1990". These vaccines do not require the
growth of live virus, are temperature stable, noninfectious, non-
replicating and the production process is rapid and cheap. The
great advantage is that the target sequences of clinical isolates
can be used as soon as available and are able to induce both
humoral and cellular immune responses. The route of adminis-
tration is critical and different devices have been evaluated, such
as patches, gene-gun, and electroporation. The main concerns
are with regard to safety and the potential integration of the
plasmid DNA into host genome, the development of anti-DNA
antibodies resulting in auto-immune disease and antibiotic resis-
tance [108-113]. However, a phase 1 randomized clinical trial in
children and adolescents priming with trivalent DNA vaccine
and boosting with trivalent IIV provided evidence that the strat-
egy is safe and well tolerated [114]. So far, no DNA vaccines have
been approved for use in humans.

Beyond the technologies described in this review that are
only some of those that have been developed so far, the uni-
versal vaccine remains the goal of researchers representing the
‘game changer’ in the fight against influenza [115]. Ideally,
a universal vaccine would avoid the need for annual



reformulation and re-administration of seasonal vaccines and
would confer a long-lived antibody response [11]. However,
owing to the significant differences between influenza A and
B types, the prospect of having a ‘universal vaccine’ able to
provide universal protection against all influenza A and
B viruses seems unrealistic [5]. In this regard, a WHO document
released in 2017 reported that a universal influenza vaccine able
to provide protection against influenza A viruses (group 1 or 2)
could be expected to be in advanced clinical development
within the next ten years, but not within the next five years
[116]. Various approaches have been studied, based either on
stimulating the cellular immune response or on identifying
potential conserved epitopes, such as the HA stalk domain, that
may be a potential target in the attempt to elicit broadly cross-
reactive neutralizing antibodies. In addition to HA, other proteins,
such as M1, nucleoprotein, NA, and Matrix-2, have also been seen
to have conserved epitopes and need to be investigated further
[5,117-121]. By contrast, an influenza vaccine able to provide
universal protection against influenza B viruses is unlikely to be
in advanced clinical development within the next ten years [116].

Overall, several new technologies and platforms have been
or are being developed. However, many more data on the
safety and immunogenicity of next-generation influenza vac-
cines in humans are needed.

The lesson learned from the COVID-19 pandemic highlights
the importance of having different technologies available and
able to promptly respond to a great demand and supply of
vaccines worldwide. Based on these assumptions, the next
decades may represent a milestone in the field of next-
generation vaccines against influenza viruses.
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