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Abstract: Avian influenza viruses (AIV) are a continuous cause of concern due to their pandemic
potential and devasting effects on poultry, birds, and human health. The low pathogenic avian
influenza virus has the potential to evolve into a highly pathogenic avian influenza virus, resulting
in its rapid spread and significant outbreaks in poultry. Over the years, a wide array of traditional
and novel strategies has been implemented to prevent the transmission of AIV in poultry. Mass
vaccination is still an economical and effective approach to establish immune protection against
clinical virus infection. At present, some AIV vaccines have been licensed for large-scale production
and use in the poultry industry; however, other new types of AIV vaccines are currently under
research and development. In this review, we assess the recent progress surrounding the various
types of AIV vaccines, which are based on the classical and next-generation platforms. Additionally,
the delivery systems for nucleic acid vaccines are discussed, since these vaccines have attracted
significant attention following their significant role in the fight against COVID-19. We also provide a
general introduction to the dendritic targeting strategy, which can be used to enhance the immune
efficiency of AIV vaccines. This review may be beneficial for the avian influenza research community,
providing ideas for the design and development of new AIV vaccines.
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1. Introduction

Avian influenza virus (AIV) can infect not only birds but also other animals such as
swine, cats, dogs, and even humans. The genome of AIV comprises eight gene segments:
hemagglutinin (HA), neuraminidase (NA), matrix (M), nucleoprotein (NP), nonstructural
protein (NS), acidic polymerase (PA), basic polymerase 1 (PB1), and basic polymerase 2
(PB2). Influenza viruses are differentiated into different subtypes based on the antigenicity
of their HA and NA proteins, [1]. Currently, 16 HA subtypes and 9 NA subtypes have
been identified in avian species. The AIV H9, H5, and H7 subtypes were first identified
in China in 1994, 1996, and 2013, respectively. Influenza viruses circulating in animals
have jumped to humans on multiple occasions [1], and some have demonstrated pandemic
potential [2]. AIV infections have resulted in increased socioeconomic damages to humans
as well as the poultry industry [3], especially the H5 subtype AIV, which is associated
with higher mortality rates. The highly pathogenic AIV (HPAIV) is a bird-oriented virus
with high morbidity and mortality, which leads to death of both poultry and humans. In
addition, low-pathogenic AIV (LPAIV) strains do not directly affect poultry and healthy
humans after infection, but uncontrolled and persistent poultry infection is not without
consequences. For example, the LPAIV HIN2 subtype, which is highly prevalent in poultry,
can be associated with morbidity and mortality when confounding factors are presented.
Of grave concern, this virus might horizontally transfer internal genes to HPAIV, thus
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contributing to enhanced virulence and pathogenicity [4]. In China, which is recognized
as a geographical area with conducive conditions to novel influenza virus emergence due
to the location of three migratory bird flyways and the largest global scale of poultry
production, at least six subtypes of AIV were identified in the period of 2016-2019 [5].

The Chinese government has invested significant resources into strengthening veteri-
nary administration, education, research, investigation, surveillance, emergency responses,
international cooperation, mass vaccination, and biosecurity improvements for AIV con-
trol [6]. Among these strategies, mass vaccination is still one of the most effective ways to
control avian influenza outbreaks and for the alleviation of severe symptoms caused by
AIV. Due to the complications associated with AIV epidemics, both culling and biosecurity
measures have been strictly enforced in China, while mass poultry vaccination has been
utilized as a rational alternative strategy to rapidly alleviate the severe situation [6]. The
Chinese government has provided free AIV vaccines to poultry farmers. The mass vaccina-
tion strategy implemented in China has made great progress and has achieved satisfactory
results. Consequently, the H5 clade 7.2, which circulated widely among dunghill poultry in
northern China from 2006 to 2013, has been largely eliminated, as this clade has not been
detected since the corresponding vaccine was used in 2014 [7].

Although the mass vaccination strategy achieves impressive results, immune escape
happens occasionally; thus, AIV epidemics have not been totally controlled [8]. Scientists
are thus concerned that high antibody levels can accelerate viral mutation and diversifi-
cation under immune pressure, resulting in a more complicated epidemic situation in the
long term [9]. The HA protein plays a critical role in virus binding to host cell surface
receptors, thus mediating fusion of the host cell with viral membranes. Antibodies against
HA, however, block this process by interfering with the binding between viruses and
receptors, thus further blocking the downstream process [10]. The NA protein prevents the
accumulation of influenza virus particles on the cell surface and is involved in virus release,
thus facilitating further infection [11]. Both the HA and NA proteins are immunogenic,
inducing a humoral immune response in infected animals. These proteins vary the most
between viruses and are important for antigen drift, i.e., the gradual accumulation of
amino acid changes that eventually reduce antibody recognition and immune escape [12].
Consequently, research efforts have focused on the improvement of vaccines and the de-
velopment of new vaccine platforms to achieve substantial protection against potentially
pandemic AIV.

2. Avian Influenza Vaccines

The development of a fully effective vaccine that can prevent AIV infection completely
is a challenging task. An ideal avian influenza vaccine should meet the following require-
ments: inexpensive for production and low-cost for mass application, usable in multiple
avian species, allows easy identification between infected birds and vaccinated population,
be antigenically close to epidemic virus strain, provides long lasting protection after a
single dose, induces a protective immune response in the presence of maternal antibodies
and be applied at one day of age in a hatchery or in vivo [13]. Although various forms of
vaccines have been developed to protect against influenza viruses, including traditional
and next-generation vaccines (Figure 1), no current vaccine meets all these criteria. There-
fore, the user must select licensed vaccines that fulfil as many of the features that satisfy
their requirements. Currently, there are several licensed AIV vaccines, and some are under
development in China; however, each has advantages and drawbacks (Figure 1).
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Figure 1. Advantages and disadvantages of traditional and next-generation influenza vaccines.
The development of influenza virus vaccines is based on intact virus particles, surface proteins,

nucleoproteins, viral genomes, and attenuated virus strategies.

Amongst these vaccines, the inactivated AIV are the most widely used in China. Due
to immune escape caused by antigenic drift for the human influenza virus, the antigen of
the vaccines must be replaced periodically to ensure that their antigenicity matches that of
the current, circulating virus [5,9]. As for avian vaccines, the problems are mainly due to
the fact, that there are viruses belonging to different subtypes, clades and subclades circu-
lating among the bird population. Antigenic drift remains a concern for subtype-specific
avian influenza vaccines. Therefore, antibodies to certain circulating viruses fail to provide
protection against other viruses. Although antigenic drift of AIV can be predicted and the
infrastructure and schedule to produce inactivated AIV vaccines is well established world-
wide, this repetitive work needs to be done continuously. Therefore, the modification and
innovation of Al vaccines is an ongoing subject that must learn from the human influenza
vaccine research experience, including the improvement of immunogenicity, promotion of
cross protection, and development of novel vaccine types or universal vaccines [14].

2.1. Inactivated Vaccines

The inactivated AIV vaccine is produced by growing the seed virus in chicken embry-
onated eggs, which is the most popular avian virus vaccine production technology process.
The efficiency of this method, however, is relatively low, and requires a considerably large
quantity of fertile eggs to prepare sufficient antigen [15]. The HA protein is an attractive
target for vaccine development, with the bulky and highly variable-immunodominant
globular head domains it presents being recognized by the host immune system. Previ-
ous studies have shown that the passage of seed virus in eggs may alter HA antigenicity,
resulting in an antigenic mismatch with the epidemic isolates, thus making the vaccine
less efficacious [16]. To avoid HA mutations caused by passage in eggs, cultured mam-
malian cell lines can be used for virus propagation [17]. Moreover, mammalian, cell-based
influenza vaccines provide comparable or improved immune protection in animal models
compared to egg-based vaccines, with both the safety and the efficacy having been proven
by clinical trials [18,19]. The use of mammalian cell lines to culture the virus has several
advantages, including the use of fully characterized and standardized cells and the ease of
large-scale cultivation in the event of an emerging pandemic. In addition, the efficiency
of the production process of cell-based vaccines is not only dependent on the ability of a
particular cell to yield a virus vaccine, but also on the process optimization of large batches
of virus vaccine. Currently, two immortal cell lines have been investigated for influenza
virus production: Madin-Darby canine kidney (MDCK) cells and African green monkey
kidney cells (Vero) [20,21].
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The harvested and purified virions are inactivated and then emulsified with oil ad-
juvant. Formaldehyde is frequently used for inactivation to produce intact, inactivated
vaccines [22], as it can interact with a broad range of reactive groups, whether protein,
RNA, or DNA, leading to alkylating and homo- or bifunctional cross-linking. However,
some disadvantages associated with the use of formaldehyde have been identified: one is
the toxicity caused by residual formaldehyde in the vaccine, while another is the alteration
of the antigen epitope due to chemical modification by formaldehyde [23,24]. Another
commonly used inactivating agent for vaccine production is 3-propiolactone. It functions
as an alkylating agent; however, acylation and cross-linking of macromolecules may also
occur during inactivation [25]. 3-propiolactone can pass through the viral membrane, lead-
ing to an irreversible alkylation of nucleic acid bases, resulting in viral genome replication
inhibition or genome degradation. Hence, 3-propiolactone inactivates viruses via the de-
naturation of nucleic acids, in contrast to protein manipulation by formaldehyde. Thus, the
antigenic structure of the virus will be maintained during inactivation by -propiolactone.
Researchers have investigated immunization with formaldehyde- and (3-propiolactone-
inactivated vaccines. It was observed that immunization with a 3-propiolactone-inactivated
H5N1 vaccine induced a higher level of cytotoxic CD8* T cell and cytokine production [26].
Virus inactivation is also an important aspect of creating vaccines produced using reverse
genetics technology. The segmented genome of AIV enables the rescue of viruses that
contain gene segments encoding internal proteins of non-pathogenic AIV while displaying
the surface proteins of highly pathogenic epidemic virus strains. Reverse genetics res-
cue can also be used to modify HA sequences to improve their replication capabilities in
chicken embryos or cell lines to further enhance the efficiency of vaccine production [27].
Many inactivated reverse-genetics-designed AIV vaccines for chickens have recently been
licensed in China (Table 1). Poultry immunization with inactivated virus vaccines begins at
2-5 weeks of age, with a booster immunization needed four months after the first immu-
nization because the immunity conferred by the vaccine is not long-lasting. Researchers
have demonstrated that injection with an inactivated AIV vaccine resulted in post-hatch
seroconversion and the induction of immune responses in hatched chicks [28].

Table 1. Application periods of the H5 subtype AIV vaccine in China [15,29].

2004~ 2006~ 2008~ 2010~ 2012~ 2014~ 2016~ 2018~ 2020~ 2022~

Seed of HA-Donor Virus Clade  Designations ), 2007 2009 2011 2013 2015 2017 2019 2021 2023
A/GS/GD/1/1996(H5N1) 0 Re-1 v WV v
A/CK/SX/2/2006(H5N1) 72 Re-4 v v i v
A/CK/AH/1/2006(H5N1) 234 Re-5 v Vi v
A/DK/GD/S1311/2010(H5N1)  2.3.2 Re-6 Vi v
A/CK/LN/S4092/2011(H5N1) 72 Re-7 v
A/CK/GZ/4/2013(H5N1) 23.44g Re-8 v v
A/DK/GZ/S4184/2017(H5N6)  2.3.4.4h Re-11 i v
A/CK/LN/SD007/2017(H5N1)  2.3.2.1f Re-12 i Vi
A/DK/FJ/S1424/2020(H5N6)  2.3.4.4h Re-13 v
A/WS/SX/4-1/2020(H5NS) 2.3.4.4b Re-14 Vi

Note: HA stands for hemagglutinin. Abbreviations: GS—goose; CK—chicken; DK—duck; WS—whooper swan;
GD—Guangdong; SX—Shanxi; AH—Anhui; LN—Liaoning; GZ—Guizhou; FJ—Fujian.

2.2. Live Vaccines

Live-attenuated vaccines for humans are available in the United States, Canada, and
several European countries [30]. Vaccines derived from cold-adapted and temperature-
sensitive master donor viruses [31,32] are propagated in eggs, causing egg-adaptive muta-
tions in HA. A live-attenuated influenza virus administered intranasally would replicate in
the nasal mucosa and induce immunity but would be attenuated because of its restricted
ability to replicate in the lungs. Live-attenuated vaccines mimic the natural infection
process; they can induce both IgA and IgG antibodies, without causing serious adverse
reactions [33]. IgA, the principal isotype in secretions at the mucous membrane, can be
detected on epithelial surfaces and in the upper respiratory tract. IgG, the principal isotype
in blood and extracellular fluids, provides a cross-reactive immune response at the initial
replication site [34,35]. There is no commercial live attenuated vaccine for avian influenza
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in China [36]. However, researchers have used live virus vectors to express the HA gene
or combine the neuraminidase (NA) gene to develop AIV vaccines. Several virus vectors
have been tried, viz., fowlpox-, Newcastle disease virus (NDV)- and herpesvirus-based
AIV vaccines, which have been licensed in at least one country [37].

Fowlpox virus has been utilized as a vector for highly pathogenic AIV vaccines in
research laboratories and in poultry farms in worldwide [38,39]. The fowlpox virus was
used to express the HA and NA genes from the A/goose/Guangdong/1/1996 (H5N1)
virus as a live vaccine, and its efficacy was proven in both laboratory and field tests [40].
This vaccine could protect against both a H5N1 and H7N1 virus challenge, indicating that
the N1 component of the vaccine was able to protect against heterologous H7 virus [41].
If the chickens have, however, been previously exposed to live fowlpox virus or have the
maternal antibody to fowlpox virus, then replication of fowlpox-Al virus and subsequent
immune response will be reduced or blocked. This drawback greatly hampers the potential
use of fowlpox-Al vaccine for chickens once they have been raised in the field [42].

Newcastle disease virus (NDV) has also been used as a vaccine vector and presents
several advantages, including ease of preparation, high production yield, and its ability to
serve as a bivalent vaccine against both NDV and AIV [43]. By using the reverse genetics
system and engineered recombinant NDV expressing the HA genes from the H5N1 virus, it
has been demonstrated that this recombinant virus induced strong hemagglutinin inhibition
(HI) antibody responses to NDV and to H5 AIV in chickens [44]. In China, the NDV-AI
vaccine has been licensed, and ~4 billion doses of this vaccine were utilized during the first
two years following its marketing [45].

The turkey herpesvirus (HTV) was used as a vaccine for Marek’s disease in the
1970s [46], and it was also used to express AIV genes for vaccine development [47]. The
HTV vector seems to overcome maternal antibody interference because virus spread occurs
primarily from cell to cell. Moreover, the HTV vector could persist in the host and achieve
the highest immunity as late as 9 weeks after immunization [48]. Furthermore, this HTV-
AIV vaccine also induces both humoral and cellular response, which provides good clinical
protection even though the antibody titer towards the challenge virus was low. The
HTV-AIV vaccines have been licensed by different manufacturers in more than three
countries [49]. The use of NDV-AIV and HTV-AIV vaccines have, however, been limited
due to the high level of parent antibody, especially in China where the NDV and HTV
immunization have been incorporated into the immune procedure.

2.3. Virus-like Particle (VLP) Vaccines

Virus-like particle (VLP) vaccines have attracted much attention as potential candidates
for AIV vaccine development [50]. VLPs are self-assembling and non-infectious particles
which indicates a high safety level for these vaccines. These particles can be produced from
different expression systems such as bacterial, yeast, insect, and animal cell lines and may
be used as particle vehicles or antigen in vaccine development due to their immunogenic
characteristics. Moreover, they have comparable characteristics to the original pathogen,
such as similar size, repetitive surface geometry, and ability to stimulate antigen-presenting
cells (APCs), especially dendritic cells (DCs) as well as to induce both the humoral and
cellular immune response [51,52]. Thus, the immune system of the host can recognize the
VLP vaccine in an equivalent manner to the intact, inactivated virus vaccine to promote a
robust immune response.

VLP-based vaccines have been used extensively in the development of influenza vac-
cines and have achieved encouraging results in providing immune protection. Researchers
have shown that the H5SN1-, H3N2-, and HIN2-VLP vaccines composed of the three in-
fluenza virus proteins, including HA, NA, and matrix 1 (M1) can be expressed in insect cells
and assembled into VLPs [53]. Hu et al. [54] created a bivalent H5+H7 VLP vaccine using a
baculovirus expression system that expresses the HA, NA, and M1 proteins. Both the biva-
lent VLP vaccine and commercial inactivated vaccines induced effective immune responses,
including the production of antibodies that inhibited hemagglutination, neutralized the
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virus, and targeted HA. The bivalent VLP vaccine demonstrated significant reduction in
viral shedding and replication in chickens, comparable to the effects of the commercial
inactivated vaccine. Additionally, the bivalent VLP vaccine outperformed the commercial
vaccine in terms of reducing pulmonary lesions caused by H7N9 virus infection in chickens.
Moreover, VLP composed of HA and M1 induced high antibody levels in immunized mice
and ferrets and provided immune protection against lethal virus challenge [55].

2.4. Universal Vaccines

The HA and NA proteins of the influenza virus have high mutation rates, so the
seed virus of vaccines is also required to change to match the circulating influenza virus.
Therefore, it is important to develop a universal influenza vaccine that can induce a long-
term immune response and provide protection that covers a wide range of different virus
strains [56]. Several efforts undertaken for the development of universal vaccines depend
on conserved protective epitopes [57]. Promising universal vaccine candidates include
the extracellular matrix 2 (M2e), the HA stem, the receptor binding site (RBS) of HA, and
some of the cytotoxic T lymphocyte (CTL) epitopes in M1 and nucleoprotein (NP) [58].
Matrix 2 (M2) protein serves as a proton channel that also determines the entry and egress
of the virus particle. The 24 amino acids of the extracellular region of M2 protein act as an
interesting vaccination target due to them being highly conserved across multiple influenza
virus strains [59-61]. Antibodies against M2e do not block the virus entering target cells but
prevent virus release [62]. Despite the attractiveness of M2e as a vaccine antigen, the M2e
immunogenicity is low after natural infection [63]. To overcome this obstacle, innovative
approaches have been developed to induce M2e-directed antibody responses. A peptide
vaccine consisting of the M2e epitope coupled with a fibrillizing peptide produced via
artificial synthesis can self-assemble into nanoparticles in physiological salt solutions [64].
This strategy has demonstrated that immunization with M2-based nanoparticles could
induce immune protection against both homologous challenge with the influenza PR8
HINT1 virus and the highly pathogenic avian influenza H7N9 virus. The conservative
and cross-protective properties of M2e are exciting traits for the improvement of current
influenza vaccines. Although several forms of the M2e vaccine have been evaluated,
no licensed M2e vaccine is currently available on the market. Hence, to address this
challenge with M2e-based vaccines, combination with other conserved epitopes is under
consideration [61]. Despite the high mutation rate of the HA protein, the RBS of HA is
functionally conserved because this site is essential for influenza virus entry. Antibody
against RBS has shown a high cross-neutralizing capability [65]. Moreover, the HA stem
is also highly conserved, making it a valuable candidate for broadly protective immune
responses [66]. Thus, a chimeric HA can be constructed by combining the RBS and HA
stem epitopes, where the head of HA can be changed [66,67]. Furthermore, NP and M1
are conserved among influenza A viruses, but they are not suitable for antibody-induction
in vaccine development due to their lack of exposure on the virus surface [68]. However,
epitopes in these proteins are responsible for CTL, resulting in a broadly cross-reactive
immune response [69].

2.5. DNA Vaccines

A typical DNA vaccine is an antigen-coding gene inserted into a non-replicative
eukaryotic expression plasmid vector, which is delivered to the host via direct gene trans-
fer [70]. Then, the host cell expresses the antigen protein encoded by the plasmid and
is presented to immune cells via the major histocompatibility complex (MHC) pathway.
The immune response induced by DNA vaccines is the Thl type of immune response,
in which cell-mediated immunity to the DNA vaccine is more prevalent than humoral
immunity [71]. A previous study demonstrated that the DNA vaccine mechanism mimics
the cellular pathogenesis of the virus [72]. Antigen protein is expressed and digested into
smaller peptides by intracellular proteasomes. These peptides are subsequently presented
by MHC class I molecules to elicit the antigen specific CD8" T cell responses. In addition,
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the peptides are also presented by MHC class II molecules to activate CD4* T helper cells,
which trigger active B cells to produce antigen-specific antibodies [73].

Early studies have shown that the DNA vaccine-encoding HA gene can protect against
lethal homologous challenge depending on an elevated level of HA-specific serum anti-
body [74]. A plasmid DNA dose of approximately 200-400 pg is required for an efficient
DNA vaccine against highly pathogenic AIV challenge in chickens. This high dose require-
ment for immunity is a major obstacle to field use of such a vaccine. On the other hand,
efficient antigen expression in the host is key for DNA vaccines. Based on the codon bias of
the host species, the antigen coding sequence can be modulated to enhance the expression
efficiency [75]. This strategy can decrease the DNA vaccine dosage through improved
expression of the antigen gene. Animals immunized with a codon-optimised HA plasmid
demonstrated 4-fold higher antibody titres compared to the animals immunized with the
wild type HA plasmid, leading to a greater survival rate in viral challenge tests [76,77].

DNA vaccines demonstrate a multitude of desirable characteristics for influenza con-
trol and have undergone testing for various diseases, encompassing viral and bacterial
infections as well as certain types of cancers [78,79]. In contrast to inactivated influenza
vaccines, which primarily depend on the production of antibodies for effective protec-
tion [80], DNA vaccines have the ability to efficiently stimulate both humoral and cellular
immune responses [81]. The preparation of DNA vaccines does not require the growth of
live viruses and can be swiftly scaled up in response to emerging pandemic influenza situa-
tions [82,83]. Despite these advantages, the promising immunogenic responses achieved
in small animal models, predominantly mice, are rarely replicated in larger animals [84].
Data from murine models are derived from immune responses in highly inbred animals
that have been exposed to mouse-adapted influenza viruses. This provides an unreliable
basis for comparison to vaccination outcomes in the outbred human population, where the
goal is to protect against circulating influenza viruses [85]. Larger animal models, such
as ferrets and cynomolgus macaques, offer more pertinent data as they are susceptible to
human influenza viruses. Ferrets exhibit clinical signs, lung pathology, and transmission
patterns similar to humans, while cynomolgus macaques demonstrate human-like immune
responses to influenza, making them reliable predictors of vaccine efficacy in humans [86].
Therefore, the attainment of adequate immunogenicity in larger animals has required the
development of potent delivery systems and adjuvants [87].

2.6. mRNA Vaccines

In 1993, Martinon et al. [88] conducted the pioneering study on the efficacy of a
conventional mRNA vaccine against influenza. They observed that a cytotoxic T-cell
response was induced in mice upon the administration of a liposomal vaccine encoding the
influenza nucleoprotein (NP). Subsequently, other researchers demonstrated that injection
of pigs, ferrets, and chicken with different mRNA encoding HA, NA, and NP elicited
measurable immune responses [89].

Currently, mRNA vaccines can be divided into two major types: conventional, non-
amplifying mRNA molecules and self-amplifying mRNA (saRNA) that maintain auto-
replicative activity derived from an RNA virus vector [90]. Non-replicating mRNA vaccines
can be produced via the incorporation of various modified nucleosides. Numerous studies
have concentrated on the advancement of these vaccines specifically targeting influenza
viruses. Pardi et al. [91] reported that immunization of mice and ferrets with a single 3 pg
dose of an mRNA-LNP-HA vaccine induced NAbs titres > 1:120 four weeks post injection.
A second dose increased these hemagglutination inhibition antibody titres to values of
1280-20,480, according to the dose and route of injection. Protective immune responses
were observed in mice, ferrets, and pigs when they were intradermally injected with RNA
vaccines encoding influenza HA, NP, and NA. Additionally, mice that received intravenous
injection of PR8 HIN1 influenza A virus HA-encoded unmodified mRNA-lipid complex
exhibited enhanced T-cell activation [92]. saRNA vaccines can be delivered in various
forms, including virus-like RNA particles, plasmid DNA, and in vitro transcribed RNA.
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There have been multiple reports on the use of saRNA vaccines against influenza virus.
Fleeton et al. [93] conducted a study where immunization with 10 mg of an saRNNA vac-
cine encoding PR8 HINT1 influenza A virus HA resulted in a protective immune response
against lethal homologous viral challenge in mice. Another study employed lipid nanopar-
ticles to encapsulate saRNA-encoding HA, leading to the induction of protective levels of
hemagglutination inhibition titres after two-dose intramuscular injections in mice [94].

3. Strategies for DNA Vaccine Delivery

Delivery strategies for DNA vaccines have been a hot area of research over the last
decade [95]. An efficient DNA vaccine needs to be able to enter host cells and achieve
protein expression; moreover, this vaccine must also be able to alert the immune system
to its presence and induce an immune response. Kim et al. [96] indicated that following
administration of a naked DNA vaccine, there is a rapid migration from the injection site
coupled with plasmid DNA degradation; as a result, only occasional detection of plasmid
DNA can be observed after 8 h in mice. Researchers agree that direct delivery of DNA to
APCs offers a potential vaccine delivery system. However, effective delivery of a plasmid
DNA vaccine into cellular nuclei requires the crossing of several barriers, including the
phospholipid cellular membrane either through endocytosis or pinocytosis, confronting
degradation in endosomes and lysosomes, surviving cytosolic nucleases, translocating
across the nuclear envelope, and finally achieving antigen protein expression. So, the
key point of DNA vaccine delivery systems is thus to overcome these biological barriers
and target the immune cells and safely deliver plasmids to the nuclei of cells for protein
expression. Several strategies have been attempted to improve the efficiency of DNA
vaccine delivery, including polymers, liposomes, live bacteria, etc [97]. In addition, the
vaccine potential of lipid nanoparticles (LNPs) has garnered attention for DNA vaccine
delivery following COVID-19 vaccine development. Moreover, the gene gun, a mechanical
delivery apparatus which can introduce macromolecules into the target cells, has also been
used for DNA vaccine delivery.

3.1. Polymer Delivery Systems

Polymers have been widely used as delivery systems in applications such as tissue
engineering, gene therapy, and DNA vaccination [98]. DNA material can be packaged by
polymers into nano- and micro- particles to prevent damage by nucleases, and allow for
tunable degradation and controlled release [99]. Moreover, this particle structure can be
easily captured by the immune cells. Nowadays, various polymers have been explored for
DNA vaccine development (Figure 2).

Poly (lactide-co-glycolide) (PLGA) has been used to package and deliver DNA vaccines
against a variety of animal diseases, such as influenza [100], foot and mouth disease virus
(FMDV) [101], and parasitic infections [102]. Packaging DNA vaccine into PLGA leads to an
increased systemic, antigen-specific antibody and T cell proliferation response. In addition,
DNA-coated PLGA microparticles have also been reported to enhance the delivery of DNA
vaccine to APCs. However, although the delivery of DNA using PLGA has been found to
induce immune responses, there are still several problems including DNA degradation
during the encapsulation process and lower transgene expression due to the micron size.
Therefore, researchers developed a modified PLGA nanoparticle using a glycol chitosan
shell for dual live cell tracking and DNA vaccine delivery [103]. These particles can directly
transfect Langerhans cells, with enhanced gene transcription and expression. Thus, the
PLGA nanoparticles promote DNA migration to the lymph nodes and the activation of
naive B and T cells [103].
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Figure 2. Polymer-based DNA vaccine delivery designs. Polymers can be made from monomer
units obtained from living organisms or artificially synthesized, including chitosan, poly-lactide-co-
glycolide (PLGA), poly-ethyleneimine (PEI), polypeptides, and other non-ionic block copolymers.
Polymers can protect DNA from degradation through complexation or encapsulation, and delivering
it to host cells to induce immune response.

Poly-ethyleneimine (PEI) is another polymer that has been widely used in DNA
vaccine delivery [104]. The use of PEI for DNA vaccine delivery is well studied and has
been reported to improve the humoral response of a HIN1 DNA vaccine [100]. However,
DNA /PEI complexes suffer from toxicity problems, aggregation in the presence of serum
proteins, and rapid clearance from circulation, which results in a limited efficiency for DNA
delivery. To overcome these issues, y-polyglutamic acid was used to modify the DNA /PEI
complex by reducing the surface charge of the complex, leading to decreased aggregation
and stability in a physiological environment. y-polyglutamic acid is produced by certain
strains of bacilli, and it has been hypothesized to act as an adjuvant through interaction
with the receptors of immune cells [105].

Some natural materials have also been investigated for other biological applications,
including gene delivery due to their inherent biocompatibility, non-toxicity, biodegradabil-
ity, stability, inexpensive production, and immune stimulation [106]. For instance, inulin,
hyaluronic acid, alginate, as well as chitosan have attracted attention in the field of vaccine
delivery [106]. Chitosan, the partially deacetylated form of chitin from shells, has been well
studied for DNA vaccine delivery [107]. Chitosan must dissolve in a slightly acidic envi-
ronment (pH < 5); this property makes it suitable for chemical alteration, thereby changing
the solubility and charge and making it suitable for various applications. Additionally,
chitosan has been identified as a non-toxic and biocompatible material, so its use has been
approved by the Food and Drug Administration [108]. Plasmid DNA immobilized within
chitosan-coated microspheres (20 to 50 um) can induce both mucosal and systemic immune
responses [109].

3.2. Liposome Delivery System

Liposomes were first identified and used to provide a model for the study of bio-
logical membranes in the 1960s. All the liposomes have a common character, i.e., they
are amphiphilic molecules with cationic groups in the head. For continued research, the
advantages of liposomes are their high loading capacity, biodegradability, higher safety, as
well as comparatively easy and low-cost production [110]. Furthermore, liposomes can be
designed according to the modular principle; thus, the structure, linker, and lipophilic area
can be modified to obtain a higher delivery efficiency [111-113]. There are four key types
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of liposomes including conventional liposomes, polyethylene glycol-modified liposomes
(PEGylated), ligand-targeted liposomes, and antibody-modified liposomes (Figure 3).
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Figure 3. Schematic representation of the different types of liposomal delivery systems. (A). Conven-
tional liposome: liposome consists of a lipid bilayer that can be composed of positive, negative, or
neutral lipids, which encloses an aqueous core. (B). PEGylated liposome: the liposome surface can
be modified via addition of polyethylene glycol to confer steric stabilization. (C). Ligand-targeted
liposome: liposome surface can be modified bviaaddition of ligands for specific targeted delivery.
(D). Antibody-modified liposome: antibody (monoclonal antibodies, nanobodies, Fab, and scFv) can
be affixed to liposome surface.

Conventional liposomes were the first generation of liposomes which consisted of a
lipid bilayer composed of cationic, anionic, or neutral lipids. To enhance liposome stability
and improve its circulation times in the organism, sterically stabilized liposomes were
introduced via modification with polyethylene glycol [114]. Furthermore, ligand-targeted
liposomes offer considerable potential for site-specific delivery of the DNA vaccine to desig-
nated cell types, especially APCs, which selectively express or over-express specific ligands
on cell surfaces. Many types of ligands are available, including peptides, proteins, and
small molecules. Antibodies, particularly monoclonal antibodies (mAb), nanoantibodies,
and the antigen binding area of an antibody which can be affixed to the liposome surface,
are one of the more versatile ligands [115].

Liposomes form spherical vesicles with a structure composed of phospholipids and
cholesterol arranged into a lipid bilayer, allowing for fusion with cellular membranes [116].
Plasmid DNA can be sequestered either on the liposome bilayer or encapsulated within the
liposomal vesicles. The application of liposomes as vehicles for DNA vaccine delivery has
garnered significant interest, owing to their capacity to generate size-regulated entities, con-
fer carrier customization, and elicit activation of innate immune receptors [117]. Liposomes
possess the ability to generate submicron-scale particles that facilitate the incorporation of
a substantial portion of DNA, thereby preventing the displacement of DNA due to anion
competition. This characteristic ensures that a significant amount of DNA is effectively
entrapped within the lipid bilayers [118].

In vaccine formulations, liposomes exhibit the ability to regulate the localized dis-
tribution within tissues, enhance retention at the site of injection, and modulate cell traf-
ficking [119]. Vaccines formulated with liposomes offer several advantages, including the
promotion of enhanced antibody production and cytotoxic T lymphocyte (CTL) responses.
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However, it is important to note that the specific characteristics of immune responses
elicited by liposomes vary based on factors such as lipid composition, particle size, surface
charge, and the location of entrapped antigens [110]. Studies have demonstrated that
liposomes show promise as candidates for the delivery of DNA vaccines to mucosal tissue.
Liu et al. [120] used liposomal systems to deliver a DNA vaccine encoding the influenza A
virus M1 gene via oral administration which generated both humoral and cellular immune
responses, accompanied by an elevation in IEN-y production.

3.3. Live Bacteria Delivery Systems

The bacteria used for DNA vaccine delivery systems are recombinant bacteria that
have been genetically modified, ensuring that majority of their pathogenicity components
have been deleted, ensuring the safety of the host [121]. As a DNA vaccine delivery system,
bacteria are divided into two major groups: non-pathogenic bacteria and attenuated,
pathogenic bacteria. The attenuated bacteria that have been studied for DNA delivery
include L. monocytogenes [122], Salmonella species [123], Shigella species [124], and Yersinia
enterocolitica [125]. Pathogenic bacteria target the mucous membranes as their infection
route; thus, they are suitable for mucosal administration. However, the main disadvantage
is the probability of causing infection, particularly in infants and immunocompromised
individuals [126]. Therefore, non-pathogenic bacteria such as lactic acid bacteria [127] may
be preferable for development as a DNA vaccine delivery system.

If bacteria are used to deliver DNA vaccines, the vaccines can be delivered through
mucosal routes, including intranasal and oral routes. Oral administration does not require
special skills and is easier to manage, while administration via the intranasal route has hin-
dered enzymatic reactions and can circumvent the high acidity conditions in the gut [128].
Following oral administration, bacteria with the DNA vaccine enter the digestion system,
where they are recognized by the M cells in Peyer’s patches (Figure 4) and are transported
through the intestinal surface to the lamina propia [128]. The expressed antigen in the
host is presented by MHC I and activates the CD8" T cells, and can also be expressed
as extracellular protein, presented by MHC II, thus activating antibody production and
T helper CD4" cell responses [129]. Therefore, this route of administration induces both
mucosal and systemic immune responses [123].

Lactic acid bacteria are excellent candidates to be engineered for DNA vaccine de-
livery [130]. They have been used in food fermentation since antiquity and are generally
recognized as safe organisms [127]. Several lactic acid bacterial strains are acknowledged
as probiotic bacteria which can increase the immune response toward pathogens by inhibit-
ing pathogen colonization in the gastrointestinal tract and promote the mucosal immune
system [131]. Yagnik et al. [132] reported that Lactobacillus lactis is capable of transferring
plasmid DNA into Caco-2 cells in the absence of chemical treatment. Salmonella species are
Gram-negative bacteria that cause salmonellosis through orofecal routes. Kong et al. [128]
constructed a recombinant attenuated Salmonella mutant strain with a hyper-invasive phe-
notype that efficiently delivered DNA vaccines after entering the host cells. As a DNA
vaccine delivery strategy, it is suitable for oral administration to simulate its natural infec-
tion route. Mutant Salmonella typhi and Salmonella typhimurium were developed as DNA
vaccine delivery vehicles via aroA, aroC, or aroD gene mutations.
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Figure 4. Schematic representation of the mechanism proposed for DNA vaccine delivery into
mammalian cells using live bacteria. (A). Following invasion of the host, bacteria are recognized by
various cell types, including microfold cells, epithelial cells, or immune cells. (B). The recombinant
bacteria are internalized by the phagolysosome complex and subsequently undergo lysis. Within this
process, the DNA vaccine is released from the vesicle and translocated into the nucleus, allowing for
transcription of the antigen gene. The resulting antigen protein is presented to the immune system,
triggering both cellular and humoral immune responses.

4. Dendritic Cell Targeting Enhances Vaccine Immune Efficiency

B and T lymphocytes are initiated into adaptive immune responses through the actions
of APCs, which capture antigens from the internal environment and present them to these
lymphocytes. APCs constitute a heterogeneous group of cells including macrophages,
B cells, subsets of myeloid DCs, and plasmacytoid DCs (pDCs). Given the pivotal role
of APCs in triggering immune responses, numerous strategies have been explored to
specifically target antigens to one or multiple subsets of APCs. Of these various cell types,
DCs have been recognized as particularly significant due to their highly efficient antigen
uptake, processing, and subsequent presentation to T cells [133]. The exposure to targeting
material leads to DC maturation and migration to the lymphoid node, which yields the
immune response. Meanwhile, the DC-targeting material can also function by producing
protective cytokines, such as IL-2, IL-4, and IFN-I, which influence distinct steps in the
adaptive immune response and the activation of innate lymphocytes [134,135]. Thus,
targeting antigen delivery to DCs is a more direct and less laborious strategy to induce
effective immune responses, which has been attracting considerable attention recently.

Cells of the innate immune system express pattern recognition receptors (PRRs), also
referred to as pathogen recognition receptors or ancestral pattern recognition receptors due
to their emergence prior to the development of adaptive immunity [136]. There are two
main classifications of pattern recognition receptors (PRRs). The first group is comprised of
endocytic PRRs that specifically bind to carbohydrates. This group includes the mannose
receptor (MR), glucan receptor, and scavenger receptor (SR). The second group is composed
of signaling PRRs, which encompass the membrane-bound, Toll-like receptors (TLRs) and
the cytoplasmic NOD-like receptors. Numerous PRRs have been identified on the surface
of DCs, including DC-SIGN, MR, TLR, SR, and DEC-205. Among these, the C-type lectins
form a diverse family of lectins characterized by their carbohydrate recognition domains. In
the context of DCs, key C-type lectins such as DC-SIGN, DC-SIGNR, DCAR, DCIR, Dectins,
and DLEC play vital roles in processes such as trafficking, formation of the immunological
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synapse, and the initiation of both cellular and humoral immune responses [137]. TLRs are
innate immune receptors that can use pattern recognition processing of ligands to detect
a variety of molecules, including tissue damage signs, bacteria, virus-es, protozoans, and
nematodes [138]. Thirteen known TLRs have been identified that can recognize a wide
range of microbial antigens but differ in their specificity for microbial patterns. Targeting
of these receptors is becoming an efficient way of delivering antigens in DC-targeted
vaccines [139].

The utilization of the DC-targeting strategy is in the pipeline for the development
of vaccines against viral pathogens and cancers (Figure 5). The antigens were designed
to attach molecules that were identified to bind to DCs. When these antigen-carrying
molecules are injected into the body and taken up by DCs, which then activate the immune
system to mount a response. Jauregui-Zuniga et al. [135] described the development of
a mADb against the carbohydrate recognition domain-2 (CRD-2) of the chicken DEC-205
receptor and then conjugated that with the purified HA to direct the antigen to the DCs,
which elicits a strong immune response in chickens as early as 14 days after priming [135].
Gudjonsson et al. [136] showed that targeting influenza HA and chemokine receptor Xcrl*
to DCs induces immune responses and confers protection against the influenza virus. In
addition, some studies have shown that adding a type of adjuvant called a TLR agonist
to the influenza vaccine can increase the number of DCs that are activated, leading to a
stronger and more durable immune response.
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Figure 5. Introduction of dendritic-cell-targeting delivery strategy of DNA vaccine. Step 1: a DNA
vaccine consists of a plasmid that encodes the antigen gene in the presence of a mammalian promoter.
Step 2: it is encapsulated by packaging material which was surface modified with dendritic-cell
(DC)-targeting ligands. Step 3: after targeting the DNA delivery vaccine complex to DCs, the
encoding antigen is expressed inside the DC, and through the major histocompatibility complex
(MHC) pathways to present the processed antigen to activate naive T cells. Step 4: CD4" T helper
cell activation is triggered through MHC class II pathway from DCs, and B cells will be activated
by recognizing the secreted antigen or activated CD4" T helper cell to produce different classes of
antibodies. Step 5: CD8" T cell immunity is predominantly activated by endogenously expressed
antigens presented on MHC class I molecules. The released cytokines (interferon-gamma [IFN-y] or
tumor necrosis factor-alpha [TFN-«] inhibit viral replication and enhance the expression of MHC II
molecules. Meanwhile, macrophages are also activated to support cell-mediated immune responses.

5. Conclusions

In summary, mass vaccination is still an essential part of a multi-pronged strategy
to control AIV infection and transmission in poultry. The continuous threat of an AIV
pandemic underscores the necessity to develop novel vaccines with a more streamlined
and easy manufacturing process and effective immune protection than prevailing AIV
vaccines against potential pandemic strains. Despite recent progress in the development
and design of multiple of AIV vaccines against pandemic threats, several other points are
still worthy of attention for developing an ideal AIV vaccine. The development of efficient
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adjuvants is an area of focus in AIV vaccine research. New adjuvants that can stimulate the
immune system more effectively while minimizing side effects are being developed, which
could improve vaccine efficacy and safety. Moreover, changing the route of immunization
should not be neglected, since the use of intracutaneous injection has been shown to be
more effective in generating immune responses and may require smaller doses of vaccine,
potentially increasing vaccine availability. Overall, the multiple strategies presented in this
review provide a better understanding of the current AIV vaccines. The future of vaccine
development looks promising as researchers continue to explore innovative approaches to
create more effective and accessible vaccines.

Author Contributions: Conceptualization, S.Z. and H.Y.C.; data access and integration, H.X,;
writing—original draft preparation, H.X. and S.Z.; review and revision of manuscript content R.G.
and H.Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the project of Jiangsu Agri-animal Husbandry Vocational
College (NSF2023ZR13) and the Jiangsu Modern Agricultural Industrial Technology System Project
(JATS [2021]386).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the referenced articles.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Gu, W,; Shi, J.; Cui, P; Yan, C.; Zhang, Y.; Wang, C.; Zhang, Y.; Xing, X.; Zeng, X.; Liu, L.; et al. Novel H5N6 reassortants bearing
the clade 2.3.4.4b HA gene of H5NS8 virus have been detected in poultry and caused multiple human infections in China. Emerg.
Microbes Infect. 2022, 11, 1174-1185. [CrossRef] [PubMed]

Shi, J.; Deng, G.; Kong, H.; Gu, C.; Ma, S; Yin, X.; Zeng, X.; Cui, P.; Chen, Y.; Yang, H.; et al. H7N9 virulent mutants detected in
chickens in China pose an increased threat to humans. Cell Res. 2017, 27, 1409-1421. [CrossRef] [PubMed]

Li, Y.-T,; Linster, M.; Mendenhall, .H.; Su, Y.C.E,; Smith, G.].D. Avian influenza viruses in humans: Lessons from past outbreaks.
Br. Med. Bull. 2019, 132, 81-95. [CrossRef] [PubMed]

Peacock, T.P; James, ].; Sealy, J.E.; Iqbal, M. A global perspective on HIN2 avian influenza virus. Viruses 2019, 11, 620. [CrossRef]
Bi, Y,; Li, J.; Li, S.; Fu, G; Jin, T.; Zhang, C.; Yang, Y.; Ma, Z.; Tian, W.; Li, J.; et al. Dominant subtype switch in avian influenza
viruses during 20162019 in China. Nat. Commun. 2020, 11, 5909. [CrossRef]

Liu, S.; Zhuang, Q.; Wang, S.; Jiang, W.; Jin, J.; Peng, C.; Hou, G.; Li, J.; Yu, J.; Yu, X,; et al. Control of avian influenza in China:
Strategies and lessons. Transbound. Emerg. Dis. 2020, 67, 1463-1471. [CrossRef]

Liu, L.; Zeng, X.; Chen, P;; Deng, G.; Li, Y.; Shi, ].; Gu, C.; Kong, H.; Suzuki, Y,; Jiang, Y.; et al. Characterization of clade 7.2 H5
avian influenza viruses that continue to circulate in chickens in China. J. Virol. 2016, 90, 9797-9805. [CrossRef]

Qi, Y.;; Ni, H.-B.; Chen, X; Li, S. Seroprevalence of highly pathogenic avian influenza (H5N1) virus infection among humans in
mainland China: A systematic review and meta-analysis. Transbound. Emerg. Dis. 2020, 67, 1861-1871. [CrossRef]

Bolton, J.S.; Klim, H.; Wellens, J.; Edmans, M.; Obolski, U.; Thompson, C.P. An antigenic thrift-based approach to influenza
vaccine design. Vaccines 2021, 9, 657. [CrossRef]

Overeem, N.J.; van der Vries, E.; Huskens, J. A dynamic, supramolecular view on the multivalent interaction between influenza
virus and host Cell. Small 2021, 17, e2007214. [CrossRef]

McMahon, M.; Kirkpatrick, E.; Stadlbauer, D.; Strohmeier, S.; Bouvier, N.M.; Krammer, F. Mucosal immunity against neu-
raminidase prevents influenza B virus transmission in Guinea Pigs. mBio 2019, 10, e00560-19. [CrossRef] [PubMed]

de Vries, E.; Du, W.; Guo, H.; de Haan, C.A.M. Influenza A virus hemagglutinin-neuraminidase-receptor balance: Preserving
virus motility. Trends Microbiol. 2020, 28, 57-67. [CrossRef] [PubMed]

Swayne, D.E.; Sims, L.D.]. Avian influenza. In Veterinary Vaccines: Principles and Applications; Metwally, S., Viljoen, G., El Idrissi, A.,
Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2021; pp. 229-251. [CrossRef]

Wei, C.-].; Crank, M.C.; Shiver, J.; Graham, B.S.; Mascola, J.R.; Nabel, G.J. Next-generation influenza vaccines: Opportunities and
challenges. Nat. Rev. Drug Discov. 2020, 19, 239-252. [CrossRef] [PubMed]

Chen, J.; Wang, J.; Zhang, J.; Ly, H. Advances in Development and Application of Influenza Vaccines. Front Immunol 2021,
12,711997. [CrossRef]

Wen, E; Li, L.; Zhao, N.; Chiang, M.-].; Xie, H.; Cooley, ].; Webby, R.; Wang, P.G.; Wan, X.-E. A Y161F hemagglutinin substitution
increases thermostability and improves yields of 2009 HIN1 influenza A virus in cells. J. Virol. 2018, 92, e01621-17. [CrossRef]


https://doi.org/10.1080/22221751.2022.2063076
https://www.ncbi.nlm.nih.gov/pubmed/35380505
https://doi.org/10.1038/cr.2017.129
https://www.ncbi.nlm.nih.gov/pubmed/29151586
https://doi.org/10.1093/bmb/ldz036
https://www.ncbi.nlm.nih.gov/pubmed/31848585
https://doi.org/10.3390/v11070620
https://doi.org/10.1038/s41467-020-19671-3
https://doi.org/10.1111/tbed.13515
https://doi.org/10.1128/JVI.00855-16
https://doi.org/10.1111/tbed.13564
https://doi.org/10.3390/vaccines9060657
https://doi.org/10.1002/smll.202007214
https://doi.org/10.1128/mBio.00560-19
https://www.ncbi.nlm.nih.gov/pubmed/31113896
https://doi.org/10.1016/j.tim.2019.08.010
https://www.ncbi.nlm.nih.gov/pubmed/31629602
https://doi.org/10.1002/9781119506287.ch18
https://doi.org/10.1038/s41573-019-0056-x
https://www.ncbi.nlm.nih.gov/pubmed/32060419
https://doi.org/10.3389/fimmu.2021.711997
https://doi.org/10.1128/JVI.01621-17

Viruses 2023, 15, 1694 15 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Feng, S.-Z.; Jiao, P-R.; Qi, W.-B.; Fan, H.-Y.; Liao, M. Development and strategies of cell-culture technology for influenza vaccine.
Appl. Microbiol. Biotechnol. 2011, 89, 893-902. [CrossRef]

Percheson, P.B.; Trépanier, P.; Dugré, R.; Mabrouk, T. A Phase I, randomized controlled clinical trial to study the reactogenicity
and immunogenicity of a new split influenza vaccine derived from a non-tumorigenic cell line. Dev. Biol. Stand. 1999, 98, 127-132.
Shin, D.; Park, KJ.; Lee, H.; Cho, E.Y,; Kim, M.S.; Hwang, M.H.; Kim, S.I.; Ahn, D.H. Comparison of immunogenicity of cell-and
egg-passaged viruses for manufacturing MDCK cell culture-based influenza vaccines. Virus Res. 2015, 204, 40—-46. [CrossRef]
Bissinger, T.; Fritsch, J.; Mihut, A.; Wu, Y,; Liu, X.; Genzel, Y.; Tan, W.-S.; Reichl, U. Semi-perfusion cultures of suspension MDCK
cells enable high cell concentrations and efficient influenza A virus production. Vaccine 2019, 37, 7003-7010. [CrossRef]

Zhou, J.; Yang, E; Yang, J.; Ma, L.; Cun, Y.; Song, S.; Liao, G. Reassortment of high-yield influenza viruses in vero cells and safety
assessment as candidate vaccine strains. Hum. Vaccines Immunother. 2017, 13, 111-116. [CrossRef]

Delrue, I.; Verzele, D.; Madder, A.; Nauwynck, H.J. Inactivated virus vaccines from chemistry to prophylaxis: Merits, risks and
challenges. Expert Rev. Vaccines 2012, 11, 695-719. [CrossRef]

Fertey, J.; Bayer, L.; Grunwald, T.; Pohl, A.; Beckmann, J.; Gotzmann, G.; Casado, J.P.; Schonfelder, J.; Rogner, E-H.; Wetzel, C.;
et al. Pathogens inactivated by low-energy-electron irradiation maintain antigenic properties and induce protective immune
responses. Viruses 2016, 8, 319. [CrossRef] [PubMed]

Kim, E.H.; Han, G.-Y,; Nguyen, H. An adenovirus-vectored influenza vaccine induces durable cross-protective hemagglutinin
stalk antibody responses in mice. Viruses 2017, 9, 234. [CrossRef]

Uittenbogaard, ].P.; Zomer, B.; Hoogerhout, P.; Metz, B. Reactions of 3-propiolactone with nucleobase analogues, nucleosides,
and peptides: Implications for the inactivation of viruses. J. Biol. Chem. 2011, 286, 36198-36214. [CrossRef] [PubMed]

Budimir, N.; Huckriede, A.; Meijerhof, T.; Boon, L.; Gostick, E.; Price, D.A.; Wilschut, J.; de Haan, A. Induction of heterosubtypic
Ccross-protection against influenza by a whole inactivated virus vaccine: The role of viral membrane fusion activity. PLoS ONE
2012, 7, €30898. [CrossRef]

Suphaphiphat, P,; Franti, M.; Hekele, A.; Lilja, A.; Spencer, T.; Settembre, E.; Palmer, G.; Crotta, S.; Tuccino, A.B.; Keiner, B.; et al.
Mutations at positions 186 and 194 in the HA gene of the 2009 HIN1 pandemic influenza virus improve replication in cell culture
and eggs. Virol. ]. 2010, 7, 157. [CrossRef]

Stone, H.; Mitchell, B.; Brugh, M. In ovo vaccination of chicken embryos with experimental Newcastle disease and avian influenza
oil-emulsion vaccines. Avian Dis. 1997, 41, 856-863. [CrossRef]

Shi, J.; Zeng, X.; Cui, P; Yan, C.; Chen, H. Alarming situation of emerging H5 and H7 avian influenza and effective control
strategies. Emerg. Microbes Infect. 2023, 12, 2155072. [CrossRef]

Chung, ].R,; Flannery, B.; Ambrose, C.S.; Bégué, R.E.; Caspard, H.; DeMarcus, L.; Fowlkes, A.L.; Kersellius, G.; Steffens, A.;
Fry, AM,; et al. Live attenuated and inactivated influenza vaccine effectiveness. Pediatrics 2019, 143, €20182094. [CrossRef]
[PubMed]

Jin, H.; Lu, B.; Zhou, H.; Ma, C.; Zhao, J.; Yang, C.F; Kemble, G.; Greenberg, H. Multiple amino acid residues confer temperature
sensitivity to human influenza virus vaccine strains (FluMist) derived from cold-adapted A/Ann Arbor/6/60. Virology 2003, 306,
18-24. [CrossRef] [PubMed]

Hoffmann, E.; Mahmood, K.; Chen, Z.; Yang, C.F; Spaete, J.; Greenberg, H.B.; Herlocher, M.L.; Jin, H.; Kemble, G. Multiple gene
segments control the temperature sensitivity and attenuation phenotypes of ca B/ Ann Arbor/1/66. J. Virol. 2005, 79, 11014-11021.
[CrossRef]

Jang, Y.H.; Seong, B.L. Inmune responses elicited by live attenuated influenza vaccines as correlates of universal protection
against influenza viruses. Vaccines 2021, 9, 353. [CrossRef] [PubMed]

Suzuki, T.; Kawaguchi, A.; Ainai, A.; Tamura, S.-L; Ito, R.; Multihartina, P.; Setiawaty, V.; Pangesti, K.N.A.; Odagiri, T.; Tashiro, M.;
et al. Relationship of the quaternary structure of human secretory IgA to neutralization of influenza virus. Proc. Natl. Acad. Sci.
USA 2015, 112, 7809-7814. [CrossRef] [PubMed]

Hoft, D.F,; Lottenbach, K.R.; Blazevic, A.; Turan, A.; Blevins, T.P; Pacatte, T.P,; Yu, Y.; Mitchell, M.C.; Hoft, S.G.; Belshe, R.B.
Comparisons of the humoral and cellular immune responses induced by live attenuated influenza vaccine and inactivated
influenza vaccine in adults. Clin. Vaccine Immunol. 2017, 24, e00414-16. [CrossRef]

Chen, S.; Quan, K.; Wang, H.; Li, S.; Xue, J.; Qin, T.; Chu, D.; Fan, G.; Du, Y.; Peng, D. A live attenuated HON2 avian influenza
vaccine prevents the viral reassortment by exchanging the HA and NS1 packaging signals. Front. Microbiol. 2021, 11, 613437.
[CrossRef] [PubMed]

Suarez, D.L.; Pantin-Jackwood, M.]. Recombinant viral-vectored vaccines for the control of avian influenza in poultry. Vet.
Microbiol. 2017, 206, 144-151. [CrossRef]

van der Goot, ].A.; Koch, G.; de Jong, M.C.M.; van Boven, M. Quantification of the effect of vaccination on transmission of avian
influenza (H7N7) in chickens. Proc. Natl. Acad. Sci. USA 2005, 102, 18141-18146. [CrossRef]

Ellis, TM.; Leung, C.Y.H.C.; Chow, M.K.W,; Bissett, L.A.; Wong, W.; Guan, Y.; Malik Peiris, ].S. Vaccination of chickens against
H5NT1 avian influenza in the face of an outbreak interrupts virus transmission. Avian Pathol. 2004, 33, 405-412. [CrossRef]

Qiao, C.-L.; Yu, K.-Z,; Jiang, Y.-P; Jia, Y.-Q.; Tian, G.-B.; Liu, M.; Deng, G.-H.; Wang, X.-R.; Meng, Q.-W.; Tang, X.-Y. Protection
of chickens against highly lethal H5N1 and H7N1 avian influenza viruses with a recombinant fowlpox virus co-expressing H5
haemagglutinin and N1 neuraminidase genes. Avian Pathol. 2003, 32, 25-32. [CrossRef]

Chen, H. Avian influenza vaccination: The experience in China. Rev. Sci. Tech. 2009, 28, 267-274. [CrossRef]


https://doi.org/10.1007/s00253-010-2973-9
https://doi.org/10.1016/j.virusres.2015.04.005
https://doi.org/10.1016/j.vaccine.2019.04.054
https://doi.org/10.1080/21645515.2016.1231261
https://doi.org/10.1586/erv.12.38
https://doi.org/10.3390/v8110319
https://www.ncbi.nlm.nih.gov/pubmed/27886076
https://doi.org/10.3390/v9080234
https://doi.org/10.1074/jbc.M111.279232
https://www.ncbi.nlm.nih.gov/pubmed/21868382
https://doi.org/10.1371/journal.pone.0030898
https://doi.org/10.1186/1743-422X-7-157
https://doi.org/10.2307/1592339
https://doi.org/10.1080/22221751.2022.2155072
https://doi.org/10.1542/peds.2018-2094
https://www.ncbi.nlm.nih.gov/pubmed/30617239
https://doi.org/10.1016/S0042-6822(02)00035-1
https://www.ncbi.nlm.nih.gov/pubmed/12620793
https://doi.org/10.1128/JVI.79.17.11014-11021.2005
https://doi.org/10.3390/vaccines9040353
https://www.ncbi.nlm.nih.gov/pubmed/33916924
https://doi.org/10.1073/pnas.1503885112
https://www.ncbi.nlm.nih.gov/pubmed/26056267
https://doi.org/10.1128/CVI.00414-16
https://doi.org/10.3389/fmicb.2020.613437
https://www.ncbi.nlm.nih.gov/pubmed/33613465
https://doi.org/10.1016/j.vetmic.2016.11.025
https://doi.org/10.1073/pnas.0505098102
https://doi.org/10.1080/03079450410001724012
https://doi.org/10.1080/0307945021000070688
https://doi.org/10.20506/rst.28.1.1860

Viruses 2023, 15, 1694 16 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Swayne, D.E.; Beck, ].R.; Kinney, N. Failure of a recombinant fowl poxvirus vaccine containing an avian influenza hemagglutinin
gene to provide consistent protection against influenza in chickens preimmunized with a fowl pox vaccine. Avian Dis. 2000, 44,
132-137. [CrossRef] [PubMed]

Kim, S.-H.; Samal, S.K. Innovation in newcastle disease virus vectored avian influenza vaccines. Viruses 2019, 11, 300. [CrossRef]
[PubMed]

Ge, ].; Deng, G.; Wen, Z,; Tian, G.; Wang, Y.; Shi, ].; Wang, X.; Li, Y.; Hu, S,; Jiang, Y.; et al. Newcastle disease virus-based live
attenuated vaccine completely protects chickens and mice from lethal challenge of homologous and heterologous H5N1 avian
influenza viruses. J. Virol. 2007, 81, 150-158. [CrossRef] [PubMed]

Chen, H.; Bu, Z. Development and application of avian influenza vaccines in China. In Vaccines for Pandemic Influenza; Compans, R.,
Orenstein, W., Eds.; Current Topics in Microbiology and Immunology; Springer: Berlin/Heidelberg, Germany, 2009; Volume 333,
pp. 153-162. [CrossRef]

Zanella, A.; Bettoni, V.; Mambelli, N. Lyophilized turkey herpesvirus (HVT): Stability of vaccine and minimum protective dose.
Avian Pathol. 1974, 3, 15-24. [CrossRef]

Gao, H.; Cui, H.; Cui, X.; Shi, X.; Zhao, Y.; Zhao, X.; Quan, Y.; Yan, S.; Zeng, W.; Wang, Y. Expression of HA of HPAI H5N1 virus at
US2 gene insertion site of turkey herpesvirus induced better protection than that at US10 gene insertion site. PLoS ONE 2011,
6, €22549. [CrossRef] [PubMed]

Gardin, Y.; Palya, V.; Dorsey, K. M.; El-Attrache, J.; Bonfante, F.; Wit, S.; Kapczynski, D.; Kilany, W.H.; Rauw, F.; Steensels, M.;
et al. Experimental and field results regarding immunity induced by a recombinant turkey herpesvirus H5 vector vaccine against
H5N1 and Other H5 highly pathogenic avian influenza virus challenges. Avian Dis. 2016, 60 (Suppl. S1), 232-237. [CrossRef]
Kapczynski, D.R.; Esaki, M.; Dorsey, K.M.; Jiang, H.; Jackwood, M.; Moraes, M.; Gardin, Y. Vaccine protection of chickens against
antigenically diverse H5 highly pathogenic avian influenza isolates with a live HVT vector vaccine expressing the influenza
hemagglutinin gene derived from a clade 2.2 avian influenza virus. Vaccine 2015, 33, 1197-1205. [CrossRef]

Ninyio, N.N.; Ho, K.L.; Omar, A.R.; Tan, W.S,; Igbal, M.; Mariatulqabtiah, A R. Virus-like particle vaccines: A prospective panacea
against an avian influenza panzootic. Vaccines 2020, 8, 694. [CrossRef]

Arico, E.; Wang, E.; Tornesello, M.L.; Tagliamonte, M.; Lewis, G.K.; Marincola, EM.; Buonaguro, EM.; Buonaguro, L. Immature
monocyte derived dendritic cells gene expression profile in response to virus-like particles stimulation. J. Transl. Med. 2005, 3, 45.
[CrossRef]

Rezaei, F.; Mirshafiey, A.; Shahmahmoodi, S.; Shoja, Z.; Ghavami, N.; Mokhtari-Azad, T. Influenza virus-like particle containing
two different subtypes of hemagglutinin confers protection in mice against lethal challenge with A/PR8 (HIN1) and A/HK
(H3N2) viruses. Iran. Red Crescent Med. J. 2013, 15, 75-82. [CrossRef]

Bright, R.A.; Carter, D.M.; Crevar, C.J.; Toapanta, ER.; Steckbeck, ].D.; Cole, K.S.; Kumar, N.M.; Pushko, P.; Smith, G.; Tumpey,
T.M.; et al. Cross-clade protective immune responses to influenza viruses with H5N1 HA and NA elicited by an influenza
virus-like particle. PLoS ONE 2008, 3, e1501. [CrossRef] [PubMed]

Hu, J.; Peng, P; Li, J.; Zhang, Q.; Li, R.; Wang, X.; Gu, M.; Hu, Z.; Hu, S.; Liu, X,; et al. Single dose of bivalent H5 and H7 influenza
virus-like particle protects chickens against highly pathogenic H5N1 and H7N9 avian influenza viruses. Front. Vet. Sci. 2021,
8,774630. [CrossRef] [PubMed]

Ross, T.M.; Mahmood, K.; Crevar, C.J.; Schneider-Ohrum, K.; Heaton, PM.; Bright, R.A. A trivalent virus-like particle vaccine
elicits protective immune responses against seasonal influenza strains in mice and ferrets. PLoS ONE 2009, 4, e6032. [CrossRef]
Li, J.; Zhang, Y.; Zhang, X.; Liu, L. Influenza and universal vaccine research in China. Viruses 2022, 15, 116. [CrossRef]

Lopez, C.E.; Legge, K.L. Influenza A virus vaccination: Immunity, protection, and recent advances toward a universal vaccine.
Vaccines 2020, 8, 434. [CrossRef]

Sun, W,; Luo, T.; Liu, W,; Li, J. Progress in the development of universal influenza vaccines. Viruses 2020, 12, 1033. [CrossRef]
Estrada, L.D.; Schultz-Cherry, S. Development of a universal influenza vaccine. . Immunol. 2019, 202, 392-398. [CrossRef]
Kavishna, R.; Kang, T.Y.; Vacca, M.; Chua, B.Y.L.; Park, H.-Y,; Tan, PS.; Chow, V.T.; Lahoud, M.H.; Alonso, S. A single-shot vaccine
approach for the universal influenza A vaccine candidate M2e. Proc. Natl. Acad. Sci. USA 2022, 119, €2025607119. [CrossRef]
[PubMed]

Kolpe, A.; Schepens, B.; Fiers, W.; Saelens, X. M2-based influenza vaccines: Recent advances and clinical potential. Expert Rev.
Vaccines 2017, 16, 123-136. [CrossRef]

El Bakkouri, K.; Descamps, F.; De Filette, M.; Smet, A.; Festjens, E.; Birkett, A.; Van Rooijen, N.; Verbeek, S.; Fiers, W.; Saelens, X.
Universal vaccine based on ectodomain of matrix protein 2 of influenza A: Fc receptors and alveolar macrophages mediate
protection. J. Immunol. 2011, 186, 1022-1031. [CrossRef]

Mezhenskaya, D.; Isakova-Sivak, I.; Rudenko, L. M2e-based universal influenza vaccines: A historical overview and new
approaches to development. J. Biomed. Sci. 2019, 26, 76. [CrossRef] [PubMed]

Wang, Q.; Zhang, Y.; Zou, P; Wang, M.; Fu, W,; She, J.; Song, Z.; Xu, J.; Huang, ].; Wu, E. Self-assembly M2e-based peptide
nanovaccine confers broad protection against influenza viruses. Front. Microbiol. 2020, 11, 1961. [CrossRef] [PubMed]
Krammer, F.; Palese, P. Universal influenza virus vaccines that target the conserved hemagglutinin stalk and conserved sites in
the head domain. J. Infect. Dis. 2019, 219, S62-567. [CrossRef]

Andrews, S.F.; McDermott, A.B. Shaping a universally broad antibody response to influenza amidst a variable immunoglobulin
landscape. Curr. Opin. Immunol. 2018, 53, 96-101. [CrossRef] [PubMed]


https://doi.org/10.2307/1592516
https://www.ncbi.nlm.nih.gov/pubmed/10737653
https://doi.org/10.3390/v11030300
https://www.ncbi.nlm.nih.gov/pubmed/30917500
https://doi.org/10.1128/JVI.01514-06
https://www.ncbi.nlm.nih.gov/pubmed/17050610
https://doi.org/10.1007/978-3-540-92165-3_7
https://doi.org/10.1080/03079457409353811
https://doi.org/10.1371/journal.pone.0022549
https://www.ncbi.nlm.nih.gov/pubmed/21818336
https://doi.org/10.1637/11144-050815-ResNote
https://doi.org/10.1016/j.vaccine.2014.12.028
https://doi.org/10.3390/vaccines8040694
https://doi.org/10.1186/1479-5876-3-45
https://doi.org/10.5812/ircmj.6252
https://doi.org/10.1371/journal.pone.0001501
https://www.ncbi.nlm.nih.gov/pubmed/18231588
https://doi.org/10.3389/fvets.2021.774630
https://www.ncbi.nlm.nih.gov/pubmed/34859093
https://doi.org/10.1371/journal.pone.0006032
https://doi.org/10.3390/v15010116
https://doi.org/10.3390/vaccines8030434
https://doi.org/10.3390/v12091033
https://doi.org/10.4049/jimmunol.1801054
https://doi.org/10.1073/pnas.2025607119
https://www.ncbi.nlm.nih.gov/pubmed/35320040
https://doi.org/10.1080/14760584.2017.1240041
https://doi.org/10.4049/jimmunol.0902147
https://doi.org/10.1186/s12929-019-0572-3
https://www.ncbi.nlm.nih.gov/pubmed/31629405
https://doi.org/10.3389/fmicb.2020.01961
https://www.ncbi.nlm.nih.gov/pubmed/32922379
https://doi.org/10.1093/infdis/jiy711
https://doi.org/10.1016/j.coi.2018.04.009
https://www.ncbi.nlm.nih.gov/pubmed/29730560

Viruses 2023, 15, 1694 17 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.
82.
83.
84.
85.

86.
87.

88.

89.

90.

91.

92.

93.

Nachbagauer, R.; Feser, J.; Naficy, A.; Bernstein, D.I.; Guptill, ].; Walter, E.B.; Berlanda-Scorza, F.; Stadlbauer, D.; Wilson, P.C;
Aydillo, T.; et al. A chimeric hemagglutinin-based universal influenza virus vaccine approach induces broad and long-lasting
immunity in a randomized, placebo-controlled phase I trial. Nat. Med. 2021, 27, 106-114. [CrossRef]

McGee, M.C.; Huang, W. Evolutionary conservation and positive selection of influenza A nucleoprotein CTL epitopes for
universal vaccination. J. Med. Virol. 2022, 94, 2578-2587. [CrossRef]

Arunkumar, G.A.; McMahon, M.; Pavot, V.; Aramouni, M.; Ioannou, A.; Lambe, T.; Gilbert, S.; Krammer, F. Vaccination with
viral vectors expressing NP, M1 and chimeric hemagglutinin induces broad protection against influenza virus challenge in mice.
Vaccine 2019, 37, 5567-5577. [CrossRef]

Leitner, WW.; Ying, H.; Restifo, N.P. DNA and RNA-based vaccines: Principles, progress and prospects. Vaccine 1999, 18, 765-777.
[CrossRef]

Sharma, A.K.; Khuller, G.K. DNA vaccines: Future strategies and relevance to intracellular pathogens. Immunol. Cell Biol. 2001,
79, 537-546. [CrossRef]

Soltani, S.; Farahani, A.; Dastranj, M.; Momenifar, N.; Mohajeri, P.; Emamie, A.D. DNA vaccine: Methods and mechanisms. Adv.
Hum. Biol. 2018, 8, 132.

Grodeland, G.; Fredriksen, A.B.; Loset, G.A.; Vikse, E.; Fugger, L.; Bogen, B. Antigen targeting to human HLA class II molecules
increases efficacy of DNA vaccination. J. Immunol. 2016, 197, 3575-3585. [CrossRef] [PubMed]

Rhee, ].W.; Kim, D.; Park, B.K.; Kwon, S.; Cho, S.; Lee, 1.; Park, M.S,; Seo, ].N.; Kim, Y.S.; Choi, H.S.; et al. Immunization with
a hemagglutinin-derived synthetic peptide formulated with a CpG-DNA-liposome complex induced protection against lethal
influenza virus infection in mice. PLoS ONE 2012, 7, e48750. [CrossRef]

Stachyra, A.; Redkiewicz, P.; Kosson, P; Protasiuk, A.; Géra-Sochacka, A.; Kudla, G.; Sirko, A. Codon optimization of antigen
coding sequences improves the immune potential of DNA vaccines against avian influenza virus H5N1 in mice and chickens.
Virol. J. 2016, 13, 143. [CrossRef] [PubMed]

Jiang, Y.; Yu, K;; Zhang, H.; Zhang, P; Li, C.; Tian, G,; Li, Y.; Wang, X.; Ge, ].; Bu, Z.; et al. Enhanced protective efficacy of H5
subtype avian influenza DNA vaccine with codon optimized HA gene in a pCAGGS plasmid vector. Antivir. Res. 2007, 75,
234-241. [CrossRef] [PubMed]

Nerome, K.; Matsuda, S.; Maegawa, K.; Sugita, S.; Kuroda, K.; Kawasaki, K.; Nerome, R. Quantitative analysis of the yield of
avian H7 influenza virus haemagglutinin protein produced in silkworm pupae with the use of the codon-optimized DNA: A
possible oral vaccine. Vaccine 2017, 35, 738-746. [CrossRef]

Bruffaerts, N.; Huygen, K.; Romano, M. DNA vaccines against tuberculosis. Expert Opin. Biol. Ther. 2014, 14, 1801-1813.
[CrossRef]

Mann, ].ES.; McKay, P.E; Fiserova, A.; Klein, K.; Cope, A.; Rogers, P.; Swales, J.; Seaman, M.S.; Combadiere, B.; Shattock, R.J.
Enhanced immunogenicity of an HIV-1 DNA vaccine delivered with electroporation via combined intramuscular and intradermal
routes. . Virol. 2014, 88, 6959—-6969. [CrossRef]

Rimmelzwaan, G.F.; McElhaney, ].E. Correlates of protection: Novel generations of influenza vaccines. Vaccine 2008, 26 (Suppl. S4),
D41-D44. [CrossRef]

Stachyra, A.; Gora-Sochacka, A.; Sirko, A. DNA vaccines against influenza. Acta Biochim. Pol. 2014, 61, 515-522. [CrossRef]
Williams, ].A. Vector design for improved DNA vaccine efficacy, safety and production. Vaccines 2013, 1, 225-249. [CrossRef]
Xenopoulos, A.; Pattnaik, P. Production and purification of plasmid DNA vaccines: Is there scope for further innovation? Expert
Rev. Vaccines 2014, 13, 1537-1551. [CrossRef] [PubMed]

Porter, K.R.; Raviprakash, K. DNA vaccine delivery and improved immunogenicity. Curr. Issues Mol. Biol. 2017, 22, 129-138.
[CrossRef] [PubMed]

Bodewes, R.; Rimmelzwaan, G.F.; Osterhaus, A.D. Animal models for the preclinical evaluation of candidate influenza vaccines.
Expert Rev. Vaccines 2010, 9, 59-72. [CrossRef] [PubMed]

Rimmelzwaan, G.F.; Katz, ]. M. Immune responses to infection with H5N1 influenza virus. Virus Res. 2013, 178, 44-52. [CrossRef]
Li, L.; Petrovsky, N. Molecular mechanisms for enhanced DNA vaccine immunogenicity. Expert Rev. Vaccines 2016, 15, 313-329.
[CrossRef] [PubMed]

Martinon, E; Krishnan, S.; Lenzen, G.; Magne, R.; Gomard, E.; Guillet, ].G.; Levy, ].P.; Meulien, P. Induction of virus-specific
cytotoxic T lymphocytes in vivo by liposome-entrapped mRNA. Eur. |. Immunol. 1993, 23, 1719-1722. [CrossRef]

Lee, S.; Ryu, J.-H. Influenza viruses: Innate immunity and mRNA vaccines. Front. Immunol. 2021, 12, 710647. [CrossRef]
Blakney, A.K; Ip, S.; Geall, A.]. An update on self-amplifying mRNA vaccine development. Vaccines 2021, 9, 97. [CrossRef]
Pardi, N.; Parkhouse, K.; Kirkpatrick, E.; McMahon, M.; Zost, S.J.; Mui, B.L.; Tam, Y.K.; Kariké, K.; Barbosa, C.J.; Madden, T.D;
et al. Nucleoside-modified mRNA immunization elicits influenza virus hemagglutinin stalk-specific antibodies. Nat. Commun.
2018, 9, 3361. [CrossRef]

Reina, J. The new generation of messenger RNA (mRNA) vaccines against influenza. Enfermedades Infecc. Microbiol. Clin. (Engl.
Ed.) 2022, 41, 301-304. [CrossRef]

Fleeton, M.N.; Chen, M.; Berglund, P.; Rhodes, G.; Parker, S.E.; Murphy, M.; Atkins, G.J.; Liljestrom, P. Self-replicative RNA
vaccines elicit protection against influenza A virus, respiratory syncytial virus, and a tickborne encephalitis virus. J. Infect. Dis.
2001, 183, 1395-1398. [CrossRef] [PubMed]


https://doi.org/10.1038/s41591-020-1118-7
https://doi.org/10.1002/jmv.27662
https://doi.org/10.1016/j.vaccine.2019.07.095
https://doi.org/10.1016/S0264-410X(99)00271-6
https://doi.org/10.1046/j.1440-1711.2001.01044.x
https://doi.org/10.4049/jimmunol.1600893
https://www.ncbi.nlm.nih.gov/pubmed/27671110
https://doi.org/10.1371/journal.pone.0048750
https://doi.org/10.1186/s12985-016-0599-y
https://www.ncbi.nlm.nih.gov/pubmed/27562235
https://doi.org/10.1016/j.antiviral.2007.03.009
https://www.ncbi.nlm.nih.gov/pubmed/17451817
https://doi.org/10.1016/j.vaccine.2016.12.058
https://doi.org/10.1517/14712598.2014.951630
https://doi.org/10.1128/JVI.00183-14
https://doi.org/10.1016/j.vaccine.2008.07.043
https://doi.org/10.18388/abp.2014_1873
https://doi.org/10.3390/vaccines1030225
https://doi.org/10.1586/14760584.2014.968556
https://www.ncbi.nlm.nih.gov/pubmed/25308708
https://doi.org/10.21775/cimb.022.129
https://www.ncbi.nlm.nih.gov/pubmed/27831541
https://doi.org/10.1586/erv.09.148
https://www.ncbi.nlm.nih.gov/pubmed/20021306
https://doi.org/10.1016/j.virusres.2013.05.011
https://doi.org/10.1586/14760584.2016.1124762
https://www.ncbi.nlm.nih.gov/pubmed/26707950
https://doi.org/10.1002/eji.1830230749
https://doi.org/10.3389/fimmu.2021.710647
https://doi.org/10.3390/vaccines9020097
https://doi.org/10.1038/s41467-018-05482-0
https://doi.org/10.1016/j.eimc.2021.07.009
https://doi.org/10.1086/319857
https://www.ncbi.nlm.nih.gov/pubmed/11294672

Viruses 2023, 15, 1694 18 of 19

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Hekele, A.; Bertholet, S.; Archer, J.; Gibson, D.G.; Palladino, G.; Brito, L.A.; Otten, G.R.; Brazzoli, M.; Buccato, S.; Bonci, A.; et al.
Rapidly produced SAM® vaccine against H7N9 influenza is immunogenic in mice. Emerg. Microbes Infect. 2013, 2, 52. [CrossRef]
Jazayeri, S.D.; Poh, C.L. Recent advances in delivery of veterinary DNA vaccines against avian pathogens. Vet. Res. 2019, 50, 78.
[CrossRef] [PubMed]

Kim, B.-M.; Lee, D.-S.; Choi, ].-H.; Kim, C.-Y; Son, M.; Suh, Y.-S; Baek, K.-H.; Park, K.-S.; Sung, Y.-C.; Kim, W.-B. In vivo kinetics
and biodistribution of a HIV-1 DNA vaccine after administration in mice. Arch. Pharmacal Res. 2003, 26, 493—-498. [CrossRef]
[PubMed]

Eusebio, D.; Neves, A.R.; Costa, D.; Biswas, S.; Alves, G.; Cui, Z.; Sousa, A. Methods to improve the immunogenicity of plasmid
DNA vaccines. Drug Discov Today 2021, 26, 2575-2592. [CrossRef] [PubMed]

Khoshnevisan, K.; Maleki, H.; Samadian, H.; Shahsavari, S.; Sarrafzadeh, M.H.; Larijani, B.; Dorkoosh, F.A.; Haghpanah, V.;
Khorramizadeh, M.R. Cellulose acetate electrospun nanofibers for drug delivery systems: Applications and recent advances.
Carbohydr. Polym. 2018, 198, 131-141. [CrossRef]

Franck, C.O.; Fanslau, L.; Bistrovic Popov, A.; Tyagi, P; Fruk, L. Biopolymer-based carriers for DNA vaccine design. Angew. Chem.
Int. Ed. Engl. 2021, 60, 13225-13243. [CrossRef]

Seok, H.; Noh, J.Y.; Lee, D.Y.; Kim, S.]J.; Song, C.S.; Kim, Y.C. Effective humoral immune response from a HIN1 DNA vaccine
delivered to the skin by microneedles coated with PLGA-based cationic nanoparticles. ]J. Control. Release 2017, 265, 66-74.
[CrossRef]

Wang, G.; Pan, L.; Zhang, Y,; Wang, Y.; Zhang, Z.; L1, J.; Zhou, P,; Fang, Y.; Jiang, S. Intranasal delivery of cationic PLGA
nano/microparticles-loaded FMDV DNA vaccine encoding IL-6 elicited protective immunity against FMDYV challenge. PLoS
ONE 2011, 6, €27605. [CrossRef]

Gao, S.; Zhao, N.; Amer, S.; Qian, M.; Lv, M,; Zhao, Y,; Su, X.; Cao, ].; He, H.; Zhao, B. Protective efficacy of PLGA microspheres
loaded with divalent DNA vaccine encoding the ompA gene of Aeromonas veronii and the hly gene of Aeromonas hydrophila in mice.
Vaccine 2013, 31, 5754-5759. [CrossRef]

Lee, P-W.; Hsu, S.-H.; Tsai, J.-S.; Chen, F.-R.; Huang, P-J.; Ke, C.-].; Liao, Z.-X.; Hsiao, C.-W.,; Lin, H.-].; Sung, H.-W. Multifunctional
core-shell polymeric nanoparticles for transdermal DNA delivery and epidermal Langerhans cells tracking. Biomaterials 2010, 31,
2425-2434. [CrossRef]

Shen, C.; Li, J.; Zhang, Y.; Li, Y.; Shen, G.; Zhu, ].; Tao, J. Polyethylenimine-based micro/nanoparticles as vaccine adjuvants. Int. J.
Nanomed. 2017, 12, 5443. [CrossRef]

Uto, T.; Toyama, M.; Nishi, Y.; Akagi, T.; Shima, F.; Akashi, M.; Baba, M. Uptake of biodegradable poly(gamma-glutamic acid)
nanoparticles and antigen presentation by dendritic cells in vivo. Results Immunol. 2013, 3, 1-9. [CrossRef]

Malik, A.; Gupta, M.; Gupta, V.; Gogoi, H.; Bhatnagar, R. Novel application of trimethyl chitosan as an adjuvant in vaccine
delivery. Int. J. Nanomed. 2018, 13, 7959-7970. [CrossRef]

Rodolfo, C.; Eusébio, D.; Ventura, C.; Nunes, R.; Florindo, H.E; Costa, D.; Sousa, A. Design of experiments to achieve an efficient
chitosan-based DNA vaccine delivery system. Pharmaceutics 2021, 13, 1369. [CrossRef]

Wedmore, I.; McManus, ].G.M.; Pusateri, A.E.; Holcomb, ].B. A special report on the chitosan-based hemostatic dressing:
Experience in current combat operations. J. Trauma Acute Care Surg. 2006, 60, 655-658. [CrossRef]

Leya, T.; Ahmad, I; Sharma, R.; Tripathi, G.; Kurcheti, P.P; Rajendran, K.V.; Bedekar, M.K. Bicistronic DNA vaccine macromolecule
complexed with poly lactic-co-glycolic acid-chitosan nanoparticles enhanced the mucosal immunity of Labeo rohita against
Edwardsiella tarda infection. Int. J. Biol. Macromol. 2020, 156, 928-937. [CrossRef]

Carstens, M.G.; Camps, M.G.; Henriksen-Lacey, M.; Franken, K.; Ottenhoff, T.H.; Perrie, Y.; Bouwstra, ]J.A.; Ossendorp, F;
Jiskoot, W. Effect of vesicle size on tissue localization and immunogenicity of liposomal DNA vaccines. Vaccine 2011, 29,
4761-4770. [CrossRef]

Danko, J.R.; Kochel, T.; Teneza-Mora, N.; Luke, T.C.; Raviprakash, K.; Sun, P.; Simmons, M.; Moon, J.E.; De La Barrera, R,;
Martinez, L.].; et al. Safety and immunogenicity of a tetravalent dengue DNA vaccine administered with a cationic lipid-based
adjuvant in a phase 1 clinical trial. Am. ]. Trop. Med. Hyg. 2018, 98, 849-856. [CrossRef]

Tassler, S.; Dobner, B.; Lampp, L.; Ziétkowski, R.; Malinowska, E.; Wolk, C.; Brezesinski, G. DNA delivery systems based
on peptide-mimicking cationic lipids-the effect of the co-lipid on the structure and DNA binding capacity. Langmuir 2019, 35,
4613-4625. [CrossRef]

Zhi, D.; Bai, Y.; Yang, J.; Cui, S.; Zhao, Y.; Chen, H.; Zhang, S. A review on cationic lipids with different linkers for gene delivery.
Adv. Colloid Interface Sci. 2018, 253, 117-140. [CrossRef]

Nazeer, N.; Panicker, ].T.; Rajalekshmi, S.M.; Shaiju, S.D. A review on surface modified sterically stabilized liposomes. Int. ].
Innov. Sci. Res. Technol. 2019, 4, 795-801.

Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.Y.; Sood, A.K.; Hua, S. Advances and challenges of liposome assisted drug delivery.
Front. Pharmacol. 2015, 6, 286. [CrossRef]

Trimble, C.; Lin, C.-T.; Hung, C.-F; Pai, S.; Juang, J.; He, L.; Gillison, M.; Pardoll, D.; Wu, L.; Wu, T.-C. Comparison of the CD8+ T
cell responses and antitumor effects generated by DNA vaccine administered through gene gun, biojector, and syringe. Vaccine
2003, 21, 4036—4042. [CrossRef]

Lonez, C.; Bessodes, M.; Scherman, D.; Vandenbranden, M.; Escriou, V.; Ruysschaert, J.-M. Cationic lipid nanocarriers activate
Toll-like receptor 2 and NLRP3 inflammasome pathways. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 775-782. [CrossRef]


https://doi.org/10.1038/emi.2013.54
https://doi.org/10.1186/s13567-019-0698-z
https://www.ncbi.nlm.nih.gov/pubmed/31601266
https://doi.org/10.1007/BF02976869
https://www.ncbi.nlm.nih.gov/pubmed/12877561
https://doi.org/10.1016/j.drudis.2021.06.008
https://www.ncbi.nlm.nih.gov/pubmed/34214667
https://doi.org/10.1016/j.carbpol.2018.06.072
https://doi.org/10.1002/anie.202010282
https://doi.org/10.1016/j.jconrel.2017.04.027
https://doi.org/10.1371/journal.pone.0027605
https://doi.org/10.1016/j.vaccine.2013.08.053
https://doi.org/10.1016/j.biomaterials.2009.11.100
https://doi.org/10.2147/IJN.S137980
https://doi.org/10.1016/j.rinim.2012.11.002
https://doi.org/10.2147/IJN.S165876
https://doi.org/10.3390/pharmaceutics13091369
https://doi.org/10.1097/01.ta.0000199392.91772.44
https://doi.org/10.1016/j.ijbiomac.2020.04.048
https://doi.org/10.1016/j.vaccine.2011.04.081
https://doi.org/10.4269/ajtmh.17-0416
https://doi.org/10.1021/acs.langmuir.8b04139
https://doi.org/10.1016/j.cis.2017.12.006
https://doi.org/10.3389/fphar.2015.00286
https://doi.org/10.1016/S0264-410X(03)00275-5
https://doi.org/10.1016/j.nano.2013.12.003

Viruses 2023, 15, 1694 19 of 19

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

Perrie, Y.; Gregoriadis, G. Liposome-entrapped plasmid DNA: Characterisation studies. Biochim. Biophys. Acta 2000, 1475, 125-132.
[CrossRef]

Oussoren, C.; Velinova, M.; Scherphof, G.; van der Want, J.J.; van Rooijen, N.; Storm, G. Lymphatic uptake and biodistribution of
liposomes after subcutaneous injection. IV. Fate of liposomes in regional lymph nodes. Biochim. Biophys. Acta Biomembr. 1998,
1370, 259-272. [CrossRef]

Liu, J.; Wu, J.; Wang, B.; Zeng, S.; Qi, F; Lu, C.; Kimura, Y,; Liu, B. Oral vaccination with a liposome-encapsulated influenza DNA
vaccine protects mice against respiratory challenge infection. J. Med. Virol. 2014, 86, 886-894. [CrossRef]

da Silva, A.J.; Zangirolami, T.C.; Novo-Mansur, M.T.M.; Giordano, R.d.C.; Martins, E.A.L. Live bacterial vaccine vectors: An
overview. Braz. |. Microbiol. 2014, 45, 1117-1129. [CrossRef]

Sinha, S.; Kuo, C.-Y.; Ho, ] K.; White, PJ.; Jazayeri, ].A.; Pouton, C.W. A suicidal strain of Listeria monocytogenes is effective as a
DNA vaccine delivery system for oral administration. Vaccine 2017, 35, 5115-5122. [CrossRef]

Cong, H.; Yuan, Q.; Zhao, Q.; Zhao, L.; Yin, H.; Zhou, H.; He, S.; Wang, Z. Comparative efficacy of a multi-epitope DNA vaccine
via intranasal, peroral, and intramuscular delivery against lethal Toxoplasma gondii infection in mice. Parasites Vectors 2014, 7, 145.
[CrossRef]

Xu, F; Hong, M.; Ulmer, J.B. Inmunogenicity of an HIV-1 gag DNA vaccine carried by attenuated Shigella. Vaccine 2003, 21,
644—648. [CrossRef] [PubMed]

Al-Mariri, A.; Tibor, A.; Lestrate, P.; Mertens, P.; De Bolle, X.; Letesson, ].J. Yersinia enterocolitica as a vehicle for a naked DNA
vaccine encoding Brucella abortus bacterioferritin or P39 antigen. Infect. Immun. 2002, 70, 1915-1923. [CrossRef] [PubMed]
Bermudez-Humaran, L.G.; Kharrat, P.; Chatel, ].-M.; Langella, P. Lactococci and lactobacilli as mucosal delivery vectors for
therapeutic proteins and DNA vaccines. Microb. Cell Factories 2011, 10 (Suppl. S1), S4. [CrossRef] [PubMed]

Wyszyniska, A.; Kobierecka, P.; Bardowski, J.; Jagusztyn-Krynicka, E.K. Lactic acid bacteria—20 years exploring their potential as
live vectors for mucosal vaccination. Appl. Microbiol. Biotechnol. 2015, 99, 2967-2977. [CrossRef]

Yurina, V. Live Bacterial vectors—A promising DNA vaccine delivery system. Med. Sci. 2018, 6, 27. [CrossRef] [PubMed]

de Azevedo, M.; Meijerink, M.; Taverne, N.; Pereira, V.B.; LeBlanc, J.G.; Azevedo, V.; Miyoshi, A.; Langella, P.; Wells, ].M.;
Chatel, ].-M. Recombinant invasive Lactococcus lactis can transfer DNA vaccines either directly to dendritic cells or across an
epithelial cell monolayer. Vaccine 2015, 33, 4807-4812. [CrossRef]

Mancha-Agresti, P.; Drumond, M.M.; Do Carmo, FEL.R.; Santos, M.M.; Dos Santos, ].5.C.; Venanzi, F; Chatel, ].-M.; Leclercq, S.Y,;
Azevedo, V. A new broad range plasmid for DNA delivery in eukaryotic cells using lactic acid bacteria: In vitro and in vivo
assays. Mol. Ther. Methods Clin. Dev. 2017, 4, 83-91. [CrossRef]

Rodriguez-Lecompte, ].C.; Yitbarek, A.; Brady, J.; Sharif, S.; Cavanagh, M.D.; Crow, G.; Guenter, W.; House, ].D.; Camelo-Jaimes, G.
The effect of microbial-nutrient interaction on the immune system of young chicks after early probiotic and organic acid
administration. J. Anim. Sci. 2012, 90, 2246-2254. [CrossRef]

Yagnik, B.; Padh, H.; Desai, P. Construction of a new shuttle vector for DNA delivery into mammalian cells using non-invasive
Lactococcus lactis. Microbes Infect. 2016, 18, 237-244. [CrossRef]

Wilson, N.S.; Villadangos, J.A. Regulation of antigen presentation and cross-presentation in the dendritic cell network: Facts,
hypothesis, and immunological implications. Adv. Immunol. 2005, 86, 241-305. [CrossRef]

Humeniuk, P.; Dubiela, P.; Hoffmann-Sommergruber, K. Dendritic cells and their role in allergy: Uptake, proteolytic processing
and presentation of allergens. Int. J. Mol. Sci. 2017, 18, 1491. [CrossRef]

Yu, C.L; Becker, C.; Metang, P.; Marches, E; Wang, Y.; Toshiyuki, H.; Banchereau, ].; Merad, M.; Palucka, A. K. Human CD141+
dendritic cells induce CD4+ T cells to produce type 2 cytokines. J. Immunol. 2014, 193, 4335-4343. [CrossRef]

Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [CrossRef]
Apostolopoulos, V.; Thalhammer, T.; Tzakos, A.G.; Stojanovska, L. Targeting antigens to dendritic cell receptors for vaccine
development. J. Drug Deliv. 2013, 2013, 869718. [CrossRef]

Arpaia, N.; Barton, G.M. The impact of Toll-like receptors on bacterial virulence strategies. Curr. Opin. Microbiol. 2013, 16, 17-22.
[CrossRef]

Lu, Y; Liu, Z.-H,; Li, Y.-X,; Xu, H.-L.; Fang, W.-H.; He, F. Targeted delivery of nanovaccine to dendritic cells via DC-binding
peptides induces potent antiviral immunity in vivo. Int. |. Nanomed. 2022, 17, 1593-1608. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0304-4165(00)00055-6
https://doi.org/10.1016/S0005-2736(97)00275-7
https://doi.org/10.1002/jmv.23768
https://doi.org/10.1590/S1517-83822014000400001
https://doi.org/10.1016/j.vaccine.2017.08.014
https://doi.org/10.1186/1756-3305-7-145
https://doi.org/10.1016/S0264-410X(02)00573-X
https://www.ncbi.nlm.nih.gov/pubmed/12531333
https://doi.org/10.1128/IAI.70.4.1915-1923.2002
https://www.ncbi.nlm.nih.gov/pubmed/11895955
https://doi.org/10.1186/1475-2859-10-S1-S4
https://www.ncbi.nlm.nih.gov/pubmed/21995317
https://doi.org/10.1007/s00253-015-6498-0
https://doi.org/10.3390/medsci6020027
https://www.ncbi.nlm.nih.gov/pubmed/29570602
https://doi.org/10.1016/j.vaccine.2015.07.077
https://doi.org/10.1016/j.omtm.2016.12.005
https://doi.org/10.2527/jas.2011-4184
https://doi.org/10.1016/j.micinf.2015.11.006
https://doi.org/10.1016/S0065-2776(04)86007-3
https://doi.org/10.3390/ijms18071491
https://doi.org/10.4049/jimmunol.1401159
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1155/2013/869718
https://doi.org/10.1016/j.mib.2012.11.004
https://doi.org/10.2147/IJN.S357462

	Introduction 
	Avian Influenza Vaccines 
	Inactivated Vaccines 
	Live Vaccines 
	Virus-like Particle (VLP) Vaccines 
	Universal Vaccines 
	DNA Vaccines 
	mRNA Vaccines 

	Strategies for DNA Vaccine Delivery 
	Polymer Delivery Systems 
	Liposome Delivery System 
	Live Bacteria Delivery Systems 

	Dendritic Cell Targeting Enhances Vaccine Immune Efficiency 
	Conclusions 
	References

