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Nano/microparticle Formulations for Universal Influenza Vaccines
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Abstract. Influenza affects millions of people worldwide and can result in severe sickness and
even death. The best method of prevention is vaccination; however, the seasonal influenza
vaccine often suffers from low efficacy and requires yearly vaccination due to changes in
strain and viral mutations. More conserved universal influenza antigens like M2 ectodomain
(M2e) and the stalk region of hemagglutinin (HA stalk) have been used clinically but often
suffer from low antigenicity. To increase antigenicity, universal antigens have been
formulated using nano/microparticles as vaccine carriers against influenza. Utilizing
polymers, liposomes, metal, and protein-based particles, indicators of immunity and
protection in mouse, pig, ferrets, and chicken models of influenza have been shown. In this
review, seasonal and universal influenza vaccine formulations comprised of these materials
including their physiochemical properties, fabrication, characterization, and biologic
responses in vivo are highlighted. The review is concluded with future perspectives for
nano/microparticles as carrier systems and other considerations within the universal influenza
vaccine delivery landscape.
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INTRODUCTION

According to the World Health Organization (WHO),
there are up to 5 million severe cases and 500,000 deaths per
year due to influenza. In the USA alone, the total economic
burden for influenza is $87.1 billion per year, which accounts
for hospitalization visits, out-patient care, loss of earnings,
and loss of life due to this epidemic (1). Individuals over the
age of 65, infants, pregnant women, and those living in low-
income countries are among the most susceptible to severe
and lethal influenza infections (2). The Centers for Disease
Control (CDC) identifies four types of influenza virus: A, B,
C, and D. Influenza A virus (IAV) and B are the most
common seasonal epidemics that circulate in the USA with
IAV causing the utmost threat to human health because it has
both human and animal hosts, whereas influenza B only

infects humans (3). IAV can be divided into subtypes based
on the surface proteins hemagglutinin (HA) and neuramin-
idase (NA) (4). The most common subtypes found in the
population are H1N1 and H3N2. The specific nomenclature
of each virus contains antigenic type, geographical location,
strain number, and year of isolation, such as A/California/07/
2009 (H1N1) or A/Victoria/210/2009 (H3N2) (4).

Typical IAV vaccines are defined as seasonal or univer-
sal. Seasonal influenza vaccines can achieve a single year of
protection from the infection. While seasonal vaccines can
provide protection to high-risk groups, the continuous
antigenic drift of influenza subtypes complicates effective
vaccine production. This antigenic drift is caused by muta-
tions in membrane proteins HA and NA. When these
mutations occur, the seasonal vaccine will not match the
circulating epidemic virus strain and the vaccine will lose its
effectiveness.

In contrast to a seasonal influenza vaccine, a universal
influenza vaccine can have broad protection against multiple
subtypes or strains of the virus. They are, however, signifi-
cantly more difficult to develop than seasonal influenza
vaccine since they ideally provide protection independent of
antigenic drift of HA/NA subtypes (5). To accomplish this,
universal vaccines use antigens that are more conserved
across subtypes such as HA stalk (also called stem), and the
ectodomain of matrix protein 2 (M2e) (Figure 1). However,
these universal influenza antigens are often weakly immuno-
genic and require immune activating adjuvants and/or
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advanced formulation to elicit a protective immunity. As
such, universal influenza vaccines have been formulated using
nano/microparticles (NPs).

Using NPs as a vaccine carrier system can protect vaccine
molecules from premature protease degradation, improve
stability, elicit sustainable release, and assist in targeted
delivery of an immunogen to antigen-presenting cells
(APCs) (6). Due to these attributes, in many cases, nanopar-
ticles can also act as a vaccine adjuvant (7). This review will
highlight particulate platforms that are used for seasonal
(Table I) and universal (Table II) influenza vaccines. NPs will
be divided into those comprised of polymers, liposomes,
metals, and proteins (Figure 2). To preface the discussion of
these platforms, we will discuss characterization of the NPs,
example use as a seasonal and universal influenza vaccine,
and vaccine efficacy in vivo.

CHARACTERIZATION OF NANOPARTICLES

When comparing NPs, there are several physiochemical
properties that can vary from platform to platform, but also
influence how the NPs interact with APCs and other immune
cells (22). Of the physiochemical characterization of NPs for
vaccines, surface charge, particle size, loading capacity of the
particles, and drug release are the most commonly reported.

Surface charge is commonly conveyed as zeta potential
(ζ-potential). ζ-Potential represents the electric potential of
the surface of the particles when suspended in a liquid and
can indicate the stability of the particle in suspension as well
as interactions with cells. Potentials of approximately positive
or negative 40–50 mV represent good colloidal stability,
wherein the particles are repelling enough from each other
that they stably suspend. Particles with a positive charge can
non-specifically interact with the negatively charged cell
surface and have increased opsonin binding and therefore
greater clearance than anionic particles (23). Furthermore,
positively charged particles can better interact with nucleic
acid for the delivery of mRNA vaccines. Most ζ-potential
measurements are performed in tandem with dynamic light
scattering (DLS) measurements.

DLS is one very common method to measure particle
size in suspension (hydrodynamic radius). In determining
DLS measurements, intensity distributions naturally weigh
particle diameter according to the scattering intensity of each
particle fraction and account for aggregation of particles.
Intensity distributions can be more accurate alone than
volume and density distributions which are relative and
assume the particles are spherical and homogenously dis-
persed. Often with DLS, a polydispersity index (PDI) is
calculated where values <0.05 indicate highly monodisperse
particles and generally a PDI greater than 0.7 is too broad for
accurate measurement by DLS. In addition to DLS, micro-
graphs such as those generated by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), or
atomic force microscopy (AFM) can be used to determine
size. Although these imaging techniques are often performed
under a vacuum and not with a hydrated particle, there are
also environmental SEM as well as AFM which can be
performed, albeit with a smaller measurement range than
typically seen under vacuum. Overall, size is a particularly
important physicochemical property in the context of vaccine
delivery since particles of certain sizes are more efficiently
phagocytosed by APCs (24).

As important as NP size is the loading of the antigen or
adjuvant associated with the particle. Antigens and adjuvants
are often encapsulated in NPs, covalently bound to the
surface of the NPs, or adsorbed to the surface if the NPs via
electrostatic interactions. Often the actual loading of the
antigens associated with the particles is determined by
methods like absorbance, fluorescence, and high-
performance liquid chromatography (HPLC), and for
protein-based antigen a detection assay (e.g., bicinchoninic
acid (BCA), fluorescamine, enzyme-linked immunosorbent
assay (ELISA)). For the encapsulation of mRNA, loading
can be determined by real-time reverse transcription poly-
merase chain reaction (RT-qPCR). Since encapsulation or
covalent binding chemistry is not 100% effective, there is an
encapsulation efficiency (EE) measurement that is deter-
mined from the actual loading divided by the theoretical
loading. For generation of particles through emulsion

Figure 1. Generalized diagram of influenza A virus (IAV). Labeled are different proteins that have
been investigated as potential antigens for universal influenza vaccinations
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processes (e.g., poly lactic-co-glycolic acid (PLGA) NPs), the
EE can vary based on the physiochemical properties of the
encapsulate and its ability to diffuse into the continuous water
phase. For covalently bound NPs, antigen loading is depen-
dent on the chemistry used to functionalize the antigen and it
is important to wash away the unreacted antigen before
measurement. Regardless of encapsulation or covalently
bound antigen capture, valid background values are needed
to determine actual loading. This can be as simple as a blank
or vehicle control; however, for surface functionalized NPs, it
is important to determine the value of antigen non-specifically
adsorbed on a blank particle. Besides loading, the release of
encapsulate from the NP can help to relate the kinetics of the
antigen or adjuvant. Often using the same techniques as
performed for loading studies, the amount of antigen or
adjuvant released or retained can be measured, when NPs are
placed in sink conditions, typically using a dialysis system.

An important in vitro characterization of the released
and associated antigen or adjuvant is to determine if it is
biologically active and performs the function it should. For
adjuvant activity, simple innate immune assays wherein
immortalized (e.g., RAW macrophages) or primary cells
(e.g., bone marrow derived dendritic cells (BMDCs)) can be
cultured with NPs or positive control (e.g., LPS), and the
supernatants assayed for cytokine activity via ELISA. An
important control in the evaluation of innate activity is a
vehicle-only control since high production of cytokines can
indicate endotoxin contamination. Endotoxin contamination
cannot be removed with filtering, but can be easily deter-
mined by absorbance with the limulus amebocyte lysate
(LAL) test that can quantitatively measure the amount of
endotoxin in a sample (22). Uptake studies by APCs are also
an important in vitro assay that is best performed using
fluorescent dyes (e.g., fluorescence activated cell sorting/
scanning (FACS)) and confocal microscopy (25, 26). Despite
efforts washing the NPs off, other methods of uptake such as
flow cytometry and epifluorescence only indicate particle
association with cells and will not indicate actual uptake
unless a dye which changes excitation and emission when
internalization is used. To characterize antigen presentation
in an in vitro setting, transgenic T cell lines such as B3Z and
KZO, developed by Dr. Nilabh Shastri, can be used to
illustrate MHC I and MHC II presentation of model antigen
ovalbumin (OVA), respectively (27, 28). However, presenta-
tion to T cells relies on peptide presentation and may not
indicate the correct tertiary protein structure of the antigen,
which is needed for optimal B cell activation and generation
of neutralizing antibodies. The use of high energy mixing
(e.g., sonication, homogenization), contact with solvent, and
other environmental factors during NP fabrication can lead to
protein denaturation and reduced neutralizing antibody titer
(29). Characterization of expressed antigen by circular
dichroism, Fourier-transformed infrared (FTIR) spectros-
copy, or antibody binding may be needed to understand
antigen structure better.

VACCINE EFFICACY IN VIVO

Once the particles are formulated and optimized with the
antigen and/or adjuvant, in vivo testing to assess the efficacy
of the vaccine is essential. Mouse models are most common in
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influenza vaccine testing; however, pigs, ferrets, and chickens
have also been used to evaluate NP universal influenza
vaccines, with ferrets being the most applicable larger animal
model for influenza. Of the mice models used, BALB/c are
the most reported for evaluation of NPs with M2e because
they are reported to be the most effective for that peptide
(30).

With regard to vaccine schedule, most vaccine formula-
tions will have a prime, and at least one boost. Another
important aspect in vaccine research is the administration
route, with needle-free (e.g., intranasal (IN), and oral)
preferred over injectable routes like intramuscular (IM),
and subcutaneous (SC) since influenza infects through
mucosal tissues. Moreover, intranasal, or oral vaccine admin-
istration, can induce mucosal and cellular immune responses
at the site of virus entry, thus enhancing vaccine efficacy. With
regard to the experimental groups, control groups can include
soluble antigen, NP vehicle, and soluble antigen with NP
vehicle—with all three groups with and without adjuvant as
appropriate. A PBS or sham group is also often desired to
establish a background for all assays. Furthermore, a positive
control group is also helpful and can be established with a
commonly studied adjuvant, such as MF59® (squalene-based
oil-in-water nanoemulsion) or Toll-like receptor 4 (TLR4)
agonist monophosphoryl lipid A (MPL).

To analyze the humoral response of the vaccine, one may
evaluate the production of specific antibodies against the
influenza in response to the vaccination via antigen-specific
antibody titers using ELISA assays and sera from vaccinated
animals. With regard to mouse models, BALB/c mice are
known to be skewed towards a Th2 response and generally
often report higher total sera IgG compared to C57BL/6
mice. To understand Th2 skewing of antibodies in a BALB/c
mouse, IgG2a titers can also be evaluated (16). In addition to
generalized anti-antigen titers, neutralization and hemagglu-
tination inhibition (HAI) can be used to evaluate the efficacy
of the generated titers in inhibiting viral infection. HAI can
be particularly helpful in evaluating universal influenza
vaccines because it can use multiple influenza strains or
subtypes to illustrate activity across strains. Similarly, anti-
body binding to M2e or stalk sequences from various strains
or subtypes can be used to identify universality of protection
(16).

Besides humoral response, the cellular response of the
vaccine can be evaluated. An antigen recall assay can help to
determine cellular immune responses. Typically, 7–10 days
after the last vaccination, draining lymph nodes and spleens
can be removed from the animal and restimulated with
antigen (e.g., M2e) to determine the ability of these cells to
respond to the antigen they have been vaccinated against.
The observation and secretion of interferon-gamma (IFN-γ)
is the primary cytokine that is involved in antiviral responses
and is a crucial player in promoting cell-mediated immunity
(31), although other cytokines can also be evaluated.
Cytokines can be evaluated with an ELISA, Luminex,
ELISpot, RT-PCR, or flow cytometry. For more precise
evaluation of which cell types are producing cytokines, cells
can be presorted using magnetic beads or a flow cytometry
panel can be used. Flow allows for other evaluation of
important cell types such as memory cells.
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POLYMERS

Several polymers have been used to encapsulate vaccine
elements in NPs, and the primary benefit of formulation is
controlled release of encapsulated antigen and/or adjuvant.
Most polymeric formulations are matrix devices wherein the
encapsulates are distributed throughout the polymer, includ-
ing at the polymer surface. The most common method for
fabrication of polymeric NPs is via single or double emulsion
with solvent evaporation. The polymers used for vaccine NPs
include chitosan, PLGA, and acetalated dextran (Ace-DEX).

Chitosan Nanoparticles

Chitosan is a natural, and cationic mucoadhesive bio-
polymer that consists of glucosamine residues (8, 32). This
biopolymer is derived by the partial deacetylation of chitin,
which is found in the shells of crustaceans (33). Because of
chitosan’s unique mucoadhesive properties, it has been used
as a needle-free vaccine to mucosal sites including IN, oral,
and ocular (8, 32). Chitosan nanoparticles are commonly
fabricated via an ionic gelation method. Positively charged
chitosan is ionically crosslinked with a negatively charged salt
(e.g., sodium tripolyphosphate, sodium citrate, sodium sul-
fate). Often this is performed by dripping the chitosan
mixture into the salt mixture, although microfluidics and
simple mixing can also be used. This method is similar for the
formation of NPs out of alginate and other charged polymers.

Using ionic gelation, Dhakal et al. (8) encapsulated
killed SwIAV antigen (KAg) in chitosan. The authors
reported a particle size of 571.7 nm. The EE of KAg in
chitosan nanoparticles was 67% with a surface charge of
+1.69 mV. NPs were given IN using a pig model with a prime,
a boost 21 days later, and a H1N1 challenge 35 days post
prime vaccination. IN administration is thought to enhance
mucosal immune responses which is essential in protection
against influenza. Six days after challenge, the pigs were
euthanized and serum and bronchoalveolar lavage (BAL)
fluid were collected for analysis. The authors observed that
HAI titers as well as secretory IgA antibody levels from the
nasal swabs after prime-boost vaccination were higher in
chitosan KAg NP-vaccinated pigs compared to those that
received the soluble antigen. However, the IgG antibody
response in the chitosan-formulated vaccine and KAg-alone

vaccine was comparable. Also, Dhakal et al. reported
reduced nasal virus shedding, viral lung titers, and
inflammatory changes in the lungs after challenge in animals
vaccinated with their chitosan and KAg NP formulation.

Hajam et al. (14) used chitosan NPs to deliver both
mRNA and protein elements to generate a combined
seasonal and universal influenza vaccine. The cationic nature
of chitosan was used to help complex the anionic mRNA and
the HA protein and M2e peptides were adsorbed on the NP
surface (Figure 3). The NPs were between 100 and 800 nm in
size. Chickens were vaccinated, at a schedule of 0 prime and
21-day boost, with a challenge at day 28 with either H7N9 or
H9N2 virus. When both mRNA and protein antigens were
used, the greatest lung lavage IgA and sera IgG against HA
and M2e was observed. Moreover, neutralizing titer was
significantly greater for mRNA and protein NP-vaccinated
groups. T cell proliferation was measured, after antigen
restimulation, and the mRNA and protein NP-vaccinated
group had the highest proliferation in response to M2e and
HA. Universality was displayed when chickens were chal-
lenged with H7N9 or H9N2 and illustrated increased survival
over controls. Overall, the combined antigen formats facili-
tated by the chitosan NP delivery illustrated broad protection
as a universal influenza vaccine.

PLGA Particles

Due to its biocompatibility and biodegradability, PLGA
is one of the most widely used and explored polymers in
vaccine and therapeutics delivery and is currently approved
by the FDA and European Medicines Agency for controlled
release of drugs (15, 34, 35). Although PLGA is used
extensively as vaccine carrier pre-clinically, it has not been
highly studied in the influenza vaccine landscape. PLGA
particles are commonly formulated via single and double
emulsion solvent evaporation methods. In brief, a double
emulsion solvent evaporation technique involves dissolving
the polymer in an organic phase, with the antigen or water
soluble adjuvant in an aqueous phase (36). An organic
soluble adjuvant could be dissolved in the solvent phase with
the polymer. Typically, an emulsifying agent or stabilizer is
used in an emulsion, most commonly polyvinyl alcohol
(PVA). One phase is suspended in the other, in the presence
of the stabilizer and mixed at high speeds through sonication

Figure 2. Summary of different nanoparticle formulations used for influenza vaccinations with HA as the model antigen. Polymeric
nanoparticles are shown with antigen encapsulated throughout the polymer matrix; however, antigen can also be conjugated to the outside of
polymeric nanoparticles. Liposomes are also shown with encapsulated antigen in the aqueous phase, but antigens can be coated to the outside
of liposomes as well. Protein-based nanoparticles (ferritin) and gold nanoparticles are shown using surface conjugation
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or homogenization. For a double emulsion, the phases are
mixed twice, both in the presence of a stabilizer. After the
second mixing, the emulsion is stirred on a stir plate for
several hours, the solvent evaporates, and particles are
washed and collected via centrifugation for lyophilization
and storage. For a single emulsion, the steps are the same
except the encapsulates would need to be solubilized in the
organic phase with the polymer and they would only be
mixed once and in the presence of the stabilizer. This method
can be used for many hydrophobic polymers, and denatur-
ation of protein antigens can result from both solvent
exposure and high-speed mixing (29).

Dhakal et al. (9) developed PLGA nanoparticles as a
vaccine carrier with KAg. PLGA nanoparticles were pre-
pared via the double emulsion and solvent evaporation
technique wherein KAg was sonicated with PLGA and PVA
in the presence of protein stabilizers sucrose and magnesium
hydroxide. This primary emulsion was then sonicated again in
the presence of PVA to produce the secondary emulsion
which was then stirred overnight to allow for the evaporation
of organic solvents. KAg-loaded PLGA NPs had a mean
diameter of 313 nm and an encapsulation efficiency of 57%.
Furthermore, the reported ζ-potential of the KAg particles
was −18 ± 0.56 mV. In vitro analysis of the particles revealed
22% burst release and 27% release of the encapsulated cargo
after 24 h. The antigen showed a slow sustained release with a
total cumulative release of approximately 50% after 1 month.
To test the efficacy of their vaccine platform in vivo, Dhakal
et al. vaccinated pigs with either soluble or PLGA-
encapsulated KAg. Pigs were vaccinated intranasally with
these different groups and then boosted 3 weeks after the
initial dose. The group vaccinated with the KAg NPs showed
a significantly greater number of IFN-γ-producing cells after
virus restimulation when compared to the soluble KAg or the
mock vaccination. Furthermore, the KAg NP group demon-
strated greater protection against SwIV H1N1 challenge with
less fever, lower viral titers, and reduced lung lesions.
Interestingly, the HAI and viral neutralization titers of the

NP group were comparable to that of the soluble antigen. The
authors concluded that this is because the NPs provide
protection via a cell-based immune response as evidenced
by their restimulation experiments.

With regard to a universal influenza vaccine, Hiremath
et al. (15) conducted a similar study fabricating PLGA NPs to
encapsulate inactivated H1N1 influenza peptide antigens,
M2e, and Mycobacterium vaccae whole cell lysis as an
adjuvant. They used a double emulsion method to fabricate
the particles. The size of the nanoparticles ranged from 227 to
316 nm and they report a surface charge of −21.93 mV. The
EEs of the formulations ranged from 50 to 54% with a
cumulative release of 64% over a period of 4 weeks. To
evaluate immune responses, Hiremath et al. vaccinated pigs
IN twice at 2-week intervals and challenged 2 weeks after the
boost. Interestingly, the PLGA NP formulation with and
without adjuvant did not induce high antibody response.
Thus, the authors concluded that M. vaccae is not a potent
adjuvant in their vaccine. This could be a function of the NPs
not distributing well in the nasal mucosa, and thereby not
trafficking to the nasal associated lymph node tissues
(NALT). Evaluation of the formulation as an injectable
vaccine may better indicate the robustness of this platform
for universal influenza vaccine development.

Ace-DEX Microparticles

Ace-DEX is an acid-sensitive biopolymer synthesized
from dextran where the pendant hydroxyl groups are
converted into acetal groups (10) (Figure 4). Once phagocy-
tosed, the acid sensitivity of the polymer results in rapid
intracellular release of cargo in the phagolysosome’s acidic
environment (28, 37, 38). Additionally, Ace-DEX particles
have been shown to be stable at elevated temperatures (37).
Ace-DEX has been used in many preclinical applications,
such as delivering adjuvants to enhance vaccine efficacy,
therapies for Salmonella enterica infection, and scaffold-based
interstitial delivery of chemotherapeutics for glioblastoma

Figure 3. Protein-coated chitosan nanoparticles from Hajam et al. (14). Particles were
prepared via ionic gelation. To entrap the mRNA coding for either HA2 or M2e proteins
in the particles, particles were prepared at low pH in order to increase the positive charge
of the chitosan allowing for ionic interactions with negatively charged mRNA. Further-
more, the chitosan nanoparticles were cross-linked using sodium triphosphate after the
addition of the mRNA. M2e and HA2 proteins were added to the particles after cross-
linking and bound to the surface via electrostatic interactions
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(10, 25, 39, 40). Particulate Ace-DEX has similar cell toxicity
and viability to other biomaterials, such as PLGA and poly-
lactic acid (PLA) (40). Ace-DEX can be fabricated into
polymeric particles for vaccines using various processing
methods such as sonication, homogenization, and electro-
spray. Electrospray is a continuous method that provides easy
scalability, and better encapsulation efficiencies (10, 29, 41).
Rather than having a continuous aqueous phase–like emul-
sion processes, electrospray has an air continuous phase that
is less likely to permit diffusion of encapsulate. Furthermore,
it is performed at room-temperature and not elevated
temperature like spray drying.

Junkins et al. (10) used electrosprayed Ace-DEX parti-
cles to encapsulate cGAMP as an adjuvant in a seasonal
influenza vaccine. For comparative purposes, the authors
encapsulated cGAMP using emulsified Ace-DEX particles,
emulsified PLGA, and electrosprayed PLGA particles as well
as a common liposome formulation. The diameter for the
electrospray formulations were 1540 nm and 2890 nm for
Ace-DEX and PLGA microparticles, respectively. The lipo-
some formulation had the highest loading capacity, but only
30% EE, whereas electrospray Ace-DEX particles had an EE
of 89.7%. The electrosprayed Ace-DEX cGAMP particles
illustrated the highest level of type-1 IFN production in
primary dendritic cells, compared to the other formulations
even after sterilization of the particles via gamma irradiation.
After characterization, the particles were injected IM in
C57BL/6 mice. HA (PR8) antigen was delivered as a soluble
protein and mixed cGAMP particles before immunization on
days 0 and 21. After vaccination, mice were challenged IN
with PR8 on day 42 after prime. Antibody responses were
assessed with ELISA and cellular responses were determined
with ELISA and ELISpot. Electrosprayed Ace-DEX parti-
cles exhibited potent type-1 IFN cytokine response with
antigen recall and a Th1 skewed humoral responses with the
inclusion of cGAMP particles. Furthermore, Junkins et al.
showed that their vaccine formulation protected over 80% of
immunized mice against lethal influenza challenge.

Chen et al. (16) used Ace-DEX particles incorporated
with M2e and cGAMP as the antigen and adjuvant to develop
a universal influenza vaccine platform. Blank, M2e-, or
cGAMP-loaded microparticles were fabricated with different

polymer degradation profiles via a double-emulsion solvent
evaporation and characterized by DLS, SEM, and an
endotoxin quantification kit. The diameter ranged between
622 and 747 nm and EEs were over 50% for the formulations.
Vaccination was given IM on day 0 and 21, with a PR8
challenge on day 42. Mice vaccinated with M2e and cGAMP
particles elicited a potent humoral and cellular response and
protected against the lethal challenge. Formulations with the
slowest degrading particle resulted in the greatest antibody
production, cellular response, and protection against chal-
lenge. Furthermore, Chen et al. found that serum antibodies
from the particle formulations demonstrated cross reactivity
against M2e sequences of various influenza subtypes, which
can suggest broad protection, thus providing potential to
develop a universal influenza vaccine.

LIPOSOMES

Liposomes are one of the most common NP formulations for
therapeutics delivery; however, their use in vaccines is limited.
Internationally, InflexalVis an approved liposomal based influenza
vaccination, where inactivated influenza virus is encapsulated in a
liposome.This formulation is often commonly called a virosome. In
comparison of the efficacy of Inflexal V to other influenza vaccines,
the virosome formulation can be administered to a wider range of
ages than some of the influenza vaccines currently clinically
approved (42, 43). For the generation of liposomes, often thin-
film hydration is used at the laboratory scale. For this method, a
lipid cake is formed and rehydrated with water-soluble agents
included in the solution. This solution is thenmixed through stirring
or higher energy processes like sonication. Multilaminar liposomes
are then formed to be sized and formed into unilamellar liposomes
through extrusion. This method can also be facilitated through
microfluidics and electrospray (44, 45). At the industrial scale,
ethanol injection is usually performed wherein ethanol with
suspended lipids is introduced into a stirred tank with the
encapsulate in an aqueous phase.

For development of a seasonal influenza vaccine, Barnier-
Quer et al. (11) evaluated the absorption or encapsulation of HA
with liposomes and delivery of the TLR agonist CpG. The
liposome was generated by thin-film hydration and comprised of
1,2-diacyl-sn-glycero-3-ethylphosphocholine, dimethyl dioctadecyl-

Figure 4. Synthesis of Ace-DEX. Hydroxyl groups of dextran are converted to acetal groups. This changes the hydrophilic dextran into the
hydrophobic and acid-sensitive acetal-modified dextran. Ace-DEX can then be fabricated into microparticles for antigen or adjuvant delivery
by processes such as homogenization or electrospraying
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ammonium bromide, and 3β-[N-(N′,N′-dimethylaminoethane)-
carbamoyl] cholesterol. The liposomes were 155–160 nm in size
and −46 to −51 mV in charge. Interestingly, the adsorbed and
encapsulated HA had similar EEs at 60% and 63%, respectively.
C57BL/6 mice were vaccinated at days 1 and 22 through SC
injection. Adsorbed HA had increased immunogenicity compared
to encapsulated HA, regarding generation of titer and HAI.
Inclusion of CpG in the liposome resulted in more efficient
generation of antigen-specific responses than a liposome without
CpG or an alum-based adjuvant. Overall, the platform illustrates
promise for generation of a season influenza vaccine; however, a
challenge was not performed to fully elucidate the differences
observed.

With regard to universal influenza vaccine, Dhakal et al.
(17) composed a lecithin, cholesterol, and alpha tocopherol
(vitamin E) liposome to encapsulate M2e with other B and T
cell peptides. These liposomes were co-delivered with the
uncommon adjuvant monosodium urate (MSU). Liposomes
were made through thin-film hydration and were 127–141 nm
in diameter with a charge ranging from −25 to −31 mV. The
NPs had an EE of 52–92% depending on the hydrophobicity
of the peptide sequence. Liposomes were co-delivered with
MSU crystals via IN route to a pig on days 0 and 14, with a
H1N1 viral challenge at day 35. Peptides delivered via a
liposome with MSU crystals had lower viral shedding post
challenge, but not compared to the peptide alone in solution
with and without adjuvant or liposome vehicle given with the
peptide. The highest frequency of T-helper and memory cells
was from peptide liposomes with and without adjuvant and
were significantly higher than vehicle control. Overall, the
authors concluded that the MSU adjuvant did not signifi-
cantly increase vaccine efficacy, but that liposomal encapsu-
lation of peptide did enhance immune responses.

METALS

Metal-based nanoparticles can have antigen and/or
adjuvant added to the carrier via chemistry that covalently
attaches the antigen or adjuvant to the surface. Additionally,
simple adsorption can also be used, although this is a dynamic
process where proteins in particular can adsorb to and diffuse
off the surface overtime. However, one benefit of surface
presentation of antigens is that they allow for direct B cell
interaction, which may boost antibody production. Previous
studies done by others have evaluated encapsulation of
protein antigen over adsorbed or surface bound antigen (11,
46–52). These studies either used liposomes (11, 48–52) or
polymeric microparticles (46, 47). They concluded that
surface presentation of antigen, as with the common adjuvant
alum, leads to enhanced antibody titers (46). Surface
presentation of antigen is one advantage of metal-based
particle systems, and to evaluate the role of surface bound
antigen in the generation of universal influenza vaccines, gold
NPs have been used.

Gold nanoparticles

Gold NPs have been utilized in a variety of applications
due to their small dimensional size, biocompatibility, and
good stability. Furthermore, the material has facile synthesis
routes to attach a variety of molecules to the surface (53).

Most commonly gold NPs are commercially purchased;
however, they can be synthesized through reduction of
chloroauric acid. Whereas polymers and liposomes can
encapsulate antigen and adjuvant inside their matrix, these
elements must be functionalized on the gold NP surface,
usually through thiol chemistry.

Wang et al. (12) formulated an IN vaccine containing
gold NPs with conjugated recombinant trimetric influenza
A/Aichi/2/68 (H3N2) HA on the surface coupled with Toll-
like receptor 5 (TLR5) agonist flagellin (FliC) as an adjuvant.
The gold nanoparticles were prepared by reacting chloroauric
acid with sodium citrate. Tween 20 was added for stability and
thiol-nitrilotriacetic acid or azide-polyethylene glycol-thiol
was added for the exchange of citrate with thiol. HA and
FliC were then added separately to enforce the conjugation
via a metal chelating reaction or click chemistry. After
conjugation, TEM imaging was used to observe particle
morphology and DLS confirmed the diameters of 18, 47,
and 106 nm, for gold NPs alone, NPs with FliC, or NPs with
HA, respectively. Mice were immunized IN twice at 4-week
intervals and challenged 4 weeks after booster with H3N2
virus. Animals vaccinated with FliC and HA gold NPs elicited
a stronger systemic and mucosal humoral response compared
to NPs alone and soluble antigen and adjuvant. Vaccination
with this formulation induced a higher IgG2a/IgG1 ratio.
Only the FliC- and HA NP–vaccinated group survived
challenge and illustrated significantly greater HAI against
the H3N2 virus.

Gold NPs have also been utilized for a universal
influenza vaccine. Tao et al. (19, 20) developed an IN M2e
vaccine with CpG as a soluble adjuvant attached to gold
nanoparticles. M2e was covalently attached to the 12 nm gold
NPs; however, soluble and covalently attached M2e was used
in the vaccination. Mice vaccinated IN on day 0 and 21 with
M2e conjugated NPs and CpG illustrated a dose response in
serum IgG, IgG1, and IgG2a. Similarly, a dose response was
observed when mice were challenged at day 42 with PR8
wherein 100% of the mice survived the challenge. In
evaluating the longevity of the vaccination, the authors report
titers and survival after challenge at least 8 months after the
initial vaccination. In a very similar study, the investigators
illustrate that stronger immune responses were observed
when CpG was included with the vaccination. In a subsequent
paper, they used the same formulation and illustrated survival
after challenge from A/California/04/2009 (H1N1) pandemic
strain, A/Victoria/3/75 (H3N2), and A/Vietnam/1203/2004
(H5N1) (54).

Protein-Based Nanoparticles

Protein-based NPs have been used for influenza vacci-
nation. These protein carriers can assemble into structures
nanoscale in size including particles. An example of a protein-
based nanoparticle used for universal influenza applications is
one made from ferritin.

Ferritin Nanoparticles

Ferritin is a protein which binds and stores iron and is
present in most living organisms. The ferritin that can be
isolated from Helicobacter pylori has been shown to self-
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assemble into an octahedron consisting of 24 subunits, with a
hollow interior. Proteins can be covalently linked to the
outside of ferritin particles via specific amino acid residues
(i.e., aspartic acid). These residues are presented 28Å apart in
groups of three with eight groups located on the outside of
the NP. This spacing is identical to the spacing of trimeric HA
(13).

Kanekiyo et al. (13) fused the ectodomain of A/New
Caledonia/20/1999 to ferritin via the aspartic acid cluster
residues, forming eight trimeric clusters on the NP (Figure 5).
The recombinant proteins were expressed in 293F cells. The
ferritin particles alone were reported to be 14 nm by DLS and
the addition of HA increased the diameter to 37 nm. Mice
were vaccinated on days 0 and 21 with various groups
including an inactivated influenza virus vaccine (Fluzone)
control. The commercially available adjuvant Ribi (Sigma)
was used, which comprises of an emulsion similar to
Complete Freud’s Adjuvant, except instead of heat killed
Mycobacterium tuberculosis TLR4 agonist MPL from Salmo-
nella enterica Serovar Minnesota is used. MF59 was also used
in some experiments. The mice vaccinated with ferritin-HA
NPs illustrated significantly greater HAI and neutralizing titer
when adjuvanted with Ribi or MF59, compared to Fluzone
controls. Similar results were illustrated in ferrets, where viral
titers of nasal washes were also shown to be significantly
reduced. Additionally, antibodies isolated from serum were
shown to be neutralizing against multiple H1N1 stains.

For use as a universal influenza vaccine, Corbett et al.
(21) used ferritin NPs which conjugated H3 and H7 HA stalk
trimers. The stalk ligated NPs were shown to be approxi-
mately 20 nm in diameter based on electron microscopy
imaging. The structure of the stalk regions was characterized
through binding to antibodies, and they confirmed that the
epitopes were conserved when added to the ferritin NPs.
Mice vaccinated with H3 or H7 stalk NPs at 0, 4, and 8 weeks
in combination with the Ribi adjuvant illustrated high levels
of serum antibody titers against their respective subtypes but
only H3 NPs illustrated some cross-protective and neutraliz-
ing antibodies against H7. Additionally, the NP-vaccinated
mice had 100% survival when challenged with homosubtypic
strains at 4 to 8 weeks after the final boost. This platform is
currently in clinical trials for evaluation of unadjuvanted H1
stabilized stalk ferritin NPs as an influenza vaccine
(NCT03814720).

CONCLUSIONS AND FUTURE WORK

A wide breadth of nanoparticle platforms has been
applied to seasonal and universal influenza vaccines. Overall,
the platforms boost vaccine efficacy in the animal models they
have been applied, especially in comparison to other more
conventional formulations. As these platforms progress
forward, it will be important to evaluate them for true
universality by evaluating them against multiple
heterosubtypic strains. As the field progresses, likely many
of the emerging platforms that have come about to vaccinate
against SARS-CoV-2 will also be applied for influenza and
universal influenza antigens. These include the mRNA-based
lipid nanoparticles from Pfizer and Moderna that have been
FDA approved for emergency use for vaccination against
COVID-19 infection (55). These platforms will likely aid in
the delivery and immunogenicity of universal influenza
antigens and may also help with storage outside the cold
chain for better application of vaccines in resource limited
settings (56–58).

A majority of the universal influenza antigens evaluated
are co-formulated with adjuvants that are based on squalene-
based emulsions (e.g., MF59, AS03, Ribi). Although MF59 is
FDA approved in the Fluad vaccine, and squalene-based
emulsions have proven to be effective inducers of potent Th2-
biased responses and humoral immunity, they have notable
drawbacks. Alone without another adjuvant or inactivated
virus, they often fail to induce significant Th1-responses that
drive protective immunity against the influenza virus (59).
MF59 has been shown to increase anti-HA neutralizing
antibody responses (60), but studies have demonstrated that
this is not necessarily correlative with protection against
influenza (61). This suggests that cellular responses, which are
not effectively activated by squalene emulsions (60), are also
involved in protection. Also, squalene emulsions have been
linked to incidences of narcolepsy (62, 63) and death (64).
Many of the discussed formulations also include a Th1
skewing adjuvant (e.g., MPL) to help overcome many of the
limitations of these emulsion adjuvants. In addition to these
injected adjuvants that increase systemic immunity, mucosal
adjuvants could better protect against influenza. Adjuvants
which invoke strong mucosal responses, such as delta-inulin
(Advax) (65) or mast cell agonists (66), may be an efficacious
avenue to increase the antigenicity of universal antigens while
allowing for needle-free administration, such as via the nasal
route.

In addition to adjuvants, further exploration of antigens
will be needed to provide effective immunity. There are
concerns with M2e and HA stalk as universal influenza
antigens. Even though M2e reduces clinical symptoms and
prevent deaths, it is unable to prevent disease (19). In
addition, in a phase I clinical trial (Acambis), it was shown
that M2e-specific antibody titers dropped rapidly over time,
precluding future clinical development and indicating that it
could not provide long-term protection (67). There are
drawbacks with the stalk antigen, including that anti-stalk
antibodies can enhance influenza pathogenesis (68), and they
can have much lower affinity compared to other antibodies
binding to HA (69). Additionally, protection generated by
stalk is not necessarily through neutralizing antibodies, but
through other mechanisms such as antibody-dependent cell

Figure 5. HA was conjugated to the aspartic acid residues found on
ferritin (white dots). HA forms a trimer when conjugated to ferritin.
This is because the aspartic acid residues are present in clusters of
three and are 28 Å apart, which is almost identical to the distance
between HA monomers in the native trimer (13)
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mediated cytotoxicity (70). Without a high level of neutraliz-
ing antibodies, stalk vaccines protect only small animals from
mortality, but does not significantly alter viral loads or lower
lung inflammation (68, 71). Many of these challenges
observed with the stalk antigen have been addressed by
forming chimeric HA, where the stalk is from one subtype
and the head group is from a separate subtype, even those
phylogenetically different from each other (72, 73). These
chimeric HAs have illustrated strong immunogenicity in
clinical trials when delivered in solution with emulsion
adjuvant AS03 (73).

Beyond stalk-based universal influenza vaccines, broadly
active antigens may also provide protection that is superior to
current season influenza vaccines. One methodology applied
for antigen design is termed Computationally Optimized
Broadly Reactive Antigen (COBRA). COBRA uses multiple
rounds of layered consensus building to generate influenza
vaccine HA antigens (74). Once identified, COBRA HA
antigens elicit potent, broadly reactive HA-specific antibody
responses that protect against both seasonal and novel
pandemic influenza strains, including those that have under-
gone genetic drift (74). These vaccines induce immunity
targeting both the globular head and stem regions of HA.
COBRA has been used to address the diversity of H5N1
highly pathogenic avian influenza (75–79), seasonal H3N2
strains (80), and seasonal and pandemic H1N1 subtypes (74).
COBRA antigens have been applied in virus-like particles,
and other platforms (78).

In recent years, there have been some NP-based
influenza vaccines that have moved onto clinical trials. For
example, Acambis Inc. (now Sanofi Pasteur) carried out a
phase I clinical trial with their NP universal influenza vaccine
ACAM-FLU-A. The vaccine contains the M2e peptide fused
to the capsid protein of hepatitis B virus (HBc) that forms
virus-like particles (VLPs) (81). The vaccine produced M2e
seroconversion in 90% of the participants; however, this
protection was not long lasting and dropped over a ten month
period (82). More recently in 2021, the National Institute of
Allergy and Infectious Disease (NIAID) Vaccine Research
Center (VRC) launched a phase I clinical trial for FluMos-v1.
FluMos-v1 contains HA antigens from four different sero-
types displayed on a self-assembling protein nanoparticle.
The advantage of this platform over others is that the protein
nanoparticle presents the HA antigens in a geometrically
similar way to natural influenza infection which should
strengthen the immune response (83). Apart from these
trials, there are many other nanoparticle-based influenza
vaccines in preclinical development that have the potential
to move onto clinical trials in the coming years.

Overall, the application of NPs for the formulation of
universal influenza vaccines has shown to improve the
efficacy of vaccinations when compared to non-formulated
controls. NP-formulated vaccines have many potential advan-
tages over non-formulated vaccines. For example, many NP
formulations are able to protect cargo from degradation and
clearance, target immune cells, and provide a sustained
release of their cargo. Furthermore, improved universal
antigens and adjuvants could enhance the efficacy of these
formulations. While more research needs to be done to
further investigate the universality of these vaccines as well as
long-term protection, these formulations have the potential to

reduce both the economic burden and mortality associated
with seasonal influenza outbreaks.
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