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ABSTRACT Intranasal vaccination offers the potential advantage of needle-free pre-
vention of respiratory pathogens such as influenza viruses with induction of mucosal
immune responses. Optimal design of adjuvants and antigen delivery vehicles for
intranasal delivery has not yet been well established. Here, we report that an adjuvant-
containing nanoliposome antigen display system that converts soluble influenza hemagglu-
tinin antigens into nanoparticles is effective for intranasal immunization. Intranasal delivery
of nanoliposomes in mice delivers the particles to resident immune cells in the respiratory
tract, inducing a mucosal response in the respiratory system as evidenced by nasal and
lung localized IgA antibody production, while also producing systemic IgG antibodies.
Intranasal vaccination with nanoliposome particles decorated with nanogram doses of he-
magglutinin protected mice from homologous and heterologous H3N2 and H1N1 influ-
enza virus challenge.

IMPORTANCE A self-assembling influenza virus vaccine platform that seamlessly converts
soluble antigens into nanoparticles is demonstrated with various HIN1 and H3N2 influenza
antigens to protect mice against influenza virus challenge following intranasal vaccination.
Mucosal immune responses following liposome delivery to lung antigen-presenting cells are
demonstrated.

KEYWORDS immunization, influenza, intranasal, liposomes, subunit vaccine

nfluenza infections represent a significant disease burden in the worldwide human popula-

tion. Annual vaccination against emerging strains of influenza virus helps to control and pre-
vent epidemics. However, current methods possess drawbacks that limit their effectiveness. In
the past 10 years, the overall seasonal influenza vaccine effectiveness has ranged from as low
as 19% in the 2014-2015 season to a peak of 60% in 2010-2011 (1). Further compounding
the challenge of preventing influenza infections are human factors involved with the vaccine,
which reduces vaccine coverage in the population. In the 2020-2021 season, the coverage
among adults 18 and older was only 50.2% (2). One proposed method for enhancing current
vaccine practices is delivery via the intranasal route, by which a vaccine is introduced to the re-
spiratory tract mucosal epithelium through a nasal spray solution delivered through a simple
syringe adapter. The intranasal route has long been considered a promising route for influenza
virus vaccination (3). A 2000 study found that of 1,600 patients who elected to receive a free
vaccine of either intranasal or injectable delivery, 97% of patients preferred the intranasal vac-
cine (4). Several other clinical studies support the intranasal route of administration for
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influenza vaccines (5-7). In addition to potentially increasing vaccine coverage, intranasal deliv-
ery may also provide unique immunological benefits. Research has shown that the mucosa-
associated lymphoid tissues (MALT) compose a compartmentalized aspect of the immune sys-
tem with distinct characteristics and specialized antigen-presenting cell (APC), B-cell, and T-cell
populations (8). Therefore, it is theorized that activation of the MALT localized within the respi-
ratory tract would prime these tissues against infection (8-11).

Live-attenuated influenza vaccines (LAIVs) have been approved intranasal (i.n.) vac-
cines for many years, with FDA-approved FluMist Quadrivalent currently on the market
in the United States (12). LAIVs have a valuable role in the influenza vaccine landscape,
particularly in young children, for whom inactivated vaccines are not sufficiently effective
(11, 12). However, this approach has also presented unique challenges. For example, in the
2013-2014 and 2015-2016 influenza seasons, competition between attenuated virus
strains resulted in decreased protective efficacy against the HIN1T component of the vac-
cine (13). To improve i.n. vaccines, research has turned toward adjuvanted proteins and
nanoparticles as a method for targeting this route. While the (i.n.) immunization route
poses many distinct challenges relative to intramuscular (i.m.) delivery (14), numerous
potential candidates have arisen in prior years. One candidate has been liposomal par-
ticles, of which heat-labile toxin (HLT)-adjuvanted virosomes (15) and CAFO1-adjuvanted
liposomes have presented some promise (16). Here, we investigated a novel antigen-bind-
ing liposomal nanoparticle solution with the capability for i.n. delivery. It has recently been
shown that other delivery systems based on emerging nanomaterials such as cationic gra-
phene oxide can enhance i.n. vaccine responses in mice (17). To this end, we tested the
use of recombinant hemagglutinin (HA) trimers displayed on cobalt-porphyrin phospho-
lipid (CoPoP) liposomes as a nanoparticle-based vaccine for i.n. delivery. The CoPoP vac-
cine system converts soluble his-tagged antigens into immunogenic liposome-displayed
particles and was recently demonstrated to be effective for binding and stimulating
immune response against influenza HA antigen (18). These liposomes are additionally
adjuvanted with a synthetic monophosphoryl lipid A (3D6A-PHAD; abbreviated as PHAD
within this article) to increase the immune response to the particles. CoPoP liposomes
have recently entered human clinical trials as part of a COVID-19 vaccine (NCT04783311)
using a monophosphoryl lipid A produced in engineered Escherichia coli. In this study, we
demonstrate the i.n. delivery approach utilizing CoPoP liposomes that represents a poten-
tial option for future influenza vaccine development.

RESULTS

Intranasal vaccination delivers liposomes to the lung-resident antigen-present-
ing cells. The biodistribution of liposomes bearing porphyrin phospholipids (PoP) was
assessed in mice. Equal volumes and doses of liposomes were administered by i.m.
injection of the hindleg or i.n. inoculation. PoP possesses inherent fluorescent proper-
ties enabling detection and quantification in tissues by fluorescent imaging methods
(19, 20). After 24 h, mice were sacrificed, and organs were extracted for fluorescent
imaging. i.m. injection resulted in liposomes primarily being visualized in the liver. In
contrast, i.n. administration resulted in high concentrations of liposomes in the lung
tissues, with some liposomes also deposited in the gastrointestinal (Gl) tract, compared
to the basal levels of Gl tract epifluorescence in untreated and i.m. mice and low levels
of delivery to the liver in i.m. mice (Fig. 1A). Thus, in these particular i.n. conditions,
much of the vaccine was delivered to the lower respiratory tract, which is likely not a
close approximation of vaccine distribution for human i.n. immunization. Lung tissues
were also analyzed for PoP uptake into resident immune cells. Flow cytometric analysis
revealed that PoP liposome uptake in lung-localized immune cells was significantly
higher for B cells, major histocompatibility complex (MHC) class Il bearing cells, and
dendritic cells when liposomes were administered i.n. (Fig. 1B). Further flow cytometric
analysis of DY490 fluorescently labeled trimeric H3 antigen bound to CoPoP/PHAD lip-
osomes showed that the vaccine antigen remains associated with the CoPoP lipo-
somes through the uptake process and is successfully introduced to local immune cells
within the respiratory tract (Fig. 1C to E).
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FIG 1 Intranasal (IN) administration delivers liposomes to mouse lungs better than intramuscular (IM) administration, where liposome-displayed HA is
uptaken by resident immune cells. (A) Fluorescent imaging of tissues excised from mice treated with fluorescent PoP/PHAD liposomes. (B) PoP fluorescence in
immune cells assessed by flow cytometric analysis of lung cell suspensions following enzymatic digestion. HA with fluorescent-labeled DY490 bound to
CoPoP/PHAD liposomes show uptake into immune cells extracted from lung homogenates observed with flow cytometry. (C to E) Fluorescence at 490 nm in
B cells (C), macrophages (D), and dendritic cells (E) indicates uptake of the H3 antigen. CoPoP image in panel A representative of organ samples from animals
analyzed in panel B. Statistical analysis was performed in panel B by two-way ANOVA with Tukey’s multiple-comparison test and in panels C to E by one-way
ANOVA with Tukey’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and ****, P < 0.001. n = 4 mice per group.

HA antigens bind and localize on the liposomal surface. Cobalt-porphyrin phospholi-
pids (CoPoP) readily bind histidine residues, allowing recombinant proteins with added
histidine chains, a method known as his-tagging, to be anchored to the liposomal mem-
brane surface. His-tagged influenza HA trimer antigens with trimerizing foldon domains
were incubated with adjuvanted CoPoP-bearing liposomes (CoPoP/PHAD) at various ratios
of HA antigen to CoPoP/PHAD liposome by mass and subjected to competition assay with
nickel nitrilotriacetic acid (NTA) beads with histidine binding affinity to determine the stabil-
ity of binding. Liposomes without cobalt (PoP/PHAD), which do not exhibit binding proper-
ties, were used as a negative control. It was shown that a 1:4 mass ratio of HA to CoPoP/
PHAD binding was most stable, with the largest HA portion observed in the supernatant
recovered from the dissolution of liposomes and negligible protein observed in the bead
fraction (Fig. 2A). Analysis of the size and polydispersity of HA-CoPoP/PHAD liposomes found
identical average sizes (Fig. 2B) and comparable polydispersity with nonbinding PoP/PHAD
liposomes (Fig. 2C), indicating that no significant aggregation of particles occurs due to pro-
tein binding. Cryogenic transmission electron microscopy (Cryo-TEM) was used to visualize
liposomes without (Fig. 2D) and with HA trimers localized to the surfaces of membranes
(Fig. 2E). To visualize trimers, antigens were incubated with liposomes at a 2:1 mass ratio, as
the 1:4 mass ratio utilized in vaccinations resulted in Cryo-TEM visualization that was subop-
timal for antigen identification on the liposome surface.

Intranasal delivery induces mucosal antibody response. Introducing vaccines i.n.
results in stimulation of the local immune system within mucus membranes, which operates
in a distinct manner from the systemic immune response triggered by im. injection. Whereas
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FIG 2 Liposomes effectively bind HA trimers to the membrane surface. (A) Competitive binding assay with his-tag binding
CoPoP/PHAD liposomes and Nickel-NTA beads. Liposomes incubated in 1:1, 1:2, and 1:4 ratios of HA:CoPoP (HA antigen from A/Ca/
lllinois/11613/2015), with nonbinding PoP/PHAD liposomes for negative control. Sup., supernatant fraction; Beads, bead fraction.
(B) Average liposome size. (C) Polydispersity of liposomes. (D) TEM images of CoPoP liposomes. (E) CoPoP liposomes bound with influenza
virus HA antigen at 2:1 mass ratio. Error bars in panels B and C indicate standard deviation.

systemic immunity is characterized primarily by IgG antibody production and circulation as a
component of blood plasma, mucosal immunity results in the production of secreted antibod-
ies, including IgA. Unlike IgG antibodies, the majority of which remain circulated internally
within the blood serum, these antibodies are secreted to the epithelial surface of the mucous
membranes, which aid in the protection of mucosal tissues by binding to antigens at the
external membrane, where influenza viral uptake and infection first occur. To assess the
immune response localized to respiratory tissues, mice were treated with HA-CoPoP/PHAD
through in. or im. routes. Mice were then euthanized, and blood serum, nasal lavage fluid,
and lung homogenates were assessed to quantify IgA and IgG present. i.n.~vaccinated animals
yielded significantly higher IgA titers in all tissue samples, showing increased levels systemi-
cally in blood serum (Fig. 3A) as well as at local sites in the nasal passages (Fig. 3B) and lungs
(Fig. 30). In contrast, i.m. vaccination generally produced higher levels of IgG in serum (Fig.
3D), nasal lavage (Fig. 3E), and lung homogenates (Fig. 3F). Quantification of anti-histidine tag
antibodies in all samples yielded no significant anti-his response in IgG antibodies (Fig. S2 in
the supplemental material). While both methods elicited detectable IgG responses, only i.n.
vaccination resulted in significant IgA production within respiratory tissues.

Intranasal vaccination protects mice in homologous challenge. i.n. CoPoP vaccination
was tested against influenza viral challenge in mice to determine protective efficacy. Mice
were treated with CoPoP/PHAD liposomes bound with HA from the influenza strain A/Ca/
lllinois/11613/2015 (H3N2) following a 14-day prime-boost schedule with 100-ng antigen
doses. Antigens from this nonhuman strain were originally selected as having high homology
with the commonly used mouse-adapted A/Hong Kong/1/1968 H3N2 strain (18). Condition
groups compared HA-CoPoP/PHAD to formulations without the liposomes and liposomes
without PHAD adjuvant, and without cobalt to facilitate binding. HA-CoPoP/PHAD was also
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FIG 3 Intranasal administration of HA-CoPoP/PHAD induces IgA and IgG in the respiratory tract. Mice were vaccinated with 100 ng of
HA trimers from A/Ca/lllinois/11613/2015 H3N2 bound to CoPoP/PHAD liposomes via the indicated route (IN, intranasal; IM, intramuscular; No
HA, untreated). Following primary vaccination on day 0 and booster vaccination on day 14, serum, nasal lavage, and lung tissue were
collected. IgA antibody titers measured in blood serum, nasal lavage fluid, and homogenized lung tissues (A to C) were compared against
IgG antibody titers in the same tissues (D to F). Error bars indicate standard deviation. Statistical analysis was performed with one-way

ANOVA with Tukey’s multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and ****, P < 0.001.

compared against the liposomes without an antigen and antigens with an ASO1-like com-
parative lipid adjuvant. Each of these groups was tested with both in. and im. delivery
methods and further compared against typical inactivated influenza virus (IIV) vaccine and
mock-vaccinated control (phosphate-buffered saline [PBS]) mice. At 14 days following the
booster vaccination, mice were intranasally infected with 10° focus-forming units (FFU) per
mouse of A/Ca/lllinois/41915/2015 influenza virus. Blood serum samples that were acquired
immediately before booster vaccination and viral challenge indicated that HA-CoPoP/PHAD
and HA-[ASO1-like] formulations were more effective than IIV at inducing IgG antibody pro-
duction when delivered i.m., but only HA-CoPoP/PHAD produced any detectable response
when delivered i.n. (Fig. 4A). These prechallenge IgG levels seem to correlate with the effec-
tive protection, where HA-CoPoP/PHAD i.n,, HA-CoPoP/PHAD im., and HA-ASO1-like i.m.
reduced viral load at 2 days postinfection as measured by focus-forming units (FFU). In con-
trast, IV vaccine and nonbinding HA-PoP/PHAD only achieved complete reduction after 4
days of infection (Fig. 4B). Although the IgG titer elicited by HA-CoPoP/PHAD i.n. can be con-
sidered comparable to levels from HA-CoPoP and IIV vaccination, viral load was substantially
reduced by day 2 postinfection, indicating that i.n. protection results from factors other than
serum IgG antibody production alone. This may be attributed to the capability of HA-
CoPoP/PHAD to elicit IgG within nasal mucosa, although the disparity in serum IgG suggests
additional factors that provide an advantage over similarly performing ASO1-like adjuvanted
vaccine and IV, such as the contribution of IgA secretory antibodies, as well as the potential
for local and systemic cellular responses. For this challenge, body weight loss and survival
were not measured, as prior challenges with A/Ca/lllinois/41915/2015 influenza virus in mice
have been shown not to result in significant weight loss or mortality as consequences of
infection with this virus (21).

Intranasal vaccination confers heterologous protection. HA-CoPoP/PHAD was
assessed to determine if i.n. vaccination could contribute to protection against heterologous
strains of influenza virus. Mice were vaccinated HA-CoPoP/PHAD utilizing HA antigen from
A/Ca/lllinois/11613/2015 (H3N2) following a prime-boost schedule as previously described
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FIG 4 Intranasal administration confers protection from homologous viral challenge. Mice were vaccinated with
100 ng of HA trimers from A/Ca/lllinois/11613/2015 H3N2 admixed with indicated adjuvants. Following primary
vaccination on day 0 and booster vaccination on day 14, mice were then challenged on day 28 with 10° FFU/mice
of A/Ca/lllinois/41915/20152015 H3N2. (A) IgG antibody titers in serum prior to viral challenge, compared between
samples acquired after primary injection and after secondary booster injection. (B) Virus particle titers in the lungs
of mice 2 days or 4 days postchallenge with A/Ca/lllinois/41915/2015 H3N2. Statistical analysis of IgG titers
performed with one-way ANOVA and Tukey post test comparing all groups to the IIV-positive control. Error bars
indicate standard deviation. ND, not detected. Dotted line indicates the limit of detection of the assay (100 FFU/ml).
LPs, liposomes. **, P < 0.01; and ****, P < 0.001.

and then exposed to viable mouse-adapted influenza virus strain A/Hong Kong/1/1968
(H3N2) at an inoculum dose of 10x LDs, (400 PFU). The heterologous strain possesses a pro-
tein sequence homology of 92.50% with the antigenic strain (Table S1). The A/Ca/lllinois/
11613/2015 (H3N2) antigenic strain was selected from among available strains for its rela-
tively high antigenic matching with mouse-adapted A/Hong Kong/1/1968 (H3N2), while
providing an antigenic drift, which could reflect antigenic changes over the course of sea-
sonal epidemics, which could affect vaccine efficacy (22). For this challenge, mice were vacci-
nated with 100-ng antigen doses and observed for a 14-day time course to examine the
overall effect of vaccination on morbidity, mortality, and recovery from influenza infection.
Immediately before challenge, both i.n. and i.m. vaccination yielded significant IgG titers in
sera (Fig. S1A). Although only i.m. vaccination was able to reduce the lung viral load after
4 days (Fig. 5A), both i.n. and i.m. significantly reduced body weight loss (Fig. 5B) and clinical
scoring of infection symptoms (Fig. 5C) by the day 4 time point. In addition, mice vaccinated
with an HA-CoPoP/PHAD solution by either route achieved survival rates of a significant
margin over unvaccinated mice, and i.n. and i.m. vaccination routes were not statistically sig-
nificantly different from each other (Fig. 5D). While i.n. vaccination protection does not
equate to i.m. vaccination protection at this stage, i.n. vaccination has a proven capacity to
meet protective benchmarks, which supports further investigation into this application for
the recombinant antigen with an adjuvant system.

Mice were vaccinated with HA-CoPoP/PHAD utilizing HA antigen from A/Hawaii/70/
2019pdm (H1N1) or A/California/04/2009pdm (H1N1) following a prime-boost schedule of
primary vaccination on day 0 and a booster on day 21. Mice were then intranasally infected
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FIG 5 Intranasal administration of HA-CoPoP confers protection from H3N2 heterologous viral challenge in
mice. Mice were vaccinated with 100 ng HA from A/Ca/lllinois/11613/2015 (H3N2) via intranasal (IN) or
intramuscular (IM) route or were not immunized at all (black). Following primary vaccination on day 0 and
booster vaccination on day 21, mice were then challenged on day 28 with 10x LD,, A/Hong Kong/1/1968
(H3N2) on day 42. (A) A subgroup of mice was sacrificed on day 4 to observe viral load in lung tissues by
plaque assay. (B to D) Change in body weight over the 14-day challenge period (B), qualitative clinical score
based on observed symptoms (C), and survival of infected mice (D) (significance relative to control, not
significant difference between experimental groups). Error bars indicate standard deviation. Statistical
analysis of panel A was performed with one-way ANOVA with Tukey's multiple comparisons and for panels
B and C was performed with one-way ANOVA with Dunnett’s multiple comparisons. Statistical analysis of
panel D by log-rank Mantel-Cox test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and ****, P < 0.001.

with 10x LDs, (348 PFU) of mouse-adapted influenza A/California/04/2009pdm (H1N1) on
day 42. These strains possess a greater protein sequence homology than the H3N2 strains
(94.66%) (Table S1) but represent a 10-year period of antigenic drift. As in the prior homolo-
gous challenge, mice were vaccinated with 100 ng antigen doses and observed for a 14-day
time course. Assessment of IgG titers before challenge indicated that each experimental
group except i.n. delivered A/Hawaii/70/2019pdm achieved significant serum IgG titers rela-
tive to the control group (Fig. S1B). After 14 days, vaccinated mice indicated body weight re-
covery from the infection, while all unvaccinated mice exceeded the 25% body weight loss
threshold and were sacrificed. Body weight protection was greatest among mice vaccinated
with HA from A/California/04/2009pdm via i.m., followed by A/California/04/2009pdm via
i.n. administration and heterologous A/Hawaii/70/2019pdm i.m., with A/Hawaii/70/2019pdm
delivered i.n. being the least protective (Fig. 6A). These results are reflected in clinical score
observations from days 1 through 8. However, after this time point, clinical score trends can-
not be distinguished between A/California/04/2009pdm i.n. vaccination and the A/Hawaii/
70/2019pdmvaccine groups (Fig. 6B). Among all vaccinated groups, only one animal in the
heterologous A/Hawaii/70/2019pdm group vaccinated intranasally succumbed to illness
(Fig. 6C). Although there is some degree of protection gap between i.m. and i.n. vaccination
groups when administering in equal doses, all vaccines could provide significant survival
over the unvaccinated control group.

DISCUSSION

While i.n. vaccines utilizing live-attenuated influenza have been available on the market
for many years, there are no approved recombinant or adjuvanted influenza vaccines for i.n.
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FIG 6 Intranasal administration confers protection from HIN1 homologous and heterologous viral challenge. Mice were vaccinated
with 100 ng HA from either A/California/04/2009pdm (H1N1) or A/Hawaii/70/2019pdm (H1N1). Following primary vaccination on day
0 and booster vaccination on day 21, mice were then challenged with 10x LDy, A/California/04/2009pdm (H1N1) on day 42. Change
in body weight over the 14-day challenge period (A), qualitative clinical score based on observed symptoms (B), and survival of
infected mice (C). Error bars indicate standard deviation. Statistical analysis of panels A and B was performed with one-way ANOVA with
Dunnett's multiple comparisons. Statistical analysis of panel C by log-rank Mantel-Cox test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and

P < 0.001.

delivery. While many candidates for next-generation influenza vaccines exist, many remain
focused on i.m. delivery and do not consider alternative delivery routes. The research pre-
sented here represents a promising avenue for CoPoP/PHAD-based vaccines, which could
combine the benefits of adjuvanted recombinant vaccines with the advantages inherent to
i.n. delivery. While human i.n. vaccination would ideally be focused on the upper respiratory
tract, the relatively high ratio of vaccine volume to airway volume and the short respiratory
tract in the murine model resulted in a greater delivery of vaccine to the lungs. While in the
murine model viral replication is predominantly localized to the lungs, which renders lung-
localized delivery effective, further research is needed to determine the efficacy of delivery
to the upper airways. CoPoP/PHAD liposomes localized to the respiratory tract epithelium
when introduced through the nasal turbinates and reside within the tissues for 24 h to stim-
ulate a protective immune response. Antigen-bound particles effectively elicit significant IgA
secretion from the mucus membranes of the nose and lungs, which typical i.m. vaccination
fails to achieve (10). The response within the respiratory tract is effective at preventing ho-
mologous-strain influenza infection, even where serological IgG titers would not suggest a
sufficient response for complete protection. Against a mismatched heterologous influenza
strain, i.n. vaccination significantly improved protection against severe symptoms and recov-
ery from the disease. The research presented here supports the further investigation of the
CoPoP/PHAD nanoparticle vehicle and adjuvant for influenza vaccines with i.n. delivery.

One limitation of the current research is that the cellular response was not investigated
in this study. The contribution of cell-mediated immunity (CMI) plays a significant role in
the mucosal immune response and protection against both homologous and heterol-
ogous influenza viral challenges. While some cursory cellular analysis of specific lung-resi-
dent immune cells has been performed here (Fig. 1B), the induction of cell-mediated
response should be thoroughly characterized in a prospective human i.n. vaccine, in partic-
ular CD4 and CD8 T-cell responses. For this study, challenge results have been used to
examine the sum contributions of CMI and humoral immunity in protection. Further studies
with CoPoP liposomes may be optimized further with additional supporting adjuvants.
Ongoing research shows that PHAD may be supplemented with immunostimulants such as
trehalose-6,6-dibehenate (TDB) (16) or QS21 (23) that have been proven to enhance CMI.
However, the reformulation with additional adjuvants may introduce additional complexities,
especially for the i.n. route. Other adjuvants, such as AS03 and MF59, have been associated
with various adverse reactions, including pain and inflammation, which could be more
severe in sensitive mucous membranes (24). Some viscous adjuvants are not physically
suitable for the i.n. route. Furthermore, unique adverse reactions have been linked specifi-
cally to i.n. vaccines, a notable example being cases of Bell's Palsy resulting from an IIV adju-
vanted with E. coli heat-liable toxin (25). It may be challenging to accurately determine all
the potential risks associated with i.n. administration of CoPoP/PHAD nanoparticles leading
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towards clinical testing. Despite these concerns, we believe that liposomal i.n. vaccines pro-
vide a potential alternative to LAIVs, which themselves possess a history of adverse reac-
tions or insufficient efficacy in human applications (13, 24, 25). In the case of synthetic lipo-
somes, complexities and risks associated with the inclusion of whole or partial naturally
derived virus particles may be overcome by providing greater control over particle
composition.

The methodology employed for i.n. delivery in mice for these experiments is not an ideal
model for i.n. vaccination in humans. Vaccines delivered by the nasal route in humans are
often introduced through an aerosolized spray; however, due to the small opening of the na-
res in mice and shorter nasal passages, replicating this method in animal models was deemed
impractical for this proof-of-principle study. Instead, vaccines were delivered dropwise by pip-
ette to mice transiently anesthetized with isoflurane, which resulted in potentially confounding
factors. First, mice were observed at times to swallow or expel vaccine fluid, which reduced
the effective dose delivered to the lungs. Additional variables in the formulation and delivery
of the vaccine, which can only be speculated at this time, may have also affected the resulting
immunity. One such delivery variable includes vaccine dose; it has been found that reducing
the volume of nasal inoculate from 50 wl (equal to i.m. vaccine doses) to a lower volume such
as 5 ul could result in greater nasal passage localized delivery of particles, even in the murine
model (26). Observing the antibody titers before challenge, IgA titers vary over a wide range
(Fig. 3A to C), which likely was reflected in variable protective efficacy and a lower average
body weight. Second, isoflurane has an immunosuppressive effect, which may have further
reduced intranasal vaccine efficacy (27). To mitigate the effect on the results, both i.n. and i.m.
groups were anesthetized before vaccination. Finally, uncertainties involving dose scaling and
the possible effects of differences in upper respiratory vaccination compared to the results eli-
cited by vaccine reaching the lungs in mice must be resolved, possibly through the application
of CoPoP-based vaccines in alternative model organisms, such as ferrets.

While CoPoP particle-based vaccination delivered through the i.n. route showed lower ef-
ficacy than traditional i.m. delivery, it should be reiterated that CoPoP-based particles remain
a novel vaccine nanoparticle and that the observed protection in challenge is indeed signifi-
cant against both homologous and heterologous strains, warranting further study. CoPoP
liposomes have shown promise for the induction of functional antibodies in a number of
settings (28-33); however, this is the first study of their use for i.n. administration. Research
among other i.n. vaccine formulations indicates that mucosal vaccination may also facilitate
heterologous and even heterosubtypic influenza strain protection. Cross-protection has
been observed resulting from the activation of CD4 and CD8 T-cells and IgA antibodies (10).
Furthermore, heterosubtypic immunity has been elicited with adjuvanted i.n. vaccination
using antigens from inactivated H1N1 influenza (34). Intranasal delivery has also been shown
to be viable with less immunodominant, more conserved antigenic targets such as the
extracellular domain of the matrix protein 2 (M2e) (35). By further optimizing particle com-
position and dosage parameters, we hope to attain a particle-based intranasal vaccine that
exceeds the current standard set by LAIVs. i.n.-delivered particles may eventually become a
delivery method of choice for future influenza vaccines, which should achieve universal pro-
tection against present and emergent strains of the influenza virus.

MATERIALS AND METHODS

Antigens. Full-length, recombinant C-terminus his-tagged HA proteins with fibritin trimerization domains
for influenza virus strain A/Ca/lllinois/11316/2015 (H3N2 H3, IRR cat. no. FR1478), and A/California/04/
2009pdm (HTN1 H1, IRR cat. no. FR180) were acquired from International Reagent Resource (IRR; Influenza
Division, WHO Collaborating Center for Surveillance, Epidemiology and Control of Influenza, Centers for
Disease Control and Prevention, Atlanta, GA, USA). Recombinant H1 HA for influenza strain A/Hawaii/70/2019
(HTN1), residues 18-530, was produced by Kinnakeet Biotechnology in Sf9 insect cells using a baculovirus sys-
tem, and had a N-terminal gp67 leader sequence and a C-terminal fibritin trimerization domain followed by a
hexahistidine tag, and was purified with standard immobilized metal chromatography followed by gel filtra-
tion purification on a Superdex 200 SEC column.

Cells and viruses. Madin-Darby canine kidney cells (MDCK; ATCC CCL-34) were grown and main-
tained in Dulbecco’s modified Eagle’s media (DMEM; Corning) supplemented with 10% fetal bovine serum (FBS),
1% PSG (100 units/ml penicillin, 100 wg/ml streptomycin, and 2 mM -glutamine) at 37°C, and 5% CO,. Influenza
A/Ca/lllinois/41915/2015 (H3N2) was obtained from the Baker Institute for Animal Health at Cornell University.
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Mouse-adapted influenza A/California/04/2009pdm (H1N1) was a generous gift from Richard J. Webby of Saint
Jude Children’s Research Hospital (Memphis, TN). Viral infections of tissue cell culture were done by diluting A/
Ca/lllinois/41915/2015 (H3N2) in phosphate-buffered saline (PBS) containing 0.3% bovine albumin (BA) and 1%
PS (penicillin and streptomycin). After viral absorption for 1 h at room temperature, inoculum was removed and
MDCK cells were maintained in postinfection media DMEM with 0.3% BA, 1% PSG, and 1 pg/ml N-tosyl-.-phenyl-
alanine chloromethyl ketone (TPCK)-treated trypsin (Sigma). Viral titers in the tissue culture supernatants collected
at 48 h postinfection were determined by immunofocus assay (FFU/ml) in MDCK cells. Briefly, confluent mono-
layers of MDCK cells (96-well plate format, 5 x 10 cells/well, triplicates) were infected with 10-fold dilutions of tis-
sue culture supernatants at 33°C. Then, 12 h postinfection, the cells were washed with PBS, and individual
infected cells were detected using the monoclonal antibody HT-103 against the viral nucleoprotein (NP) and
were visualized using a fluorescence microscope to determine FFU/ml. The canine influenza A/Ca/IL/12191/2015
(H3N2)-inactivated vaccine (lIV) was obtained from Zoetis (Parsippany-Troy Hills, NJ).

Liposome preparation. CoPoP was synthesized as previously described (19), and CoPoP/PHAD lipo-
somes were prepared by ethanol injection and nitrogen-pressurized lipid extrusion. The composition of the lipo-
somes included 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol (PhytoChol; Wilshire Technologies),
and synthetic monophosphoryl lipid A monophosphoryl hexa-acyl lipid A, 3-deacyl (3D6A-PHAD; Avanti; cat. no.
699855P). For brevity, 3D6A-PHAD is abbreviated as “PHAD” within this article. Lipids were dissolved in 1 ml of
60°C ethanol for 10 min, followed by the addition of 4 ml of 60°C phosphate-buffered saline (PBS) for another
10 min at 60°C. Liposomes were then passed through 200-, 100-, and 80-nm stacked polycarbonate filters in a
lipid extruder (Northern Lipids) with nitrogen pressure. After extrusion, liposomes were dialyzed with PBS to
remove ethanol. The final liposome concentration was adjusted to 320 w.g/ml CoPoP and passed through a
0.2-um sterile filter. Liposome stock was stored at 4°C. The CoPoP/PHAD liposome formulation had a mass ra-
tio of [DOPC:CHOL:PHAD:CoPoP] [20:5:1:1]. PoP/PHAD liposomes were made in the same way but used cobalt-
free PoP instead of CoPoP. ASO1-like liposomes were made in a similar manner but had a composition of
[DOPC:CHOL:PHAD:QS21] [20:5:1:1]. QS21 was obtained from Desert King.

Antigen binding characterization. Nickel nitrilotriacetic acid (Ni-NTA) bead competition binding
assay was performed by first incubating his-tagged HA antigens with CoPoP/PHAD for 3 h. Following
this incubation period, Ni-NTA beads were washed three times with PBS and separated using a magnetic sep-
arator bar. A 25-u| volume of the HA-CoPoP/PHAD liposome solution was then introduced to the beads and
incubated together for 30 min, with pipetting to resuspend the beads every 10 min. Beads were separated
from the solution with the magnetic bar, and the supernatant was realiquoted. Beads were resuspended in
25 ul PBS by pipetting. A dye buffer solution was generated by mixing two parts NUPAGE LDS sample buffer
(4x) and one part NuPAGE sample reducing agent (10x). Dye buffer solution was applied in a 1:3 ratio of dye
to sample by volume and incubated together at 100°C for 10 min. Beads were then separated from solution
by magnetic bar and realiquot, generating the bead fraction. Samples were applied to a NuPAGE 4 to 12% Bis-
Tris gel (Invitrogen, by Thermo Fisher Scientific; cat. no. NP0321BOX), alongside a protein molecular weight lad-
der (14 to 120 kDa; Rockland Inc,, Limerick, PA). The gel was run at a voltage of 200 V for 45 min, and then the
gel was washed twice using water and heating with a consumer microwave oven for 10 s at high power. A
staining solution was generated by combining one part ethanol with nine parts ProtoBlue Safe Colloidal
Coomassie G-250 stain (National Diagnostics, Atlanta, GA) by volume. Gels were immersed in the staining solu-
tion overnight with constant shaking provided by a shake table, followed by immersion in tap water to destain
overnight under the same shaking conditions. Gels were then imaged using a GelDoc Go Imaging System
(Bio-Rad Laboratory Inc.).

Nanoparticle distribution imaging. Mice were treated with 500 ng CoPoP/PHAD liposomes in 50-ul
doses via either intramuscular or intranasal route. Intramuscular vaccinations were performed via injection to
the left quadriceps; intranasal vaccinations were performed by applying droplets of the solution via a 20-ul pip-
ette to the nares, alternating nostrils with each drop. At 24 h after treatment, mice were sacrificed, and organs
were removed. The excised organs were imaged for fluorescence with a IVIS Lumina Il Imaging System.

Flow cytometry. Mice were treated with POP/PHAD liposomes in 50-ul (500 ng PoP) doses via either
intramuscular or intranasal route. At 24 h following vaccination mice were sacrificed, and lungs were collected.
Lung tissue was dissociated, and cells were separated through a membrane. Cells were fixed with 4% parafor-
maldehyde at room temperature for 15 min protected from light, then washed three times with PBS under
centrifugation at 500 rcf for 5 min, and then stained with antibodies against B220 (B-cell marker, Biolegend cat.
no. 103211), IA/IE (major histocompatibility complex Il marker, Biolegend cat. no. 107607), F4/80 (macrophage
marker, Biolegend cat. no. 123109), or CD11c (dendritic cell marker, Biolegend cat. no. 117309) before flow
cytometry. For labeling, H3 HA antigen from A/Ca/lllinois/11613/2015 was conjugated with the fluorescent
label DY490 (DY-490-NHS-Ester; Dyomics; no. 490-01) by first dialyzing the antigen into 100 mM sodium bicar-
bonate buffer (pH 9) before labeling at a 5:1 molar ratio of protein to dye, and then subsequent dialysis back
into PBS to remove unbound dye as recently described (36). The resultant HA-DY490 conjugates were bound
to CoPoP/PHAD liposomes or admixed with PBS or nonbinding PoP/PHAD liposomes, which were used to
immunize four mice per group. Flow cytometry studies were carried out using a BD LSRFortessa X-20 flow cy-
tometer, and FlowJo (version 10) software was used for data analysis.

Vaccine administration. Mice were vaccinated by either i.m. or i.n. route. Mice vaccinated i.m. were
injected with CoPoP/PHAD liposomes (400 ng CoPoP, 400 ng PHAD, or equivalent for controls) admixed
with 100 ng HA in 50 ul of sterile PBS via the left hind leg. Mice vaccinated i.n. were anesthetized with
2.5% isoflurane in oxygen and 50 ul of vaccine was applied dropwise by pipette to the nares as
described above.

Homologous influenza challenge. For mouse immunization and homologous influenza challenge
experiment, 6- to 8-week-old female C57BL/6 mice (n = 3) were i.n. or i.m. vaccinated with the indicated condi-
tions above, either with or without 100 ng of hemagglutinin (HA; A/Ca/lllinois/11613/2015 H3N2), admixed with
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CoPoP/PHAD or PoP/PHAD liposomes. ASO1-like liposomes were included as a vaccine adjuvant control. Mice
were also mock-vaccinated (PBS) or vaccinated with 100 wl/mice of commercial CIV H3N2 inactivated influenza
vaccine (IIV; Zoetis) as negative and positive controls, respectively. Mice were boosted 2 weeks postprime immu-
nization. After 28 days postprime, mice were anesthetized intraperitoneally with 2,2,2 tribromoethanol (Avertin;
240 mg/kg of body weight) and challenged with 10° FFU/mouse of A/Ca/lllinois/41915/2015 (H3N2). Morbidity
was monitored daily by assessing changes in body weight after viral challenge. Mice losing more than 25% of ini-
tial body weight were considered to have reached their experimental endpoint and were humanely euthanized.
At 2 and 4 days postchallenge, the lungs were extracted and homogenized. Viral titers were determined from
lung homogenates by immunofocus assay (FFU/ml) in MDCK cells (96-well plates, 5 x 10 cells/well, triplicates)
using 10-fold serial dilutions of homogenates. After 12 h postinfection, the cells were fixed and permeabilized in
PBS containing 4% formaldehyde and 0.5% Triton X-100 for 10 min at room temperature. Then, cells were
stained with a primary anti-NP MAb (HT103) for 1 h. After three washes with PBS, cells were incubated with a sec-
ondary anti-mouse FITC-conjugated antibody (Dako; 1:200) for 1 h. Infected cells were counted under a fluores-
cence microscope to determine virus titer. The mean titer and statistical analysis were determined using
Microsoft Excel.

Heterologous influenza challenge. For the heterologous H3N2 experiment, groups of 12 female
BALB/c mice from Charles River (Wilmington, MA) were vaccinated, i.n. or im., as described above, with 50 ul
of CoPoP/PHAD containing 100 ng his-tagged H3HA from A/Ca/lllinois/11615/2015 (H3N2) with trimerization
domain on day 0 and day 21. On day 42, these mice and 12 unvaccinated mice were challenged with influenza
by instilling 50 u| PBS containing 10x LD, of mouse-adapted influenza A/Hong Kong/1/1968 (H3N2) into the
nares of mice anesthetized with 2.5% isoflurane in oxygen. Mice were weighed and assessed for clinical score
daily for 14 days. The clinical score consisted of 1 point for each of the following criteria: hunched posture,
piloerection, abnormal gait, labored breathing, lethargy, and emaciation (=10% body weight loss) (37). A sub-
set of 4 mice from each group was sacrificed on day 4 and lungs were assessed for lung viral load by plaque
assay (described in next section).

For the HINT experiment, groups of six female BALB/c mice from Charles River (Wilmington, MA) were vacci-
nated, i.n. or im,, as described above, with 50 | of CoPoP/PHAD liposomes containing 100 ng his-tagged H1 HA
from A/Hawaii/70/2019pdm (H1N1) or his-tagged H1 HA from A/California/04/2009pdm (H1N1) on day 0 and
day 21. On day 42, the mice were challenged with influenza virus by instilling 50 x| PBS containing 10x LD, of
mouse-adapted influenza A/California/04/2009pdm (H1N1) into the nares of mice anesthetized with 2.5% isoflur-
ane in oxygen. Mice were weighed and assessed for clinical score daily for 14 days. Data for body weight
changes, clinical score, and survival data were analyzed using Prism (GraphPad Software, San Diego, CA).

Influenza virus plaque assay in MDCK cells. MDCK cells (ATCC) were grown to 70% to 80% confluence
in DMEM + 0.1 mM nonessential amino acids + 1 mM sodium pyruvate + 50 U/ml penicillin and 50 pg/ml
streptomycin + 20 wg/ml gentamicin + 10% fcs in 6-well tissue culture plates in 37°C + 5% CO,. The medium
was removed, the cells rinsed twice with 0.3% BSA in DMEM, and then 100 wl| 10-fold serial dilutions (0.3% BSA
in DMEM as diluent) of virus samples were adsorbed for 1 h at 37°C + 5% CO, (300 ul diluent was added to
each well during the adsorption to prevent drying of cell sheet). The inoculum was removed, and the cells
rinsed once with PBS and then overlaid with 2 ml L-15 medium + 1 pwg/ml TPCK-treated trypsin + 0.5% agarose.
The plates were incubated for 48 h and then stained with 0.3% crystal violet + 5% isopropanol + 5% ethanol in
distilled water for 20 min following removal of the overlay and 30-min fixation in 90% ethanol. The cells were
rinsed with distilled water, and the plaques were enumerated.

Serology. Collected blood from mice was centrifuged 15 min at 2,000 rcf, and separated serum was
collected and stored at 4°C. ELISA was performed on serum samples; dilutions were prepared using 0.05%
Tween20 in PBS (PBST) following either 2-fold or 10-fold serial dilutions. Plates were coated with HA antigen
trimers or six-histidine peptide (Genscript; catalog no. RP11737; Fig. S2) in a coating buffer (5.3 g/liter Na,CO,
and 4.2 g/liter NaHCO, in deionized water, pH 9.6) at 1 ug/ml and incubated overnight at 4 C. Plates were
washed three times with PBST and incubated in 2% BSA in PBST for 2 h at 37°C with constant shaking.
Dilutions were prepared during this incubation period and transferred to coated plates, then incubated again
for 1 h at 37°C. Plates were washed three times with PBST and 100 ul of 1 mg/liter goat anti-mouse secondary
antibody with horseradish peroxidase (Goat Anti-Mouse IgG Antibody [H&L] [HRP]; GenScript; catalog no.
A00160) was applied, followed by another 30-min incubation at 37 C. Plates were then washed six times with
PBST, and 100 wl 3,3',5,5'-tetramethylbenzidine (TMB) solution (TMB One Component Microwell Substrate;
SouthernBiotech; catalog no. 0410-01) was added and developed for 5 min. The addition of 100 | of 1 M HCl
was used to stop the reaction, and absorbance was read at 450 nm using a Tecan Safire microplate reader.
Titers were defined as the reciprocal of the highest sera dilution producing an absorbance of greater than 0.5.

Nasal lavage. Mice were anesthetized with 2.5% isoflurane in oxygen, sacrificed by exsanguination,
and then decapitated. A 0.3-cc syringe was used to pass sterile saline through the nasal passages via the trachea,
with fluid collected in a 2-ml microcentrifuge tube placed under the nostrils. Each nasal passage was washed
three times to collect a total volume of 1,800 wl fluid per mouse, which was aliquoted and stored at —80°C.

Lung homogenization. Excised lungs from sacrificed mice were placed within a 1.5-ml tube con-
taining 500 wul Roswell Park Memorial Institute (RPMI) medium with 3 mg/ml collagenase enzyme and
metallic oxide beads. Sample tubes were placed in a Bullet Blender Storm homogenizer (Next Advance,
Troy, NY) for 15 min, speed setting 12. Samples were then incubated at 37°C for 1 h with constant shak-
ing. Following incubation, samples were centrifuged for 15 min at 1,000 rcf, and liquid supernatant was
extracted from the homogenized lung tissue.

Cryotransmission electron microscopy characterization. Samples analyzed by cryo-TEM were vit-
rified using a Vitrobot Mark IV (Thermo Fisher Scientific). To increase the concentration of liposomes
inside the holes in the grids, samples were applied twice to the grids. In the first application, a volume of 3.6 ul
was applied to the holey carbon grids and manually blotted using the Vitrobot blotting paper (Standard
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Vitrobot Filter Paper, @55/20 mm, Grade 595). Right after blotting, a new drop of the sample was applied to
the EM grid and blotted again using the standard routine with the two blotting pads in the Vitrobot Mark IV for
3 sec and with a blot force +1 before they were plunged into liquid ethane. The Vitrobot was set at 25°C and
100% relative humidity. The grids used for these experiments were CAlat 2/2-2Cu-T, and before the samples
were applied, they were washed with chloroform for 2 h and treated with negative glow discharge in air at 5 mA
for 15s.
Vitrified grids were imaged in a Tecnai F20 electron microscope operated at 200 kV. Grids were
loaded into the instrument using a Gatan 626 single tilt cryoholder. Images were collected at a magnifi-
cation of 50,000 x, which produced images with a calibrated pixel size of 2.145 A. Images were collected
with a total dose of ~50 e~/A% using a defocus ranging from —2 um to —2.50 um. Images were cropped and
prepared for the figures using Adobe Photoshop.
Ethics. Experimental protocols involving mice, including immunizations and subsequent challenge
studies, were reviewed and approved by the University at Buffalo, Veterans Administration Western New York
Healthcare System (VAWNYHS), and University of Rochester Institutional Animal Care and Use Committees.
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