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ABSTRACT: The intranasal (i.n.) route is an ideal vaccination
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approach for infectious respiratory diseases like influenza. 3 > ® " o C@ * @e@% Assembly

Polycationic polyethylenimine (PEI) could form nanoscale A %@e Sehe &% CpG
complexes with negatively charged viral glycoproteins. Here we @ PEI-HAICPG
fabricated PEI-hemagglutinin (HA) and PEI-HA/CpG nano- O s £ >

particles and investigated their immune responses and protective t0 w2 ©D (9»)_<
efficacies with an in. vaccination regimen in mice. Our results ‘ <7
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revealed that the nanoparticles significantly enhanced HA ¢ g 962
immunogenicity, providing heterologous cross-protection. The - f} slgA (-?
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IgGl-dominant antibody response generated by PEI-HA nano T Cell CDa+ T CD8+ T

particles, PEI-HA/CpG nanoparticles generated more robust and

balanced IgG1/IgG2a antibody responses with augmented neutralization activity and Fc-mediated antibody-dependent cellular
cytotoxicity (ADCC). PEI-HA/CpG nanoparticles also induced enhanced local and systemic cellular immune responses. These
immune responses did not decay over six months of observation postimmunization. PEI and CpG synergized these comprehensive
immune responses. Thus, the PEI-HA/CpG nanoparticle is a potential cross-protective influenza vaccine candidate. Polycationic PEI
nanoplatforms merit future development into mucosal vaccine systems.
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B INTRODUCTION

vaccines. Adjuvants can enhance and manipulate immune

Influenza viruses cause an enormous health and economic
burden worldwide through seasonal, regional, and global
outbreaks." Seasonal influenza vaccines generally induce
narrow immune responses that rapidly wane, leaving
populations vulnerable to novel influenza strains. Advance-
ments in influenza vaccine technology are needed to protect
against a wide range of different viruses. Intranasal (in.)
vaccination is a technology that can improve local mucosal
immune responses beyond systemic immunity to vaccines.
Local mucosal immunity can prevent heterologous and
heterosubtypic influenza infection at the portal of virus
entry.”*

Recombinant protein vaccines have attracted enormous
attention in influenza research due to their safety profile, rapid
and egg—free production, and scalable manufacturing pro-
cesses.”” Most experimental or licensed influenza recombinant
protein vaccines focused on hemagglutinin (HA) as the
primary immunogen.”® However, HA-induced immunity
usually targets the immunodominant and variable HA head
domain and is therefore strain specific. Moreover, intranasally
administered protein antigens are generally less immunogenic,
necessitating adjuvants for highly efficient intranasal protein
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responses in both scope and scale, thus improving protection
potency and breadth. Subunit protein vaccination and live
influenza virus infection generally induce different profiles of
immune responses—Th2-dominant antibody responses or
Thl cellular responses, respectively.”'® Th1 responses facilitate
more rapid recovery, particularly after distantly related
heterologous viral challenges where cross-reactive neutralizing
antibodies are rare.'' Optimally, effective influenza vaccines
require comprehensive Thl and Th2 immune responses.
Nanoparticle vaccine platforms are one of the most
encouraging adjuvant platforms due to their multiple intriguing
advantages, including virus-mimicking sizes, simultaneous
antigen and adjuvant delivery, inherent immunoenhancing
effects, and high flexibility and versatility for various vaccine
components.”'*~'* Different nanoparticle formulations have
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Figure 1. PEI-HA/CpG nanoparticle preparation for cross-protective influenza immunity. (A) Schematic illustration of the PEI-HA/CpG
nanoparticle preparation and the induced immune responses. (B) Size and polydispersity index (PDI) of the PEI-H3 nanoparticles prepared at

different PEI/H3 (P/H) ratios. (C) Size distribution and morphology of the

PEI-H3 and PEI-H3/CpG nanoparticles (P/H = 2:1) characterized by

DLS and TEM. (D) Determination of free CpG in PEI-H3/CpG nanoparticles by agarose gel electrophoresis. (E) Coomassie blue staining of SDS-

PAGE.
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to their self-adjuvant effects, nanoparticle platforms can
incorporate additional molecular adjuvants to generate
complementary and synergistic adjuvant effects.

Cationic polymer polyethylenimine (PEI) can electrostati-
cally complex with many biological macromolecules, enabling
precise loading of antigen—adjuvant combinations in nano-
particles.”® The assembled PEI—protein nanoparticle fabrica-
tion process is more straightforward, facile, rapid, and protein
friendly than most nanoparticle formulations. Studies have
indicated that PEI could potently increase the immunogenicity
of DNA and protein vaccines.””*® However, PEl-induced
immunity is Th2-dominant, like most other damage-associated
molecular pattern (DAMP) adjuvants like aluminum hydroxide
(Alum).”” PEI failed to induce protective cellular responses,
including cytotoxic T-lymphocyte (CTL), due to a lack of
IFN-y cytokine induction.’® The PEI-adjuvanted subunit
HIN1 HA protein protected mice against homologous
influenza virus infection.”® However, the adjuvant effect on
cross protection against variant strains has not been
investigated. The frequent antigenic mutations and reassort-
ments of the influenza viruses necessitate the development of
vaccines with cross protection.28

The coincorporation of molecular adjuvants with immu-
nogens into nanoparticle platforms has been demonstrated to
be a promising strategy for tailoring multifaceted immune
reactions to vaccines.”’ In contrast to PEI, CpG ODNs
trigger the TLR-9 innate signaling pathway, programming Th1-
biased responses.”’ The incorporation of CpG and antigens
into the same nanoparticle enhanced cellular immune
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responses.””>* Here we prepared uniform and spherical PEI-
HA and PEI-HA/CpG nanoparticles and then evaluated their
immunogenicity by a prime-boost i.n. vaccination strategy in
mice.

Our results revealed that intranasal immunization with the
resulting nanoparticle vaccines significantly enhanced the
immunogenicity of influenza HA proteins and induced
heterologous influenza immunity (Figure 1A). Notably, the
nanoparticle immunization generated strong antibody re-
sponses to the conserved HA stalk. PEI-HA nanoparticles
generated Th2-biased IgG1l-dominant antibody response and
faint cellular response. By contrast, PEI-HA/CpG nano-
particles generated a robust and comprehensive immunity,
including balanced IgG1/IgG2a antibody responses with
augmented neutralizing antibody titers, Fc-mediated ADCC
responses, and IFN-y-mediated cellular immune responses.
The PEI-HA/CpG nanoparticle-induced immune responses
were long-lasting, providing improved cross-protection efficacy
compared to PEI-HA against heterologous viral challenges six
months postimmunization, with significantly diminished body-
weight loss and pulmonary immunopathology in mice. The
complementary and synergistic adjuvant effects of PEI and
CpG account for the boosted HA-induced cross-protective
influenza immunity.

B RESULTS

Fabrication and Characterization of PEI Nanopar-
ticles. We produced recombinant trimeric A/Aichi/2/1968
(H3N2) HA (designated as H3) and determined the
antlgematy and purity of the obtained H3 in our previous
study.”* PEI-H3 and PEI-H3/CpG nanoparticles were
prepared by a simple electrostatic assembly method (Figure
1A). The negatively charged proteins and CpG can
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Figure 2. Antibody responses. (A) Immunization, challenges, and sampling schedule. (B) Aichi-specific IgG levels in prime sera. (C) Aichi-specific
IgG and IgG subtype levels in boost sera. (D) HAI titers in boost sera. (E—G) Aichi-specific antibody levels in mucosal washes. Data are presented
as mean + SEM (n = S for B=D, n = 3—4 for E—-G). One-way ANOVA then Tukey’s multiple comparison tests were used for statistical significance
analysis (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p > 0.05).

spontaneously complex with PEI to form uniform nano-
particles via electrostatic interactions.

To optimize the PEI-H3 nanoparticle size for intranasal
immunization, we prepared the nanoparticles with different
PEI/H3 ratios (2:1, 1:1, 1:2, and 1:4). We achieved the best
nanoparticle size distribution (PDI index of 0.113) at a ratio of
2:1 (Figure 1B and 1C) as determined by dynamic light
scattering (DLS) and transmission electron microscopy
(TEM). The nanoparticles were relatively uniform nano-
spheres of around 100 nm in diameter. We used the ratio of
2:1 in subsequent studies, as relatively smaller particle sizes are
favorable for transmucosal delivery through M cells and lymph
node trafficking of particulate vaccines.”

We prepared PEI-H3/CpG nanoparticles by coloading H3
with CpG. The branched PEI completely absorbed CpG
molecules (Figure 1D). Strong H3 signals were observed from
soluble H3, PEI-H3, and PEI-H3/CpG nanoparticle solutions
on the Coomassie-blue-stained SDS-PAGE (Figure 1E). The
resulting PEI-H3/CpG nanoparticles were around 120 nm
(Figure 1C) and exhibited positive surface charges (Figure
S1A). Additionally, the nanoparticle size was stable at 4 °C for
at least four months (Figure S1B).

Induction of Humoral and Cellular Immune Re-
sponses. We performed a simple safety study of the PEI-H3
nanoparticles postvaccination. We did not observe significant
body weight changes or inflammation in lung tissues 7 days
postvaccination (Figure S2). Another study has previously
indicated that an intranasal administration of 20 pg of PEI did
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not significantly affect murine nasal epithelium compared with
PBS alone.”

We used a two-dose intranasal vaccination program to study
the immunogenicity of the PEI nanoparticles (Figure 2A). We
titrated the serum antibodies to the Aichi virus (Figure 2B and
2C) and found that the nanoparticles induced significantly
higher IgG titers than soluble H3. The PEI-H3/CpG
generated significantly higher IgG levels than PEI-H3 in
prime sera (Figure 2B). Despite the comparable IgG, IgGl,
and IgG2b levels, the PEI-H3/CpG group had significantly
higher IgG2a titers in the boost sera than PEI-H3 (Figure 2C).
We also observed similar results in the induction of serum H3-
specific antibody levels (Figure S3). Overall, PEI-H3 nano-
particles generated a potent IgG1-dominant antibody response.
By contrast, the PEI-H3/CpG nanoparticles induced compre-
hensive, diverse, and more balanced IgG1/IgG2a antibody
responses. Furthermore, the nanoparticles induced significantly
higher Aichi virus-specific hemagglutination—inhibition (HAI)
titers than the soluble H3 group (Figure 2D). There was no
statistical difference in HAI between the two nanoparticle
groups.

We further investigated the mucosal antibody responses 3
weeks postboosting immunization. We detected little sIgA in
nasal washes and BALF from the soluble H3 group (Figure 2E
and 2F). In contrast, the nanoparticles generated significantly
higher IgA antibody levels than the naive and soluble H3
groups. The PEI-H3/CpG induced higher IgA levels than PEI-
H3 in nasal washes and BALF. Compared with the low IgG

https://doi.org/10.1021/acsami.1c19192
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Figure S. Heterologous virus challenge. Mice were challenged with 2 X LDy, of mouse-adapted Philippines (Phi) viruses 4 weeks
postimmunization. (A, B) Morbidity and mortality. (C) Phi virus-specific antibody levels in immune sera. (D, E) HAI titers and neutralizing
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=S for A—E and n = 3—4 for F,G). One-way ANOVA then Tukey’s multiple comparison tests were employed for statistical significance analysis (*p

< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p > 0.05).

levels in the H3 group, the nanoparticles caused significantly
higher IgG levels in BALF (Figures 2G). Therefore, intranasal
immunization with these PEI nanoparticles significantly
boosted both local and systemic antibody responses in mice.

We determined the antigen-specific IFN-y- and IL-4-
secreting cell frequencies in immunized mouse spleens. The
soluble H3 generated few IFN-y- or IL-4-secreting splenocytes
3 weeks after the second vaccination (Figure 3A). The PEI-H3
nanoparticle potently boosted the generation of IL-4-secreting
cells, suggesting Th2-biased immune responses. By contrast,
PEI-H3/CpG nanoparticles boosted both IL-4- and IFN-y-
secreting splenocytes. In addition, we observed similar results
from the draining cervical lymph node (CLN) lymphocytes
(Figure 3B).

At 3 weeks postimmunization, we consistently detected
elevated amounts of antigen-specific IgG and IgA ASCs in the
nanoparticle groups but not the H3 group (Figure 3C). In
addition, we observed significantly higher IL-4-secreting
splenocytes and antibody-specific IgG and IgA ASCs in the
PEI-H3/CpG group versus the PEI-H3 group. The ASC
frequency also correlates well with the antibody levels.
Therefore, PEI-H3/CpG nanoparticle vaccination significantly
boosted Thl and Th2 immune responses and correlated
plasma B cell generation.

Protective Efficacy against Homologous Influenza
Infection. We investigated the protective efficacy of the
nanoparticle vaccine immunization against the homologous
virus challenged with the 15 X LD, mouse-adapted Aichi virus
(Figure 4). All the naive mice rapidly deteriorated and died in
days 7 to 8 (Figure 4A). We observed diminished weight loss
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(compared with naive mice) and partial protection (60%
survival rate) in the soluble H3 group. In contrast, the
nanoparticle groups had a 100% survival rate without apparent
bodyweight loss.

The lung virus titers were analyzed S days postchallenge.
Naive and soluble H3-immunized mice showed high lung virus
titers of 1 X 10%% TCID, and 1 X 1052° TCIDs,, respectively
(Figure 4B). In comparison, the nanoparticle groups displayed
undetectable lung virus titers.

We studied pulmonary immunopathology by performing
histological examinations of the mouse lungs with H&E
staining. Naive mice developed a severe inflammatory state
with massive leukocyte infiltration in the lungs. Soluble H3
immunization decreased the inflammation but with noticeable
leukocyte infiltration. In contrast, the nanoparticles-immunized
mice showed significantly reduced inflammation and leukocyte
infiltration (Figure 4C). Additionally, the nanoparticle groups
displayed significantly decreased inflammatory cytokine levels
(TNF-a and IL-6) in mouse BALF and lung homogenate
(Figure 4D).

Therefore, PEI nanoparticle in. vaccination induced
comprehensive immune protection against homologous virus
infection in mice, manifested by decreasing lung virus
replication, inflammation, and leukocyte infiltration.

Protective Efficacy against Heterologous Influenza
Infection. We applied A/Philippines/2/1982 (Phi, H3N2) in
the heterologous challenge study to investigate the cross
protection in vaccinated mice. As shown in Figures SA and 5B,
all mice that did not receive nanoparticle immunizations
quickly lost weight and perished a week postinfection. By
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Figure 6. Cross-reactive antibody responses. (A) Serum hrHA3-specific IgG, IgG1, IgG2a, and IgG2b levels in mouse sera. (B—D) hrHA3-specific
antibody levels in mucosal washes. (E) HA sequence conservation ratio vs Aic HA. (F—I) Wis virus-specific antibody levels in mouse sera and
mucosal washes. Data are presented as mean = SEM (n = S for A and F and n = 3—4 for B—D and G—I). One-way ANOVA then Tukey’s multiple
comparison tests were utilized for statistical significance analysis (*p < 0.05; **p < 0.01; **¥*p < 0.001; ****p < 0.0001; ns, p > 0.05).

contrast, the PEI-H3 and PEI-H3/CpG nanoparticles
protected all the vaccinated mice with 100% mouse survival
rates. Furthermore, compared with PEI-H3-immunized mice
that suffered apparent bodyweight loss postinfection, PEI-H3/
CpG-immunized mice were protected against body weight loss.

Consistent with the challenge results, we detected cross-
reactive Phi-specific IgG, IgG1, IgG2a, and IgG2b levels in the
immune sera of nanoparticle-vaccinated mice (Figure SC).
However, no apparent HAI and neutralization activities against
Phi were detected (Figure SD and SE). In nanoparticle-
vaccinated mice, we also saw significantly elevated cross-
reactive mucosal antibodies, including sIgA in nasal washes and
slgA and IgG in BALF (Figure SF). The PEI-H3/CpG
nanoparticles induced the greatest antibody titers in sera and
mucosal washes, with a significantly higher serum IgG2a
antibody level than the PEI-H3 nanoparticles.

In addition to the cross-reactive antibody responses, cellular
responses may also protect against heterologous challenges.
We determined the IFN-y-secreting splenocytes by Elispot
assay. Under stimulation with the Phi virus, the PEI-H3/CpG
group, but not the soluble H3 or PEI-H3 group, displayed
substantial IFN-y-secreting splenocyte populations (Figure
5G).

Therefore, PEI-H3/CpG nanoparticles demonstrated the
best cross-protection efficacy against heterologous virus
infection in mice. The cross-reactive antibody responses and
the IFN-y-mediated protective cellular immune responses are
essential components of the protective scenario, protecting the
mice against bodyweight loss postinfection.

Cross-Reactive Antibody Responses. We detected the
antibody levels against the head-removed, more conserved
Aichi HA stalk (hrHA3). We observed elevated hrHA3-bound
antibody titers in the immune sera of the PEI-H3 and PEI-H3/
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CpG nanoparticle groups (Figure 6A). Despite the comparable
serum IgG and IgGl1 levels, PEI-H3/CpG induced significantly
higher hrHA3-specific IgG2a and IgG2b titers than PEI-H3.
The nanoparticle groups also boosted the hrHA3-specific IgA
and IgG production in mouse nasal washes and BALF (Figure
6B—6D).

As hrHA3-specific IgG2a and IgG2b are highly efficient in
inducing Fc-mediated functions such as ADCC,*® we
performed an ADCC surrogate assay with mouse immune
sera at 1:250 dilution. The PEI-H3/CpG group showed
significantly higher serum ADCC activity than the H3 and PEI-
H3 groups (Figure S4).

We also studied the antibody cross reactivity against the A/
Wisconsin/15/2009 (Wis, H3N2) strain. A comparison of Aic
and Wis HA amino acid sequences showed a difference of
13.43%, which was higher than that (8.48%) between Aic and
Phi (Figure 6E and Table S1). Despite the substantial
antigenic drift, the nanoparticles induced significantly higher
serum IgG levels specific to Wis than soluble H3 (Figure 6F).
We also observed significantly elevated cross-reactive sIgA in
nasal washes and higher sIgA and IgG in BALF of the
nanoparticle groups (Figure 6G—6I).

Immune Duration and Protection Efficacy. We studied
the long-term antibody responses against the conserved
hrHA3, Phi, and Aic viruses over six months postboosting
immunization. Here we included the soluble H3+CpG group
for comparison. Our results showed that the nanoparticle
vaccines induced more durable and long-lasting antibody
responses that did not decay over six months postimmuniza-
tion, particularly against the conserved hrHA3 (Figure 7A and
Figure SS). By contrast, antibodies in the H3- and H3+CpG-
immunized mice gradually decreased.
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Figure 7. Immune duration and protection against the Phi challenge. (A) Serum hrHA3-specific IgG antibody titers at different time points. Wks,
weeks. Mths, months. Vac, vaccination. (B) Mice body weight changes and area under the curve (AUC) in 6 days postchallenge with Phi. (C—E).
IFN-y-secreting CD4+ and CD8+ T lymphocytes in mouse BALF. (F) BALF TNF-a, IL-6, and IL-12 levels. Data are presented as mean & SEM (n
=5 for A, n = 3—4 for B—E). One-way ANOVA then Tukey’s multiple comparison tests were employed for statistical significance analysis (*p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p > 0.05).

We studied the long-term protective efficiency against the
Phi challenge. The nanoparticle vaccines showed superior
protection in mice to H3 alone. Mice in the PEI-H3/CpG
nanoparticle group displayed the least bodyweight loss (Figure
7B). By contrast, the mice in the PEI-H3 and H3+CpG groups
suffered dramatic weight loss. Consistently, we detected
significantly boosted IFN-y-secreting CD4+ and CD8+ T
lymphocytes in the PEI-H3/CpG nanoparticle group than any
other group (Figure 7C—7E).

We studied the pulmonary immunopathology by detecting
the inflammatory cytokine (TNF-a, IL-6, and IL-12) levels in
mouse BALF postchallenge (Figure 7F). The PEI-H3 and
H3+CpG groups displayed decreased inflammatory cytokine
levels compared to naive and soluble H3 groups. The PEI-H3/
CpG nanoparticle-immunized mice displayed the lowest
inflammatory cytokine levels among all groups. We also
detected the lowest inflammatory cytokine levels in lung
homogenate of infected mice (Figure S6).
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B DISCUSSION

Vaccination represents a cost-effective strategy to combat
influenza infection. Intranasal vaccination with recombinant
proteins is an excellent developmental model for cross-
protective influenza vaccines in terms of good safety, rapid
and scalable manufacturing, and multifaceted protective
immune responses. However, the low immunogenicity of
intranasally administered recombinant proteins has hindered
their application as intranasal vaccines and necessitates the
development of mucosal adjuvants.

Adjuvants (adjuvanted nanoparticles or molecular adju-
vants) boost the immune responses of intranasal vaccines via
different mechanisms. No single adjuvant, however, can
produce the optimal innate notch nursing the adaptive
immune responses required for broad influenza immunity.
Proper adjuvant combinations may work complementarily and
synergistically to induce the necessary multifaceted immune
responses against both homologous and variant strains.
Nanoparticle adjuvant systems have demonstrated superior
advantages in developing intranasal vaccines.”” Previously, we
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reported that a PEI-functionalized graphene oxide (GO)
nanoparticle vaccine platform significantly enhanced the
antigen immunogenicity. However, the probable long-term
retention of the inorganic GO materials raises major safety
concerns.

Here, we prepared protein nanoparticles directly with PEI.
This method was protein friendly, did not require chemical
cross-linkers or organic solvents, and was easily adapted for
various vaccine components. A previous study indicated that
PEI targeted epithelial cells and microfold cells (M cells) and
promoted transmucosal antigen delivery to dendritic cells in
cervical lymph nodes (CLNs) in an intranasal route.”® PEI also
modestly and transiently recruited neutrophils into the nasal-
associated lymphoid tissue (NALT) and CLNs and signifi-
cantly recruited dendritic and B cells to CLNs. Moreover, we
found that the PEI nanoparticle adjuvant system displayed a
superior synergistic boosting effect when cooperated with
molecular adjuvant CpG for protein antigens in this study. The
coencapsulated CpG in the nanoparticles significantly
improved PEI-adjuvanted vaccines’ poor/faint Thl cellular
responses. The PEI-HA/CpG nanoparticles possessed multiple
features favorable for enhancing antigen immunogenicity,
including a uniform size distribution that resembled viruses
in size, long-term stability, enhanced transmucosal delivery,
and synergistic adjuvant effects. The PEI-HA/CpG nano-
particles induced a more comprehensive immune response
versus soluble HA and PEI-HA nanoparticles with multifaceted
immunoenhancing features.

HA is the immunodominant surface protein of influenza
viruses. Antibody responses are the essential effector function
in influenza HA-mediated influenza protection. Vaccine-
induced IgG isotypes (IgGl and IgG2a) play divergent but
important roles in stemming influenza infection.”**” IgG1 is
associated with virus neutralization, preventing virus attach-
ment to target cells. In contrast, IgG2a activates Fc receptor-
mediated effector responses and correlates with the clearance
of the virus from infected hosts. In our study, soluble H3
showed poor immunogenicity, as indicated by the low
antibody levels postvaccination. Soluble HA provided partial
protection against the homologous Aic virus challenge but no
protection against heterologous Phi. The PEI-HA nano-
particles significantly boosted antibody production and
significantly improved the protection against both Aic and
Phi challenges despite apparent bodyweight loss post the Phi
challenge. In addition, PEI-HA boosted Th2-biased IgGl
subtype production, consistent with a previous report.2 In
comparison, PEI-HA/CpG nanoparticles containing small
amounts (1 ug) of CpG had a potentiating effect on the
Thl-type antibody response and induced more balanced IgG1
and IgG2a antibody responses.

Boosted neutralizing antibodies are the main contributors
for protection against homologous or close virus strains but
not against distantly related strains. Compared with IgGl,
murine IgG2a and IgG2b can more efficiently activate the cell-
mediated immune response, such as complementary and
antibody-dependent cytotoxic response.’”*' Our study de-
tected no cross-neutralizing antibodies against the Phi virus
due to the Phi’s genetic distance from the vaccine strain. The
boosted protective IgG2a-mediated effector responses, includ-
ing ADCC function, contributed to the improved heterologous
protection in the PEI-H3/CpG group versus the PEI-H3
group. The PEI-H3/CpG nanoparticle significantly boosted
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diversified antibodies, resulting in superior protection against
homologous and heterologous viruses.

Influenza HA has a head and a stalk region. Current
influenza vaccines elicit immune responses against the
immunodominant and variable globular HA head. Most
neutralizing antibodies recognize the HA head domain.”
However, the HA head domain is highly mutable, accounting
for the lowered efliciency against mismatched strains. In
comparison, the HA stalk domain has a higher degree of
conservation. In our study, the nanoparticle immunization
strongly enhanced the production of hrHA3-specific antibodies
in an IgG1/IgG2a mixed fashion. HA stalk-binding antibodies
are valued in vaccine research as potent inducers of ADCC for
optimal protection in vivo."> Moreover, our studies indicated
that the nanoparticles induced long-lasting and durable
hrHA3-specific inmune responses, as shown by the sustained
high antibody levels.

Cellular immunity plays a significant role in clearing infected
cells and is the major mediator of cross-protection against
variant strains when neutralizing antibodies are absent.”>~** In
our study, substantial IFN-y-secreting splenocytes were
observed only in the PEI-H3/CpG nanoparticle group. In
addition to promoting B-cell differentiation in a Thl-biased
mode—thus facilitating Fc-mediated effector functions in
mice—IFN-y plays important protective roles in activating
macrophages and NK cells, inducing phagocytosis, promoting
up-regulation of major histocompatibility complex (MHC)
class I presentation, and activation of CD8+ T cell responses.*
CD8+ T cells can promote efficient virus elimination and quick
host recovery following distinct influenza virus strain
challenges.*® Multifunctional CD4 effector cells expressing
IEN-y and perforin were reported to have cytolytic activity and
mediate protection recovery from influenza virus infection.”’
We also detected IFN-y-secreting CD4+ and CD8+ T cell
responses in mouse BALF and the associated cross-protection
against a heterologous Phi challenge after six months
postboosting immunization, indicating the importance of
local mucosal protective cellular immunity. The IFN-y-
mediated cellular immune responses in systematic and local
sites and the improved antibody responses together con-
tributed to the enhanced cross protection of PEI-H3/CpG
nanoparticles against the heterologous virus challenge.

As a cationic polymer abundant in amine groups, PEI can
deliver protein antigens to the cytoplasm via an endosome-
disruptive effect, which is critical in cross-presenting exogenous
antigens to induce CD8+ T cell responses.”* However, CD8+
T cell responses in the PEI-H3 group were muted by a lack of
IEN-y secretion, consistent with the previous report with
gp140.°° By contrast, the PEI-H3/CpG group generated
improved protection against Phi virus infection via protective
cellular responses. PEI-H3/CpG was a more potent inducer of
cellular immune responses than PEI-H3 due to Thl responses
and IFN-y induced by the coloaded CpG. Moreover, the
nanoparticle formulation enhanced the CpG adjuvant effect as
indicated by the superior protection and boosted IFN-y-
secreting T lymphocytes in the PEI-H3/CpG vs H3+CpG
group.

Therefore, the combination of PEI and CpG in the PEI-H3/
CpG nanoparticle group contributed to the multifaceted
immune responses, leading to robust cross protection against
influenza. The PEI-H3/CpG nanoparticles show good
potential as a cross-protective influenza vaccine candidate.
However, despite no apparent adverse effects observed in our
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study, a more comprehensive safety evaluation of this
nanoparticulate adjuvant system is needed before clinical
trials.*”*° In addition, systematic optimization of this system,
including the molecular structure (branched or linear) and
molecular weight of PEI, would further benefit such mucosal
vaccine development.

B CONCLUSIONS

In summary, PEI served as a robust and versatile delivery
system to simultaneously carry antigens (HA) and adjuvants
(CpG) for optimal immunoenhancement. The PEI nano-
particle vaccines potently enhanced the immunogenicity of
intranasally administered influenza HA and generated sub-
stantial antibodies against the conserved stalk region of HA.
Compared with PEI-H3, PEI-H3/CpG nanoparticles demon-
strated multifaceted immune responses, including robust,
balanced Th1/Th2 antibody responses and potent cellular
responses with abundant IFN-y induction, resulting in
improved cross protection against influenza. PEI and CpG
synergized this cross-protective influenza immunity. We also
observed that these comprehensive immune responses and
cross protection were long lasting over six months post-
immunization. Therefore, PEI-H3/CpG nanoparticles have the
potential as a cross-protective influenza vaccine candidate.
Polycationic PEI nanoplatforms merit future development as
potent mucosal delivery systems.

B MATERIALS AND METHODS

Ethics Statement and Statistical Analysis. Animal studies were
carried out in strict compliance with the Institutional Animal Care
and Use Committee (IACUC) guidelines of Georgia State University
under protocol A19025. Means and the standard errors of the mean
(SEM) were employed for data presentation. Statistical significance
between groups was analyzed by the one-way analysis of variance
(ANOVA) using GraphPad Prism 8 (GraphPad software). A p-value
<0.0S is recognized as statistically significant, and p < 0.01 or p <
0.001 was considered extremely significant: P > 0.05 (ns), p < 0.05
(*), p < 0.01 (*%), p < 0.001 (**%), and p < 0.0001 (*+5%),

Materials, Cell Lines, and Viruses. Branched PEI was ordered
from Sigma-Aldrich. CpG ODN1826 was a product of InvivoGen,
USA. Spodoptera frugiperda (S£9, ATCC, CRL-1711) insect cells were
cultured in protein-free ESF 921 (Expression Systems, USA). Aichi
HA (H3) and hrHA3 were expressed and purified as described
previously.>* Purified proteins were assayed using a BCA assay kit
(Thermo Fisher Scientific, USA).

Madin-Darby canine kidney (MDCK, ATCC CCL-34) cells were
grown in Eagle’s Minimum Essential Medium (EMEM, ATCC 30—
2003) supplemented with 10% heat-inactivated fetal calf serum (FCS,
ATCC 30-2020) and 1% penicillin/streptomycin in a CO, (5%)
incubator at 37 °C. HEK 293T (ATCC CRL-3216) cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) (ATCC 30—2002)
containing 10% FCS and 2 mM L-glutamine (ATCC 30—-2214).

Influenza A/Aichi/2/1968 (Aic, H3N2) and A/Philippines/2/
1982 (Phi, H3N2) were passaged in embryonated chicken eggs.
Mouse-adapted Aic and Phi were expanded in intranasally (in.)
infected mouse lungs. The standard Reed and Muench method was
used to measure the virus median lethal dose (LDj).

Fabrication of PEI-H3 and PEI-H3/CpG Nanoparticles. For
PEI-H3 and PEI-H3/CpG nanoparticle fabrication, equal volumes of
PEI and H3 or H3/CpG solutions in sterile PBS were mixed for 1
min. PEI-H3 nanoparticles were generated at PEI/H3 ratios of 2:1,
1:1, 1:2, or 1:4 to determine the influence of feeding ratios on the size
and size distribution of resulting nanoparticles. The particle size and
zeta potentials were characterized using dynamic light scattering
(DLS, Malvern 10 Zetasizer Nano ZS, Malvern Instruments, USA).
The nanoparticle morphology was characterized by transmission
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electron microscopy (TEM, Jeol JEM-100CX II at 100 kV) after
negative staining with 1% phosphotungstic acid (PTA, pH 7.4) for 1
min.

The H3 in PEI-H3 and PEI-H3/CpG nanoparticles was
characterized by reducing SDS-PAGE followed by Coomassie Blue
(Bio-Rad, USA) staining. The gel images were captured with the
ChemiDoc Touch imaging system (Bio-Rad). Agarose gel electro-
phoresis was used to study free CpG molecules in the PEI-H3/CpG
formulation solutions. Briefly, the PEI-HA/CpG nanoparticle
suspension and soluble free CpG solution containing an equal
amount of CpG molecules were analyzed by electrophoresis (1%
agarose gel, 30 kV for 10 min).

Immunization Studies. BALB/c mice (six- to eight-week-old,
female) were intranasally (in.) immunized with different vaccine
formulations in 25 uL of saline. Mouse body weight changes were
recorded for 7 days postvaccination, and lung histological studies by
H&E staining were performed after that to evaluate the in vivo safety
of the PEI-H3 nanoparticles in mice.

To study the induction of immune responses, mice were vaccinated
twice with soluble H3, PEI-H3, or PEI-H3/CpG nanoparticles
containing 5 ug of H3 at an interval of 4 weeks. Prime and boost sera
(n = S) were collected 3 weeks postpriming immunization and
boosting immunization, respectively.

At 3 weeks postboosting immunization, immunized mice (n = 3—
4) were sacrificed to collect nasal washes and bronchoalveolar lavage
fluid (BALF) by flushing the respective cavities with 1 mL of cold,
sterile PBS with 5% BSA. Cervical lymph nodes (CLNs) and spleens
were also isolated to prepare single-cell suspensions.

To study the immune protection efficacy, mice (n = 5) were
intranasally challenged with 15 X LDs, of mouse-adapted Aic or 2 X
LDsy of Phi in 25 uL of cold saline 4 weeks postboosting
immunization. We monitored mouse body weight changes daily for
2 weeks postchallenge. A weight drop >20% was used as a humane
end point.

Humoral and Cellular Immune Response Assays. Virus-
specific antibody titers in immune sera, nasal washes, and BALF
postimmunization were evaluated as described previously.”' Hemag-
glutination-inhibition (HAI) assays were performed as reported.”*

For the microneutralization (MN) assay, viruses were titrated after
18 h coincubation with MDCK cells by an ELISA assay detecting the
influenza virus nucleoprotein following a WHO-recommended
protocol. The Reed—Muench method was employed to calculate
the median tissue culture infective dose (TCIDs,) titer. Serial
dilutions of heat-inactivated (56 °C, 30 min) immune sera were
mixed with 100-fold TCIDs, of virus for 2 h at 37 °C. Then the
mixture was incubated with precoated MDCK cell monolayers (1.5 X
10* cells/well) for 18 h in the presence of 2 ug/mL of TBCK trypsin.
The virus inhibition was determined as previously described.”

The ELISpot assay was employed to evaluate the numbers of IL-4
or IFN-y-secreting cells and antibody (IgG and IgA)-secreting cells
(ASCs) in mouse spleens and cervical lymph nodes 3 weeks after
boosting immunization, as described previously."

The ADCC surrogate assay was carried out for mouse immune sera
at 1:250 dilution according to the ADCC reporter bioassay kit
protocol (Promega, Cat No. M1211) with modification. pPCAGGS
plasmids encoding H3-transfected HEK-293T cells and mFcyRIV-
expressing Jurkat cells in the kit were used as target and effector cells,
respectively. After incubation for 6 h, a Bio-Glo Luciferase substrate
was added, and the luminescence intensity was recorded as
luminescence relative light units (RLUs) by a GloMax (Promega).

Histological Examination, Virus Titration, and Inflamma-
tory Cytokine Evaluation. Mice (n = 3—4) were sacrificed 5 days
postinfection with 15 X LDs, of Aichi virus. Mouse lungs were
isolated for histological examination and lung viral titers determi-
nation as previously described.'® Histological analysis was performed
by Hemotoxylin and Eosin (H&E) staining of the paraffin-embedded
lung sections. The stained sections were imaged with a Keyence BZ-
X710 microscope. The leukocyte infiltration degree was scored.

Lung tissues were ground on a 70 ym Nylon cell strainer (Falcon)
to collect the supernatants for lung viral titer determination.
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Quadruplicate 10-fold serial dilutions (100 yL) were cocultured with
MDCK cells (1.5 X 10° cells/mL, 100 uL) for 4 days in 96-well plates.
A standard hemagglutination assay was used to calculate the
hemagglutinin activity titers. The Reed—Munches method was
employed to determine the lung viral titers. TNF-a and IL-6 levels
in the BALF were determined using the cytokine assay kits (Thermo
Scientific).

Long-Term Immune Studies. To study the long-term immune
responses, we evaluated the Aic virus and hrHA3-specific antibody
levels at 3- and 6-months postboosting immunization and then
challenged the mice (n = 3—4) with 2 X LDy of the Philippines virus.
Here we included the H3+CpG group. After monitoring the mouse
body weight changes daily for 6 days, we euthanized the mice,
collected the mucosal BALF lymphocytes, and studied the local
cellular responses by flow cytometry.>® Briefly, after antigen
restimulation for S h in the presence of a Golgi stopper (BD
Biosciences, 2 ug mL™"), the cells were stained by CD4-PE-Cy7 and
CD8-PE-CyS antibodies (BD Biosciences). After fixation and
permeabilization, intracellular staining with IFN-y-BV711 (BioL-
egend) was performed. IFN-y-secreting T lymphocytes were recorded
by flow cytometry (BD LSRFortessa) and analyzed by FlowJo
software.
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