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Intranasal (i.n.) immunization is a promising vaccination route for
infectious respiratory diseases such as influenza. Recombinant
protein vaccines can overcome the safety concerns and long
production phase of virus-based influenza vaccines. However, solu-
ble protein vaccines are poorly immunogenic if administered by an
i.n. route. Here, we report that polyethyleneimine-functionalized
graphene oxide nanoparticles (GP nanoparticles) showed high
antigen-loading capacities and superior immunoenhancing proper-
ties. Via a facile electrostatic adsorption approach, influenza hem-
agglutinin (HA) was incorporated into GP nanoparticles and
maintained structural integrity and antigenicity. The resulting GP
nanoparticles enhanced antigen internalization and promoted in-
flammatory cytokine production and JAWS Il dendritic cell matura-
tion. Compared with soluble HA, GP nanoparticle formulations
induced significantly enhanced and cross-reactive immune re-
sponses at both systemic sites and mucosal surfaces in mice after
i.n. immunization. In the absence of any additional adjuvant, the GP
nanoparticle significantly boosted antigen-specific humoral and cel-
lular immune responses, comparable to the acknowledged potent
mucosal immunomodulator CpG. The robust immune responses con-
ferred immune protection against challenges by homologous and
heterologous viruses. Additionally, the solid self-adjuvant effect of
GP nanoparticles may mask the role of CpG when coincorporated. In
the absence of currently approved mucosal adjuvants, GP nanopar-
ticles can be developed into potent i.n. influenza vaccines, providing
broad protection. With versatility and flexibility, the GP nanoplat-
form can be easily adapted for constructing mucosal vaccines for
different respiratory pathogens.
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nfluenza remains one of the leading infectious diseases causing

morbidity and mortality worldwide. Vaccination is the most
cost-effective approach to preventing influenza virus infection.
However, current virus-based seasonal influenza vaccines induce
strain-specific immunity and are less effective against mismatched
strains that may cause influenza epidemics (1). Furthermore, there
is no vaccine countermeasure available for new pandemic strains.
Intranasal (i.n.) immunization is a promising vaccination route for
infectious respiratory diseases, such as influenza. This vaccination
route can induce both systemic and mucosal immune responses.
Secretory immunoglobulin A (sIgA) and immunoglobulin G (IgG)
may prevent influenza infection at the portal of virus entry. In-
fluenza mucosal immunity has been reported to confer cross-
protection against heterologous and heterosubtypic viruses (2).
Moreover, needle-free i.n. influenza vaccines possess superior
logistical advantages over traditional injectable vaccines, such as
easy administration with high acceptance for recipients and
avoidance of biohazardous sharps waste.

However, the development of i.n. influenza vaccines has pro-
gressed slowly. The cold-adapted live-attenuated influenza virus
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(LAIV) vaccine is the only available human i.n. influenza vaccine
up to date. Studies have shown that the LAIV vaccine could provide
heterologous immunity (3). Nevertheless, safety concerns of LAIV
are raised, especially in high-risk populations, such as infants under
2 y old and the elderly over 50. LAIV could undergo genetic reas-
sortments and revert into a virulent form, thus posing a risk. Besides,
the suboptimal protective efficacy of LAIV vaccines was reported in
children in the 2009 HIN1 pandemic. A new generation of virus-
independent, safe, and efficient influenza i.n. vaccines that induce
broader cross-protection with high efficacy is urgently needed.
Intranasal vaccination with recombinant protein/peptide-based
vaccines is an attractive strategy with high safety (4). Purified
protein/peptide antigens eliminate safety concerns in individuals
with egg allergies, possess minimal side effects, and enable quick
and cost-effective production. However, soluble protein vaccines
are poorly immunogenic by i.n. immunization due to the harsh and
tolerogenic mucosal environment (5). The selection of appropriate
formulations and adjuvants is crucial for successful i.n. vaccines.
Nanoparticle vaccine platforms have been applied for in. vaccine
development in recent years (6, 7). Nanoparticles serve as anti-
gen and adjuvant carriers and immunostimulants themselves to
enhance immune responses. The immunoenhancing effects of
various nanoparticles have been reported (8-13). However, most
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nanoparticle vaccines suffer from low antigen-loading capacity,
complicated and lengthy preparation procedures, and structural
complexity because of covalent conjugation.

Two-dimensional (2D) graphene oxide (GO) nanoparticles
have great potential as a novel vaccine platform due to their
extraordinary attributes. These features include the high aspect
ratio and ultra-large surface area for high-density antigen asso-
ciation, wealthy chemical groups for flexible surface modification
and noncovalent antigen loading via electrostatic adsorption,
hydrogen bond, and hydrophobic and n—x stacking interactions.
Besides, GO nanoparticles themselves are biocompatible and
nonimmunogenic (14, 15). Various GO vaccine formulations
were demonstrated to induce improved immune responses by
activating immune cells or triggering innate signaling (16-18).
However, most prior studies were limited to conventional routes
with tumor antigens for cancer immunotherapies. Studies on
GO-based influenza i.n. vaccines are lacking.

We developed a polyethyleneimine (PEI)-functionalized GO
(GO-PEI, GP) influenza vaccine nanoplatform, prepared influ-
enza GP nanoparticles by incorporating recombinant influenza
hemagglutinin (HA) and investigated their immunoenhancing
effects (Fig. 1). Our work revealed that influenza GP nanoparticles
enhanced antigen internalization and promoted the production of
inflammatory cytokines and the maturation of JAWS II dendritic
cells (DCs) during in vitro experiments. i.n. vaccination with in-
fluenza GP nanoparticles induced robust humoral and cellular
immune responses, conferring broader protection against chal-
lenges by homologous and heterologous influenza viruses in mice.

Results

Fabrication and Characterization of GO Nanoparticle Vaccines. GO
nanoparticle vaccines can be prepared in several approaches (19,
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20). We found that simple mixtures of naked GO and proteins
are prone to precipitation, and the protein loading capacity is
low by direct surface adsorption. One of the best ways to engineer
GO-based vaccine delivery systems is surface functionalization,
which tailors the interactions between GO nanoparticles, vaccine
components, and biosurfaces and adjusts the adjuvant activity. In
this study, we functionalized GO with a cationic polymer, branched
PEIL to construct GP nanoparticles and investigated their immu-
noenhancing effects (Fig. 1). Positively charged nanoparticles are
especially suitable for mucosal vaccination (21). Recent studies
showed that PEI has a potent mucosal adjuvant effect (22).

The pristine GO nanoparticles were prepared by tip sonication
of GO flakes in an ice bath. The GO flakes gradually became
smaller nano-sized GO nanoparticles upon sonication (SI Ap-
pendix, Fig. S14), and the final nanoparticles were around 164 nm.
Transmission electron microscopy (TEM) and atomic force mi-
croscopy (AFM) images revealed the sheet-like morphology and
uniform size distribution of the GO nanoparticles (Fig. 24 and S/
Appendix, Fig. S1B). We prepared GP nanoparticles using the
Carbodiimide coupling method. The thermogravimetric analysis
(TGA) indicated that 17.94% PEI was conjugated on the GP
nanoparticles (SI Appendix, Fig. S1C). The resulting GP nano-
particles were 185 + 1.94 nm (Fig. 2C). From pristine GO to
positive GP, the surface charge changed from negative (—38.5 +
0.51 mV) to positive (66.97 + 1.65 mV) (Fig. 2D), facilitating a
high loading capacity of the protein antigens by direct electrostatic
adsorption without chemical conjugation. Notably, compared with
GO nanoparticles, GP has improved dispersibility and stability in
saline solutions. PEI-functionalized GO was reported to be
biocompatible (23).

We have previously demonstrated that GCN4-stabilized trimetric
influenza HA possesses enhanced immunogenicity compared with
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Schematic illustration of the preparation and performance of influenza GP nanoparticles. (A) Preparation of GP and GP-HA/adjuvant nanoparticles.

(B) Immunoenhancing effects of GP nanoparticle vaccines. GP nanoparticle vaccines showed enhanced cellular uptake in DCs and promoted inflammatory
cytokine secretion and DC maturation. i.n. vaccination with influenza GP nanoparticles induced significantly enhanced and broad immune protection against
homo- and heterologous influenza virus challenges. CTL, cytotoxic T lymphocyte; SR, survival rate.
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Fig. 2. Characterization of the influenza GP nanoparticles. (A) TEM image of GO nanoparticles. (B) Coomassie blue staining (CB) and Western blotting (WB)
analysis. (C and D) Nanoparticle size and Zeta-potential analysis. (E) Antigen internalization into JAWS Il DCs by immunofluorescence. Intracellular H3 was
probed by fluorescent-labeled antibodies (red). (F~H) Proinflammatory cytokine production of JAWS Il cells treated with different formulations at indicated
H3 concentrations. (/ and J) CD86 expression on JAWS Il cells by flow cytometry. MFI, mean fluorescence intensity. The data are presented as mean + SEM. The
statistical significance was analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test, comparing the mean of each group with the mean
of the control group (Untreated) (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns represents no significance, P > 0.05).

monomeric HA (24). We purified recombinant trimeric Aichi HA
(A/Aichi/2/1968 (Aic), H3N2, designated H3) with high purity, as
determined by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by Coomassie Blue staining
(Fig. 2B). The retention of HA antigenicity was verified by Western
blotting analysis with antibodies. The trimeric state of H3 was de-
termined by bis[sulfosuccinimidyl] suberate (BS3) cross-linking,
followed by Western blots (SI Appendix, Fig. S24). A main band
with a threefold molecular weight of the monomeric HA was seen
after a high concentration of BS3 (>5 mM) treatment to fix the
polymeric HA, indicating the dominant trimeric state of the
purified H3.

We generated GP nanoparticle vaccine formulations by a
simple mixing/adsorption approach, as diagrammed in Fig. 1A4.
H3 was bound onto the large surface of GP nanoparticles mainly
via electrostatic interactions. The antigen-loading capability of
GP nanoparticles was evaluated by SDS-PAGE. At higher ratios
of GP to H3 (2:1, 1:1, and 1:2), there were strong H3 bands from
the nanoparticles without visible signals from the supernatants
(SI Appendix, Fig. S2B), indicating the tight binding of H3 onto
the GP nanoparticles. Some free H3 was present in the super-
natants from lower GP:H3 ratios, indicating an excessive amount
of H3 in this circumstance. The resulting GP-H3 nanoparticles
had strong colloidal stability, especially at higher GP:H3 ratios.
Ultraviolet-visible (UV-Vis) absorption spectra analysis in S/
Appendix, Fig. S2C further confirmed the tight binding of H3 on
GP nanoparticles. The results demonstrated that GP nano-
particles with positive charges and ultra-large surface areas could
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serve as protein antigen carriers with high antigen-loading ca-
pacities.

CpG ODN is a potent mucosal immunomodulator for the
induction of antigen-specific cell-mediated immunity and humoral
immune responses. We used CpG ODN1826 as a positive control
group in our work. Meanwhile, negatively charged CpG molecules
could be easily coloaded with influenza HA onto the GP particles
to generate adjuvanted nanoparticles. Agarose gel electrophoresis
was employed to investigate whether all the feeding CpG were
complexed and loaded onto the GP nanoparticles. As shown in S/
Appendix, Fig. S2D, strong CpG signals were observed from free
CpG and H3+CpG but not from the supernatants of GP-H3/CpG
(10:5:1) and GP-H3/CpG (10:5:2.5). The results indicated that all
the feeding CpG was coloaded with H3 on the GP nanoparticles
via electrostatic adsorption interaction. Additionally, the obtained
GP-H3/CpG (10:5:1) nanoparticles displayed a Zeta-potential
value of 32.83 + 0.49 mV (Fig. 2D), which indicated that the
resulting nanoparticles retained positive charges after loading with
H3 and CpG. For subsequent studies, a GP:H3:CpG ratio of
10:5:1 was used for fabricating GP vaccine nanoparticles. The
resulting GP-H3 and GP-H3/CpG nanoparticles ranged from 170
to 200 nm in diameter (Fig. 2C) and exhibited Zeta potentials
of >+30 mV (Fig. 2D). The results demonstrated that GP-based
H3 vaccine nanoparticles could be generated by the facile mixing
method with appreciable particle features for i.n. immunization.

Effects on Murine DC Line JAWS II. Effective antigen uptake by DCs
is critical for inducing potent immune responses. We detected
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H3 internalization by immunofluorescence imaging in JAWS II
cells treated with soluble H3 versus GP-H3 nanoparticles. The
weak background fluorescence in the untreated cell controls
indicated low nonspecific adsorption of fluorescent antibodies
(SI Appendix, Fig. S34). Soluble H3-treated JAWS II cells
showed a weak fluorescence, indicating the low internalization of
the H3 protein (Fig. 2E). In comparison, GP-H3 nanoparticle-
treated cells displayed strong fluorescence, demonstrating sig-
nificantly enhanced antigen-uptake efficacy in DCs. Besides, the
immunofluorescence imaging results also confirmed that the
specificity and function of H3 on GP-H3 nanoparticles were well
maintained after loading on GP. These results revealed that GP-
based HA nanoparticles were readily taken in by DCs.

Mature DCs produce cytokines to facilitate the activation and
differentiation of T cells and regulate adaptive immunity. We
evaluated the secreted cytokine (IL-6 and TNF-a) levels from
JAWS 1I cells treated with different vaccine formulations. As
shown in Fig. 2 F and G, soluble H3, GP, or H3+CpG induced
comparable TNF-a secretion levels to the control, while GP-H3
and GP-H3/CpG nanoparticles induced significantly higher lev-
els of TNF-a secretion at both H3 concentrations. Meanwhile,
soluble H3 and H3+CpG groups showed similar IL-6 production
levels to the control group in JAWS 1II cells (Fig. 2H). In com-
parison, GP or GP-H3 treatment significantly enhanced IL-6
production (P < 0.05). The low TNF-a and IL-6 secretion in the
H3+CpG group could indicate the limited internalization of the
soluble protein and CpG into JAWS II cells. Although soluble
CpG did not influence cytokine production, CpG-loaded GP-H3/
CpG nanoparticles showed a substantial enhancement over GP-
H3 nanoparticles. Among all groups, GP-H3/CpG treatment
induced the highest cytokine production in JAWS II cells.
Therefore, GP vaccine nanoparticles enormously boosted the
production of proinflammatory cytokines in JAWS 1II cells.

We studied the maturation efficacy of JAWS II cells by eval-
uating a DC maturation marker CD86 with flow cytometry.
Consistent with the cytokine secretion results, soluble H3 or
H3+CpG-treated JAWS 1I cells showed background levels of
CD86 expression (Fig. 2 I and J). In contrast, GP-H3 and GP-
H3/CpG treatments showed significantly higher CD86 expres-
sion (P < 0.001), as revealed by the redshift of the fluorescence
spectra and the enhanced mean fluorescence intensity. Inter-
estingly, naked GP nanoparticle treatment enhanced the CD86
expression (P < 0.05), demonstrating GP nanoparticles’ adjuvant
effect. Overall, these results showed that GP nanoparticles could
be readily internalized by DCs and promote the production of
proinflammatory cytokines, IL-6 and TNF-«, and stimulate DC
maturation.

Induction of Humoral Immune Responses. We investigated the GP-
H3 nanoparticle immunogenicity by a two-dose vaccination
scheme (Fig. 34). Immunization groups include soluble H3, GP-
H3, GP-H3/CpG, and H3+CpG (5 pg of H3 per mouse). A
previous study showed that a single i.n. dose of 10 or 20 pg of PEI
was similarly safe as cholera holotoxin, CTB, and poly(lactic-
coglycolic acid) nanoparticles used at or above standard doses
(22). In the present study, the PEI amount on GP nanoparticles
was 1.79 ug per mouse (10 pg GP per mouse) determined by the
TGA results.

Serum antigen-specific IgG levels were titrated (Fig. 3 B and
C). The results demonstrated that the soluble H3 group dis-
played a low seroconversion efficiency and a low serum IgG level
after the immunization. In contrast, GP-H3 nanoparticle im-
munization induced rapid seroconversion and significantly higher
antigen-specific IgG antibody titers in both prime sera (P < 0.01)
and boost sera (P < 0.001). H3+CpG significantly promoted the
serum IgG responses compared to soluble H3, consistent with the
previous studies (25). CpG has been proved in trials to accelerate
the induction and generation of higher protective antibody titers
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with protein vaccines (26-28). All the GP nanoparticle (GP-H3
and GP-H3/CpG)-vaccinated mice showed high serum antigen-
specific IgG titers after the boosting immunization. However, no
significant difference was observed between GP-H3, GP-H3/CpG,
and H3+CpG in antibody production.

Hemagglutination-inhibition (HAI) titer correlates to HA-
induced immune protection. A serum HALI titer >40 is consid-
ered protective (29). As shown in Fig. 3D, soluble H3-immunized
mice displayed relatively low HAI titers. In contrast, GP-H3
nanoparticles induced significantly higher HAI titer (P < 0.0001)
than the H3 group. Although GP-H3/CpG group showed ele-
vated HAI titers compared to GP-H3 and H3+CpG groups, the
difference is not significant.

Antibodies can be neutralizing or nonneutralizing. Neutraliz-
ing antibodies inhibit viral infectivity by tightly binding to im-
portant viral structures and correlate immune protection for
many vaccines (30). As shown in Fig. 3E, significantly higher Aic
virus-specific neutralization antibody titers were induced in GP-
H3 (P < 0.0001), GP-H3/CpG (P < 0.0001), and H3+CpG mix
(P < 0.0001) groups compared to the soluble H3 group. H3 in
GP nanoparticles induced comparable neutralizing activity to
H3+CpG mix (P > 0.05), and CpG added no advantage when
coincorporated into GP nanoparticles with H3 (P > 0.05). The
antibody neutralization result was consistent with the antibody
and HALI titer results.

Ln. vaccination can induce mucosal immunoglobulin A (IgA)
and IgG in the respiratory tract surfaces, preventing influenza
infection at the viral entry site. The cross-reactive sIgA provided
broad protection against heterologous and heterosubtypic in-
fluenza viruses (31). As shown in Fig. 3 F and G, soluble H3
induced low levels of sIgA in nasal washes and bronchoalveolar
lavage fluid (BALF). By contrast, GP-H3 and GP-H3/CpG
nanoparticle groups displayed elevated IgA antibody levels,
which are also higher than that of the H3+CpG mix group. We
also observed high IgG levels in BALF (Fig. 3H) but not in nasal
washes. These results were consistent with the previous obser-
vations that sIgA dominated the upper respiratory tract antibody
response, whereas IgG was the major antibody isotype in the
lower respiratory tracts (32). We observed that GP-H3 and GP-
H3/CpG nanoparticles induced significantly higher IgG levels
(P < 0.01, Fig. 3H) and HAI titers (P < 0.001, SI Appendix, Fig.
S3B) in BALF than soluble H3, comparable to the H3+CpG mix
group, but HAI titers were not detected in nasal washes from all
groups (SI Appendix, Fig. S3B).

These results demonstrated that GP nanoparticles potently
boosted antibody immune responses not only in systemic com-
partments but also at local mucosal surfaces. Coloading CpG to
GP nanoparticles with H3 did not further significantly strengthen
antigen-specific antibody responses, indicating that GP nano-
particle is a robust adjuvant system itself and may mask the
adjuvant effect of CpG. We observed similar results from self-
assembled protein nanoclusters in previous studies (33).

Induction of Cellular Inmune Responses. Cellular immunity plays a
crucial role in the battle against influenza infection. Early cyto-
kine production in vaccination programs the dimension and
magnitude of antigen-specific immune responses. We evaluated
IL-4—secreting cell frequencies in spleen and cervical lymph node
(CLN) lymphocytes 3 wk after boosting immunization. As shown
in Fig. 44, we observed significantly increased numbers of IL-
4-secreting splenocytes in the GP-H3 (P < 0.001) and GP-H3/
CpG (P < 0.0001) nanoparticle groups versus the soluble H3 or
H3+CpG mix groups. We found no significant difference be-
tween soluble H3 and H3+CpG groups in the number of IL-
4-secreting splenocytes (P > 0.05). Similarly, GP nanoparticles
boosted the IL-4-secreting lymphocyte generation in CLNs of
vaccinated mice (Fig. 4B). Meanwhile, IFN-y—producing lymphocytes
were also observed in spleens and CLNs of nanoparticle-immunized
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Fig.3. Humoral immune responses. (A) Timeline of immunization, sample coll

ection, and challenge experiments. BALB/c mice were i.n. immunized twice in a

4-wk interval. Groups included soluble H3, GP-H3, GP-H3/CpG, and H3+CpG mix. Naive mice were used as controls. (B and C) Aic-specific IgG endpoint titers in
mice prime and boost sera, respectively. (D and E) HAI and neutralization titers in mouse boost sera. (F and G) Optical density (OD) values at 450 nm for
diluted nasal washes and BALF samples to detect mucosal IgA by ELISA. (H) OD values at 450 nm for diluted BALF samples to detect mucosal I9G. The data are
presented as mean + SEM. The statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparison test, comparing the mean of

each group with the mean of the H3 group (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns represents no significance, P > 0.05).

mice. GP-H3 nanoparticle immunization induced significantly
more IFN-y—producing lymphocytes than soluble H3 (S Appen-
dix, Fig. S4 A and B). Considering the abundant IL-4-secreting
cells observed, we measured the IgE antibody levels in boost sera.
GP-H3 nanoparticle-vaccinated mice showed similar low IgE
levels to the soluble H3 group (SI Appendix, Fig. S4C). Besides, no
visible inflammation was observed in the mouse nasal cavity 24 h
post-i.n. immunization with GP-H3 nanoparticles (SI Appendix,
Fig. S54). We also did not find apparent mouse body weight
changes and inflammatory cell infiltration in lungs 7 d post-
immunization (SI Appendix, Fig. S5 B and C).

IL-4 facilitates B cell proliferation and differentiation into
antibody-secreting plasma cells (ASCs) (34). We studied the
antigen-specific IgG and IgA ASCs in mouse spleens and ana-
lyzed whether IL-4-secreting lymphocyte frequency correlates
with the antibody induction. As shown in Fig. 4 C and D, com-
pared with soluble H3, GP-H3 and GP-H3/CpG nanoparticles
induced increased numbers of H3-specific IgG and IgA ASCs in
splenocytes. We also observed a similar plasma B cell pattern in
nasal-associated lymphoid tissues (NALTSs) (SI Appendix, Fig.
S5D). Therefore, GP nanoparticles significantly boosted antigen-
specific plasma B cell generation.

We evaluated CD4+ and CD8+ T cell proliferation in sple-
nocytes by the carboxyfluorescein succinimidyl ester (CFSE)
staining assay (Fig. 4 E-H and SI Appendix, Fig. S6). While all
immunization groups showed a noticeable decrease in cellular
CFSE fluorescence intensity over controls, higher CD4+ and
CD8+ T cell proliferation was elicited in GP-H3 and GP-H3/
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CpG groups versus the soluble H3 group. We also analyzed
CD4+ and CD8+ T cell percentages in splenocytes after antigen
restimulation (SI Appendix, Fig. S7). Both GP-H3 and GP-H3/
CpG groups displayed higher CD4+ and CD8+ T cell rates than
the soluble H3 group in the bulk splenocytes. Therefore, GP
nanoparticle vaccination significantly promoted cellular immune
response, indicating the appreciable adjuvanticity of GP nano-
particles. Although CpG improved T cell responses in the con-
text of H3+CpG mix, we did not observe the adjuvant effect in
GP-H3/CpG nanoparticles (Fig. 4 E-H).

Protective Efficacy against Homologous Influenza Virus Challenge.
We investigated the prophylaxis efficiency of different formula-
tions by challenging mice with 15x median lethal dose (LDsg) Aic
(Fig. 5 4 and B) 4 wk post-boosting immunization. The soluble H3
immunization conferred partial protection (40% mouse survival)
with apparent body weight loss (SI Appendix, Fig. S84). By con-
trast, mice in GP-H3, GP-H3/CpG, and H3+CpG mix immuni-
zation groups survived the challenge without significant weight
loss. These results demonstrated that GP nanoparticle vaccines
displayed superior protective effects versus soluble H3.

We performed histological examinations and determined lung
virus titers 5 d postchallenge. Naive and soluble H3-immunized
mice demonstrated a severe inflammatory state with massive
tissue damage and leukocyte infiltration (Fig. 5C). By contrast,
GP nanoparticle (GP-H3 and GP-H3/CpG) and H3+CpG mix
immunized mice displayed a nearly normal state with significantly
decreased leukocyte infiltration (Fig. 5 C and D). Additionally,
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Fig. 4. Cellular immune responses. (A and B) IL-4-secreting cells in splenocytes and CLN cells. (C and D) Antigen-specific IgG and IgA plasma cells in sple-
nocytes. (E and F) CD3+CD4+ T cell proliferation by CFSE staining assay. (G and H) CD3+CD8+ T cell proliferation. The population with decreased fluorescence
intensity of CFSE was labeled as P area, representing the cells that have undergone proliferation. The data are presented as mean + SEM. The statistical
significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparison test, comparing the mean of each group with the mean of a control
group (H3) (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns represents no significance, P > 0.05).

H3-immunized mice also displayed high lung virus titers (1 x 10+

tissue culture infective doses [TCIDs]). In contrast, GP-H3, GP-
H3/CpG, and H3+CpG mix groups showed undetectable lung virus
titers (Fig. 5E). These results demonstrated that GP nanoparticle-
induced immune responses significantly inhibited viral replication
in mouse lungs, comparable to H3+CpG mix.

We measured the inflammatory cytokine (TNF-a, IL-12, and
IL-6) levels in the BALF samples to evaluate the pulmonary
immunopathology. As shown in Fig. 5 F-H, both naive and sol-
uble H3-immunized mice produced high levels of TNF-a, IL-12,
and IL-6 after virus infection. In comparison, the mice in the GP-
H3, GP-H3/CpG, and H3+CpG mix groups displayed signifi-
cantly reduced TNF-a, IL-12, and IL-6 levels. We also detected
substantially higher Aic virus-specific IgA and IgG antibody
levels in BALF samples of infected mice in the GP nanoparticle-
immunized groups (SI Appendix, Fig. S8B).

These results demonstrated the GP-H3 nanoparticles without
an adjuvant provided complete protection in mice against Aic
virus infection. GP nanoparticles showed great promise in boost-
ing the immune responses of influenza HA and providing pro-
tection against influenza virus infection, comparable to the model
adjuvant CpG. The GP nanoparticles may be a potent i.n. vaccine
platform to bring recombinant protein vaccines into clinical ap-
plications when rare adjuvants are available for this purpose (CpG
is still a laboratory adjuvant for vaccination studies at present).

Protective Efficacy against Heterologous Influenza Virus Challenge.
We employed the heterologous A/Philippines/2/1982 (Phi, H3N2)
virus to study the cross-protective effect conferred by GP nano-
particle i.n. vaccination. Immunized mice were challenged with 2x
LDsq of Phi virus 4 wk post-boosting immunization. As shown in
Fig. 6 A and B and SI Appendix, Fig. S94, all mice in the soluble
H3 group suffered rapid and severe weight loss and died in days
7 ~ 9 postchallenge, the same as the naive control group. GP-H3,
GP-H3/CpG, and H3+CpG mix groups showed full protection
with slight weight loss.

A comparative analysis of Aic and Phi HA amino acid se-
quences showed a difference of 8.48%, representing a substantial
antigenic drift (SI Appendix, Table S1). We investigated the
cross-reaction and neutralization activities of mice immune se-
rum against Phi. As shown in Fig. 6C, GP nanoparticles (GP-H3,
GP-H3/CpG) and H3+CpG mix induced significantly higher Phi
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virus-specific IgG antibody titers in mouse sera than soluble H3.
However, no apparent cross-neutralization titers were observed
in all groups (SI Appendix, Fig. S9B). GP nanoparticles also in-
duced higher Phi virus-specific IgA levels in nasal washes and
higher IgG and IgA levels in BALF (Fig. 6 D-F). Interestingly,
the GP-H3 nanoparticle-induced cross-reactive mucosal IgA ti-
ters were higher than that in H3+CpG mix group. No noticeable
cross-reactive HAI titers against Phi virus were detected in sera
or BALF of all groups (SI Appendix, Fig. S9C). We measured
antibody titers specific to the head-removed Aic HA stalk pro-
tein (hrHA3) and observed significantly higher antibody titers in
GP-H3 and GP-H3/CpG nanoparticle groups than the soluble
H3 group (Fig. 6G). An enzyme-linked immunosorbent assay
(ELISA) assay using an irrelevant his-tagged SARS-CoV-2 spike
protein receptor-binding domain (RBD) as the coating antigen
excluded the influence of the his-tag on hrHA3 (SI Appendix,
Fig. S9D). HA-loaded GP nanoparticles significantly induced
HA stalk-specific antibodies, contributing to the heterologous
protection against the Phi virus.

We evaluated the cytokine-secreting splenocytes. Under the
stimulation with inactivated Phi viruses, GP nanoparticle groups
showed significantly higher IL-4— and IFN-y—secreting spleno-
cyte populations (Fig. 6 H and I). In contrast, the soluble H3
group demonstrated few such splenocytes.

Next, we studied cross-reactive antibody levels in immune sera
and mucosal washes against A/Wisconsin/15/2009 (H3N2, Wis)
and reassortant A/Shanghai/2/2013 (H7N9, rSH) from HA phy-
logenic Group 2. GP-H3 and GP-H3/CpG nanoparticles induced
significantly higher serum IgG antibodies specific to Wis and rSH
than soluble H3, while antibody levels specific to rSH were much
lower than that to Wis (SI Appendix, Figs. S104 and S114). We
observed elevated mucosal antibody (IgG and IgA) levels specific to
Wis from the GP nanoparticle groups (SI Appendix, Fig. S10 B-D)
in contrast to the low or undetectable antibody levels to rSH (S7
Appendix, Fig. S11 B-D). The results indicated that GP-H3 nano-
particles might confer better protection against heterologous strains
in the same subtype but limited protection against heterosubtypic
viruses (such as H7 subtype viruses) even from the same HA group.

Discussion

Broadly protective influenza vaccines are urgently needed due
to the continuous antigenic drift and shift of influenza viruses.
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Fig. 5. Protective efficacy against homologous influenza virus challenge. (A) Morbidity and (B) mortality of mice after challenge. (C) Histological pathology
analysis by H&E staining. The uninfected mouse lung section was used as a negative control. The red arrows in images indicate leukocyte infiltration. Images
are representatives from each group. (Scale bars, 200 pm.) (D) Bar chart showing the scores of leukocyte infiltration degree. (E) Determination of mouse lung
virus titers. (F-H) Evaluation of inflammatory cytokine (TNF-o, IL-12, and IL-6) levels in BALF of infected mice. The data are presented as mean + SEM. The
statistical significance was analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test, comparing the mean of each group with the mean
of a control group. The infected naive mouse group was used as the control group in D and E, and the H3 group was used as the control group in F~H (*P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns represents no significance, P > 0.05).

Influenza mucosal immunity could confer broad cross-protection
against heterologous and heterosubtypic viruses. L.n. vaccination
with recombinant HA vaccines is a safe and promising strategy in
the generation of mucosal immunity and the prevention of in-
fluenza virus infection. However, the efficacy of i.n.-administrated
protein vaccines is challenged by the harsh and tolerogenic nasal
epithelium. Nanoparticle-based vaccines have the potential to
overcome obstacles associated with i.n. vaccine delivery.

GO nanoparticles are a type of 2D sheet-like nanomaterials
that have demonstrated superior attributes for drug delivery, in-
cluding ultra-large surface area, easy modification, and excellent
physiological biocompatibility. We generated a GO-based influ-
enza vaccine nanoplatform by functionalizing GO with branched
PEI for i.n. vaccination. Subsequently, we constructed influenza
GP nanoparticles in a simple, easily manipulated, and productive
mixing/adsorption approach. This vaccine platform possesses
multiple features favorable for enhancing i.n. vaccines’ immuno-
genicity, including high antigen-loading capacity, mucoadhesive
and positive particle surface, and good flexibility for various vac-
cine components. With immunoenhancing features synergizing in
the same particles, GP nanoparticle vaccines facilitate a compre-
hensive immune response, as seen in the study.

Antibody response to influenza HA is an essential attribute for
vaccines designed to prevent influenza virus infection (32, 35).
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Enhancing the magnitude and breadth of antibody responses is
critical for developing highly efficient and broadly protective
influenza vaccines. We found that influenza GP nanoparticles
(GP-H3 and GP-H3/CpG) vaccination potently boosted the an-
tibody responses in systemic sites and mucosal surfaces. We
observed significantly increased antigen-specific IgG levels, HAI
titers, and microneutralization titers in mouse immune sera of
influenza GP nanoparticle groups than the soluble H3 group. We
also detected substantially enhanced cross-reactive antibody ti-
ters against the heterologous Phi and Wis viruses. Moreover,
high-level IgG antibodies were induced against the conserved
HA stalk antigen, indicating more broad protection. On the
other hand, the “antigen reservoir” effect was discovered in GO
nanoparticles in previous studies (36). The cross-reactive IgG
antibodies in mouse sera may benefit from the improved antigen
sustainability necessary for B cell somatic hypermutation/affinity
maturation and class switching in germinal centers, particularly
for weakly immunogenic HA stalk regions (37). Fc-mediated
effector mechanisms, such as antibody-dependent cellular cyto-
toxicity and antibody-dependent cellular phagocytosis, might
contribute to cross-protection (38, 39).

Mucosal immunity driven by IgA is one of the major con-
tributors to influenza virus protection. sIgA is highly effective at
preventing influenza infection at the portal of virus entry. As
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Fig. 6. Protective efficacy against heterologous influenza virus challenge. (A) Morbidity and (B) mortality of mice after challenge. (C) Cross-protective 1gG
endpoint titers against the Phi virus in mice boost sera. (D and E) Phi virus-specific IgG and IgA levels in BALF. (F) Phi virus-specific IgA levels in nasal washes.
(G) Serum hrHA3-specific antibody levels. (H and /) IL-4- and IFN-y-secreting splenocytes under inactivated Phi virus stimulation. The data are presented as
mean + SEM. The statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparison test (*P < 0.05; **P < 0.01; ***P < 0.001;

****p < 0.0001; ns represents no significance, P > 0.05).

sIgA is more broadly reactive than IgG (40), the induced sIgA in
GP nanoparticle groups is also a critical component of the pro-
tective scenario against various influenza virus infections. The
sIgA antibodies in the mucosal washes revealed improved
antibody-binding breadth as well. As an outcome, the improved
antibody breadth conferred the increased cross-protection effi-
cacy in GP nanoparticle-immunized mice.

Cellular responses play crucial roles in the fight against influenza
virus infections. T helper cells are the central players in organizing
an effective immune response. The differentiation of naive helper
T cells into subtypes is programmed by a specific cytokine niche.
TNF-a, as one of the most critical proinflammatory cytokines in
cellular immunity, attracts the migration of immune cells, en-
hancing immune responses. IL-6 could promote the production of
IL-4, a potent cytokine that directs Th2 differentiation. We found
that influenza GP nanoparticles boosted the output of TNF-a and
IL-6 in JAWS II DC cultures. Moreover, the nanoparticle vacci-
nation dramatically increased the generation of IL-4-secreting cells
in mouse spleens and cervical lymph nodes. IL-4 can facilitate the
proliferation and differentiation of B cells into ASCs. These results
were in agreement with the elevated antigen-specific IgG and IgA
ASC populations observed. IFN-y is critical in modulating cellular
immunity and coordinating numerous protective functions in virus
infection. We also observed significantly more IFN-y—producing
lymphocytes, which contributed to both homologous and heterol-
ogous protection in GP nanoparticle vaccination.

We observed strong cellular responses by GP nanoparticle
immunization, including CD8+ T cell responses. Intracellular
cytoplasmatic antigen localization is a prerequisite for the cross-
presentation of extracellular antigens to CD8+ T cells by MHC I
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molecules (41, 42). Previous studies revealed that GO-based
nanoparticles could specifically traffick through an intracellular
cytosolic pathway because of the capability to destabilize intra-
cellular vesicle lipid membranes (43, 44) or via GO-triggered
autophagy (37). Moreover, it is well-documented that PEI
could induce endosomal escape because of the “proton sponge
effect” (45). These intriguing physicochemical characteristics of
GP nanoparticles may contribute to the CD8 T cell responses
and the heterologous protection observed.

As vaccine delivery carriers, GP nanoparticles could simulta-
neously deliver antigens and adjuvants. The large surface area
and high loading capability of GP nanoparticles facilitated multiple
antigens displayed on the surface, resulting in robust interaction
with immune cells through multivalent recognitions. In addition to
the role as a delivery carrier, GP nanoparticles exhibited immu-
nostimulating effects. We demonstrated that GP nanoparticles
significantly promoted antigen internalization in DCs, boosted
proinflammatory cytokine production, and stimulated DC matu-
ration. We observed that antigen-free GP nanoparticles enhanced
DCs generation of IL-6 and expression of CD86, indicating an
inherent immunostimulating effect of the particles themselves. As
GO can destabilize intracellular vesicle lipid membranes (such as
endolysosome) and initiate damage-associated molecular pattern
innate signaling cascades (43, 44), the signaling pathway activation
may partially contribute to the observed immunostimulating effects
of GP nanoparticles. Otherwise, the GP nanoparticle adjuvant
effect deserves to be studied in the future.

CpG ODN is an acknowledged potent mucosal immunomod-
ulator. Despite the excellent adjuvanticity, CpG has not been ap-
proved for human use due to the safety concerns, such as activating
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autoreactive B cells and increasing the risk of autoimmune disease
(46) and the variable magnitude of immune effects in clinical trials
(28). In the absence of any additional adjuvant, the GP nano-
particle significantly boosted antigen-specific immune responses,
conferring complete protection in mice against influenza infection,
comparable to the role of CpG in the H3+CpG mix. The GP
nanoparticles can function as a self-adjuvanted vaccine platform.
The strong self-adjuvant effect of GP nanoparticles masked the
role of CpG coincorporated.

As an emerging biomaterial, the safety profiles, including the
long-term accumulation and clearance of the GP nanoparticles,
need further systematic preclinical evaluation. Previous studies
indicated that GO nanoparticles could be degraded in the pres-
ence of human peroxidase (14). Intravenously injected GO-PVP
nanosheets were excreted in the urine and cleared in the intra-
organs (47). However, some other studies demonstrated that the
GO nanoparticles were retained in the body for 4 wk after mul-
tiple intraperitoneal injections with a high dose (4 mg nano-
particles/kg body weight) in Wistar rats or mice (15, 48), despite
no toxic effects being found on blood parameters and the health
and growth of the animals. Carbon nanomaterials have also been
shown to induce asbestos-like pathogenicity (49). Therefore,
whether GP nanoparticles would be persistent in lungs indefinitely
remains a question at present. Despite no apparent adverse effect
observed in our simple safety study, a more comprehensive eval-
uation is needed before future clinical trials. Nevertheless, our
study gives insights into developing high-performance i.n. vaccine
systems with 2D sheet-like nanoparticles.

In summary, we generated influenza HA/GP nanoparticles for
high-performance i.n. influenza vaccination. The functionalized
GP nanoparticle served as a robust delivery/adjuvant system, sig-
nificantly enhancing the recombinant HA immunogenicity. Im-
munization with influenza GP nanoparticles significantly boosted
the magnitude and breadth of immune responses, conferring both
homo- and heterologous protection. The GP nanoparticle showed
enormous potential as a candidate for developing i.n. vaccines.
With high versatility and flexibility, the GP nanoparticles could be
easily adapted for constructing mucosal vaccines for different
respiratory infectious pathogens.

Materials and Methods

Experimental Design. The objective of this study was to develop a generation
of safe, efficient, and virus-independent influenza i.n. vaccines that induce
cross-protection. To this end, we developed GO-based recombinant influ-
enza HA nanoparticle vaccines. To validate the immunoenhancing effects of
these vaccines, we studied their interaction with JAWS Il DCs. We further
evaluated the immune responses and prophylaxis protection against both
homologous and heterologous influenza strains in mice after i.n. immuni-
zation with these nanoparticles. The number of mice per experimental
group is indicated in the method. Statistical analyses were conducted when
applicable and were included in the figure legends. All animal experiments
were performed in compliance with the Institutional Animal Care and Use
Committee guidelines of Georgia State University.

Materials. GO powder, branched PEI with an average molecular weight of 60
kDa, and N-(3-dimethyl aminopropyl-N-ethylcarbodiimide) hydrochloride
(EDC) were purchased from Sigma-Aldrich. CpG ODN1826 was bought from
InvivoGen. CFSE and BS3 were bought from Invitrogen.

Cell Lines and Viruses. Spodoptera frugiperda (5f9, American Type Culture
Collection (ATCC), CRL-1711) insect cells, JAWS Il murine DCs (ATCC CRL-
11904), and Madin-Darby Canine Kidney cells (MDCK (NBL-2), ATCC CCL-34)
were grown in conditions recommended by the vendor.

Aic, Phi, Wis, and rSH influenza viruses were expanded in embryonated
chicken eggs. Mouse-adapted Aic and Phi were prepared as lung homoge-
nates from i.n.-infected mice. The LDso was determined by the method of
Reed and Muench.

Expression, Purification, and Characterization of Recombinant Trimeric HA.
GCNA4-stabilized Aic HA (H3) was expressed in Sf9 cells by a Bac-to-Bac
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baculovirus expression system (Invitrogen) and purified by a His-tag affinity
method using Ni-NTA resins, as described previously (24). SDS-PAGE followed
with Coomassie Blue (Bio-Rad) staining and Western blots using anti-Aic HA
antibodies was performed to verify the purified H3. The H3 concentration was
determined by a bicinchoninic acid assay kit (Thermo Fisher Scientific). HA
trimerization was determined by BS3 cross-linking at different concentrations
(0, 0.5, 5, and 10 mM) followed by Western blots as previously described (50).

Preparation of GO and GP Nanoparticles. GO nanoparticles were prepared
from GO powder by tip ultrasonication. Briefly, GO powder was resuspended
in Milli-Q water and then sonicated at 100 W in an ice bath for 2 h. GO
particle size was measured at different sonication time intervals by dynamic
light scattering (DLS) with a Malvern Zetasizer Nano ZS (Malvern Instru-
ments). The final GO solution was centrifuged at 6,000 rpm for 5 min to
remove larger particles.

We prepared GP nanoparticles by using Carbodiimide coupling method.
Ten milliliters of GO solution (0.5 mg/mL) was sonicated for 30 min, and then
0.6 mL of PEI solution (50 mg/mL) was added and sonicated for another
30 min. The mixture was activated by adding two batches of EDC (50 mg) at an
interval of 30 min followed by stirring at room temperature overnight. GP
nanoparticles were collected by centrifugation at 15,000 rpm at 4 °C for 2 h
and then repeatedly washed with Milli-Q water to remove the free PEI. GP
nanoparticle pellets were resuspended in pure water and stored at 4 °C in
dark for later use. The concentrations of GO and GP nanoparticles were
determined by their absorbances at 230 nm with a Nanodrop spectrometer
(Thermo Fisher Scientific), according to the Beer—Lambert law (A = ¢lc). Herein,
the mass extinction coefficient (¢) of GO was set as 65 mL - mg‘1 ~em™', as
previously reported (18).

Fabrication and Optimization of GP-H3 and GP-H3/CpG Nanoparticles. GP-based
vaccine formulations were prepared by a simple mixing/adsorption ap-
proach. The loading capability of H3 on the GP nanoparticles was evaluated
via reducing SDS-PAGE. We prepared a series of GP-H3 nanoparticles at six
different weight ratios (2:1, 1:1, 1:2, 1:4, 1:6, and 1:8) under stirring for
20 min at room temperature. The GP-H3 nanoparticles were collected by
centrifugation at 15,000 rpm for 20 min and then dispersed in an equal
amount of phosphate-buffered saline (PBS). The supernatants were kept
separately. Both the nanoparticles and supernatants for all the formulations
were analyzed by 10% SDS-PAGE. The gel was stained with Coomassie blue
and imaged with the ChemiDoc Touch imaging system (Bio-Rad).

In some formulations, CpG was coloaded onto GP nanoparticles with
antigens. We employed agarose gel electrophoresis to investigate whether
all the feeding CpG were complexed and loaded onto the GP nanoparticles.
Soluble CpG, GP-H3/CpG (10:5:1), GP-H3/CpG (10:5:2.5), and H3+CpG mix
were centrifuged at 15,000 rpm for 20 min, and the supernatants were
analyzed by 1% agarose gel electrophoresis. The gel was visualized with
ChemiDoc Touch imaging system (Bio-Rad) to determine the existence of
CpG in the supernatants.

Nanoparticle Characterization. Particle sizes and Zeta potentials of the
resulting nanoparticles were measured by DLS. The GO nanoparticle mor-
phology was characterized by AFM with a Bruker Icon AFM and TEM with a
JEOL 100 CX-II. UV-Vis absorption spectra of the samples were recorded by a
Nanodrop spectrometer (Thermo Fisher Scientific). TGA of the GO and GP
nanoparticles was performed using a TA Q500 instrument under an inert
nitrogen atmosphere. The heating rate and nitrogen flow rate were 10 °C/min
and 50 mL/min, respectively. The maximum temperature was 600 °C.

Cellular Uptake in JAWS Il Cells by Immunofluorescence Imaging. The inter-
nalization profiles of soluble H3 and GP-H3 nanoparticles in JAWS Il cells
were studied by immunofluorescence imaging. JAWS Il cells were seeded at
2 x10° cellsiwell (2 x10° cells/mL, 1 mL) in a 24-well cell culture plate and
treated with soluble H3 or GP-H3 nanoparticles at an H3 concentration of
10 pg/mL. Untreated cells were used as negative controls. After 16-h incu-
bation, the cells were washed twice with Dulbecco’s PBS and then fixed and
permeabilized with BD fixation/permeabilization buffer at 4 °C for 20 min,
followed by blocking with 5% bovine serum albumin for 1 h at room tem-
perature. After washing twice more, the cells were stained successively with
antigen-specific antibodies for 1 h and fluorescent DyLight 649-conjugated
goat anti-mouse IgG antibodies (BioLegend) for 30 min. The cells were
recorded by using a Keyence BZ-X710 fluorescence microscope.

Proinflammatory Cytokine Profiles and Maturation of Stimulated JAWS II Cells.
JAWS Il cells were seeded at 4 x 10 cells/well (4 x 10° cells/mL, 100 ul/well) in
a 96-well cell culture plate, followed by treatment with soluble H3, GP, GP-H3,
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GP-H3/CpG, or H3+CpG mix formulations for 16 h. The final concentration of
H3 was 5 or 10 ug/mL. The ratio of GP:H3:CpG was 10:5:1 (w:w:w). Untreated
cells were used as negative controls. Supernatants were collected for deter-
mining IL-6 and TNF-« levels by using cytokine ELISA kits (Thermo Scientific).
Cells were collected for evaluating the maturation of stimulated JAWS Il cells.
The cell surface marker CD86 was determined by flow cytometry, as previously
described (51). Data were analyzed with the FlowJo software.

Immunization, Sample Collection, and Challenge. Female BALB/c mice (6 ~ 8 wk
old, n = 20) were i.n.-immunized with 30 uL of soluble H3, GP-H3, GP-H3/
CpG, or H3+CpG in saline (5 pg of H3 protein per mouse). Mice were vacci-
nated twice at an interval of 4 wk.

Prime sera were collected 3 wk post-priming immunization, and boost sera
were collected 3 wk post-boosting immunization (n = 7). Nasal washes and
BALF (n = 3 to 4) were collected 3 wk after boosting immunization by
flushing the respective cavities with 1 mL of cold sterile PBS and then
centrifuged at 10,000 rpm for 5 min. Spleens, CLNs, and NALTs of the im-
munized mice (n = 4) were isolated 3 wk after boosting immunization.
Single-cell suspensions were obtained by gently grinding tissues with frosted
microscope slides. Splenocytes were harvested after treating with red blood
cell lysis buffer.

Mice (n = 5) were i.n.-challenged with 15x LDs, of mouse-adapted Aic or
2x LDsg of Phi in 30 pL saline 4 wk after the boosting immunization. Mouse
body weight loss and survival rates were recorded daily for 2 wk postin-
fection. A weight loss exceeding 20% was used as a humane endpoint. Mice
were killed and lung tissues were isolated for lung viral titer determination
and histological analysis 5 d postinfection with Aic.

Safety Evaluation of GP-H3 Nanoparticles. Mouse body weight was monitored
for 7 d postvaccination. Histological examination of mouse nasal mucosa and
lung tissues was performed with hematoxylin and eosin (H&E) staining 24 h
and 7 d postvaccination, respectively. The nasal cavities were decalcified with
ethylene diamine tetraacetic acid disodium salt solution, followed by cry-
osectioning and H&E staining. Lung tissues were paraffin embedded, fol-
lowed by sectioning and H&E staining.

Antibody ELISA, HAI Assay, and Viral Neutralization Assay. Antibody ELISA was
performed as previously described (52). The virus (Aic, Phi, Wis, or rSH) or H3-
specific IgG, IgA, or IgE antibody endpoint titers in sera, nasal washes, or
BALF samples postimmunization were tested. The highest dilution with an
ODgyso twice that of the naive group was used as the endpoint titer. HAI
titers of mouse boost immune sera were determined as previously described
(53). Sera samples were pretreated with receptor destroying enzyme (Denka
Seiken Co., Ltd) overnight at 37 °C and then heat inactivated at 56 °C for
30 min before the test. Turkey red blood cells (0.5%) were used for this
assay, and the highest dilution able to inhibit virus hemagglutination was
used as the HAI titer.

The median TCIDso of Aic and Phi viruses were determined according to
Reed and Muench method. Twofold serial dilutions of heat-inactivated (56
°C for 30 min) mouse boost immune sera in Eagle’s minimal essential me-
dium (EMEM) (50 pL) were mixed with 100-fold TCIDso of Aic or Phi virus in
EMEM (50 pL) for 2 h at 37 °C. After incubation, the mixture was added to
MDCK cell monolayers (100 pL/well, 1.5 x 10° cells/mL, with 2 pg/mL of TBCK-
trypsin) and incubated for 3 d at 37 °C. A standard hemagglutination assay
was used to determine virus inhibition.

Enzyme-Linked Immunospot Assay. Cytokine Enzyme-linked immunospot
(ELISpot) assay (BioLegend) was performed to analyze IL-4- or IFN-y—secreting
cells. Briefly, splenocytes or CLN cells (3 x 10° cells/mL, 100 pLiwell) were
seeded into 96-well filtration plates (MultiScreen-HA, Millipore) that were
pretreated with anti-mouse IFN-y or IL-4 antibodies and then stimulated with
H3 (4 ng/mL) for 24 h at 37 °C. After removing cells, plates were incubated with
biotin-conjugated IFN-y or IL-4 detection antibody at 37 °C for 1 h, followed by
the addition of horseradish peroxidase (HRP)-streptavidin for another 1 h. True
Blue Peroxidase substrate (KPL) was used to develop spots, and spots were
recorded with Bioreader-6000-E (BIOSYS).

B cell ELISpot assay was used to evaluate the antigen-specific ASCs. Briefly,
96-well filtration plates were precoated with H3 proteins (50 pL/well, 4 pg/mL)
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overnight at 4 °C, washed, blocked, and then splenocytes or NALT cells (3 x 108
cells/mL, 100 pL/well) were seeded and incubated overnight at 37 °C. After
removing cells, HRP-conjugated anti-mouse IgG or IgA antibodies were added
for 1 h at room temperature. True Blue Peroxidase substrate was used to
develop spots. Results were recorded with Bioreader-6000-E.

Proliferation Assay by CFSE Staining. The proliferation ability of splenocytes
was evaluated by using the CFSE Cell Proliferation Assay Kit (Invitrogen).
Splenocytes were stained with CFSE at 37 °C for 10 min, washed with com-
plete Roswell Park Memorial Institute medium 1640 thoroughly, and then
seeded into 24-well plates (1 x 10° cells/well) and incubated with H3 (5 ng/
mL) for 60 h. The cells were then harvested and stained for 30 min at 4 °C
with anti-mouse PE-Cy7-anti-CD4 and PE-Cy5-anti-CD8x antibodies (Biol-
egend) in the presence of Fc blocker. After washing and resuspending in
flow cytometry staining buffer (PBS + 5% fetal calf serum), the cells were
measured with a BD LSRFortessa flow cytometer (BD biosciences). Data were
analyzed using the FlowJo software (FlowJo LLC). The splenocytes from
naive mice were used as control.

Analysis of T Cell Subpopulations. The CD3+CD4+ and CD3+CD8+ T cell sub-
populations in spleens of immunized mice were analyzed by flow cytometry.
Briefly, splenocyte suspensions (1 x 10° cells/mL, 1 mL/well) were seeded into
24-well plates and restimulated with H3 (5 pg/mL) for 36 h at 37 °C. The cells
were harvested and stained for 30 min at 4 °C with PE-anti-CD3e, PE-
Cy7-anti-CD4, and PE-Cy5-anti-CD8u antibodies. After washing and resus-
pending in flow cytometry staining buffer, the cells were detected with a BD
LSRFortessa flow cytometer and analyzed with the FlowJo software.

Histological Analysis After Virus Infection. On day 5 postinfection with Aic
virus, mice were euthanized. Lung tissues were isolated, fixed with 10%
neutral buffered formalin overnight at 4 °C, dehydrated, and then embed-
ded in paraffin, followed by sectioning and H&E staining. The tissue sections
were recorded by a Keyence BZ-X710 microscope and examined by five
unbiased pathologists. The degree of leukocyte infiltration was scored on a
scale of 0 to 5. Scores were given as absent (0), subtle (1), mild (2), moderate
(3), severe (4), and massive (5).

Lung Viral Titration. Lung tissues were homogenized and supernatants were
cleared by centrifugation at 10,000 rpm for 10 min at 4 °C 5 d postinfection
with the Aic virus. The 10-fold serial dilutions of lung supernatants (100 uL)
were added to the prepared 96-well plates containing MDCK cells (1.5 x 10°
cells/mL, 100 pL) and cocultured for 5 d. A standard hemagglutination assay
was carried out to determine viral titers in the supernatants by the
Reed-Munchen method.

Evaluation of Inflammatory Cytokine Levels in BALF. To evaluate the pulmo-
nary immunopathology caused by a virus infection, inflammatory cytokine
(TNF-a, IL-12, and IL-6) levels in the BALF of infected mice were measured
according to the cytokine ELISA kit's instructions (Thermo Scientific).

Statistical Analysis. All data were represented as means with the SEM. Sta-
tistical significance was analyzed by the one-way ANOVA. A probability value
(P) of less than 0.05 is considered statistically significant. Survival rate statistical
analysis was performed with the Log-rank (Mantel-Cox) test. The analysis was
performed with GraphPad Prism 8 program (GraphPad software).

Data Availability. All study data are included in the article and/or S/ Appendix.
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