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Purpose: Influenza virus remains a serious burden to global public health. Current influ-
enza vaccine fails to provide impeccable protection efficacy to the annual seasonal influ-
enza and cannot offer a timely response to potential pandemic influenza. It is necessary
to develop next generation influenza vaccines to solve the current dilemma.

Materials and Methods: We developed a recombinant, self-assembling ferritin nanopar-
ticle that presents the extracellular domain of the influenza hemagglutinin antigen on its
surface, designated as ferritin-HA. After characterizing its structure and properties, we
evaluated its capacity to trigger an immune response and offer protection against influ-
enza virus challenge in a mouse model.

Results: The recombinant ferritin-HA protein expressed in Chinese hamster ovary cells
assembles into nanoparticles of a defined size. This nanoparticle vaccine enhances the
uptake efficiency of Dendritic cells and promotes their maturation. Immunization with
ferritin-HA nanoparticle in mice induced high levels of immunoglobulin G, hemagglutina-
tion inhibition antibodies, and microneutralization antibodies, demonstrating their stron-
ger immunogenicity compared to current split virion vaccines. Additionally, ferritin-HA
nanoparticle conferred well protection against a lethal challenge with a heterologous
H3N2 influenza virus in mice.

Conclusion: This study indicates that a self-assembling ferritin-HA nanoparticle has great
potential for enhancing immune response and protective efficacy in mice, presenting a
promising strategy for developing next generation influenza vaccine candidate.

Keywords: Influenza; Ferritin; Nanovaccine; Humoral immunity

Influenza, a severe acute respiratory disease, is caused by the influenza virus and
affects 5%-15% of the global population, causing up to 650,000 deaths annually [1-3].
Vaccination is the most effective way to prevent seasonal and pandemic influenza
caused by influenza viruses. However, the overall effectiveness of currently approved
influenza vaccines ranges from 40% to 60% due to several reasons [4], including
the mismatch between circulating strains and vaccine strains, rapid antigen drift
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(especially in the H3N2 virus), and adaptive mutations
during vaccine production in chicken embryo [5-9].

Recombinant protein vaccine technology circumvents
the adaptive mutations that occur in chicken embryos,
enabling rapid and precise expression of key viral anti-
gens. Nanoparticle vaccines represent a crucial category of
recombinant protein vaccines, with ferritin emerging as a
promising carrier for vaccine delivery in recent years. Ferritin
can self-assemble into nanoparticles that present antigens on
their surface and deliver antigens or drugs within their inner
cavities. Furthermore, its excellent biocompatibility, biode-
gradability, stability, and surface modifiability make ferritin
an ideal candidate for vaccine development [10].

Ferritin-based recombinant nanoparticle vaccines
have been utilized in the development of various vaccines,
including those for Epstein-Barr virus [11], human immu-
nodeficiency virus [12], respiratory syncytial virus [13], and
severe acute respiratory syndrome coronavirus 2 [14,15]. The
candidate influenza vaccine H1ssE using ferritin to display
the hemagglutinin (HA) stem region, has completed phase 1
clinical trials with positive results, indicating the potential of
the ferritin platform in influenza vaccine development [16,17].

In this study, we designed an influenza nanoparticle vac-
cine candidate based on a self-assembling ferritin derived
from the non-heme ferritin of Helicobacter pylori. Using the
self-assembling properties and unique spatial site resistance
of ferritin, we displayed the extracellular domain of the HA
from influenza virus A/Darwin/9/2021 (H3N2) on its sur-
face. HA was inserted at the interface of adjacent subunits
so that it spontaneously assembles and generates eight tri-
meric HA on its surface. Meanwhile, we aimed to determine
the immune responses and its protective effect in mice.
The results demonstrated that ferritin-HA elicited a strong
humoral response, producing higher levels of virus specific
immunoglobulin G (IgG), hemagglutination inhibition
(HI) antibodies, and microneutralization (MN) antibodies
compared to the monovalent split virion influenza vaccine.
Additionally, it induced neutralizing antibodies against the
virus of A/Guizhou/54/1989 (H3N2) and provided partial
protection to mice against this virus.

Cells, vaccines, proteins and viruses

ExpiCHO-S cells were cultured in serum-free medium
(ExpiCHO Expression Medium; Gibco, Waltham, MA,
USA), while Madin-Darby Canine Kidney (MDCK) cells
were cultured in complete Dulbecco’s Modified Eagle's
Medium (DMEM; Gibco) with 10% fetal bovine serum

(Gibco). JAWS 1I cells were cultured in Minimum Essential
Medium-a (JAWS II Specialized Medium; Saios Chemical
Instrument Co., Ltd., Wuhan, China) supplemented with
20% fetal bovine serum, 5 ng/mL murine granulocyte mac-
rophage-colony stimulating factor, and 1% glutamine.

The egg-based monovalent influenza split virion vac-
cine (MIV) of A/Darwin/9/2021 (H3N2) virus strain was
prepared by the Shanghai Institute of Biological Products
(Shanghai, China).

Recombinant ferritin (Zhongsheng Biologicals, Beijing,
China) was used as a control for mouse immunization.

The mouse-adapted influenza virus A/Guizhou/54/1989
(H3N2) used for the challenge study was amplified in 8-10
days old specific pathogen free (SPF) chicken embryos, then
sub-packed and stored at -80°C.

Design and production of recombinant ferritin-HA protein
Based on the codon preferences of CHO cells, we optimized
and synthesized the gene sequence encoding the ferritin-HA
DNA (GenScript, Nanjing, China) (extracellular segment of
HA [1-529] from A/Darwin/9/2021 [H3N2] virus; GenBank:
WND60806.1) and inserted it into the expression plas-
mid pcDNA3.4. To stabilize the HA conformation, amino
acid residues at the HA1 and HA2 junction were modified
(P340A, E350A, Q352S, T353S, R354A) [18]. The ferritin com-
prised residues 5-167 (GenBank: NP_223316) and introduced
a point mutation (N19Q) to eliminate potential N-linked gly-
cosylation sites. A flexible linker (Ser-Gly-Gly) was used to
connect the C-terminus of HA and the N-terminus of ferri-
tin. Eight repeated histidine tags were appended after the
HA signal peptide (1-16) to facilitate protein purification.

The expression vector was transfected into ExpiCHO-S
cells using ExpiFectamine (Gibco), and the supernatant was
collected after 10 days of culture. Nanoparticles were puri-
fied through nickel affinity chromatography (GE Healthcare,
Chicago, IL, USA) and dialyzed overnight in phosphate-buff-
ered saline (PBS; pH 7.4). The purified protein was verified
by Western blot using a mouse anti-His tag antibody (Merck,
Carrigtwohill, Ireland), with chemiluminescent detection
performed on Hyperfilm™ ECL™ film (Cytiva, Marlborough,
MA, USA) and imaged using the Azure Imaging System
(Azure Biosystems, Dublin, CA, USA). The protein was con-
centrated using 100 kDa ultrafiltration tubes (Amicon Ultra;
Merck), and its concentration was measured by the BCA
method (Thermo Fisher Scientific, Waltham, MA, USA). The
purified protein was then sterilized by filtration, aliquoted,
and stored at —80°C.

Characterization of recombinant ferritin-HA protein
To characterize the morphology of the nanoparticles, we
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used dynamic light scattering with a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) to determine their
size. Transmission electron microscopy (TEM; JEOL Ltd.,
Akishima, Japan) was employed to capture images and
confirm the protein’s actual structure. The oligomeric ratio
and purity of the ferritin-HA were analyzed via High Per-
formance Liquid Chromatography (HPLC), using a Zenix-C
SEC-150 column (Sepax Technologies, Suzhou, China) on an
Agilent 1260 Infinity IT system (Agilent Technologies, Santa
Clara, CA, USA).

Visualization of antigen uptaking and maturation of
dendritic cells (DCs)
To assess the uptake of ferritin-HA and MIV by DCs, JAWS
II cells (mouse bone marrow-derived immature DCs) were
seeded at a density of 1x10° cells/well in 12-well plates and
cultured at 37°C for 24 hours. Equal amounts of Alexa Fluor
488-labeled MIV and ferritin-HA (Abcam, Cambridge, MA,
USA) were added and incubated at 37°C for another 24
hours. Cells were washed twice with PBS and imaged by
a confocal microscope (IXplore SpinSR, Olympus, Japan).
To assess the ability of ferritin-HA and MIV to induce
DCs maturation, JAWS II cells were seeded at a density of
1x10° cells/well in 24-well plates. After 24 hours of culture, 50
g of ferritin-HA or MIV was added to the wells and co-cul-
tured for 36 hours. Cells were collected and stained for
CDA80, and flow cytometry was performed using the Attune
NxT Acoustic Focusing Cytometer (Invitrogen, Waltham,
MA, USA).
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Vaccination and challenge

SPF female BALB/c mice, aged 4 to 6 weeks, were purchased
from Zhejiang Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). The animal experimental proto-
col (protocol number: 2023006) was approved by the Animal
Management Committee and the Animal Ethics and Wel-
fare Protection Group of the Shanghai Institute of Biological
Products. All animal experiments adhered to the animal eth-
ics guidelines of the National Health and Medical Research
Council of China.

For the immunogenicity study, 4 to 6-week-old BAL-
B/c mice were intramuscularly injected twice with the
ferritin-HA nanoparticle vaccine at 21-day intervals, with
HA doses of 0.15, 0.015, or 0.015 pg combined with 0.5 mg/
mL aluminum hydroxide (Al{[OH]s; Life Science, Nanjing,
China). Another group received an injection of MIV con-
taining 0.15 ug HA. The PBS group and the 0.15 pg ferritin
group served as control groups. Blood samples were col-
lected on day 21 and 42 and stored at —20°C for subsequent
serological analysis.

For the challenge study, immunized BALB/c mice were
challenged with 5xLDj, of the A/Guizhou/54/1989 (H3N2)
virus on day 28 post the final immunization. The clinical signs
of the mice were monitored daily, and their body weights were
recorded each day. Five days post-challenge, the right lung
of each mouse was harvested for homogenization (Fig. 1).
The infectious virus in the lung homogenates was deter-
mined by the 50% tissue culture infectious dose (TCIDs)
assay with MDCK cells, as described previously [19].
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Fig. 1. Schematic of the immunization, virus challenge and sampling strategy. BALB/c mice received intramuscular injections of the ferritin-

HA vaccine following a primary-boost immunization protocol, followed by viral challenge and tissue sampling. Blood samples were collected
from the tail vein on day 21 post both the prime and boost immunization, with spleen samples collected on day 21 post boost immunization.

On day 28 post boost immunization, mice were challenged with a lethal dose (5xLDs) of A/Guizhou/54/1989 (H3N2) virus. Body weight and

survival were monitored for 14 days post-challenge. Lung tissue samples were collected on day 5 post challenge and analyzed for residual

viral load and pathological changes.
HA, hemagglutinin; T, follicular helper T; GC, germinal center.
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Enzyme-linked immunosorbent assay (ELISA)

MIV or trimeric HA protein (Sino Biological, Beijing, China)
was coated onto high-binding clear flat-bottom 96-well
plates at 500 ng/well and incubated overnight at 4°C. Mouse
sera were serially diluted 2-fold and added to the plates,
then incubated overnight at 4°C. After washing, horserad-
ish peroxidase-conjugated anti-mouse IgG, IgG1, or IgG2a
(SouthernBiotech, Homewood, AL, USA) was added and
incubated at 37°C for 1 hour. TMB substrate was used for
color development. After the reaction was stopped with sul-
furic acid, optical density values were read at 450 nm by a
microplate reader (SpectraMax i3x; Molecular Devices, San
Jose, CA, USA). Results exceeding the mean optical density
of the negative control group+2 x standard deviation (SD)
were considered positive. IgG titers were expressed as the
highest dilution producing a positive reaction [19].

HI assay

Functional antibodies inhibiting hemagglutination were
quantified using a HI assay. Sera were treated with recep-
tor-destroying enzyme (RDE; Denka Seiken, Tokyo, Japan)
for 18 hours at 37°C and subsequently heat-inactivated at
56°C for 30 minutes. Fifty microliters of pre-treated serum
were tested in twofold serial dilutions, beginning with a 1:10
dilution. The serum was mixed with an equal volume of 4
hemagglutination units of either A/Darwin/9/2021 (H3N2)
virus or A/Guizhou/54/1989 (H3N2) virus and incubated
for 1 hour at room temperature. After incubation, 50 pL of
a 1% guinea pig red blood cell suspension was added to
the mixture, and hemagglutination activity was assessed
by observing the plate after 60 minutes at room tempera-
ture. The HI titer was defined as the reciprocal of the highest
serum dilution showing >50% hemagglutination inhibition.
The detection limit for the assay was a serum dilution of 1:10,
and samples with undetectable HI activity were assigned a
value of 10 [20].

MN assay

The influenza virus neutralizing antibody titers were mea-
sured according to the protocol recommended by the
World Health Organization (WHO). Briefly, serum samples
treated with RDE were diluted 2-fold using DMEM con-
taining 5 pg/mL TPCK-treated trypsin (Sigma-Aldrich, St.
Louis, MO, USA). An equal volume of the virus, at a con-
centration of 100 TCIDs,/50 pL, was added to the diluted
serum and incubated at 37°C for 1 hour. The mixture was
then added to MDCK cells (2x10* cells per well) and incu-
bated for 72 hours at 37°C with 5% CO,. Afterwards, freshly
prepared 1% guinea pig red blood cells were added, and
the samples were observed 1 hour later. Neutralizing titers

per milliliter of serum were calculated using the Reed and
Muench method [20].

Histopathology

On day 5 post influenza virus challenge, the mice were
euthanized. The left lung lobe from each mouse was fixed
in 4% paraformaldehyde and embedded in paraffin follow-
ing standard histological procedures. The lung tissues were
then sectioned and stained with hematoxylin and eosin.
Images of the stained lung tissues were captured using a
Pannoramic Desk/Midi/250/1000 slide scanner and ana-
lyzed with CaseViewer2.4 software (both from 3D Histech,
Budapest, Hungary).

Statistical analysis

Experimental data were analyzed using Prism 10.2.2 software
(GraphPad, San Diego, CA, USA). Comparisons between 2
groups were performed using a t-test, while one-way analy-
sis of variance was used for comparisons among more than
2 groups. All results are presented as mean + SD.

Protein sequence alignment was performed using Snap-
Gene 6.0.2 (Insightful Science, San Diego, CA, USA) with the
local alignment (Smith-Waterman) algorithm.

Protein structure analysis was conducted using homol-
ogy modeling in SWISS-MODEL (https://swissmodel.
expasy.org). The model protein was obtained from the PDB
database. Subsequently, the structures of different proteins
were visualized, aligned, and analyzed using ChimeraX 1.9.0.

Generation and characterization of recombinant
ferritin-HA nanoparticles

Recombinant ferritin-HA nanoparticles (Fig. 2A) were
expressed in CHO-S cells and purified using nickel affinity
chromatography. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis analysis revealed a prominent band with
an approximate molecular weight of 100 kDa (Fig. 2B), while
the SEC chromatogram obtained via HPLC displayed a sin-
gle major peak (Fig. 2D). Hemagglutination assays confirmed
that the ferritin-HA protein retained its natural hemagglu-
tinating activity (Fig. 2B). Dynamic light scattering analysis
showed that the ferritin-HA nanoparticles predominantly
measured around 40 nm in diameter (Fig. 2C), consistent
with the TEM images (Fig. 2E). TEM further revealed that the
ferritin-HA nanoparticles featured a bright spherical core
with multiple radial spikes. These results suggest that the
recombinant ferritin-HA protein successfully self-assem-
bling into uniformly sized nanoparticles.
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Fig. 2. Identification and characterization of ferritin-HA nanoparticles in vitro. (A) Schematic diagram of the design of ferritin-HA. (B) Western
blot identification, SDS-PAGE analysis, and hemagglutination activity assay of ferritin-HA. (C) The particle size of ferritin-HA nanoparticles
was around 40 nm in diameter analyzed by dynamic light scattering. (D) The purity of ferritin-HA nanoparticles was over 95% detected by
High Performance Liquid Chromatography. (E) Transmission electron microscope image of ferritin-HA nanoparticles (detailed protocols for all

analyses were provided in the MATERIALS AND METHODS section).
HA, hemagglutinin; SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; MIV, monovalent influenza split virion vaccine; PBS, phosphate-
buffered saline.

Ferritin-HA nanoparticles enhanced antigen uptaking showed that DCs treated with ferritin-HA nanoparticles
and maturation of DCs exhibited higher fluorescence intensity compared to MIV
To analyze the ability of ferritin-HA nanoparticles to be  (Fig. 3A). Additionally, the upregulation of CD80 molecules
delivered by DCs and promote DCs maturation, we incu-  on the surface of DCs in the ferritin-HA group was notably
bated fluorescently labeled ferritin-HA nanoparticles or  higher than that in the control group (NEG) and approxi-
MIV with JAWS II cells for 24 hours, the uptaking of the pro-  mately 10% higher than in the MIV group (81.25% vs. 70.04%,
teins was observed using confocal microscopy. The results  p<0.0001) (Fig. 3B). These findings suggest that ferritin-HA
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Fig. 3. The ferritin-HA nanoparticles effectively promoted antigen uptake and maturation of JAWS Il cells. Fluorescence images (A) showing
the uptake of AlexaFluor-488-labeled (green) ferritin-HA nanoparticles or MIV by JAWS Il cells. The proportion of CD80* JAWS Il cells (B)

after 24 hours of stimulation with ferritin-HA nanoparticles or MIV.

HA, hemagglutinin; MIV, monovalent influenza split virion vaccine; NEG, control group.

nanoparticles effectively enhance antigen uptake and pro-
mote DCs maturation.

Ferritin-HA vaccine induced robust humoral immune
responses

To investigate the immunogenicity of the vaccine formu-
lation, mice were immunized intramuscularly twice with
various doses of ferritin-HA alone or in combination with
Al(OH); adjuvant. Sera were collected from the mice at
21-day intervals for further analysis.

The titers of HA specific total IgG in serum were mea-
sured by ELISA. We found that the vaccine induced IgGs
reactive to MIV or trimeric HA protein, with a dose-depen-
dency. Following intensive immunization, MIV-induced IgG
levels were higher than those induced by 0.015 pg ferritin-HA
(Fig. 4A), likely due to the presence of additional viral anti-
genic components in MIV. The IgG, reactive to trimeric HA
protein, induced by 0.015 pg ferritin-HA alone or combined
with AI(OH), were significantly higher than those induced
by MIV post boost (p<0.0001) (Fig. 4B).

IgG1 or IgG2a can indirectly reflect the bias towards Th1
or Th2 immune responses [21]. The levels of IgG1 or IgG2a
showed a similar trend to that of IgG post boost. The ratio
of IgG2a/IgG1 was closer to 1 in mice immunized with the
ferritin-HA alone or in combination with AI(OH); compared
with MIV (Fig. 4C), suggesting that the ferritin-HA induced
amore balanced Th1 and Th2 response.

HI antibody titers are classic indicators for evaluating the
immunogenicity of influenza vaccines. All vaccinated mice
elicited no less than 1:40 HI levels post prime. Following the
booster vaccination, the HI titers produced by 0.015 g fer-
ritin-HA combined with Al(OH); reached as high as 1:1,280,
approximately five times higher than those induced by MIV
(p<0.05) (Fig. 4D).

We further evaluated the MN antibody response, which
is crucial for assessing the ability of antibodies to inhibit viral
entry or replication. Ferritin-HA paired with AI(OH); adju-
vant induced an MN antibody titer of 1:1,778 against the A/
Darwin/9/2021 (H3N2) virus, which was higher than the
titer induced by 0.15 pg ferritin-HA and 0.015 ug MIV, though
the difference was not statistically significant (Fig. 4E). We
also assessed the vaccines’ ability to induce cross-neutral-
izing antibodies. The levels of MN antibody levels induced
against the A/Guizhou/54/1989 (H3N2) virus were consis-
tent with those against the A/Darwin/9/2021 (H3N2) virus
in each vaccine group. However, the MN antibody titers
against A/Guizhou/54/1989 (H3N2) were significantly lower,
amounting to only one-tenth of the values observed against
A/Darwin/9/2021 (H3N2). Notably, ferritin-HA combined
with Al(OH); adjuvant produced significantly higher levels
of cross-neutralizing antibodies than MIV (p<0.001) (Fig. 4F).

Given that B-cell proliferation and affinity maturation
within the germinal center depend heavily on coordinated
T-cell support, which is crucial for an efficient humoral
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Fig. 4. The ferritin-HA nanoparticle vaccination elicited humoral immune responses. The MIV-specific IgG antibodies (A), trimeric HA protein-
specific IgG antibodies (B), and MIV-specific IgG1 and IgG2a antibodies (C) in mice (n=7) serum were quantified by ELISA on day 21 post
prime and boost immunization. (D) The HI detection against A/Darwin/9/2021 (H3N2) virus on day 21 post prime and boost immunization
(n=7). (E) The MN antibody levels against A/Darwin/9/2021 (H3N2) virus or (F) A/Guizhou/54/1989 (H3N2) virus on day 21 post boost
immunization. The proportions of (G) PD-1* CXCR5* Ty cells and (H) GL7* CD95* GC B cells in spleen of mice were analyzed by flow cytometry
(n=5). Data significance was determined using one-way ANOVA.
HA, hemagglutinin; MIV, monovalent influenza split virion vaccine; IgG, immunoglobulin G; ELISA, enzyme-linked immunosorbent assay; Hl, hemagglutination

inhibition; Ty, follicular helper T; GC, germinal center; ANOVA, analysis of variance; PBS, phosphate-buffered saline.

*p<0.05, **p<0.01, “**p<0.001, ****p<0.0001.
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immune response[22,23], we aimed to investigate whether
the ferritin-HA vaccine could further demonstrate its effi-
cacy by enhancing the number of follicular helper T (Tg)
and germinal center (GC) B cells in the spleen. The pro-
portion of CXCR5* PD-1* Ty cells activated by the 0.015
ug ferritin-HA was significantly higher than that of MIV
(p<0.01) (Fig. 4G). As expected, the ferritin-HA combined
with Al(OH), also induced a remarkably higher propor-
tion of GC B cells (GL7* and CD95*) compared to the MIV
(p<0.01) (Fig. 4H), implying that the ferritin-HA has a supe-
rior ability to promote GC B cells maturation.

Protective efficacy of ferritin-HA vaccine against
influenza virus challenge in mice

Studies have shown that vaccines based on the ferritin car-
rier exhibit enhanced cross-protection [24], and adjuvants
can further amplify these effects [25]. Therefore, we further
assessed whether the ferritin-HA could provide protection
against the challenge of heterologous A/Guizhou/54/1989
(H3N2) virus.

All mice in each group experienced weight loss and
infection symptoms post challenge. The mice in control
groups (PBS, ferritin) suffered severe disease reactions and
all died by day 9 (mice with weight loss greater than 25%
were euthanized). Mice vaccinated with ferritin-HA plus
Al(OH); adjuvant only lost about 15% of their body weight
and began to recover by day 6 (Fig. 5A).

Survival rates were consistent with weight change trends.
Almost all groups showed varying degrees of protection
against influenza virus, except for the control groups and
the 0.015 pg ferritin HA group. About 20% (n=9) of the mice
survived in MIV group, while the same dose of ferritin-HA
provided 30% (n=9) protection. The addition of adjuvants
further enhanced the protective effect, and the combined
immunization of ferritin-HA and Al(OH); provided 100%
protection (n=9) (Fig. 5B). These results attested that the
ferritin-HA, especially when used in combination with
an aluminum adjuvant, significantly enhanced protection
against influenza virus challenge in mice.

Timely clearance of the virus following influenza
infection is crucial for recovery. We assessed the resid-
ual viral load in the lungs of mice using the TCID;, assay
and found that mice immunized with the adjuvanted fer-
ritin-HA vaccine had significantly lower viral titers on day
5 post-challenge compared to the control group (Fig. 5C).
Additionally, lung histopathology analysis performed on day
5 revealed that samples from the PBS control group exhib-
ited alveolar septal thickening, mixed inflammatory cell
infiltrates, diffuse perivascular necrosis, and inflammation
around the bronchi and blood vessels (Fig. 5D). In contrast,

the adjuvanted ferritin-HA group showed a marked reduc-
tion in inflammation around the bronchi, with the alveolar
structure largely intact. These findings suggest that the fer-
ritin-HA vaccine provides strong heterologous protection
against influenza virus in the murine model.

WHO annually recommends candidate strains for influenza
vaccine production based on global surveillance data. How-
ever, antigenic mismatches between vaccine strains and
circulating strains influenza viruses still pose a challenge
to the current protective efficacy of influenza vaccines. Thus,
until broad-spectrum influenza vaccines become a reality,
there is an urgent need for next-generation influenza vac-
cines with effective designs or formulations.

In this study, we successfully developed a recombi-
nant protein-based nanoparticle vaccine by displaying the
extracellular domain of the influenza HA trimer on ferritin.
The nanoparticle’s self-assembling into well-defined parti-
cles highlights its feasibility as a vaccine platform. Previous
studies have used HA or other trimeric structures for simi-
lar purposes, demonstrating promising immunogenicity and
protective effects in different animal models [11-15,26]. Fer-
ritin has proven to be a versatile scaffold for presenting HA
trimers and forming particles that mimic viral structures, this
capability to mimic virus particles and form protein trimers
has been validated in several studies [26,27]. This reinforces
its potential for use in next-generation influenza vaccines.

Several studies have shown that spherical nanopar-
ticle structures such as PLGA or ferritin exhibit superior
performance in promoting DC cell function and inducing
influenza-neutralizing antibodies [26,28,29]. Similarly, we
observed that ferritin-HA nanoparticles could promote the
antigen uptake capability and maturation of DCs, and ele-
vate the levels of induced HI and MN antibodies. Besides,
Immunization with the ferritin-HA nanoparticles signifi-
cantly increased the proportions of Ty; and GC B cells in
the spleen of mice compared to the MIV, which is in concor-
dance with the studies on ferritin-based COVID-19 vaccines.
This may represent a key mechanism by which ferritin
nanoparticle vaccines enhance the immune response, par-
ticularly the antibody response [30].

During our study, we found that ferritin induced some
level of cross-protection against a heterologous virus, and
previous research has shown that HA2, when paired with
ferritin, can mediate strong cross-protection [31]. Our fer-
ritin-HA nanoparticle vaccine, which focuses on the HA
trimer, may similarly induce cross-reactive antibodies
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Fig. 5. The ferritin-HA nanoparticle vaccination protected mice from heterologous influenza virus challenge. BALB/c mice were challenged
intranasally with a lethal dose (5xLDs) of A/Guizhou/54/1989 (H3N2) influenza virus on day 28 post boost immunization. The body weight
changes (A) and survival rates (B) of the mice (n=9) were monitored for 14 days. The lung viral titers (C) and hematoxylin and eosin staining of
the lung was performed on day 5 post-challenge (D). Data significance was quantified using one-way ANOVA.

HA, hemagglutinin; ANOVA, analysis of variance; MIV, monovalent influenza split virion vaccine; PBS, phosphate-buffered saline; TCIDs, 50% tissue culture

infectious dose.
*p<0.05, ***p<0.001.
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targeting the conserved HA2 fusion domain. This domain
plays a crucial role in viral membrane fusion and is a
major target for broad-spectrum neutralizing antibodies.
The structural stability provided by ferritin ensures proper
presentation of the HA2 epitope, potentially inducing
HAZ2-specific antibodies that contribute to cross-protec-
tion against different influenza strains [27]. This hypothesis
aligns with the observed cross-protection conferred by our
vaccine in mice.

To explore the reasons for the heterologous protec-
tion induced by the ferritin-HA, a comparison of the HA1
amino acid sequences of A/Guizhou/54/1989 (H3N2) and
A/Darwin/9/2021 (H3N2) strains revealed approximately
91% homology (Fig. 6A). The K189Q mutation involves the
190 helix of the receptor-binding site (RBS), and the K1561
mutation is located at the periphery of the receptor-binding
domain (Fig. 6B) [32,33]. Additionally, other amino acid sites
in the RBS region exhibited varying degrees of mutation, sug-
gesting that neutralizing antibodies might target the more
conserved stem region of HA antigen. It has been shown
that ferritin-based trimeric HA has a spatial structure closer
to the native fold of the real virus than trimeric HA based

on foldon. This structural similarity could more effectively
mimic viral antigen epitopes, enhance immunogenicity and
increase the production of HA antibodies, thereby enhancing
the protective efficacy of the vaccine [27] and suggests that
future studies should further investigate the role of HA2-tar-
geting antibodies in this protective mechanism.

In conclusion, this study demonstrates that our self-as-
sembling ferritin-HA nanoparticle vaccine, displaying the
extracellular domain of the HA from H3N2 influenza virus,
holds great potential as a next-generation influenza vac-
cine candidate. The ferritin-HA nanoparticles significantly
enhanced humoral immune responses, including elevated
levels of IgG, HI, and MN antibodies, compared to traditional
split virion influenza vaccines. Furthermore, the vaccine
promoted stronger antigen uptake and maturation of DCs,
which are crucial for an effective immune response. When
used in conjunction with aluminum adjuvant, it provided
complete protection against a lethal challenge from heter-
ologous influenza strains in mice. These results suggest that
the ferritin-HA nanoparticle platform is a promising strategy
for the development of a more effective or broad-spectrum
influenza vaccine.
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Fig. 6. Heterologous HA sequence alignment and structural prediction analysis. (A) Alignment of HA1 sequences from A/Darwin/9/2021 and
A/Guizhou/54/1989 strains, performed using SnapGene 6.0.2 with the Smith-Waterman local alignment algorithm. Amino acid differences

" on

are marked with “X,” and similar mutations with “+

for clarity. (B) HA trimers structure in prediction (PDB ID of the model structure: 6n08),

chain b & chain ¢ are showed in pink and orange red. HA of A/Guizhou/54/1989 is showed in yellow while A/Darwin/9/2021 is in cornflower
blue. Partial details are zoomed in where certain critical mutations are displayed.

HA, hemagglutinin.
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Fig. 6. (Continued) Heterologous HA sequence alignment and structural prediction analysis. (A) Alignment of HA1 sequences from A/Darwin/
9/2021 and A/Guizhou/54/1989 strains, performed using SnapGene 6.0.2 with the Smith-Waterman local alignment algorithm. Amino acid differences are
marked with “X,” and similar mutations with “+" for clarity. (B) HA trimers structure in prediction (PDB ID of the model structure: 6n08), chain b & chain ¢ are

showed in pink and orange red. HA of A/Guizhou/54/1989 is showed in yellow while A/Darwin/9/2021 is in cornflower blue. Partial details are zoomed in

where certain critical mutations are displayed.
HA, hemagglutinin.
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