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Background: Effective protection against infections requires humoral and cellular immune responses. Although current subunit
vaccines primarily induce antibodies, they often fail to elicit strong CD8"* T cell responses. To overcome this challenge, we designed
a dual-adjuvant nano-emulsion that integrates squalene (Sq) and Mn*", using tannic acid (TA)Mn>" coordination networks for
stabilization, serving as a potent immune-enhancing adjuvant system.

Methods: The ultrasonic emulsification was used to prepared nano-emulsion system (Sq@TA/Mn) combining Sq and Mn>". The
Sq@TA/Mn adsorbed ovalbumin (OVA) to form a Sq@TA/Mn@OVA vaccine. The cytotoxicity, ROS generation, cellular uptake, and
distribution of the OVA vaccine were evaluated in DC2.4 cells. The retention of OVA vaccines in the site of injection of female
C57BL/6 mice were studied using an imaging system. The mice were administered intramuscular injections of Sq@TA/Mn@OVA
vaccine with prime-boost immunization strategies. The humoral immune and cellular immune responses were analysed with enzyme-
linked immunosorbent assay (ELISA) and flow cytometry, respectively. We evaluated the nano-emulsion using a recombinant
peptidoglycan-associated lipoprotein (rPal) antigen to create a Sq@TA/Mn@rPal vaccine against Acinetobacter baumannii-induced
pneumonia.

Results: The Sq@TA/Mn nano-emulsion was constructed through ultrasonic emulsification. The nano-emulsion efficiently adsorbed
OVA to form a Sq@TA/Mn@OVA vaccine. The OVA vaccine exhibited a favorable safety profile, enhanced ROS generation, dendritic
cell uptake, and improved antigen retention at the injection site. Compared to Alum, this vaccine enhanced the production of OVA-
specific antibodies and IFN-y, promoted the expansion of spleen effector memory T cells, and increased the population of lung-resident
memory T cells.The Sq@TA/Mn adjuvant elicited higher rPal-specific IgG, IgG1, and IgG2a titers and improved the protective
efficacy against infection as compared with Alum.

Conclusion: This study provides a novel method for the co-delivery of Mn?*, Sq, and antigens. These results highlighted the potential
of the Sq@TA/Mn platform as a versatile and effective adjuvant for enhancing subunit vaccines.
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Introduction

Effective defense against infections, such as, tuberculosis, malaria, and those caused by Acinetobacter baumannii
(A. baumannii), requires both humoral immunity to halt pathogen spread in the blood and cellular immunity to eradicate
infected cells.' The evolution of vaccine technology has transformed from traditional inactivated and attenuated vaccines
to safer recombinant protein and protein subunit vaccines. However, these vaccines often fail to stimulate robust immune
responses.”” Recent subunit vaccines predominantly trigger antibodies, they lack in eliciting CD8" T cell response.*
Therefore, effective adjuvant delivery systems are required for enhancing the cellular immune response by subunit

: 6,7
vaccies.
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Generally, various pathogen-associated molecular patterns activate multiple pattern recognition receptors in immune
cells,® thereby triggering robust innate and adaptive immune responses.” Manganese (Mn?") is notable for its potent
immunostimulatory properties via activation of the STING pathway. However, its clinical use has been limited by issues
related to its pharmacokinetics and potential neurotoxicity.'® Compared to free Mn?", a colloidal manganese salt (MnJ)
adjuvant significantly enhances the cellular immune response.!' Mn-based adjuvants have demonstrated the ability to
activate innate immunity and improve T cell responses in various preclinical vaccine models.'*'? Further more, the
combination Mn with other immunostimulants may enhance immune response.'*'¢

High levels of reactive oxygen species (ROS) promote dendritic cell maturation and activate downstream innate
immune responses.'” However, the reliance on a single immunostimulatory agent is often insufficient.'* Squalene (Sq),
a Food and Drug Agency-approved drug with a favorable safety profile, increases ROS levels in dendritic cells,
facilitating antigen internalization and antigen-presenting cell (APC) activation.'® Additionally, Sq has been widely
used in vaccine research as an oil-in-water emulsion adjuvant to enhance immune responses, including in influenza and
COVID-19 vaccines.'**° Usually, Sq is recognized as an effective scavenger of singlet oxygen ('0,) and other ROS.?' In
pro-oxidant environments, Sq can readily undergo peroxidation.”? This oxidation process itself generates primary ROS
(eg, *OH, O, ) and leads to the formation of Sq hydroperoxides (SQOOH). These unstable SQOOH can further
decompose, producing secondary ROS and reactive aldehydes, thereby amplifying oxidative stress.”” This phenomenon
of Sq acting as a pro-oxidant and ROS inducer under specific circumstances has been documented.?****

Based on these characteristics, we hypothesized that combining Mn®" with Sq might improve the immunomodulatory
effects and induce stronger immunity by subunit vaccines. However, the potential synergy between Mn?" and Sq remains
unclear. Furthermore, mature APCs exposed to adjuvants exhibit reduced antigen uptake efficiency, which hinders the
activation of T cell-mediated humoral and cellular immunity.*® Thus, the co-delivery of antigens and adjuvants to APCs
is crucial for stimulating robust immunity.?>~°

Notably, the co-delivery of Mn?", squalene and antigens to APCs is difficult. To address these challenges, we
explored tannic acid (TA), which can form metal-phenolic networks (MPNs) with Mn>". TA binds to proteins through
noncovalent interactions, allowing it to interact with proteins of various molecular weights and isoelectric point.”’
Additionally, owing to its strong adsorption capacity, MPNs can self-assemble at the oil-water interface, successfully
stabilizing emulsions.?® Several studies have shown that TA can promote antigen adsorption and facilitate the maturation
of dendritic cells, leading to enhanced antigen presentation and immune activation.””*° Accordingly, we used the TA/Mn
network as an emulsifier to prepare a nano-emulsion with Sq using ultrasonication. Using this emulsion, the protein
antigens were physically adsorbed onto the MPN surface, achieving the co-delivery of Mn, Sq, and protein antigens to
APCs. Initially, ovalbumin (OVA) was used as a model antigen to characterize the physicochemical properties of the
Sq@TA/Mn@OVA vaccine (Figure 1A). Cellular uptake, subcellular localization, distribution, and ROS generation were
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Figure | Nano-emulsion prepared via TA/Mn networks as a vaccine adjuvant. (A) Rational design of nano-emulsion stabilized by TA/Mn networks for adsorption and
delivery of OVA. (B) Ultraviolet to visible absorption spectra of TA/Mn networks at various pH values. (C) Ultraviolet to visible absorption spectra of TA, Mn and TA/Mn
networks at pH 7. (D) Photograph of TA/Mn and TA/Mn@OVA. (E) Histogram showing the hydrodynamic size of TA/Mn and TA/Mn@OVA analyzed using dynamic light
scattering (DLS). TEM image of TA/Mn (F) and TA/Mn@OVA (G). The scale bar is 200 nm. (H) Photograph of and Sq@TA/Mn@OVA nano-emulsion. (I) Histogram showing
the hydrodynamic size of Sq@TA/Mn@OVA. (J) Cryogenic transmission electron microscopy (cryo-TEM) image of Sq@TA/Mn@OVA nano-emulsion. The scale bar is 200
nm. (K) STED microscopy image of Sq@TA/Mn@QOVA showing the distribution of OVA in the nano-emulsion based vaccine. Scale bar, 10 um. For the fluorescence image of
nano-emulsion based vaccine, OVA was labeled with Cy5 (represented as red) and squalene was labeled with Dil (represented as green).
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evaluated using fluorescence microscopy. Additionally, we assessed biocompatibility, antigen residency, humoral
immune response potency, and specific T cell activation. Finally, we incorporated recombinant peptidoglycan-
associated lipoprotein (rPal)’' from A. baumannii into the Sq@TA/Mn nano-emulsion to create the Sq@TA/Mn@rPal
vaccine and conducted further studies to assess its protective efficacy. The Sq@TA/Mn platform we constructed show
great promise as a versatile and effective adjuvant for enhancing subunit vaccines.

Materials and Methods

Materials

TA, Sq, and dichlorofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich. MnCl,+4H,0, fluorescein
isothiocyanate (FITC), and dimethyl sulfoxide were purchased from Macklin (Shanghai, China). Cell counting kit
(CCK)-8 was purchased from MedChemExpress (New Jersey, USA). Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute (RPMI) 1640 medium, penicillin-streptomycin, and Dulbecco’s phosphate-buffered
saline (PBS) were purchased from Thermo Fisher Scientific. OVA protein with endotoxin levels of <1 EU/mg was
purchased from InvivoGen (France).

Preparation and Characterization of Various Formulations

A typical TA/Mn network was synthesized using an aqueous solution composed of 50 puL of TA solution (4 mg/mL),
2.5 pL of MnCl,*4H,0 (36 mg/mL), and 847.5 pL of distilled water. Following thorough mixing, 100 pL of HEPES
buffer (100 mM, pH 4.5-7.0) was added to the solution. The resulting mixtures were analyzed at various pH values using
a UV-visible spectrophotometer.

Preparation of TA/Mn@OVA or TA/Mn@rPal vaccine: TA solution (50 pL, 4 mg/mL) and MnCl,*4H,0 (2.5 pL,
36 mg/mL) were added into 797.5 pL of pure water, followed by rapid mixing with 100 pL of HEPES buffer solution
(100 mM, pH 7) to synthesize the TA/Mn network. Subsequently, 50 uL. of OVA or rPal protein solution (2 mg/mL) was
added and allowed to adsorb at room temperature for 30 minutes, resulting in 1 mL of TA/Mn@OVA or TA/Mn@rPal
vaccine.

Preparation of Sq@TA/Mn@OVA or Sq@TA/Mn@rPal vaccine: To prepare the nano-emulsion, a one-step sonication
process (SCIENTZ-IID; total duration, 120 s; interval time, 4 s) was used, with the TA and Mn networks acting as
stabilizers. Different ultrasonic power levels (100, 150, 200, 250, and 300 W) were employed to prepare Sq@TA/Mn
nano-emulsion. In particular, a typical Sq@TA/Mn nano-emulsion was formulated by combining 50 uL. of TA solution
(4 mg/mL), 2.5 pLL of MnCl,*4H,0 (36 mg/mL), and 785 pL of distilled water. After thorough mixing, 100 pL of HEPES
buffer (100 mM, pH 7.0) was added, followed by rapid mixing and addition of 12.5 pL of Sq. The mixture was
emulsified using an ultrasonic homogenizer. For the final preparation of the Sq@TA/Mn nano-emulsion, an additional
50 pL of water was added after sonication. For the preparation of the Sq@TA/Mn@OVA or Sq@TA/Mn@rPal vaccine,
50 uL of an OVA protein or rPal protein solution (2 mg/mL) was introduced after sonication at 250 W (Table S1).

Preparation of Alum@OVA or Alum@rPal vaccine: HEPES buffer solution (100 puL, 100 mM, pH 7) was added to
600 pL of pure water. Then, aluminum hydroxide adjuvant (250 uL, aluminum concentration 10 mg/mL, purchased from
Croda) was added. Finally, 50 pL of OVA or rPal protein solution (2 mg/mL) was added, resulting in 1 mL of
Alum@OVA or Alum@rPal vaccine.

A Nano Zeta Sizer (Malvern) was used to measure the hydrodynamic size and zeta potential of the various
preparations. The morphologies and sizes of TA/Mn and TA/Mn@OVA were assessed using transmission electron
microscopy (TEM; JEOL JEM F200, Japan). The elemental composition of TA/Mn@OVA was determined using
TEM. The morphologies and sizes of Sq@TA/Mn@OVA nano-emulsion were observed by cryogenic transmission
electron microscopy (Cryo-TEM, FEI Talos F200C).

Co-Localization Analysis of OVA and Nano-Emulsion
To investigate the adsorption of the OVA protein on the emulsion surface, an SQ@TA/Mn@OVA vaccine labeled with
fluorescent molecules was prepared. Sq and OVA were labeled with Dil and Cy5-NHS, respectively. Dil fluorescent dye
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was dissolved in squalene to prepare a 2 mg/mL solution, which was then centrifuged at 3000 x g for 5 minutes. The
supernatant was collected to obtain Dil-labeled squalene. The emulsion was prepared using 250 W of ultrasound power,
following the steps described above. The fluorescence images of the Sq@TA/Mn@OVA vaccine labeled with fluorescent
molecules were captured using a stimulated emission depletion (STED) microscope (Leica).

Cell Line and Animal

The immortalized DC2.4 cell line was obtained from Solarbio Biotechnology Co., Ltd. (Beijing, China) and cultured
under suitable conditions. Female C57BL/6 mice were purchased from Chengdu Enswell Biotechnology Co. Ltd. All
animal studies were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the
West China Hospital and the National Research Council’s Guide for the Care and Use of Laboratory Animals (2010). All
animal experiments were approved by the Animal Ethics Committee of Sichuan University (Approval No. 2019190A).

Measurement of in vitro ROS Levels

The fluorescent dye, DCFH-DA, was used to measure intracellular ROS generation in DC2.4 cells treated with PBS,
OVA, TA/Mn@OVA, or Sq@TA/Mn@OVA. After incubation with various preparations for 6 h, the cells were stained
for 20 min with DCFH-DA (10 pM). Thereafter, the fluorescence intensity was measured using flow cytometry and
images of the stained cells were captured using a fluorescence microscope.

In vivo Fluorescence Imaging

Cy5 (Lumiprobe) was used to label OVA. Eight-week-old female C57BL/6 mice were administered intramuscular
injections of different preparations containing OVA-Cy5 (20 pg /dose of OVA). Typical images of treated mice were
captured using an imaging system (Spectral Instruments Imaging). The fluorescence intensity at the injection site was
detected for eight days using the Spectral Instruments Imaging system.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood samples were obtained from the tail vein; serum was collected after centrifugation and then stored at —80°C until
use. Levels of antibodies specific to OVA and r-Pal were measured using ELISA. Nunc-Immuno Maxisorp™ plates
(Fisher Scientific) were coated with 10 ug/mL of OVA or r-Pal in sodium carbonate-bicarbonate buffer (pH 9.6). After
four washes, the plates were blocked for 2 h at 37°C. Serial 5-fold dilutions of serum samples (starting at 1:125) were
added and the plates were incubated for 2 h at 37°C. Thereafter, the anti-mouse IgG-horse radish peroxidase (HRP),
IgG1-HRP, or IgG2a-HRP (Abcam, 1:100,000 in PBST) was added and the plates were incubated at 37° C for 1 h. After
washing, the TMB substrate (Abcam) was introduced in the dark and the reaction was stopped using a stop solution
(Solarbio). The optical density (OD) value at 450 nm was measured using a Biotek Synergy microplate reader. Antibody
titers were calculated as the highest dilution with an OD450 reading at least 2.1 times more than the mean OD450 of the
negative control.

Measurement of Immune Cells in the Spleen
On day 30, splenocytes were isolated by mincing and filtering the spleen through 70-mesh cell strainers. Erythrocyte lysis
buffer (0.9% ammonium chloride; eBioscience) was then added, followed by washing with RPMI 1640 medium. After
the separation, the collected cells (5 x 10°) were co-incubated with OVA antigen (1 mg/mL) at 37°C in an atmosphere of
5% CO, and 95% humidity. After 15 h of in vitro restimulation, brefeldin-A (0.8 pg per well) was added. The cells were
incubated for another 6 h before intracellular cytokine expression was assessed using flow cytometry. The treated cells
were collected via centrifugation (500 x g) and stained with fluorescent antibodies against CD3, CD4, CDS, 1L4, and
IFNy (Table S2).

In another experiment, the collected splenocytes (1 x 10°) were co-incubated with the OVA antigen (1 mg/mL) for
72 h for in vitro restimulation. Thereafter, the treated cells were collected via centrifugation (500 x g) and the
supernatants were harvested to determine the cytokine concentration (IFN-y, IL-4) using ELISA kits (Dakewe Biotech
Co., Ltd).
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To estimate the population of memory T cells in the spleen, the collected splenocytes (5 x 10°) were stained with
fluorescent antibodies against CD3, CD4, CD8, CD44, and CD62L (Table S2).

Bacterial Culture and Mouse Pneumonia Model

The A. baumannii strain LAC-4, generously provided by Professor Chen,** was used in this study. Female C57BL/6 mice
(6-8 weeks old) were used for in vivo experiments. For bacterial preparation, 4. baumannii was cultivated in tryptic soy
broth (TSB) at 37°C with gentle shaking for 5 h. The bacterial density was measured at 600 nm (OD600). Subsequently,
7 x 10° colony-forming units (CFU) of A. baumannii were intratracheally administered to each mouse, following
previously established protocols.>’ Mouse survival was monitored daily for seven consecutive days.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8. Data presentation, sample size, and p-values are
provided in the Figure legends. All data are expressed as mean + SD. One-way analysis of variance (ANOVA) with
Tukey’s post-hoc test was used for multiple group comparisons, whereas a two-tailed Student’s s-test was used for
comparisons between two groups. Differences were considered statistically significant at p < 0.05 (**** p < 0.0001, ***
p < 0.001, ** p < 0.01, * p < 0.05), with “ns” indicating not significant differences.

Results

Fabrication and Characterization of Nano-Emulsion

Based on the interfacial self-assembly characteristics of the metal phenolic networks (Figure 1A),>* TA/Mn*"-based
networks were constructed via self-assembly with Mn?" and TA. The UV/visible spectra of the TA/Mn>" network
presented higher absorbance values at 325-600 nm than those of TA alone, indicating coordination between TA and Mn?
. With a decrease in pH from 7 to 4.5, the absorbance values at 325-600 nm gradually decreased, indicating that the
lower the pH value, the lesser was the amount of Mn®" coordinated with TA, suggesting that the coordination between
Mn?" and TA was pH-dependent (Figure 1B and C).** At low pH levels, most hydroxyl groups become protonated,*
which may lead to the rapid destabilization of the cross-links and disassembly of the TA/Mn networks.

To examine whether TA/Mn can adsorb OVA protein, we mixed the TA/Mn networks with OVA, resulting in the
formation of TA/Mn@OVA nanoparticles. The TA/Mn and TA/Mn@OVA were pale yellow transparent liquids
(Figure 1D). The TA/Mn and TA/Mn@OVA nanoparticles exhibited particle sizes of 21.53 nm and 25.76 nm, and
surface potentials of —31.65 mV and —26.06 mV, respectively, as determined using dynamic light scattering (DLS)
(Figure 1E and Figure S1). TEM observations revealed that that the TA/Mn and TA/Mn@OVA nanoparticles had
irregular morphologies and tended to aggregate (Figure 1F and G). TEM elemental mapping confirmed the presence of
O, N, S, and Mn in the TA/Mn@OVA nanoparticles, indicating the successful adsorption of the OVA protein by the TA/
Mn networks (Figure S2).

Studies have shown that the strong complex formed between TA and Fe** can be used to crosslink the oil-water
interface to form a nano-emulsion, creating a rigid structure on the surface of oil droplets that further prevents their
coalescence and aggregation.”® Building on this, we utilized TA/Mn networks as emulsifying agents to stabilize Sq oil
droplets. We examined the effects of various ultrasonic powers on the homogeneity and particle size of the emulsions.
The nano-emulsion was prepared via ultrasonic emulsification of a 1.25% Sq (v/v) mixture in water containing TA/Mn
networks according to the formula (Table S1). At ultrasonic powers of 100, 150, and 200 W, the emulsions exhibited
phase separation and aggregation on the liquid surface after 24 h. The Sq@TA/Mn emulsion, prepared at 250 W and 300
W, was an opaque pale-yellow liquid and remained stable without phase separation after 24 h (Figures S3). DLS analysis
showed that the Sq@TA/Mn nano-emulsion prepared at 300 W had a particle size of 313.17 nm and a size distribution of
0.27, while the emulsion prepared at 250 W had a smaller particle size of 305.67 nm and a narrower size distribution of
0.24 (Figure S4). For subsequent experiments, we selected a lower ultrasonic power of 250 W. At 250 W, Sq@TA/Mn
had a surface potential of —41.17 mV. The incorporation of OVA did not noticeably alter the color, particle size, or
surface potential, with Sq@TA/Mn@OVA appearing as an opaque pale-yellow liquid (Figure 1H and I), exhibiting
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a particle size of 308.3 nm and a zeta potential of —43.96 mV (Figure S5). We also measured the particle size and zeta
potential of the formulation prepared by adsorbing OVA onto the aluminum hydroxide adjuvant (Alum@OVA), which
were 1597.67 nm and 20.84 mV, respectively (Figure S5). As shown in Figure 1J, Cryo-TEM images revealed that
Sq@TA/Mn@OVA nano-emulsion droplets were spherical with well-defined, clear boundaries.To test the capacity of the
nano-emulsion to adsorb OVA, we allowed Sq@TA/Mn to adsorb the FITC-labeled OVA. The adsorbing efficiency,
measured by fluorescence intensity after centrifugation, was 85.02 = 0.96% within 30 min, which indicating the high
protein-adsorbing ability of Sq@TA/Mn. This suggests that the nano-emulsion densely arrays antigens. As the display of
multivalent antigens on the surface of nanoparticles can effectively stimulate the immune system,”’*® Sq@TA/
Mn@OVA may enhance the immune response.

Further, we measured the particle size, polydispersity index (PDI), and zeta potential of the Sq@TA/Mn@OVA nano-
emulsion at different time points in HEPES under 4 °C or DMEM containing 10% FBS under 37 °C (Figure S6). We
found that their physicochemical properties were well maintained for up to 6 days in HEPES under 4 °C. By day 7, the
difference in particle size compared with day 0 exceeded 125 nm, indicating a significant increase in size. Also, the PDI
increased. In addition, the zeta potential gradually decreased with prolonged storage. These findings indicate that by day
7, changes in the physical or chemical properties of the nano-emulsion may have occurred, leading to instability in
maintaining small droplet sizes and partial aggregation of emulsion droplets. In DMEM containing 10% FBS under 37
°C, the particle size of the nano-emulsion was larger in the FBS-containing medium (502.77 nm) than in HEPES buffer
(308.3 nm) by day 0. The result suggests that nano-emulsion may absorb FBS proteins from the medium, leading to an
increase in droplet size. With prolonged incubation, the particle size gradually increased, accompanied by an increase in
PDI and a decrease in zeta potential. By day 7, the nano-emulsion showed an increase in particle size along with an
elevated PDI. Nevertheless, the difference in particle size between day 0 and day 7 did not exceed 70 nm, indicating that
compared with HEPES buffer, the Sq@TA/Mn@OVA nano-emulsion exhibited better stability in DMEM supplemented
with FBS. This enhanced stability is likely due to the stabilizing effect of proteins.’

The distribution of adsorbed OVA in Sq@TA/Mn@OVA was further evaluated by labeling OVA and Sq with Cy5 and
Dil, respectively. STED microscopy showed that Cy5-labeled OVA surrounded the green Sq oil droplets (Figure 1K).
Co-localization analysis revealed a correlation between red and green fluorescence (Figure S7A) and the Pearson’s
correlation coefficient was 0.794 (Figure S7B). Additionally, Mander’s co-localization coefficients were calculated,
which included the M1 and M2 values. The M1 value represents the ratio of the red pixels from Cy5-labeled OVA to co-
localized green pixels from Dil in Sq, whereas the M2 value corresponds to the ratio of the green pixels from Dil to the
co-localized red pixels from Cy5-labeled OVA. The M1 and M2 values for the Sq@TA/Mn@OVA vaccine were 0.75 and
0.79, respectively (Figure S7B). These results suggest that the Sq@TA/Mn nano-emulsion effectively loaded OVA.

Evaluation of Cytotoxicity, ROS Generation, Cellular Uptake, and Distribution of the
OVA Vaccines in DC2.4 Cells

To assess the cytotoxicity of various preparations, we performed a CCK-8 assay using DC2.4 cells with an OVA
concentration of 25 pg/mL (Figure 2A). No significant cytotoxicity was observed after 6 h of incubation with any of the
preparations, indicating good cellular biocompatibility of Sq@TA/Mn@OVA at an OVA concentration of 25 pg/mL and
Sq concentration of 3.125 pL/mL. Prolonged incubation to 24 h resulted in a marked decrease in cell viability in both the
TA/Mn@OVA and Sq@TA/Mn@OVA groups. This effect is likely attributable to sustained activation of DC2.4 cells,
which can lead to high levels of oxidative stress,*® which triggers cell death. Next, we analyzed the intracellular ROS
generation induced by Sq@TA/Mn@OVA using the fluorescent probe, DCFH-DA. As presented in Figure 2B and C,
ROS generation was enhanced after incubation with TA/Mn@OVA or Sq@TA/Mn@OVA for 6 h. Sq@TA/Mn@OVA
elicited a significant increase in intracellular ROS generation in DC2.4 cells.

The intracellular green fluorescence intensity did not differ considerably between the two groups incubated with PBS
or OVA alone for 6 h. The intracellular green fluorescence intensity was considerably stronger in the cells treated with
Sq@TA/Mn@OVA than that in cells treated with OVA or TA/Mn@OVA. ROS production in the cells incubated with
TA/Mn@OVA was 19.32 times higher than that in the cells incubated with OVA. These results suggest that the
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Figure 2 (A) CCK-8 assay to assess cytotoxicity of different preparations on DC2.4 cells after 6 h or 24 h incubation with 25 pg/mL OVA and Sq concentration of 3.125 pL/
mL. (B) Fluorescence images of DC2.4 cells exposed to PBS, OVA, TA/Mn@OVA, or Sq@TA/Mn@OVA at OVA concentration of 75 pg/mL and squalene concentration of
9.375 pl/mL for 6 h. Intracellular ROS generation was detected via DCFH-DA (green: DCF). Scale bar: 100 pum. (C) Quantitative measurement of intracellular ROS
production in DC2.4 cells incubated with different preparations for 6 h using flow cytometry. Data were presented as mean * SD (n = 3). (D) Confocal laser scanning
microscopy (CLSM) images of the various preparations loaded with OVA (green) after treatment with DC2.4 cells for 8 h. OVA was labeled with FITC. LysoTracker Red
(red) was used to stain lysosomes. Scale bars, |0 um. Typical flow cytometry plots (E) and quantitative measurement (F) of intracellular FITC-labeled OVA accumulation in
DC2.4 cells treated with various formulations for 8 h. Data are shown as mean + SD (n = 3). (G) Distribution of FITC-labeled OVA and morphs of LysoTraker Red-labeled
lysosome in DC2.4 cell after treatment with different preparations for 24 h visualized using CLSM. Scale bar is 20 um. * for p < 0.05, ** for p < 0.01, *** for p < 0.001; and
¥k for p < 0.0001. ns, not significant.
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introduction of Mn significantly increased ROS generation.*® Additionally, ROS generation in cells treated with Sq@TA/
Mn@OVA was 1.65 times higher than that in cells treated with TA/Mn@OVA. The Sq@TA/Mn@OVA group presented
the highest ROS levels among the three preparations owing to the presence of Mn”" and Sq, which indicated that Mn*"
and Sq synergistically induced ROS production in DC2.4 cells.

Successful internalization of antigens is important for subsequent activation of APCs and effective antigen
presentation.”> To assess the antigen delivery efficiency of Sq@TA/Mn@OVA, we co-incubated Sq@TA/Mn@OVA
labeled with FITC-OVA with DC2.4 cells. OVA and TA/Mn@OVA were also tested (Figure 2D). Compared with OVA
and TA/Mn@OVA, Sq@TA/Mn@OVA exhibited increased OVA intercellular concentrations, as the strongest green
fluorescence was observed in the SQq@TA/Mn@OVA group. After internalization, co-localization (yellow) of OVA-FITC
(green) and lysosomes (Lysotracker Red) was observed in the images shown in Figure 2D, implying that Sq@TA/
Mn@OVA could deliver OVA to lysosomes.

Owing to less internalization of OVA, a considerably weaker co-localization signal was observed in the soluble OVA
and TA/Mn@OVA groups. To confirm these results, we examined the efficiency of OVA-FITC uptake using flow
cytometry. According to Figure 2E and F, Sq@TA/Mn@OVA exhibited higher levels of OVA-FITC internalization than
OVA and TA/Mn@OVA. Furthermore, Sq@TA/Mn@OVA significantly enhanced the internalization of OVA by 3.14-
fold and 1.21-fold as compared with OVA and TA/Mn@OVA, respectively, indicating that particulate antigens were more
readily recognized by dendritic cells, which explains the increased OVA uptake in the TA/Mn@OVA and Sq@TA/
Mn@OVA groups. The higher antigen uptake in the SqQ@TA/Mn@OVA group was possibly due to its stronger ROS
generation, which promoted DC2.4 cell maturation.*

Furthermore, we investigated whether the uptake behavior of DC2.4 cells was time-dependent for these three
preparations. We observed that the internalization of the three formulations gradually increased with the extension of
incubation time (Figure S8). This indicated that the uptake behavior of the three different preparations by DC2.4 cells
was time-dependent. Additionally, we extended the incubation time of DC2.4 cells with the three formulations for
24 h and examined the distribution of OVA and morphology of the lysosomes. Upon prolonging the incubation to 24 h,
we observed that lysosomes in DC2.4 cells treated with Sq@TA/Mn@OVA swelled, while those in the OVA and TA/
Mn@OVA groups did not (Figure 2G). Lysosomal swelling induced by Sq@TA/Mn@OVA may lead to autophagy,
facilitating cross-presentation, potentially promoting dendritic cell maturation and activation during immunization.*'
Therefore, these properties of nano-emulsion confer its potential to promote maturation and activation of dendritic cells
during the immunization process.

Safety Estimation of the Various OVA Vaccines
To evaluate the biological safety of the Sq@TA/Mn@OVA vaccine, female C57BL/6 mice were intramuscularly injected
with HEPES, OVA, TA/Mn@OVA, Sq@TA/Mn@OVA, or Alum@OVA on days 0, 14, and 21. Serum samples were
collected on day 30 to determine serum biochemical indices and the major organs were examined for pathological symptoms.
As shown in Figure 3A, no apparent pathologies were observed in the primary organs (heart, liver, spleen, lung, and
kidney), suggesting the acceptable biosafety of Sq@TA/Mn@OVA. Moreover, no significant variations in body weight were
detected in the OVA, TA/Mn@OVA, Sq@TA/Mn@OVA, or Alum@OVA groups compared with those in the control group
(Figure S9). Furthermore, the levels of lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), and blood urea nitrogen (BUN) in the OVA groups remained comparable to those
in the control group (HEPES-treated), suggesting minimal adverse effects on the cardiovascular, hepatic, and renal functions
(Figure 3B). *** Consequently, the nano-emulsion displayed acceptable biocompatibility as a potential vaccine adjuvant.

Antigen Residency and Humoral Immune Response of Various OVA Vaccines

Prolonging the duration of antigen presence at the injection site can extend APC activation and enhance immune
response.*> The antigen residency at the injection site was detected using an in vivo fluorescent imaging system.
Female C57BL/6 mice were treated with various formulations of Cy5-labeled OVA via intramuscular injection. As
presented in Figure 4A and B, the fluorescence intensity in the free OVA-Cy5 group disappeared at the site of injection
within 72 h. Notably, the fluorescence intensity of Cy5 in the TA/Mn@OVA group lasted for 192 h. Surprisingly, the
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Figure 3 Safety evaluation of various preparations. (A) Histological images of hematoxylin-eosin (H—E)-stained organs from mice treated with HEPES, OVA, TA/Mn@OVA,
Sq@TA/Mn@OVA or Alum@OVA. Scale bar: 100 pm. (B) Serum biochemical parameters following immunization. The levels of ALP, ALT, AST, LDH, and BUN were
analyzed. Data were presented as mean + SD (n = 4). Blood and organs were collected on day 30 after the first immunization.

Sq@TA/Mn@OVA vaccine lasted for over six days at the site of injection. These results suggest that the Sq@TA/
Mn@OVA vaccine demonstrates an antigenic depot effect, ensuring sustained vaccine delivery and potentially enhancing

the innate immune response at the injection site.

To examine whether Sq@TA/Mn@OVA could effectively induce an enhanced humoral immune response, female
C57BL/6 mice were treated with OVA, TA/Mn@OVA, or Sq@TA/Mn@OVA on days 0, 14, and 21 via intramuscular
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injection (Figure 4C). On day 30, serum samples were obtained to measure OVA-specific antibody titers. The OVA-
specific IgG titer in the SQ@TA/Mn@OVA group was 6.54-fold higher than that in the TA/Mn@OVA group (Figure 4D).
The IgG subtype analysis revealed increased levels of IgG1l (Th2-associated) and IgG2a (Thl-associated) after
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Figure 4 Robust humoral immune response to OVA vaccines. (A) Fluorescence intensity of OVA remaining at injection sites was quantified. OVA was tagged with Cy5.
Intramuscular injections of various vaccine formulations containing Cy5-labeled OVA were administered into the gluteus maximus of BALB/c mice. Persistence of OVA at
injection sites was assessed using an in vivo imaging system at the designated time points (excitation: 648 nm; emission: 662 nm). (B) Quantification of total fluorescence
intensity at sites of injection using an imaging software. Results are shown as mean * SD (n = 4). (C) A schematic representation of the immunization protocol and overall
experimental setup is shown. Each group of five mice was immunized on days 0, 14, and 2| with either OVA, TA/Mn@OVA, Sq@TA/Mn@OVA, or Alum@OVA. Serum
samples were collected on day 30 for determination of total IgG (D), IgG| (E), and 1gG2a (F) titers against OVA. E and F were performed at 1:15625 and 1:625 dilutions,
respectively. In panels D, E, and F, data are also presented as mean + SD (n = 5). (G) The overall anti-OVA IgG titers in mice on days 0, 14, 21, 30, 42, and 56 of mice injected
on days 0, 14, and 21 with OVA, TA/IMn@OVA, or Sq@TA/Mn@OVA. Data plotted are presented as mean * SD (n = 5). The p values are listed in Table S3. Statistical
comparisons were performed with a two-tailed unpaired Student’s t-test, with significance levels of *p < 0.05, **p < 0.01, ¥**p < 0.001, and ****p < 0.0001. ns, not significant.
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immunization with Sq@TA/Mn@OVA (Figure 4E and F). Sq@TA/Mn@OVA mediated 2.96-fold and 2.57-fold
increases in the OD values of IgGl and IgG2a compared with TA/Mn@OVA, respectively. Additionally, Sq@TA/
Mn@OVA presented higher IgG2a titers than Alum@OVA, which may be ascribed to the enhanced Th1 immune induced
by Mn?".!" These findings further substantiate the notion that Sq@TA/Mn@OVA elicits a mixed immune response
involving both Thl and Th2 activation, possibly due to the synergistic enhancement of the immune response by Mn>"
and Sq.

To monitor changes in total anti-OVA IgG titers over time, serum samples were collected from mice to determine IgG
titers on days 14, 21, 30, 42, and 56 after the first immunization (Figure 4G). The OVA-specific IgG titers in the Sq@TA/
Mn@OVA group peaked on day 30 after the third injection. Over time, these titers gradually declined in all groups. In
comparison to mice vaccinated with OVA or TA/Mn@OVA, mice immunized with Sq@TA/Mn@OVA exhibited
significantly higher OVA IgG titers on days 21, 30, 42, and 56 (Figure 4G and Table S3). These results suggest that
the combination of Mn>" and Sq can enhance the humoral immune response and maintain antibody titers at relatively
high levels over an extended period.

T Cell Responses in the Spleen

The ideal vaccine response is a balanced Thl and Th2 response that activates cellular and antibody-mediated immune
responses.*® Further, we examined the activation of cellular immunity triggered by OVA vaccines. Splenocytes were
collected from vaccinated mice to assess cytokine production upon OVA restimulation. Flow cytometry was used to
evaluate the production of IFN-y (Th1) and IL-4 (Th2) by CD4" and CD8" T cells (Figure S10 and S11) to determine the
extent of the cellular immune responses.

As indicated in Figure SA-D, Sq@TA/Mn@OVA was found not only to promote an increase in the secretion of Thl
cytokines (IFN-y) but also to significantly augment the release of Th2 cytokines (IL-4) in CD4" and CD8" T cell
populations. Notably, more IFN-y and IL-4 were detected in the Sq@TA/Mn@OVA group (Figure S12), when
splenocytes from different groups were cultured in the presence of 1 mg/mL OVA for 72 h. The IFN-y level in the
Sq@TA/Mn@OVA group was considerably higher than that in the Alum@OVA group, indicating that it induced
a stronger Thl-type immune reaction. These data indicate that Sq@TA/Mn@OVA elicits a marked enhancement in
immune responses mediated by T cells, distinguished by a mixed Thl and Th2 immune reaction.

The primary objective of vaccination is to generate an immune memory with the ability to protect the host from
pathogenic infections.*” The longevity of memory immune responses is the foundation for effective vaccination.*® Long-
term immune responses are primarily mediated by memory T cells, which include central memory T cells
(CD44"CD62L") and effector memory T cells (CD44 'CD62L "), both playing crucial roles in this process.*’ Effector
memory T cells provide immediate defense against re-exposure to pathogens.*’ To assess the capacity of different
vaccine formulations to induce memory T cells, we compared the percentages of memory cells within both CD4" and
CD8" T cell populations (Figure S13). Notably, the Sq@TA/Mn@OVA vaccine significantly expanded the effector
memory T cell population (CD44"CD62L"), comprising 25.8% of CD4" T cells and 20.88% of CD8" T cells in the
spleens of treated mice (Figure SE-J). In contrast, the effector memory T cell population in the Alum@OVA group
exhibited 2.99% of CD4" and 3.55% of CD8" T cells (Figure SE-J). Fluorescence activated cell sorting analysis revealed
that the SQq@TA/Mn@OVA nano-emulsion induced a notably higher proportion of effector memory T cells, suggesting
a more potent stimulation of cellular immunity. The vaccine successfully induced adaptive immune responses and
developed antigen-specific immune memory. These results indicate that the Sq@TA/Mn@OVA vaccine not only elicits
a stronger cellular immune response but also promotes the formation of effector memory T cells. This enhanced immune
memory response may be attributed to the synergistic immunostimulatory effects of Mn>" and squalene, which together
drive a robust and sustained immune memory.>°

T Cell Responses in the Lungs

Resident memory T cells (TRM) within the lung tissue have been demonstrated to occupy strategic locations at sites of
pathogen entry, where they perform crucial functions in front-line defense against viral and bacterial infections through
direct interaction with invading pathogens.’' To evaluate T cell responses in the lungs, mice vaccinated via intramuscular
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Figure 5 The OVA vaccines induced cellular immunity. (A) Frequency of IFN-y secretion by CD4" T cells. (B) Frequency of IL4 secretion by CD4" T cells. (C) Frequency of
IFN-y secretion by total CD8" T cells. (D) Frequency of IL4 secretion by CD8" T cells. Typical flow cytometry plots of CD4" (E) and CD8" (F) T cell central memory and
effector memory phenotypes in the spleen. The red numbers represent the percentage of cells in certain quadrants. Frequency of central memory (Tcm) CD4"
(CD44"CD62L") (G) and effector memory (Tem) CD4" (CD44"CD62L") (H) T cells in the spleen. Frequency of central memory CD8" (CD44"CDé2L") (I) and effector
memory CD8" (CD44°CD62L") (J) T cells in the spleen. Data are shown as mean + SD (n = 4). Statistical comparisons were performed using a two-tailed unpaired
Student’s t-test, with significance levels of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns, not significant.
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injection with HEPES, OVA, TA/Mn@OVA, Sq@TA/Mn@OVA, or Alum@OVA were sacrificed on day 30. The lungs
were collected, and T cells were detected using flow cytometry. The gating strategy for the lung T cell data collected
using flow cytometry is presented in Figure S14. Notably, the Sq@TA/Mn@OVA vaccine showed 36.15% memory CD4"
T cells (identified as CD4" CD44") and 63.25% memory CD8" T cells (identified as CD8" CD44") in the lungs of the
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Figure 6 Intramuscular administration of adjuvanted OVA vaccines elicited lung TRM immune reactions. Mice received injections of HEPES, OVA, TA/Mn@OVA, Sq@TA/
Mn@OVA, or Alum@OVA on days 0, 7, and 21. On day 30, the immunized mice were euthanized, and their lung tissues were collected. Lung T cell activation was assessed
using flow cytometry. Typical flow cytometry plots (A) and quantification (B) of CD44™ T cells in CD4" T cells in the lungs of vaccinated mice, respectively. The red numbers
represent the percentage of CD4"CD44" cells. Typical flow cytometry plots (C) and quantification (D) of CD44" T cells in CD8" T cells in the lungs of vaccinated mice,
respectively. The red numbers represent the percentage of CD8"CD44" cells. Typical flow cytometry plots (E) and quantification (F) of CD69 expression in CD4™ CD44"
T cells in the lungs of vaccinated mice, respectively. The red numbers represent the percentage of CD69" cells in CD4* CD44" T cells. Typical flow cytometry plots (G) and
quantification (H) of CD69 expression in CD8" CD44™ T cells in the lungs of vaccinated mice, respectively. The red numbers represent the percentage of CD69" cells in
CD8" CD44" T cells. The data are shown as mean * SD (n = 4). The data are shown as mean * SD (n = 4). Statistical comparisons were performed using a two-tailed
unpaired Student’s t-test, with significance levels of *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. ns, not significant.
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treated mice (Figure 6A—D). Our observations demonstrated a notable increase in the proportion of memory CD4" and
CDS8" T cells within the lungs of mice that received the Sq@TA/Mn@OVA vaccine compared with those that were
administered HEPES, OVA, TA/Mn@OVA, or Alum@OVA (Figure 6A-D). Additionally, the expression of CD44 and
CD69 in T cells was used as a marker to identify lung TRM cells.’* Following Sq@TA/Mn@OVA immunization, lung
memory CD4" and CD8" T cells exhibited considerably higher expression of the tissue-resident marker, CD69. In
contrast, memory CD4" and CD8" T cells induced by vaccination with HEPES, OVA, TA/Mn @OVA, or Alum@OVA
displayed significantly lower expression frequencies of this marker (Figure 6E-H). The data presented suggests that
intramuscular administration of an OVA vaccine in conjunction with the Sq@TA/Mn adjuvant leads to enhanced and
sustained CD4" and CD8" TRM cell responses within the lungs. Previous studies have established that CD8" TRM cells
in the lungs are essential for triggering heterosubtypic protection against respiratory pathogens. Upon re-exposure to
pathogens, T cells provide swift and efficient immune protection.”® Consequently, the establishment of CD8" TRM cells
following intramuscular vaccination with a nano-emulsion indicates the potential for long-lasting protection against lung
infections when combined with appropriate immunogens.

Protective Efficiency of rPal Vaccine Based on Sq@TA/Mn Against Pulmonary

A. baumannii Infection

Motivated by the strong humoral and cellular immune responses elicited by the Sq@TA/Mn@OVA vaccine, we
evaluated the protective efficacy of the Sq@TA/Mn nano-emulsion in combination with a bacterial antigen from
A. baumannii, a gram-negative coccobacillus responsible for nosocomial infections such as septicemia and pneumonia.>*

Previously, we have identified Pal as a potential vaccine candidate; however, when rPal was administered with an
aluminum adjuvant to C57BL/6 mice, the resulting protective efficacy was limited to 40%.>' To determine whether the
Sq@TA/Mn nano-emulsion adjuvant can enhance the protective efficacy of the rPal-based vaccine, we first prepared
various rPal vaccines using a method similar to that described above. TA/Mn@rPal, Sq@TA/Mn@rPal, and Alum@rPal
exhibited particle sizes of 33.91 nm, 341.67 nm, and 1301.67 nm, respectively (Figure 7A). The zeta potentials of TA/
Mn@rPal, Sq@TA/Mn@rPal, and Alum@rPal were —25.83 mV, —33.61 mV, and 25.83 mV, respectively (Figure 7B).
The loading efficiency of Sq@TA/Mn nano-emulsion for rPal was 94.03 £ 0.45%. These results indicated that the
Sq@TA/Mn nano-emulsion could adsorb different antigens, demonstrating a certain level of versatility. Subsequently, we
immunized the mice on days 0, 14, and 21 with various rPal vaccines (Figure 7C). On day 30, blood was collected from
the tail vein to measure antibody titers. Compared with the group immunized with Alum@rPal, the group receiving
Sq@TA/Mn@rPal exhibited significantly elevated levels of total IgG, as well as IgG1 and IgG2a (Figure 7D-F).

On day 33, the immunized mice were intratracheally challenged with a virulent strain of 4. baumannii. The control
groups receiving HEPES showed 100% mortality, whereas 20% of the mice immunized with Alum@rPal survived the
infection. In contrast, 80% of the mice immunized with Sq@TA/Mn@rPal survived the infection (Figure 7G). These
findings clearly demonstrated that the Sq@TA/Mn nano-emulsion adjuvant significantly enhanced the immunogenicity
and protective efficacy of the rPal antigen, highlighting its potential for practical applications in vaccine development
against bacterial infections.

Discussion

The development of subunit vaccines capable of eliciting both humoral and cellular immune responses remains a major
challenge in modern vaccinology." In this study, we designed a dual-adjuvant nano-emulsion system, Sq@TA/Mn, which
synergistically integrates Sq and Mn>" within a TA/Mn*" coordination network. This platform demonstrated potent
efficacy in amplifying antigen-specific immunity, addressing the limitations of conventional adjuvants such as alum,
which mainly induce antibody responses but are inefficient at promoting CD8" T cell activation.

A key feature of the Sq@TA/Mn system lies in its ability to co-deliver both antigen and adjuvant to APCs, while
leveraging the distinct immunostimulatory properties of Mn?" and Sq. The TA/Mn*" coordination not only enabled rapid
antigen adsorption but also stabilized the nano-emulsion, achieving a high OVA loading efficiency (85.02%) and
sustained antigen retention at the injection site for more than six days. This prolonged antigen exposure likely enhanced
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Figure 7 Average size (A) and zeta-potential (B) of TA/Mn@rPal, Sq@TA/Mn@rPal, and Alum@rPal measured using DLS. (C) The schematic outlines the immunization
schedule and the overall experimental design. Groups of five C57BL/6 mice were immunized intramuscularly on days 0, 14, and 21 with HEPES, TA/Mn@rPal, Sq@TA/
Mn@rPal, or Alum@rPal formulations. Serum samples were collected on day 30 to quantify the titers of total IgG (D), IgG! (E), and 1gG2a (F) specific to rPal. (E) and
(F) were performed at 1:15625 and 1:625 dilutions, respectively. Data in panels (D), (E), and (F) are presented as mean = SD (n = 5). (G) To assess protective efficacy,
C57BL/6 mice were intramuscularly vaccinated with the various preparations and subsequently challenged intratracheally with LAC-4 on day 33. Mouse survival was
monitored over a 7-day period. All results are shown as mean  SD (n = 5). Statistical comparisons were performed using the two-tailed unpaired Student’s t-test. *p < 0.05,
**p < 0.01, ¥¥p < 0.00] and ****p < 0.0001. ns, not significant.

and extended APC activation, a prerequisite for durable immunity.*> Moreover, the pH-dependent stability of the TA/Mn?
" network conferred structural stability under physiological conditions while facilitating controlled disassembly in acidic
lysosomal environments, potentially promoting efficient antigen cross-presentation.”*

An intriguing observation relates to the redox activity of Sq. Sq is known to act as a double-edged sword in redox
biology: functioning as an antioxidant under moderate oxidative conditions but switching to a pro-oxidant role when
oxidative defenses are compromised, due to its highly unsaturated backbone.”*** In our study, Sq@TA/Mn@OVA
triggered ROS production in DC2.4 cells at concentrations of 6.25 ug/mL Sq and 12.5 pg/mL Mn*", revealing a context-
dependent pro-oxidant effect. This finding provides mechanistic insight into the complex role of Sq in DC activation. To
our knowledge, no published studies have directly examined the combined effects of Sq and Mn?>* on ROS generation.
Individually, Mn®" is well established to promote oxidative stress through mitochondrial dysfunction, particularly at the
Complex II ubiquinone-binding site,” while Sq can undergo peroxidation to yield pro-oxidant species under certain
conditions.”**° It is therefore plausible that Mn*"induced ROS may oxidize Sq, generating reactive lipid peroxides that
could further amplify oxidative stress. While this interplay remains speculative, it raises an important mechanistic
hypothesis for future investigation.

Concerns regarding Mn?"-related toxicity warrant careful consideration. Previous studies have demonstrated that
chelation strategies effectively reduce free Mn>" levels and mitigate neurotoxicity.”’ For instance, para-aminosalicylic
acid (PAS) lowers manganese concentrations in the brain and cerebrospinal fluid, restoring metal homeostasis in rat
models,”® while agents such as Ethylenediaminetetraacetic acid (EDTA), Diethylenetriaminepentaacetic acid (DTPA),
and Nitrilotriacetic acid (NTA) also facilitate manganese clearance.’” Clinical case report also documents the therapeutic
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benefit of PAS in patients with manganese poisoning.’” In our in vivo experiments, mice immunized with various OVA
formulations showed no behavioral abnormalities, weight loss, or histopathological changes in major organs, supporting
the systemic safety of SQ@TA/Mn@OVA.

Our data also reinforce the immunopotentiating role of Sq. Prior reports indicate that emulsifying squalene with
aluminum hydroxide significantly enhances IgG titers compared with alum alone.®® Similarly, we observed that Sq@TA/
Mn@OVA induced significantly higher IgG titers than TA/Mn@OVA. Notably, we found that there was no significant
difference between the Alum@OVA and Sq@TA/Mn@OVA. It is interesting that the 1gG titer of Alum@OVA (390,625)
was significantly higher than that of Alum@rPal (17,025). Additionally, we noted that the average hydrodynamic
diameter of Alum@OVA was 1597.67 nm, which is larger than that of Alum@rPal (1301.67 nm). Although particle
size can influence antigen uptake and immune activation,®' the stronger immune response observed for Alum@OVA
compared to Alum@rPal may also be attributed to antigen properties and antigen—adjuvant interactions rather than size
alone. Several studies have indicated that physicochemical interactions between alum and protein antigens (such as
adsorption efficiency, surface charge, and stability) can critically modulate immune outcomes.®*

Importantly, translational validation using the rPal antigen from Acinetobacter baumannii confirmed the platform’s
potential. Consistent with earlier reports that Alum@rPal enhances survival following 4. baumannii infection,®" our data
demonstrate that Sq@TA/Mn@rPal elicited significantly higher IgG, IgGl, and IgG2a titers compared with alum,
resulting in an 80% survival rate against lethal pneumonia challenge versus 20% with Alum@rPal. These findings
underscore the superior immunogenicity and protective efficacy of the Sq@TA/Mn system, highlighting its promise as
a next-generation vaccine platform against multidrug-resistant pathogens.

In conclusion, this study establishes Sq@TA/Mn as a potent and versatile nano-emulsion adjuvant system that
enhances both humoral and cellular immunity. Further mechanistic studies on ROS generation and comprehensive
neurotoxicity evaluations are warranted, along with exploration of its applicability to broader disease models such as
viral infections and cancer.

Conclusion

We successfully developed a novel nano-emulsion adjuvant platform, Sq@TA/Mn, by incorporating Mn*" and Sq. To
validate its immune-enhancing capabilities, the model antigen, OVA, was loaded into the emulsion to create an Sq@TA/
Mn@OVA vaccine formulation. Compared with Alum@OVA, the Sq@TA/Mn@OVA vaccine induced stronger OVA-
specific humoral and cellular immune responses, as evidenced by higher antibody titers and an increase in IFN-y
production and spleen effector memory T cell population. Remarkably, this also expanded the TRM. Building on this
foundation, we evaluated the protective efficacy of the Sq@TA/Mn formulation by incorporating the recombinant antigen
rPal to develop a vaccine (Sq@TA/Mn@rPal) against 4. baumannii pneumonia. The Sq@TA/Mn adjuvant outperformed
conventional alum adjuvants, generating more potent Th1/Th2 responses. Importantly, the Sq@TA/Mn@rPal vaccine
provided enhanced protection against 4. baumannii infection, establishing its effectiveness as a bacterial vaccine
adjuvant. This study provides a novel method for the co-delivery of dual adjuvants and antigens. Considering the
pressing need for safe and efficient vaccine platforms capable of inducing robust humoral and cellular immunity against
infectious diseases, we anticipate that the Sq@TA/Mn nano-emulsions will have broad applications in future vaccine
development.
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