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Background: The global prevalence of Dengue virus (DENV) infection poses a significant health risk, urging the need for effective
vaccinations. Peptide vaccines, known for their capacity to induce comprehensive immunity against multiple virus serotypes, offer
promise due to their stability, safety, and design flexibility. Spherical nucleic acid (SNA), particularly those with gold nanoparticle
cores, present an attractive avenue for enhancing peptide vaccine efficacy due to their modularity and immunomodulatory properties.
Methods: The spherical nucleic acid-TBB (SNA-TBB), a novel nanovaccine construct, was fabricated through the co-
functionalization process of SNA with epitope peptide, targeting all four serotypes of the DENV. This innovative approach aims to
enhance immunogenicity and provide broad-spectrum protection against DENV infections. The physicochemical properties of SNA-
TBB were characterized using dynamic light scattering, zeta potential measurement, and transmission electron microscopy. In vitro
assessments included endocytosis studies, cytotoxicity evaluation, bone marrow-dendritic cells (BMDCs) maturation and activation
analysis, cytokine detection, RNA sequencing, and transcript level analysis in BMDCs. In vivo immunization studies in mice involved
evaluating IgG antibody titers, serum protection against DENV infection and safety assessment of nanovaccines.

Results: SNA-TBB demonstrated successful synthesis, enhanced endocytosis, and favorable physicochemical properties. In vitro
assessments revealed no cytotoxicity and promoted BMDCs maturation. Cytokine analyses exhibited heightened IL-12p70, TNF-a,
and IL-1P levels. Transcriptomic analysis highlighted genes linked to BMDCs maturation and immune responses. In vivo studies
immunization with SNA-TBB resulted in elevated antigen-specific IgG antibody levels and conferred protection against DENV
infection in neonatal mice. Evaluation of in vivo safety showed no signs of adverse effects in vital organs.

Conclusion: The study demonstrates the successful development of SNA-TBB as a promising nanovaccine platform against DENV
infection and highlights the potential of SNA-based peptide vaccines as a strategy for developing safe and effective antiviral
immunotherapy.
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Introduction

Dengue virus (DENV), a member of the flavivirus genus within the Flaviviridae family, is a single-stranded, positive-
sense RNA virus primarily transmitted by Aedes aegypti or Aedes albopictus.'" The virus comprises four distinct
serotypes (DENV-1 to DENV-4), capable of causing conditions ranging from dengue fever to severe manifestations
such as dengue hemorrhagic fever and dengue shock syndrome.'* With approximately half of the global population now
susceptible to DENV, the risks associated with antibody-dependent enhancement (ADE) heighten the likelihood of severe

illness and mortality upon subsequent infection with a heterologous virus.** Despite being partially self-limiting, the
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need for effective and safe vaccinations is imperative to curb infection and disease dissemination, especially considering
the absence of specific therapeutic medications for DENV.>¢

Peptide vaccines emerge as a promising strategy capable of eliciting broad-spectrum immunity across multiple viral
serotypes.” By incorporating immunodominant epitopes highly conserved among different serotypes, peptide vaccines
can be designed to target various strains or serological variations effectively.®* Noteworthy advantages of peptide-based
vaccines include enhanced stability, safety, and cost-effectiveness, as synthetic peptides enable the design of vaccines
focusing solely on antigenic regions, mitigating adverse reactions associated with vaccinations.®'* Additionally, the
composition of peptide vaccines can be modified by introducing universal CD4" T cell epitopes or combining B-cell
epitopes, leading to the creation of universal formulations that activate specific human leukocyte antigen-restricted T-cell
specificities. In this study, we identified the HLA-DRB epitope (HA308-319 KYVKQNTLKLAT) as the antigenic
determinant for T helper cells within a cluster of polypeptides. The HA308-319 epitope, a notable influenza hemagglu-
tinin segment, has been previously reported as a benchmark for positive T-cell epitopes. This choice was substantiated by
references to its utilization as a control in related immunological studies.'"'* The B-cell epitope, delineated as
VDRGWGNGCGLFGKG, originates from the structural domain II of the DENV E protein. This epitope was pinpointed

through computational analyses by Muthusamy et al'*

as an immunodominant region that exhibits conservation across all
Dengue virus serotypes, thus underscoring its significance due to its high degree of conservation among the four DENV
serotypes.'>'® Furthermore, our research employed immunoinformatics to identify a segment representing a shared
B-cell epitope (VLGSQEG) across flaviviruses. By employing flexible ligation techniques, we successfully conjugated
the T helper cell epitope with these two highly conserved B-cell epitopes, aiming to target all four DENV serotypes
effectively. This innovative approach underscores the potential for developing broad-spectrum Dengue virus immuno-
gens through strategic epitope linkage. Compared to conventional total protein immunizations, epitope vaccines
demonstrate superior efficacy.'” Despite these advantages, peptide vaccines share common limitations with other vaccine
modalities, encompassing low immunogenicity, diminished metabolic stability, and challenges related to pharmacokinetic
parameters.'® However, recent research indicates that the immune-boosting efficacy of peptide vaccines can be aug-
mented. This may be achieved by promoting endocytosis and phagocytosis through increased peptide size or modified
binding characteristics, directly engaging antigen-presenting cells (APCs), employing adjuvants to activate APCs, or
utilizing efficient peptide delivery systems. '

Spherical nucleic acid (SNA) represent nanoscale architectures well-suited for immune modulation due to their
modularity, tunability, and facile synthesis from chemical building blocks. These structures comprise highly oriented and
densely arranged oligodeoxyribonucleotides surrounding a nanoparticle core. In contrast to linear structures, SNAs
exhibit enhanced cellular absorption without the need for harmful co-transfection agents.”'>® In this study, gold
nanoparticles (AuNPs), chosen for their unique physical and chemical characteristics such as tunable particle size and
shape, high specific surface area, and biocompatibility, served as the core of spherical nucleic acid. The advantageous
physicochemical features of AuNPs and DNA can be synergistically harnessed through functionalized modification of
AuNPs with other biomolecules, broadening their potential applications.”**> CpG, an effective Toll-like receptor 9
(TLRY) agonist, stimulates dendritic cells (DCs) and facilitates efficient antigen presentation, subsequently activating
antigen-specific T lymphocytes. Spherical nucleic acid (SNA) constructed from these sequences demonstrate higher
efficacy or an extended therapeutic window compared to linear sequences at equivalent doses.”® Moreover, SNAs enable
the creation of diverse structures with subtle nanoscale variations, such as coupling antigens to the SNA surface or
embedding them within the SNA, facilitating the exploration of structural characteristics that enhance immune responses
against viruses and tumors.?’?*

Taking advantage of the distinctive properties of SNAs, we loaded synthetic peptides onto their surface and
investigated their effective phagocytosis by dendritic cells (DCs), pivotal specialized antigen-presenting cells (APCs)
in vivo.?? DCs, the sole APCs capable of activating primary T-lymphocytes and efficiently initiating immune responses
in cytotoxic T-lymphocytes (CTLs), absorb extracellular materials like vaccines and employ Major Histocompatibility
Complex (MHC) type II to process protein antigens onto their surfaces.”’ Following vaccination with polypeptide
vaccines, T cells with T cell receptors (TCRs) detect the MHC/peptide combination, multiply, and develop into effector
cells. CD4" T cells differentiate into numerous subsets of helper T cells (Th) or regulatory T cells (T Reg), providing
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feedback to enhance and guide B and T cell growth while regulating the immune system’s response to various threats or
illnesses.>® Upon attachment to and activation of TCRs, CD8" T cells undergo differentiation into cytotoxic
T lymphocytes (CTLs) capable of eliminating infected cells when their TCRs bind to the MHC I/peptide complex.
Vaccines can also directly interact with B cells, APCs with immunoglobulin surface receptors that bind foreign
molecules, activating danger signals and leading to increased antigen presentation, proliferation, and antibody

secretion.?? 32

In this investigation, we leveraged the modularity inherent in the spherical nucleic acid (SNA) architecture, employ-
ing AuNPs as the core, to co-functionalize the SNA with a conserved epitope screened against the four serotypes of the
Dengue virus, serving as the antigenic source (Figure 1A). Our evaluation centered on scrutinizing the potential of this
architectural configuration to activate BMDCs and dissecting the ensuing immune responses in immunized mice. Our
findings reveal a discernible augmentation in several antiviral immune parameters associated with the delivered epitope
within the SNA structure in comparison to a conventional mixed formulation of free adjuvant and antigen. Specifically,
the SNA structure demonstrates heightened efficacy in stimulating BMDCs maturation, elevating the production and
secretion of cytokines and chemokines, and enhancing specific antibody expression in mice. This underscores the

pertinence of exploring efficient nanocarriers to enhance the in vivo antiviral efficacy of peptide vaccines.
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Figure | Characterization of SNA-TBB. (A) Schematic representation of the synthesis process for SNA-TBB. (B) UV-V is absorption spectra depicting the characteristics of
AuNP and AuNP-CpG complement. (C) Determination of particle size for AUNP and SNA-TBB using dynamic light scattering. (D) Zeta potential analysis for AuNP and
SNA-TBB. (E, F) Transmission electron micrographs illustrating the morphology of AuNP and SNA-TBB.
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Materials and Methods
Synthesis of SNA-TBB Conjugates

The preparation of SNA-TBB involved a sequential procedure:

I. CpG and TBB Conjugation: CpG (Sangong Biotech, Shanghai, China) and TBB (Cy5-
KYVKQNTLKLATGGVLGSQEGSMVDRGWGNGCGLFGKG, Zhong peptide Biochemistry, Hangzhou,
China) were coupled in a two-step process. Initially, 40 uM CpG underwent reduction using a 4 mm Tris
(2-carboxyethyl)phosphine hydrochloride (TCEP, Beyotime, China) solution (molar ratio of CpG to TCEP
solution at 1:100), followed by a 30-minute incubation at 25°C. Subsequently, a 40 mm 2.2"-Dipyridyl disulfide
(DTDP, Beyotime, China) solution was introduced (molar ratio of CpG to DTDP solution at 1:1000), and the
mixture underwent a 30-minute incubation at 25°C. The resultant product was purified using nucleic acid
purification columns (Cytiva, NAP™, Britain) to eliminate excess TCEP and DTDP. The CpG and TBB conjugate
was achieved by combining CpG with a TBB solution in a molar ratio of 1:1, followed by a 30-minute incubation
at 25°C. The coupling of CpG and TBB was verified through agarose gel electrophoresis.

2. AuNP Surface Modification: AuNPs (BBI SOLUTION, UK) underwent surface modification with CpG-
complement (Sangong Biotech, Shanghai, China) (refer to Table S1). Sulthydrylated CpG-complement
(100 uM, 3.3 pL) was mixed with citrate-AuNPs (30 nm, 100 pL), and the resultant mixture was frozen at
—20°C for 2 hours, followed by thawing at room temperature. The mixed solution underwent centrifugation twice
at 7000 rpm for 20 minutes to eliminate excess binding DNA.** Surface modification of AuNPs was confirmed
using UV-visible absorption spectroscopy.

3. Conjugation of CpG-TBB and AuNP-CpG-complement: The products from steps 1 and 2 were combined based
on DNA base complementary pairing principles, followed by a 30-minute incubation at 37°C and subsequent
storage at room temperature.

Characterization of Nanovaccines

Take AuNP and SNA-TBB 0.5 mL each and add deionized water to 1 mL, mix thoroughly to avoid bubbles and aggregation,
and add them into the sample pool respectively. The nanoparticles were characterized by dynamic light scattering technique
using Zetasizer Nano ZS (Malvern, UK) at 173° backscattering Angle (25°C) by hydrodynamic particle size and zeta
potential. AuNP and SNA-TBB were diluted 5 times with distilled water and ultrasound was performed for Smin. Then put
the sealing film on the glass sheet, put the copper mesh clip on the sealing film with tweezers, drop the 10uL sample on the
copper mesh, leave it for 10 min, and use a small piece of filter paper to absorb the excess liquid on the copper mesh. Then let it
stand at room temperature for 1 h to dry the copper mesh naturally. The dispersion and morphology of the two samples were
detected by transmission electron microscopy (TEM, JEOL JEM1200EX, Japan).

Generation of Immature BMDCs

Bone marrow-derived dendritic cells (BMDCs) utilized for in vitro experiments were isolated from the femur of C57BL/
6 mice (Tengxin Beer Laboratory Animal Sales Co., Ltd., Chongqing, China). BMDCs were cultured in complete
RPMI1640 (Gibco, USA) medium supplemented with 10% fetal bovine serum (Gibco, USA), 10 ng/mL IL-4
(Novoprotein, China), and 20 ng/mL. GM-CSF (Novoprotein, China) at 37°C. Immature BMDCs were harvested
on day 7 to assess the impact of SNA-TBB on antigen-presenting cells (APCs).

Cellular Uptake

BMDCs were plated in 24-well culture plates with 1x10° cells/well, cultured for 24 hours, and subsequently treated for
2 hours with various concentrations of Cy5-labeled TBB, TBB-CpG, and SNA-TBB formulations. After three washes
with PBS, BMDCs were fixed with 4% paraformaldehyde (Beijing Solarbio Science & Technology Co., Beijing, China).
Cellular uptake by BMDCs was visualized using a laser confocal microscope (CLSM, Zeiss LSM 800, Germany) and
detected by flow cytometry.
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Cytotoxicity Assessment

To evaluate the cytotoxicity of SNA-TBB, BMDCs were seeded in a 96-well plate with 5x10* cells/well and co-cultured
with PBS, TBB, TBB-CpG, and SNA-TBB at various concentrations for 24 hours. Cell viability was assessed using the
Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology, China) assay. Plates were incubated at 37°C for 2 hours, and
absorbance at 450 nm was measured with a Varioskan Flash microplate reader (Thermo Scientific). Cell viability (%) was
calculated using the formula:Cell viability (%)=(Atreat/Acontrol)x100% where Atreat and Acontrol represent the
absorbance of treated cells (TBB/TBB-CpG/SNA-TBB) and untreated cells, respectively.

BMDCs Maturation and Activation

BMDCs were placed in a 24-well culture plate in the form of 1x10° cells/well for 24 h, and then TBB, TBB-CpG and
SNA-TBB(The concentration of TBB in each group was 300 nM) were incubated with immature BMDCs at 37°C for
24 h, while lipopolysaccharide (2.5 pg/mL) (Novoprotein, China) was used as a positive control. Subsequent to
treatment, cells were collected, and BMDCs were stained with perCP-CyS5.5-labeled anti-CD11c¢ antibody, APC-
labeled anti-MHCII antibody, PE-labeled anti-CD80 antibody, and FITC-labeled anti-CD86 antibody (Biolegend,
USA). Flow cytometry analysis (BD, FACS-1) was employed to assess the labeling of cells by each antibody.
Additionally, the expression levels of cytokines, including interleukin 1 (IL-1p), tumor necrosis factor-a, and interleukin
12p70 (IL-12p70), in the culture supernatant were determined using an ELISA kit from Thermo Fisher Science Inc. This
analysis aimed to characterize the activation of SNA-TBB on BMDCs.

RNA Analysis by RT-qPCR

The Tissue/Cell Rapid Extraction Kit (BOER, China) is convenient for the extraction of total RNA from cells, extraction,
and an ultra-micro spectrophotometer was utilized to determine the concentration and purity of the isolated cellular RNA.
Reverse transcription was conducted using the PrimeScript™ RT reagent Kit with gDNA Eraser (Code No. RR820Q,
TAKARA, Japan), with the resulting cDNA diluted five times and used as a template. Fluorescence quantitative PCR,
employing TB Green® Premix Ex Taq™ II (Code No. RR820A/BTB, TAKARA, Japan) and the LightCycler™ 96 system,
was carried out to detect CD80, CD86, IL12b, IL13, IL22, and ccl5. The primer sequences can be found in Table S2.
Relative quantifications were determined using the 2-AACT method.

RNA Sequencing and Bioinformatics Analysis

BMDCs were placed in a 10cm petri dish in the form of 1x10° cells/well for 24 hours, and then TBB and SNA-TBB
were incubated with immature BMDCs at 37°C for 24 hours to extract RNA samples from BMDCs. Elaborate RNA
libraries were prepared using Illumina V2’s VAHTS single-strand mRNA-seq library preparation kit. To identify DEGs
(differential expression genes) between two different samples, the expression level of each transcript was calculated
according to the transcripts per million reads (TPM) method. RSEM was used to quantify gene abundances. Essentially,
differential expression analysis was performed using the DESeq2 or DEGseq. DEGs with [log2FC| 2 1 and FDR < 0.05
(DESeq2) or FDR < 0.001(DEGseq) were considered to be significantly different expressed genes. In addition, func-
tional-enrichment analysis including GO and KEGG were performed to identify which DEGs were significantly enriched
in GO terms and metabolic pathways at Bonferroni-corrected P-value <0.05 compared with the whole-transcriptome
background. GO functional enrichment and KEGG pathway analysis were carried out by Goatools and KOBAS,
respectively.

Mice Immunization Study

Female Balb/c mice (6 weeks old) were stratified into four groups, each comprising six mice. Subcutaneous vaccination,
administered through the loose skin of the neck, was conducted on day 0, with subsequent booster immunizations
employing various vaccine candidates (TBB, TBB-CpG, and SNA-TBB) at a dose of 30 ug of immunogen on days 14
and 28. The PBS group served as the control. On the 7th day post the last injection, blood collection involved the
removal of eyes, and antisera were prepared and stored at —20°C for subsequent assessments.
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Assessment of Antigen-Specific Systemic IgG Antibodies

The quantification of immunoglobulin antibody efficacy employed the double antibody sandwich method. In specific
terms, 15 pg/mL TBB (0.05 M phosphate solution, pH 9.6) was meticulously introduced into 96-well plates at 100 uL per
well, followed by an overnight incubation at 4°C. Subsequent to a thorough washing sequence (three times with a wash
buffer of 0.05% Tween-20 (Solarbio China) in Tween buffer, totaling 300 pL), the plates were hermetically sealed with
a 1% bovine serum albumin carbonate buffer (Biofroxx, Germany) (250 pL) and incubated at 37°C for 2 hours.
Following a series of supplementary washing procedures, antiserum was meticulously diluted at ratios of 1:100,
1:200, 1:400, 1:600, and 1:800, respectively. Each dilution was then carefully dispensed into individual wells and
subjected to incubation at a temperature of 37°C for a duration of one hour. Post this, a washing buffer treatment ensued,
succeeded by the addition of horseradish peroxidase-labeled sheep anti-mouse IgG antibody (diluted 1:5000) at 100 pL
per well (Proteintech, Chicago, USA). A subsequent 1-hour incubation at 37°C, followed by four meticulous washes,
paved the way for the final steps. Specifically, 100 pL of 3.3°,5,5’-Tetramethylbenzidine (TMB, Sigma-Aldrich, USA)
was incorporated into each well, fostering a 30-minute incubation at room temperature. The reaction was then halted with
the addition of 0.5 M H,SO,4 (50 pL), and absorbance measurements were taken at 450 nm.

Vivo Protective Experiments Against Dengue Virus Challenge

On the 35th day post-immunization, serum samples were extracted from the mice’s tail blood and subsequently
inactivated for 30 minutes at 56 °C. Following the inactivation process, 10 puL of the inactivated serum was intricately
mixed with 60 PFU/10 pL of DENV-2 or 125 PFU/10 uL of DENV-4. This mixture underwent a one-hour incubation at
37 °C. After this incubation period, the serum was further incubated for an additional hour at 37 °C. Utilizing
a microsyringe, twenty microliters of the viral serum mixture were injected into three-day-old Balb/c newborn mice.
Subsequent to the infection, survival outcomes were meticulously recorded over a fifteen-day period.

Statistical Analysis

The data were presented in the format of mean + standard deviation (SD). Statistical differences among groups were
assessed using Student’s ¢-test and ANOVA. A significance level of P < 0.05 was deemed indicative of a meaningful
difference. Significance levels were categorized as follows: (*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Design, Synthesis, and Characterization of SNAs

In the development of spherical nucleic acid (SNA) structures, we employed gold nanoparticles (AuNPs) to establish Au-
S bond interactions with sulfhydrylated CpG complementaries. To bind sulfhydrylated CpG to TBB, which incorporates
cysteine, S-S bond interactions were utilized. The construction of a spherical nucleic acid vaccine (SNA-TBB) followed
a specific co-incubation period between CpG and CpG complementarities (Figure 1A). The successful binding of the two
couplers was confirmed through UV spectrophotometry and agarose gel electrophoresis. Our results demonstrated
complete coupling of CpG with TBB, as indicated by the substantially reduced migration rate of TBB-CpG compared
to the CpG group, with no observable residual CpG (Figure S1). Furthermore, the conjugation of AuNP and CpG-
complement resulted in a significant red-shift in the greatest light absorption peak, indicating the formation of an
oligonucleotide sphere adhered to the AuNP surface (Figure 1B). Physicochemical properties of the formulated SNA-
TBB vaccine, encompassing hydrodynamic particle size and particle surface charge, were thoroughly characterized.
Dynamic light scattering revealed particle sizes of approximately 30 nm for AuNPs and 50 nm for SNA-TBB. The
particle sizes of AuNP experienced a significant increase upon binding nucleic acids and antigens (Figure 1C). Zeta
potentials of AuNP and SNA-TBB were determined to be around —12 mV and —31.5 mV, respectively (Figure 1D).
Modification of AuNP with CpG and TBB rendered the particles negatively charged in pure water, substantially
exceeding the charge of AuNPs alone, indicative of CpG’s strong negative charge. This observation suggests improved
stability for SNA-TBB in aqueous solutions. Transmission electron micrographs demonstrated the uniform dispersion
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and spherical nature of SNA-TBB nanoparticles. Compared with AuNP alone, the particle size of SNA-TBB exhibited an
increasing trend (Figure 1E and F).

Endocytosis of SNA-TBB

To delve into the in vitro endocytosis of SNA-TBB, we employed laser confocal scanning microscopy and flow
cytometry for qualitative and quantitative assessments of TBB. After a two-hour incubation of various groups with
bone marrow-derived dendritic cells (BMDCs), we sought to investigate whether SNA-TBB enhances the internalization
of the antigen into BMDCs. Maintaining a consistent antigen concentration, confocal microscopy revealed distinct red
fluorescent signals in cells of the SNA-TBB group after co-incubation with BMDCs. In contrast, the TBB-CpG group
exhibited weaker fluorescent signals, while the TBB group displayed virtually no fluorescent signals at all (Figure 2A).
Flow cytometry analysis (Figure S2) showed that the number of cells with TBB uptake by BMDCs was significantly
higher than that in the other groups. These findings collectively underscore the potential of SNA-TBB to efficiently
transport and present antigens to antigen-presenting cells (APCs), thereby activating an immune response.

In vitro Cell Viability and Maturation of BMDCs Induced by SNA-TBB

To evaluate the potential toxicity of SNA-TBB, bone marrow-derived dendritic cells (BMDCs) underwent a 24-hour
incubation with varying concentrations of formulations, utilizing the PBS-treated group as a control. Notably,
Figure 2B illustrates that even at a TBB concentration of 400nM in each formulation, no significant cytotoxicity
was observed.

To explore whether the peptide vaccine could instigate the maturation of dendritic cells (DCs), a crucial step in
initiating antigenic T-cell immunity, BMDCs were co-incubated with distinct peptide vaccine components for 24 hours,
alongside lipopolysaccharide (LPS) as a positive control. Subsequent qPCR analysis was employed to discern the
molecular expression of co-stimulatory molecules CD80 and CD86 on the surface of BMDCs. As depicted in
Figure 2C and D, both CD80 and CD86 expression exhibited an elevation in the SNA-TBB group compared with the
TBB group and the TBB-CpG group. Remarkably, CD86 expression in the SNA-TBB group even surpassed that in the
LPS group. Flow cytometry was employed to investigate the expression of CDl11c, the primary stimulatory molecule
MHC-II, and the co-stimulatory molecules CD80 and CD86 on the BMDC surface. The consistently high expression of
CDllc, approximately 75%, attested to the high purity of BMDCs (Figure 2E). SNA-TBB notably augmented MHC-II
expression, facilitating the presentation of antigens through the MHC-II pathway, a process vital for activating CD4"
T cells and triggering humoral immunity (Figure 2F). Moreover, SNA-TBB significantly enhanced the expression of
CD80 and CD86 (Figures 2G, H and Figure S3), affirming the effective promotion of BMDC maturation by the SNA-
TBB conjugate.

In vitro Cytokine Analysis

To assess the immunostimulatory impact of the nanovaccine on bone marrow-derived dendritic cells (BMDCs) in vitro,
we conducted a comprehensive analysis of various cytokines present in the culture supernatants of BMDCs following
incubation with SNA-TBB, utilizing specific enzyme-linked immunosorbent assay (ELISA) assays. As depicted in
Figure 3A, the interleukin-12p70 (IL-12p70) levels in cultures treated with SNA-TBB exhibited an 8.6-fold, 9.0-fold,
and 4.4-fold increase compared to those treated with PBS, TBB, and TBB-CpG, respectively. Furthermore, the tumor
necrosis factor-o (TNF-a) levels in the SNA-TBB-treated group were elevated by 2.0-fold, 1.8-fold, and 1.3-fold
compared to the PBS, TBB, and TBB-CpG groups, respectively (Figure 3B). Additionally, the interleukin-1p (IL-1pB)
levels in the SNA-TBB group surpassed those in the PBS, TBB, and TBB-CpG groups by approximately 1.5 times
(Figure 3C). In essence, the results indicate that SNA-TBB induces alterations in antibody expression on the cell
surface and the secretion of inflammatory cytokines by BMDCs, ultimately contributing to the enhanced maturation of
BMDCs.
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Figure 2 Antigen Uptake in BMDCs and BMDCs Activations. (A) Confocal microscopy images depicting the antigen uptake by BMDCs following co-incubation with various
components. Red indicates Cy5-labeled antigen, and blue represents DAPI staining for cell nuclei. (B) Assessment of cell viability for different components after 24 hours of
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Figure 3 Measurement of Cytokine Secretion Levels. (A) ELISA assays were employed to quantify the secretion levels of IL-12p70, (B) TNF-0, and (C) IL-1B. Data are
presented as mean = SD (n = 3). ¥p < 0.0, **p < 0.001.

Transcriptomic Analysis of TBB and SNA-TBB-Treated BMDCs
In-depth exploration of the mechanistic changes in BMDCs following antigen uptake was conducted by assessing the
global transcriptional alterations in TBB- and SNA-TBB-treated BMDCs through RNA-Seq technology. Differential
gene expression analysis revealed 347 up-regulated and 597 down-regulated genes, as illustrated in Figure 4A.
Subsequently, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses were
employed to unravel potential modifications in cellular processes and signaling pathways (Figure 4B and C). GO
analysis unveiled a significant enrichment of differential genes at functional loci associated with immunoreceptor
activity, cytokine-mediated signaling pathways, chemokine-mediated signaling pathways, regulation of natural killer
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cell chemotaxis, regulation of interleukin-12 production, monocyte chemotaxis and migration, among others. These
functional loci are intricately tied to processes such as antigen presentation, stimulation of T cell activation, and
activation of BMDCs. Further investigation of specific differential genes highlighted elevated expression of IL-12b,
Ltb, and CCR7—genes intimately linked to BMDC maturation and activation (Figure 4D).

KEGG analysis unveiled signaling pathways associated with pathogen recognition, such as Toll-like receptor (TLR)
signaling pathways, known to facilitate phagocytosis and uptake of vaccination particles. Downstream cytokine and
interferon signaling pathways, including JAK-STAT signaling, cytokine-cytokine receptor interactions, and viral protein-
cytokine and cytokine receptor interactions, were also overexpressed, potentially inducing the release of chemokines,
interferons, and cytokines. Gene enrichment analysis further delved into the molecular mechanism of BMDCs, indicating
the up-regulation of IL-22, IL-13, ccll, cclS, and ccl4. These genes are primarily associated with inflammatory responses,
regulation of cytokine production, and immune responses, aligning with the GO findings (Figure 4E). Collectively, these
results suggest profound alterations in the mRNA transcriptome of SNA-TBB-treated BMDCs, with SNA-TBB exerting
broader and more potent effects on gene expression related to maturation, activation, and inflammatory responses in
BMDCs compared to the TBB group. To validate the transcriptome data, fluorescent quantitative PCR was employed,
confirming the consistent expression patterns of IL-12b, IL-13, ccl5, and IL-22 genes (Figure 4F-I), reinforcing the
reliability of the transcriptome data.

Analysis of IgG Antibody Titers and Serum Protection Against DENV Infection in

Neonatal Mice

To assess the immunogenic potential of SNA-TBB following subcutaneous injection in mice, particularly in terms of
humoral immunity (Figure 5A), we conducted a comprehensive analysis of serum samples from different vaccinated
mouse cohorts to quantify the presence of antigen-specific IgG antibodies (Figure 5B). Upon administering three
immunizations, mice immunized with SNA-TBB exhibited significantly higher and statistically elevated antibody levels
on day 35 compared to counterparts immunized with PBS, TBB, and TBB-CpG. Subsequently, neutralization experi-
ments were conducted using DENV-2 and DENV-4 with mouse sera collected on the 7th day post the final immunization.
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Figure 5 Immunogenicity and Protective Efficacy Assessment of Peptide Vaccination. (A) Programmatic representation of the peptide vaccination schedule. (B)
Quantification of antigen-specific IgG antibodies in serum samples post-vaccination assessed through ELISA (n = 6). (C, D) Alterations in the survival rates of neonatal
mice post-immunization, challenged with serum mixtures containing DENV-2 and DENV-4. Data are presented as mean + SD. *p < 0.05, **p < 0.01.
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Figure 6 In Vivo Safety Evaluation of Peptide Vaccine. Histopathological examination of vital organs (heart, liver; spleen, lung, and kidney) from mice immunized with TBB,
TBB-CpG, and SNA-TBB, compared to the PBS control group.

Infection studies were carried out on 3-day-old Balb/c neonatal mice using serovar mixtures, and their survival rates were
monitored over a 15-day period post-infection. Notably, the SNA-TBB vaccine-immunized group displayed survival
rates of 40% and 50%, respectively, within the 15-day observation period. In contrast, the neonatal mice in the TBB
group exhibited mortality starting on day 6 following the injection of serum and each virus mixture, ultimately
succumbing to infection within 15 days (Figure 5C and D).

Assessment of in vivo Safety

To scrutinize the potential toxicity of the peptide vaccine in vivo, mice were euthanized, and their hearts, livers, spleens,
lungs, and kidneys were examined. As depicted in Figure 6, none of the groups, including TBB, TBB-CpG, and SNA-
TBB, displayed abnormal cell death, tissue reactions, or inflammatory infiltration when compared to the PBS group.
These observations strongly suggest that neither SNA-TBB nor TBB, TBB-CpG, or TBB alone induced organ damage
in vivo, affirming the safety of the peptide vaccination.

Discussion

The absence of specific antiviral medications for dengue fever underscores the need for effective therapeutic approaches.
Despite the existence of commercial dengue vaccines, their clinical utilization has been limited due to safety
concerns.>** Peptide vaccines have gained prominence, capitalizing on the intricate understanding of the immune
system and the pivotal role of antigenic epitopes in eliciting robust immune responses. In contrast to conventional
vaccines, such as attenuated or inactivated whole-pathogen vaccines, subunit or toxoid vaccines, and carbohydrate-based
vaccines, peptide-based vaccines, specifically epitope-pooled vaccines, offer a distinct strategy for developing disease-
specific prophylactic and therapeutic solutions. Epitopes, recognized by T and/or B cells governing adaptive immunity,
constitute crucial components of antigens. Harnessing multiple epitopes in vaccines holds the advantage of eliciting
favorable T and B cell-mediated immune responses.>®>’ Notably, epitope vaccines boast a superior safety profile
compared to traditional immunizations, significantly reducing the risk of pathogenic or off-target reactions. In this
study, a peptide vaccine was meticulously designed to target shared antigenic epitopes across the four dengue serotypes,
identified through genetic analysis. However, the effective delivery of this peptide vaccine necessitates a reliable vaccine
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delivery system. Spherical nucleic acid (SNA) serve as proficient transport carriers, enabling the simultaneous transpor-
tation of CpG and peptides. CpG oligonucleotides, known for inducing robust Th1-type immune responses, play a pivotal
role.*® The utilization of CpG as an adjuvant in vaccine formulations is an evolving therapeutic strategy, and the
integration of CpG into SNAs has progressed to clinical trials.>® In our study, CpG within SNA successfully induced
dendritic cell maturation and the production of Thl cytokines, such as IL-12p70, underscoring the potential of this
innovative approach in enhancing vaccine efficacy.***

The intricate interplay between dendritic cells (DCs) and peptide-based immunotherapies underscores their colla-
borative role in augmenting immune responses. DCs, pivotal in enhancing cellular immune responses, play a crucial role
in antigen processing. Upon antigen capture, DCs convert these entities into smaller fragments, presenting them on the
cell surface for T cell recognition, thereby initiating a robust T cell response.Our well-established spherical nucleic acid
(SNA) vector antigen delivery platform has demonstrated remarkable efficacy. The SNA-TBB vaccine, a product of this
platform, facilitates enhanced antigen absorption by BMDCs. This heightened absorption, in turn, promotes the expres-
sion of co-stimulatory factors CD80 and CD86, stimulating BMDCs to secrete cytokines and chemokines, crucial
elements in immune responses.

Furthermore, gene enrichment analysis in SNA-TBB-treated BMDCs reveals a significant up-regulation of down-
stream cytokine and interferon signaling pathways. Notably, there is a pronounced elevation in IL-22 and IL-13, along
with substantial induction of IL-12. IL-22, belonging to the IL-10 cytokine family, is produced by activated DCs and
T cells. Its binding to the IL-22 receptor on epithelial and stromal cells promotes the growth, remodeling, and restoration
of organs, fortifying innate host defense mechanisms against pathogen invasion.** IL-13, known for inducing monocyte
differentiation, enhancing MHC class II molecule expression, and stimulating B cell proliferation, further contributes to
the intricate immune cascade.*’ Additionally, mature DCs up-regulate the chemokine receptor CCR7, facilitating their
migration to lymph nodes via lymphatic channels.***’ In the lymph nodes, DCs interact with T cells, delivering primed
antigens, thereby initiating a potent immune response. The orchestrated maturation of DCs, coupled with the modulation
of antigen internalization and the surface expression of co-stimulatory molecules, critically regulates the amplification of
immune response products. This intricate regulatory network underscores the significance of our SNA-TBB vaccine in
orchestrating an effective and targeted immune response.

In assessing the immunogenicity of the peptide vaccine, subcutaneous injections were administered to mice in
a triple-dose regimen. Evaluation of antigen-specific IgG antibody levels in collected sera revealed a notable enhance-
ment in the production of these antibodies induced by SNA-TBB, surpassing levels observed in both TBB-CpG and
TBB groups. Importantly, our findings indicate the safety of all compounds, including SNA-TBB, as they demon-
strated no adverse effects on immunized mice and exhibited no toxicity towards normal cells. While the current
investigation represents an initial exploration into the immunogenicity of peptide vaccines, future studies can delve
deeper into elucidating the cellular immunity elicited in mice. Further investigations may involve refining the
immunization strategy, exploring alternative adjuvants, and optimizing the peptide coupling ratio to attain an enhanced

immunization effect.

Conclusion

In conclusion, our successful construction of a nanovaccine system based on spherical nucleic acid vectors has
demonstrated effective antigen uptake and the stimulation of maturation and activation of BMDCs. This, in turn, has
resulted in an augmented antigen-specific immune response with a commendable biosafety profile. The innovative design
presented here lays the groundwork for a viable strategy in developing nanovaccines that co-deliver adjuvants and
antigens for antiviral immunotherapy. Consequently, it introduces a novel avenue for research in the creation of safe and

effective dengue vaccines.
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