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Background: Dendritic cell (DC) targeted antigen delivery is a promising strategy to enhance vaccine efficacy and delivery of
therapeutics. Self-assembling peptide-based nanoparticles and virus-like particles (VLPs) have attracted extensive interest as non-
replicating vectors for nanovaccine design, based on their unique properties, including molecular specificity, biodegradability and
biocompatibility. DCs are specialized antigen-presenting cells involved in antigen capture, processing, and presentation to initiate
adaptive immune responses. Using DC-specific ligands for targeted delivery of antigens to DCs may be utilized as a promising strategy
to drive efficient and strong immune responses.

Methods: In this study, several candidates for DC-binding peptides (DCbps) were individually integrated into C-terminal of porcine
circovirus type 2 (PCV2) Cap, a viral protein that could self-assemble into icosahedral VLPs with 60 subunits. The immunostimulatory
adjuvant activity of DC-targeted VLPs was further evaluated in a vaccine model of PCV2 Cap.

Results: With transmission electron microscopy (TEM), E. coli expressed Cap-DCbp fusion proteins were observed self-assembled
into highly ordered VLPs. Further, in dynamic light scattering (DLS) analysis, chimeric VLPs exhibited similar particle size
uniformity and narrow size distribution as compared to wild type Cap VLPs. With a distinctly higher targeting efficiency, DCbp3
integrated Cap VLPs (Cap-DCbp3) displayed enhanced antigen uptake and increased elicitation of antigen presentation-related factors
in BM-DCs. Mice subcutaneously immunized with Cap-DCbp3 VLPs exhibited significantly higher levels of Cap-specific antibodies,
neutralizing antibodies and intracellular cytokines than those with other DCbp integrated or wild type Cap VLPs without any DCbp.
Interestingly, Cap-DCbp3 VLPs vaccine induces robust cellular immune response profile, including the efficient production of IFN-y,
IL-2 and IL-10. Meanwhile, the improved proliferation index in lymphocytes with Cap-DCbp3 was also detected as compared to other
VLPs.

Conclusion: This study described the potential of DC-binding peptides for further improved antigen delivery and vaccine efficacy,
explainning nanovaccine optimization in relation to a range of emerging and circulating infectious pathogens.

Keywords: dendritic cell-targeted delivery, self-assembling peptide-based nanoparticles, virus-like particles, nanovaccine, enhanced

immunogenicity

Introduction

Dendritic cells (DCs), as the most efficient antigen-presenting cells (APCs), represent the interface of innate and adaptive
immunity." Scattered throughout the body, DCs constitute the first line of defense against invading pathogens.” Innate
immune recognition by DCs is based on the recognition of microbial motifs by specialized receptors. Following interaction
with antigens (Ags), DCs undergo a maturation process resulting in the up-regulated expression of
co-stimulatory, adhesion and MHC molecules enhancing their capacity to present peptides to naive T cells.® In this process,
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DCs shape the adaptive immune response by internalizing and processing antigens through MHC class I (MHC-I) and class
II (MHC-II) pathways and presenting these peptides to CD4" and CDS8" T lymphocytes. The ability to present peptides
derived from exogenous antigens on MHC-I, also known as cross-presentation, is critical for CD8" T cell immunity against
intracellular pathogens, especially for those that do not primarily infect DCs like influenza A virus.

Previous research demonstrated that antitumor vaccines which are derived from in vitro cultured DCs coupled with
tumor antigen can be successfully returned to the body for autologous transplantation. Although this method has achieved
phased success, it is limited due to the uncertain side effects of the complex.* Subsequently, a simpler and more effective
method was proposed to directly present antigens to DC via DC-restricted surface molecules, including toll-like receptors
(TLRs), C-type lectin receptors (CLRs) such as DEC-205, Clec9A, the mannose receptor, and dendritic cell inhibitory
receptor 2 (DCIR2);>® for example, the studies of fusion expression of antigens and Fc fragment of IgG, DC receptor-
specific monoclonal antibody or single chain antibody fragments (scFvs).”® In this way, the fusion protein is internalized
by DCs, propagated and degraded in the endocytic pathway. As a consequence, antigen peptides are loaded into MHC-I
and or MHC-II. There is also an in situ approach of delivering antigens with DCbps using nanoparticles to encapsulate
both antigens and adjuvants.”' However, in many researches, results indicated varied efficacy with DC targeting
strategies, which may be attributed to the varied loading or encapsulation efficiency of antigens into nanoparticles.

In contrast to the whole Ab or ScFv molecules guided DC-targeting strategy, DC-binding peptides offer an out-
standing advantage based on their small size, which significantly improves the efficiency to cross biological barriers and
greatly reduces production costs.'' For this purpose, several DC-targeting peptides were identified from a 12-mer peptide
phage display library, which could bind to human DCs and recognize the conserved region of the ligand on avian, canine,
equine, and feline DCs. It was found that the genetic fusion of the isolated DC-targeting peptide with the C terminus of
hepatitis C virus (HCV) NS3 enhanced DC activation, resulting in the increased expression of IFN-y and TNF-o in CD4"
and CD8" T cells from HCV-infected patients.'' On this basis, a mucosal, DC-targeted approach was employed in
lactobacilli vectored vaccine to enhance protective immunity against B. anthracis infection, as evidenced by local IgA
secretion, T cell immunity, and high titers of specific antibodies.'? Currently, DC-binding peptides have attracted
increasing attention with their potential to develop more efficacious vaccines.

Porcine circovirus type 2 (PCV2) is a major swine virus which causes post-weaning multi-systemic wasting syndrome
(PMWS) and lymphadenopathy in weanling piglets, along with a range of clinical signs including jaundice, nephropathy,
reproductive and respiratory disorders, collectively known as porcine circovirus associated diseases, or PCVAD.
Inactivated vaccines and Cap-based subunit vaccines are currently major strategies in clinical use for the prevention
and control of PCVAD. Vaccination can significantly reduce PCV2-related lymphatic tissue damage and reduce viremia,
thereby alleviating clinical symptoms and reducing economic losses. However, traditional inactivated vaccines also have
some limitations regarding safety and scale-up, restricting the application of vaccines. Cap subunit vaccine has gradually
become the favored choice against PCV2. Conventional Cap antigens effectively induce humoral immune responses, but
fail to induce sufficient cellular immunity, which is essential for the elimination of intracellular pathogens.'® A series of
strategies has been proposed to enhance the immunogenicity of the subunit vaccine, including the employment of

cytokine adjuvants,'*'¢ 17,18

the development of Cap VLP-based vaccine or chimeric Cap VLP containing small
molecules as adjuvants.'®** However, deepened studies in Cap VLP delivery and the related efficacy mechanism are
not widely available.

VLPs resemble native virus in terms of the size and the orderly repetitive antigen array, which induces a stronger
immune response than monomer immunogen. In vaccine design, the self-adjuvanticity of VLPs is regarded as an
outstanding advantage.>' Compared to soluble antigens, VLPs have been shown to bind to DCs and be internalized
efficiently. Besides, antigen internalization is of crucial importance to achieve significant MHC-I cross-presentation and
effective T and B cell responses.”'* Previous studies demonstrated that PCV2 cap derived either from baculovirus,
E. coli or yeast systems forms VLPs and functions as effective vaccines. PCV2 Cap is compatible to C-terminal inserts
without any disturbance in particle assembling, which allows surface display of epitopes, and therefore serves as foreign
epitope carriers.”

In the present study, we explored whether the potency of VLP-based nanovaccines would be further elevated via DC
targeting technology. To this end, a series of DC-binding peptides was screened and evaluated in terms of the capacity to
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promote antigen uptake and presentation in DCs. The peptide candidate DCbp3 was selected and fused to C-terminal
PCV2 Cap to generate DC targeting PCV2 VLPs for further studies. We hypothesize that PCV2 VLP vaccines can be
efficiently delivered via the combination of VLPs and DCbps, and therefore this DC-targeting technology would boost
immunological competence compared to conventional subunit vaccines and nanoparticulate vaccines. Further, the

efficacy of this novel vaccine candidate against PCV2 was tested regarding evoking effective protection in mice.

Materials and Methods

Cells and Virus

PK-15 cells (ATCC, CCL-33) were cultured in DMEM containing 10% FBS, 100 IU/mL penicillin and 100 mg/L
streptomycin at 37°C in a 5% CO, atmosphere. PCV2d JH strain (GenBank Accession Number MG 245867.1) was
propagated in PK-15 cells and utilized for virus neutralizing test (VNT).

Cloning and Expression of Cap-DCbp Particles

DNA sequence coding for 5 different peptides, including DCbpcon, DCbpl, DCbp2, DCbp3 and DCbp4,'***2¢ were
synthesized respectively and cloned into pET28a to generate pET28a-Cap-DCbps. Flexible linker (4xGlyGlySer) was
incorporated between Cap and DCbps (Figure 1) to avoid steric hindrance and allow proper folding. Recombinant
plasmids were transformed into E. coli BL21 (DE3) for protein expression. A single colony was placed into a 10 mL
starter culture of LB medium containing 50 pg/mL kanamycin and incubated for 16 h at 37°C, with shaking at 200 rpm.
The culture was then diluted into 400 mL 2xYT containing 50 pg/mL kanamycin and incubated at 37°C, with shaking at
200 rpm. When the absorbance reached 0.8, cultures were mixed with 0.6 mM IPTG and grown for 14 h, with shaking at
180 rpm at 25°C. Bacterial pellet was lysed with ultra-sonication, and supernatant containing target proteins were
collected and loaded on an HisSep Ni-NTA Agarose Resin (Yeasen, China). The protein was subsequently eluted with
PBS buffer (PH 7.4) supplemented with 500 mM imidazole.

Characterization of Cap-DCbp Particles

Purified Cap-DCbp fusion proteins (designated as Cap-DCbpcon, Cap-DCbpl, Cap-DCbp2, Cap-DCbp3 and Cap-
DCbp4) were filtered using 0.22 puM syringe filter, and subsequently dialyzed against assembly solution (200 mM
NaCl, 50 mM Tris, 0.1% Tween-20, pH 8.0) at 16°C overnight. Dynamic light scattering (DLS) and a transmission
electron microscope (TEM) were then performed to evaluate self-assembly of VLPs, as previously described.?’
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Figure | Construction and expression of DC-binding peptide-fused Cap proteins.

Notes: (A) The construction schematic of recombinant expression vector. Amino acid sequences corresponding to different DC-binding peptides (DCbps) were inserted
into C terminal of Cap. The expression of fusion sequence was under the control of T7 promoter. SDS-PAGE (B) and Western blots (C) of recombinant proteins
expression. 8C3: mouse anti-Cap MAb.
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Isolation of Murine Bone Marrow-Derived Dendritic Cells (BM-DCs)

BM-DCs were obtained from femoral bone marrow of C576BL male mice and washed twice with RPMI-1640. Red
blood cells (RBC) were lysed in RBC Lysis Buffer (Beyotime, China) and the remaining cells were collected.
Subsequently, cells were resuspended in 6-well cell plates with RPMI-1640 complete medium (containing 10% FBS,
10 ng/mL mouse GM-CSF, 10 ng/mL mouse IL-4) at a density of 10° cells/well. Medium was refreshed every 2 days.
After culturing for 7 days, most cells developed typical dendritic morphology.

Cellular Uptake

Internalization of Cap VLPs by BM-DCs was determined using the following steps. In brief, cells were pre-seeded on
6-well cell culture plates at 2x10° cells/mL and cultured overnight; 100 pg/mL Cap VLPs (Cap-DCbpcon, Cap-DCbpl,
Cap-DCbp2, Cap-DCbp3 or Cap-DCbp4) were then added, respectively, and incubated for 12 h. After incubation,
cultured cells were washed twice with PBS to remove unbound particles and cells were fixed with 80% cold acetone.
Fixation was blocked with FBS (100 pL/well) and washed with PBS. Cells were sequentially incubated with Cap
monoclonal antibody (8C3) for 1 h and fluorescent secondary antibody for 1 h at 37°C. Cells were then kept at room
temperature and stained with DAPI for 10 min before immunofluorescence signals corresponding to Cap internalization
were detected with confocal laser scanning microscopy (CLSM) IX81-FV1000 (Olympus).

Analysis of Marker Genes and Cytokine Expression in BM-DC

Maturation and cytokine expression in BM-DCs with Cap VLPs were investigated. After exposure to 100 uM of Cap
VLPs for 4 h, BM-DCs were subject to total RNA isolation with an Easy RNA Kit according to the manufacturer’s
instructions, and then converted to cDNA using a commercial product (Vazyme, R212-01, China). Quantitative real-time
PCR (qPCR) was performed using ChamQ Universal SYBR qPCR Master Mix according to the manufacturer’s
instructions (Vazyme, Q711-02, China). Primers used for qPCR were synthesized by Sangon (Shanghai, China) based
on target sequences reported in NCBI, and details are shown in Table 1. B-actin was amplified as an internal control. The
relative expression of target gene was detected using 272" method.

Immunization

Animal experimental procedures were supervised and approved by Laboratory Animal Care and Use Committee,
Zhejiang University. Guideline for Ethical Review of Laboratory Animal welfare (GB/T 35892-2018), Guiding
Opinions on Treating Laboratory Animals Kindly (2006-398) and Laboratory Animal Management Regulations
(2017) were followed. The corresponding ethical application code is No. 17243.

Table | The Primer Sequences used for detecting marker genes and cytokine
expression in BM-DCs

Primer (Gene Location) Sequence (5'-3")

B-actin (NC_000071.7) F: GGAGGGGGTTGAGGTGTT
R: GTGTGCACTTTTATTGGTCTCAA

MHC-II (NC_000083.7) F: CTGTCTGGATGCTTCCTGAGTTT
R: TCAGCTATGTTTTGCAGTCCACC

CD80 (NC_000082.7) F: CCCCAGAAGACCCTCCTGATAG
R: CGAAGGTAAGGCTGTTGTTTG

CD86 (NC_000082.7) F: GCCGTGCCCATTTACAAAGGCTCAA
R: TGTTACATTCTGAGCCAGTTTTATT

IL-6 (NC_000071.7) F: GTTCTCTGGGAAATCGTGGA
R: TCCAGTTTGGTAGCATCCATC
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According to the manufacturer’s instructions, antigens were emulsified with ISA-206 adjuvant (Seppic, France) at a ratio of
50:50 (w/w). Eight-week-old female BALB/c mice were randomly divided into 7 groups (n=5). Groups A, B, C, D and E were
subcutaneously inoculated with 40 pug of Cap VLPs (Cap-DCbpcon, Cap-DCbpl, Cap-DCbp2, Cap-DCbp3 or Cap-DCbp4,
respectively). PBS was immunized as negative controls. A commercial subunit vaccine (Pulike, Luoyang, China) served as
a positive control. Mice were boosted at 2-week intervals.

Humoral Response Evaluation
Titers of Cap-specific IgG antibodies were determined in ELISA with sera collected after the second immunization. Flat-
bottomed 96-well plates were coated with 5 pg/mL Cap protein in 50 mM carbonate buffer (pH 9.6) overnight. Plates
were washed with PBST and blocked with 1% Casein. Serial dilutions of serum were performed in PBST, and plates
were incubated for 2 h at 37°C. Plates were then washed again and incubated for 1 h at 37°C with HRP-goat anti-mouse
IgG, IgG1 and IgG2a (1:5000, ABclonal, Wuhan, China), after being rinsed with PBST to remove unbound antibodies.
The reaction was developed by adding 100 pL tetramethylbenzidine (TMB) for 10 min at room temperature before being
stopped by adding 50 uL. 2 M H2S04. The absorbance at 450 nm (ODy4s) was read using a microplate reader (BioTek).
To determine the titers of anti-PCV2 neutralizing antibodies (NAbs) in serum samples, VNT was performed as
described previously.'? Briefly, 4x10° PK-15 cells were pre-seeded into 96-well plates and cultured in DMEM containing
10% FBS at 37°C for 24 h. Heat-inactivated serum samples were 2-fold serially diluted to 1:256. 100 pL of each diluted
sample was mixed with an equal volume of PCV JH (200 TCIDs,) and added to the cells, and allowed to interact for 1
h at 37°C. After washing with Hanks solution, 200 pL. DMEM containing 2% FBS was added to each well. After 72 h,
cells were fixed with 4% paraformaldehyde, and then exposed to PCV2 monoclonal antibody 8C3 (1:500), followed by
FITC-labelled goat anti-mouse IgG (1:1500) for immunofluorescence assay. NAD titers were determined and expressed
as the log2 of the reciprocal of the highest serum dilution that was able to completely block PCV2 infection.

Lymphocyte Proliferation Assay

Mice were sacrificed on day 42 after the first immunization. Spleen cells were collected and analyzed for the proliferation
in response to specific antigens. Splenocytes were re-suspended in RPMI 1640 supplemented with 10% FBS and seeded
into 96-well flat-bottom microtiter plate at a density of 2x10° cells/mL. Cap antigen (10 pg/mL) was added. Wells with
medium only were used as a control. Plates were first incubated for 36 h before cell proliferation was evaluated using the
CCKS8 method. Stimulation index (SI) was calculated based on the formula: SI = OD value of stimulated cells/OD value
of unstimulated cells.

Cytokine Production by Splenocytes

Spleens were extracted from immunized mice on day 42 post euthanasia and meshed by physical homogenization. After
treatment in RBC lysis buffer for 10 min, cells were washed with RPMI 1640 by centrifugation at 1200 rpm for 5 min.
Then, 10° cells were suspended in 1 mL medium in the presence of 10 pg/mL Cap antigen and cultured for 36 h at 37°C
in a CO, incubator. Cells were subject to total RNA extraction as described above. IFN-y, IL-2 and IL-10 mRNA was
quantified in qPCR using corresponding primer pairs, as shown in Table 2. The relative expression of target gene was
detected using 274" method.

Statistical Analysis
Student’s #-test was used to analyze the significant of differences between the two groups. P-values of <0.05 were
considered statistically significant. Data were expressed as mean + standard error of mean.

Results
Design and Expression of Cap DC-Binding Peptides

It is well-documented that PCV2 Cap N-terminal contains a nuclear localization signal (NLS). NLS consists of multiple
arginine residues and is mostly encoded with rare codons in E. coli.*® To promote the soluble expression, a truncated Cap
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Table 2 The Primer Sequences used for detecting Cytokine production by
splenocytes

Primer (Gene Location) Sequence (5'-3")

B-actin (NC_000071.7) F: GGAGGGGGTTGAGGTGTT
R: GTGTGCACTTTTATTGGTCTCAA

IL-2 (NC_000069.7) F: CCCAAGCAGGCCACAGAATTGAAA
R: AGTCAAATCCAGAACATGCCGCAG

IL-10 (NC_000067.7) F: GGTTGCCAAGCCTTATCGGA
R: AATCGATGACAGCGCCTCAG

IFN-y (NC_000076.7) F: CATCTTGGCTTTGCAGC
R: TTGTTGCTGATGGCCTG

(deleting N-terminal 1-16 amino acids) was selected for further study. DCbps fused cap expression plasmids (Figure 1A)
were transformed into E. coli BL21 (DE3) and subjected to Ni-NTA chromatography purification. Results indicated that
fusion proteins were inconsistent with an expected molecular weight of ~28 kDa (Figure 1B), with a purity of about 90%.
Moreover, Western blotting confirmed DCbps fused Cap proteins (designated as Cap-DCbpcon, Cap-DCbpl, Cap-
DCbp2, Cap-DCbp3 and Cap-DCbp4) developed significant reactivity with PCV2 Cap monoclonal antibody 8C3
(Figure 1C).

Successful Assembling of Cap-DCbp Fusion Proteins into Stable VLPs

Purified proteins were subject to dialysis against PBS buffer and then analyzed under a TEM. Results revealed that Cap-
DCbps was successfully assembled into uniform VLPs with a diameter of ~20 nm (Figure 2A). DLS results indicate that
the dominant particle diameter of Cap-DCbp VLPs is 20 + 4.8 nm of greater than 99% (Figure 2B). The sizes of Cap-
DCbps VLPs observed using the two methods were consistent, indicating that Cap-DCbps VLPs exhibited considerable
integrity and narrow size distribution.

As low-temperature storage is usually required to sustain vaccine activity, a protocol was designed to maintain Cap-
DCbps VLPs. To assess the long-term stability and solubility in 4°C, VLPs stored for 3 and 6 months were evaluated in
SDS-PAGE and BCA. Samples were spun at 16,000 rpm for 30 min at 4°C to remove aggregates before the tests. Results
indicated that, after storage at 4°C for 3 or 6 months, respectively, no significant change was observed in VLP
morphology and homogeneity (Figure 2C). As shown in Table 3, up to 61.5% and 52.9% of VLPs remained in the
soluble fraction, indicating that Cap-DCbp VLPs were highly stable as vaccine candidates.

Enhanced Cellular Uptake and BM-DC Maturation by Cap-DCbp VLPs

To determine whether DC-binding peptides enhance the uptake of Cap VLPs in APCs, BM-DCs were prepared from
mice for the test. When suspensions of bone marrow were cultured in the presence of 10 ng/mL mouse GM-CSF, 10 ng/
mL mouse IL-4 for 7 days, most cells displayed dendritic appearance with satellite and slightly branched morphology
(Figure 3A). BM-DCs were incubated with 100 pg/mL Cap-DCbp VLPs or blank medium for 12 h. As shown in
Figure 3B, a strong green fluorescence signal was observed in BM-DCs in the Cap-DCbp3 VLPs group, while much
weaker FITC signals were detected in the Cap-DCbp4 VLPs group, followed by Cap-DCbpcon, Cap-DCbpl and Cap-
DCbp2. Cells treated with medium only developed a non-specific fluorescence signal.

The ability of Cap-DCbps VLPs was investigated in qPCR, to induce the expression of the surface marker MHC-II
and co-stimulatory molecules CD80, CD86. It was found that the expression levels of MHC-II (Figure 4A) CD80
(Figure 4B) and CD86 (Figure 4C) remarkably increased upon the incubation of Cap-DCbp3 VLPs (Figure 4). The
levels of MHC-II in the Cap-DCbp3 VLPs were 3.56-, 5.77-, 3.32-, 2.75- and 1.55-fold higher than those of Cap-
DCbpcon, Cap-DCbpl, Cap-DCbp2, Cap-DCbp4 and native Cap, respectively. Similar results were observed in CD80
and CD86, and the level of CD80 in the Cap-DCbp3 VLPs was 3.91-, 6.24-, 2.72-, 1.51- and 5.96-fold higher than those
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Figure 2 Physicochemical characterization of Cap-DCbp VLPs.
Notes: (A) Morphological characterization of Cap-DCbp VLPs under a TEM (%25,000). (B) Particle diameter determination of Cap-DCbp VLPs by DLS. (C) Morphological

detection of Cap-DCbp VLPs after storage under a TEM (%25,000).
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Table 3 Storage Efficiency of Cap VLPs

Storage Time (Month) 0 3 6
Protein concentration (mg/L) 218 134.1 1153
Storage efficiency (%) / 61.5 52.9

of Cap-DCbpcon, Cap-DCbpl, Cap-DCbp2, Cap-DCbp4 and native Cap, respectively. The level of CD86 in the Cap-
DCbp3 VLPs was 4.64-, 10.57-, 3.08-, 1.93- and 10.80-fold higher than those of Cap-DCbpcon, Cap-DCbpl, Cap-
DCbp2, Cap-DCbp4 and native Cap, respectively. IL-6 secreted from DCs can induce T and B cell activation,
proliferation and differentiation, and the levels of IL-6 in the Cap-DCbp3 VLPs were 2.71-, 10.42-, 1.56-, 2.07- and 2.74-
fold higher than those of Cap-DCbpcon, Cap-DCbp1, Cap-DCbp2, Cap-DCbp4 and native Cap, respectively (Figure 4D).
Taken together, our results showed that Cap-DCbp3 VLPs could not only enhance antigens uptake but also upregulate the
expression of related molecules of antigen presentation in vitro.

Potent Humoral Immunity Stimulated by DC-Targeted Cap VLPs

Serum samples from all the groups were tested in ELISA to determine the levels of anti-Cap antibodies. As shown in
Figure 5, Cap-specific antibodies increased with the immunizations of Cap-related antigens. Significantly higher IgG
levels were detected in sera of mice immunized with Cap-DCbp3 VLPs than in sera of the other groups either at 35
dpi (Figure 5A, p<0.05) or 42 dpi (Figure 5B, p<0.05). And OD,s corresponding to IgG in Cap-DCbp3 VLPs was
1.55-fold higher than the positive control (commercial vaccine Yuankexin), a conventional CAP VLP vaccine without
any DC-binding peptide. As expected, the negative control group with PBS developed non-significant antibody
responses.

The distribution of IgG subclasses IgG1 and 1gG2a was further analyzed in the sera of mice immunized with different
Cap VLPs. Significantly higher IgG1 levels were detected in the serum of mice immunized with Cap-DCbp3 VLPs than
in the sera of other control Cap-DCbp VLPs either at 35 dpi (Figure SA, p<0.01) or 42 dpi (Figure 5B, p<0.001). ODysq
corresponding to IgG1 in the Cap-DCbp3 VLPs was 1.2-fold higher than in the positive control. In contrast, there is
a remarkable difference between Cap-DCbp3 VLPs and Cap-DCbpcon VLPs immunized group in the level of IgG2a at
35 dpi (p<0.001). And ODysq corresponding to IgG2a in the Cap-DCbp3 VLPs was 1.8-fold higher than in the positive
control. At 42 dpi, ODysq corresponding to IgG1 in Cap-DCbp3 VLPs was 1.3-fold higher than in the positive control.
No difference was detected between Cap-DCbp3 VLPs and the positive control. These results indicated that, as compared
to conventional Cap VLPs, Cap-DCbp3 VLPs are more efficient in eliciting humoral immune responses in vivo.

Generally, it has been shown that viral neutralizing antibodies (NAb) against PCV2 correlate well with in vivo
protection.?’*° For this reason, we therefore performed neutralization assay to detect NAbs upon Cap-DCbp immuniza-
tion (Figure 6). Mice from each group were sacrificed at 35 dpi and serum samples were assayed for NAbs against PCV2.
No PCV2-specific NAb was detected in the negative control. In contrast, a significant increase in NAb was detected in all
of the other experimental groups. In Cap-DCbp3 VLPs groups, the average NAb titer was (1:55.72), which was
significantly (p<0.05) higher than those in other experimental groups (1:12.13 in Cap-DCbpcon, 1:16.80 in Cap-
DCbpl, 1:11.55 in Cap-DCbp2, 1:11.88 in Cap-DCbp4 VLPs, 1:22.16 in PC). The titer of Cap-DCbp3 VLPs was
2.5-fold higher than PC. Therefore, it was concluded that the employment of Cap-DCbp3 for targeted vaccine offered an
alternative strategy for optimized Cap VLP vaccine.

Significantly Elevated Cellular Immune Response via DC-Binding Peptide

It is clear that the level of lymphocyte proliferation is an important indicator to evaluate the cellular immune response. Effects
of spleen lymphocyte proliferation were analyzed by CCKS assay and the data is shown in Figure 7A. The stimulating effects
of Cap-DCbp VLPs and positive control were significantly enhanced compared with the negative control group (p<0.001), the
proliferation stimulation index (SI) of Cap-DCbp3 VLPs was 2- and 1.5-fold higher than those of Cap-DCbpcon and PC,
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Cap-DCbp-2

Figure 3 DC-binding peptides enhanced uptake of Cap VLPs in BM-DCs.
Notes: (A) Differentiated BM-DCs. Suspensions of bone marrow were cultured with GM-CSF and IL-4. (B) Cap internalization. BM-DCs were incubated with Cap VLPs or
medium. Primary antibody: mouse 8C3 mAb; secondary antibody: FITC-coupled goat anti-mouse IgG. Signals of cell nuclei (blue) and Cap (green) were detected by CLSM.

respectively. There was a significant difference in SI between Cap-DCbp3 VLPs and other experimental groups (Cap-DCbp
VLPs) with Cap antigen stimulus, while no statistical difference was detected among experimental groups except Cap-DCbp3
VLPs. These results indicated that Cap-DCbp3 VLPs enhance significantly the immunogenicity of Cap VLPs, and serve as
a stronger inducer of spleen lymphocyte proliferation.

To further investigate the initiation of cellular immunity, the relative cytokine secretion levels of IL-2, IL-10 and IFN-y
from Cap-stimulated splenocytes were determined in qPCR (Figures 7B-D). Results showed that mice with Cap-DCbp3
VLPs or PC triggered high levels of cytokines. The levels of IL-10 in the group of Cap-DCbp3 VLPs were 8.06- and 7.67-fold
higher than those of Cap-DCbpcon and PC, respectively. And the levels of IFN-y with Cap-DCbp3 VLPs were 7.35- and 1.63-
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Figure 4 Assessment of antigen uptake and immunostimulatory effects in BM-DCs.
Notes: BMDCs were exposed to 100 pg/mL antigens for 12 h. MHC-II (A), CD80 (B), CD86 (C) and IL-6 (D) were then investigated by qPCR. (¥p<0.05, *¥p<0.0l,
sk

p<0.001).

fold higher than those of Cap-DCbpcon and PC. These results indicate that vaccination with Cap-DCbp3 VLPs was more
efficient in eliciting cellular immune response.

Discussion

In recent years, DC-targeting strategies have emerged as one of the focuses in research as DCs play a significant role in
the induction and regulation of immune responses.’>'* Much progress has been achieved in human DC-targeting
vaccines, whereas DC-targeting swine vaccines have been rarely reported. Ags purely used for vaccines are often poorly
immunogenic and require specific reagents, termed adjuvants, to enhance the induction of Ag-specific immune responses,
as indicated by antibody production and effector T cell functions.>**> As a swine vaccine, additional practical issues
should be taken into consideration to generate E. coli derived PCV2 VLPs, including production cost, dosage and
efficacy. The DC-targeting strategy has become a desirable option;*° hence, we utilized DC-binding peptides to deliver
VLPs for more reasonable and effective immune responses.

Several studies have demonstrated the potential to allow insertion or substitution of small fragments of foreign
peptides of C terminal of PCV2 Cap without apparent negative effect on formation of VLPs.'**” In the present study,
different DC-binding peptides were introduced into C-terminal of PCV2 Cap, and fusion proteins were expressed in
soluble form. After one-step Ni-NTA affinity purification, Cap-DCbp fusion proteins form highly organized VLPs with
similar morphology. These findings were consistent with previous results. For an effective vaccine, one of the important
points should be noted is stability, because intact VLPs were closely related to the immunogenicity and effective
protection in both experimental and field conditions.>® We found that Cap VLPs could maintain 61.5% and 52.9% of
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Figure 5 Detection of Cap-specific antibodies in sera.
Notes: Specific antibodies including IgG, IgG| and IgG2a against Cap were measured in serum samples by ELISA at 35 dpi (A) and 42 dpi (B). (*p<0.05; **p<0.01;

#4p<0,001).

the starting concentration after storage at 4°C for 3 months and 6 months, respectively, without apparent change in VLP
morphology and homogeneity. These results revealed that Cap-DCbp VLPs could retain stable and functional forms after
long-term storage, making them suitable for vaccination purposes.

DCs are professional antigen-presenting cells (APCs) and key modulators of adaptive immunity mainly owing to
their superior ability to take up and present antigens (Ags).*® To increase the bioavailability and antigen presentation
of the Cap VLPs, DC-targeting peptides were screened in this study. Highly purified BM-DCs were prepared from
mice.***' Using this model, we found that DCbp3 exhibited a distinctly higher targeting efficiency, and Cap-DCbp3
VLPs were efficiently internalized by BM-DCs and mainly located in the cytoplasm. It is well accepted that, upon
exposure to microbial stimuli or Ags, immature DCs phagocytose Ags and undergo a maturation process character-
ized by the increased expression of co-stimulatory molecules, the production of pro-inflammatory cytokines and the
presentation of Ags to T cells.*>** In this study, significantly higher expression levels of surface molecules MHC 1I,
co-stimulatory molecules CD80 and CD86 were observed in Cap-DCbp3 VLPs compared to other VLPs, which likely
contributed to the fact that Cap-DCbp3 VLPs with multiple copies of DCbp3 on the surface resulted in more efficient
cell entry and internalization. This was consistent with the results in previous studies, indicating that antigen delivery
via specific ScFv enhances antigen internalization and up-regulates the expression of surface molecules and co-
stimulatory molecules in DCs.** As a result, Cap-DCbp3 VLPs also significantly increased the level of IL-6 following
internalization. As IL-6 can activate naive CD4" T cells and accelerate the differentiation of CD4" cells into Th1 and
Th2 in lymphoid tissues,***> Cap-DCbp3 VLPs also initiate an innate immune response after entering BM-DCs with
high efficiency. Based on these results, it can be concluded that DCbp3 significantly enhances antigen presentation
and initiates subsequent immune response via up-regulating internalization, serving as an ideal small molecule
adjuvant for the development of subunit vaccines.

After immunization in a mouse model, it was found that the efficient internalization of Cap-DCbp3 indeed correlated
with a more effective humoral immune response, especially a significant increase in IgGl and IgG2a. Of note, as
compared to PC, Cap-DCbp3 VLPs triggered dramatically stronger or comparable IgG2a immune responses at 35 dpi
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and 45 dpi, respectively. IgG2a production suggests a predominant Thl type response, which plays an indispensable role
in protective efficiency against viral infection.*® Therefore, it can be concluded that Cap-DCbp3 VLPs have great
potential to enhance Thl response and further improve protection.

Neutralizing antibodies are an important indicator of the quality of vaccines. Generally, neutralizing antibodies can bind to
antigens on the surface of pathogenic microorganisms, preventing adherence to target cell receptors and cell invasion.*’
Compared with Cap-DCbpcon VLPs, Cap-DCbp3 VLPs can increase the level of PCV2-specific neutralizing antibodies by
2.5 times. Importantly, they can reach equivalent or even higher levels of neutralizing antibodies with commercial vaccines.

The level of cellular immune response is crucial for viral vaccines. Previous studies have confirmed that the DC
targeting strategy can significantly increase the level of cellular immunity induced by anti-tumor vaccines via up-regulated
cellular immunity-related cytokines and CTL responses.*® Lymphocytes are an important cellular component of the immune
response and the main executor of almost all immune functions of the lymphatic system. After recognizing a specific
antigen, T cells expand clonally, proliferate, migrate to specific sites, differentiate and acquire effector functions such as the
ability to kill infected target cells, and synchronously secrete cytokines to coordinate immune responses.*’ To explore
whether elevated cellular immunity via DC-binding peptides occurs, we have validated both immune cells and cytokines.
Proliferation is one of the effector functions of T lymphocytes, and proliferation assays are reliable, simple, and easy to
perform, and have been widely used to assess the overall immune competence of T cells.’® As shown in Figure 3, the level
of stimulated lymphocyte proliferation is an important index of cellular immunity. DCbp3 targeting vaccine induced a high
level of proliferation when splenocytes from Cap-DCbp3 vaccinated mice were exposed to cap antigen. In cellular
immunity, CD4 T cells can differentiate into Thl or Th2 types based on the regulation of different immune factors
participating in different immune pathways. CDS8 T cells usually differentiate into cytotoxic T lymphocytes after activation
and specifically kill target cells. The production of the cytokine IFN-y is mediated by Thl cells involved in mediating
intracellular killing of multiple infectious pathogens of cellular immune responses,'~* while IL-10 is mediated by Th2 cells
associated with humoral immune responses. In a recent study, IL-10 increased granzyme B expression in Th2 cells and
led to increased Th2 cell death, which provided robust evidence that IL-10 has direct effects on Th2 cells differentiation,
regulating the survival of Th2 cells and severity of Th2-mediated allergic airway inflammation.”® IL-2 is a potent
immunostimulatory molecule that plays a key role in T and NK cell activation and expansion; activated naive CD8
T cells expanded by IL-2 immunocomplexes are able to establish a robust population of functional memory cells.”*> Based
on these researches, the relative cytokine secretion levels of IL-2, IL-10 and IFN-y were determined as shown in Figure 7.
Results prove that mice with Cap-DCbp3 VLPs triggered high levels of cytokines, including IL-2, IL-10 and IFN-y. These
results indicate that vaccination with Cap-DCbp3 VLPs was more efficient in eliciting cellular immune response. On this
basis, a DC-targeting strategy was believed to effectively elicit a robust cellular immune response.

DCs possess a broad spectrum of cell surface receptors involved in the initiation, promotion and execution of immune
responses.’® Receptors including TLR, scavenger receptors and C-type lectin receptors are important pattern recognition
receptors (PRR), recognizing PAMP on pathogens and, indeed, antigens, adjuvants and vaccines essential for the
development of innate immune responses and defense.”’” With PAMP binding to PRR on the DC surface, they also
offer potential as targets for improved vaccine delivery. Recently, many studies have focused on DC-binding peptides for
targeting delivery, mainly by selecting phage displayed peptide library towards in vitro isolated DCs. This strategy has
demonstrated that DC-binding peptide-based vaccines facilitated antigen presentation to enhance antigen-specific
responses,”® but these may induce side effects by targeting undefined receptors because various surface markers on
DCs play multiple roles in immune system and cell life cycle. Therefore, it is necessary to select specific ligands for more
reasonable DC targeting vaccine design. Phage display and combinatorial peptide design strategies proposed in previous

59,60

studies could provide a series of targeting ligands, based on their affinity with the extracellular domain of specific DC

markers as a bait. These more defined peptides would accelerate DC-targeting vaccines in clinical applications.

Conclusion

In conclusion, we have developed a targeted antigen delivery method by utilizing the specificity and high affinity
binding properties of DC-binding peptides targeting DCs. DC-binding peptides were chosen over the whole antibody
or ScFv molecules for antigen targeting since the former offer a small size and thus improve efficiency in crossing
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biological barriers. Here, VLP-based nanovaccine of PCV2 was decorated with Dcbp3. This strategy using DCbp3
targeting led to enhanced VLP antigen uptake and increased expression of antigen presentation-related factors in BM-
DCs. Comparatively, vaccination of mice with DC targeting vaccine (Cap-DCbp3 VLPs) elicited higher specific
antibodies (IgG, IgGl and IgG2a) and neutralizing antibodies compared to the untargeted vaccine (Cap-DCbpcon
VLPs or wild-type Cap VLPs). The higher immune stimulating ability of DCbp3 was also reflected in cellular
immunity, whereby DCbp3-based targeting vaccine induced elevated ex-vivo splenocyte stimulation index and higher
levels of cytokines (IFN-y, IL-2 and IL-10) compared to untargeted vaccine. Overall, the findings vindicate the use of
DC-binding peptides as a powerful tool to further boost antigen presentation in DCs, which has implications for
efficacy enhancement applicable to VLP-based and nanoparticle-based vaccines against emerging diseases.
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