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Introduction

Mechanistic investigation of calcium phosphate
mineralization potentiating the cellular immune
response of foot-and-mouth disease virus-like
particle vaccinest

Zhidong Teng,? Jiajun Li,1* Mei Ren,? Qiangian Xie,® Hu Dong,? Jingjing Zhou,?
Suyu Mu,® Manyuan Bai,? Shigi Sun*® and Huichen Guo () *a-€

Virus-like particles (VLPs), composed of structural proteins, have emerged as a promising vaccine platform
for preventing infectious diseases due to their outstanding advantages. Enhancing immune responses
specific to VLPs, particularly cellular immunity, has emerged as a pivotal area of current immunological
research. The nanovaccines for the foot-and-mouth disease virus (FMDV) composed of VLPs mineralized
with calcium phosphate (VLPs-CaP), developed based on biomineralization principles, demonstrates
superior immunogenicity. In this study, we elucidated the efficacy and mechanism of VLPs-CaP in eliciting
cellular immune responses. The results demonstrated that VLPs-CaP were efficiently internalized by den-
dritic cells (DCs) via energy-dependent endocytosis mediated by actin, microtubules, and clathrin. Upon
uptake, VLPs-CaP decomposed within lysosomes, leading to the release of Ca?* ions and an increase in
lysosomal permeability. This facilitates the escape of VLPs into the cytoplasm for cross-presentation.
Furthermore, CaP mineralization enhanced the level of activation of DCs by FMDV VLPs, evidenced by
elevated expression of CD40 and CD86, and the secretion of IL-2 and IL-12p70. Immunization studies in
mice revealed that VLPs-CaP elicited higher levels of specific antibodies compared to unmineralized
VLPs; notably, there was an increased 1gG2a/IgGl ratio along with a greater number of cytotoxic T lym-
phocytes (CTLs). This study elucidated the mechanism by which CaP-mineralized VLPs induce cellular
immune responses, offering new insights and strategies aimed at enhancing the cellular immune efficacy
of VLP-based vaccines that primarily elicit humoral immunity.

humoral and cellular immune activation; and (3) high modu-
larity in targeted antigen display through bioengineering.

Infectious diseases impose a tremendous burden on global
healthcare systems, as well as on social and economic facets.
In the history of medicine, vaccination has proven to be the
most successful and cost-efficient intervention measure. Virus-
like particles (VLPs) present significant biomedical advan-
tages: (1) inherent safety derived from the absence of viral
genomes; (2) structural conformation preserving natural viral
architecture with repetitive antigenic epitopes, enabling potent
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These attributes have established VLPs as a robust vaccine
platform, with licensed products demonstrating a favorable
immunoprotective effect against hepatitis B virus, human
papillomavirus, and hepatitis A/E viruses.'™

VLPs have also attracted substantial attention in the
research and development of veterinary vaccines. Foot-and-
mouth disease (FMD) is a highly contagious viral disease in
cloven-hoofed animals, which is widely prevalent across the
globe and incurs severe economic losses. In FMD-endemic
regions, vaccination serves as the principal approach for the
prevention and control of FMD outbreaks. The VLPs in the
vaccine for the FMDV, consisting of structural proteins, exhibit
excellent safety and immunogenicity, and are regarded as com-
ponents of an ideal candidate vaccine to replace inactivated
vaccines and realize the eradication of FMD.*” As exogenous
antigens, VLPs mainly undergo presentation via MHC II mole-
cules upon entry into antigen-presenting cells (APCs), which
activates CD4" T lymphocytes and assists in inducing a favor-
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able humoral immune response. However, their capacity to
drive the cellular immune reaction is relatively weak.®’
Nevertheless, the vaccine’s protective efficacy in combating
pathogen infections is the synergistic result of both cellular
immunity and humoral immunity.®® Therefore, optimizing
the cellular immune response elicited by VLPs in vaccines to
attain superior immune protection has emerged as the focal
point of current research.

With the rapid advancement of nanotechnology in the bio-
logical field, biomineralized nanovaccines have been exten-
sively investigated.'®'" These nanovaccines feature accurate
regulation of physicochemical properties, pH responsiveness,
and the ability to efficiently recruit and activate APCs.">™**
Recent studies have shown that mineralized nanovaccines can
elicit distinct immune responses by activating the innate
immune system through two pathways after being taken up by
APCs: (1) antigens are degraded within lysosomes and pre-
sented to CD4" T cells via MHC II, which assist in the differen-
tiation of B lymphocytes into plasma cells, leading to the
secretion of specific antibodies; (2) the mineralized layer
rapidly disintegrates within the lysosomes, thereby disrupting
the integrity of the lysosomal membrane and allowing anti-
gens to escape into the cytoplasm. These antigens are then
presented to CD8" T cells vie MHC 1, inducing the cellular
immune response.”>"” As exemplified by metal-organic
(MOF)-mineralized ovalbumin (OVA)
composites and silica-encapsulated VLP formulations target-
ing hepatitis B virus (HBV) and human papillomavirus (HPV),
these advanced vaccine platforms demonstrate comparable
lysosomal escape capabilities coupled with synergistic acti-
vation of both cellular and humoral immune responses.®'®
Calcium phosphate (CaP), known for its excellent biocompat-
ibility and ability to enhance immune responses, has been uti-
lized as an adjuvant in various vaccines. In recognition of its
safety and effectiveness, the World Health Organization has
approved its use in human vaccines.'®?° CaP achieves this
enhancement through multiple pathways, including the depot
effect, which prolongs the release of antigens, activation of the
NLRP3 inflammasome to promote the secretion of inflamma-
tory cytokines, and increased antigen uptake by APCs.”'?
VLPs possess a controllable three-dimensional structure with
multiple functional groups on their surface. The abundance of
negatively charged amino acid residues enables VLPs to bind
with Ca*>*, forming a CaP mineralization layer in the presence
of PO,*"."> To date, no study explicitly elucidates the orien-
tation and specific mechanisms of immune responses induced
by CaP-mineralized FMDV VLPs.

In this study, by utilizing the ability of Ca** to bind with
carboxyl, hydroxyl, and carbonyl groups present on protein
surfaces,’> FMDV VLPs-CaP nanoparticles were prepared by
optimizing the mineralization conditions based on previous
studies.'® Our findings demonstrated that VLPs-CaP were
taken up by DCs via an energy-dependent endocytic mecha-
nism. Subsequently, the disassembly of VLPs-CaP within lyso-
somes increased lysosomal membrane permeability, facilitat-
ing antigen release into the cytoplasm. Compared to VLPs

framework nano-
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alone, VLPs-CaP significantly enhanced the activation of DCs.
Notably, VLPs-CaP elicited superior humoral as well as cellular
immune responses, which are characterized by the increased
number of CTLs and enhancing the specific antibody levels
(Fig. 1). Therefore, this optimal CaP mineralization offers a
valuable technological platform for enhancing the immune
and protective effects induced by VLP vaccines.

Experimental

Materials and reagents

Ca(NO;3),-4H,0 was purchased from Shanghai Hushi
Company. (NH,),HPO, and NH, H,PO, were purchased from
Sinopharm. DC2.4 cells were preserved by our laboratory. The
ELISA kits for IL-2, IL-12p70, IL-6 and TNF-o were purchased
from R&D Company. The lysosomal membrane permeability
(LMP)/integrity acridine orange assay kit was purchased from
GENMED Company. The Fluo-3 AM calcium ion fluorescent
probe was purchased from Beyotime Company. The CellTiter
96 Aqueous One Solution cell proliferation assay was pur-
chased from Promega Company. LPS was purchased from
Sigma Company. FITC-anti-CD3, BV421-anti-CD4, APC-cy7-
anti-CD8, and other flow cytometry antibodies were purchased
from BD Company. Mouse IL-4 (HRP), Mouse IL-2 (HRP), and
Mouse IFN-y (HRP) were purchased from Mabtech Company.
Nocodazole, methyl-p-cyclodextrin, and chlorpromazine hydro-
chloride were purchased from Solarbio. Cytochalasin D was
purchased from Aladdin.

Preparation and characterization of FMDV VLPs and VLPs-CaP

Based on the methods previously established in our labora-
tory, the structural proteins of FMDV were expressed and pur-
ified, and then assembled to produce VLPs.* The structural
proteins were identified by SDS-PAGE and western blot, and
the morphology of FMDV VLPs was observed through trans-
mission electron microscopy (TEM). 2 mg of FMDV VLPs was
combined with 2 mL of 10 mM Ca(NOs;), and stirred at 1500
rpm for 0.5 h at 4 °C. Then, 6 mL of 2 mM (NH,),HPO,/
NH,H,PO, was added, followed by stirring at 4 °C (1500 rpm)
for 2 h, and the mixture was then allowed to stand for 8 h.
The morphology of VLPs-CaP was observed by TEM. The
hydrodynamic particle size and zeta potential of FMDV VLPs
and VLPs-CaP were determined using dynamic light scatter-
ing (DLS). The molecular groups contained in the nano-
particles were characterized by Fourier transform infrared
(FT-IR) spectroscopy. The CaP mineralization of FMDV VLPs
was identified using SDS-PAGE and western blot. The level of
CaP mineralization of FMDV VLPs was determined using the
BCA protein assay Kkit.

Cell uptake levels and mechanisms

Bone marrow-derived dendritic cells (BMDCs) were incubated
with FMDV VLPs (10 pg) and VLPs-CaP (containing 10 pg
FMDV VLPs) for various time periods (0 h, 1 h, 2 h, 4 h, and
6 h). The uptake of FMDV VLPs and VLPs-CaP by BMDC was
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Fig. 1 Schematic representation of the research. VLPs-CaP could effectively activate dendritic cells and enable VLPs to escape into the cytoplasm
by increasing the permeability of the lysosomal membrane, consequently inducing potent cellular and humoral immune responses. The material of

the figure is sourced from bioGDP.com.?*

detected using western blot. Subsequently, an indirect immu-
nofluorescence assay was performed, and confocal laser scan-
ning microscopy (CLSM) was utilized to observe the levels of
FMDV VLPs in BMDCs after incubation with FMDV VLPs or
VLPs-CaP for 6 h. Furthermore, FMDV VLPs were labeled with
FITC to prepare VLPs-FITC-CaP nanoparticles. DC2.4 cells
were incubated for 1 h with PBS, chlorpromazine hydro-
chloride (CH) (70 pg mL™'), methyl-p-cyclodextrin (MBC)
(120 pg mL™"), cytochalasin D (CD) (100 pg mL™"), or nocoda-
zole (NCDZ) (70 pug mL™"), respectively. The culture medium
was discarded, and fresh medium containing VLPs-FITC-CaP
(10 pg of FMDV VLPs) was added to DC2.4 cells and incubated
for 1 h. Subsequently, the percentage of cells containing VLPs-
FITC was determined using flow cytometry. Additionally, VLPs-
FITC-CaP were incubated with DC2.4 cells at 4 °C to analyze
the energy dependence of cellular uptake.

Antigen-presenting cell activation

Mouse bone marrow-derived macrophages (BMDMs) and
BMDCs were seeded into 12-well plates at a density of 5 x 10>
cells per mL. Both types of cells were incubated with PBS,
FMDV VLPs (10 pg), VLPs-CaP (containing 10 pg of FMDV
VLPs), or LPS (10 pg) for 12 h. The cell supernatants were col-
lected, and ELISA was used to detect the levels of cytokines
secreted by BMDCs (IL-12p70 and IL-2) and BMDM (IL-6 and
TNF-a). The cells were washed three times with PBS.
Subsequently, different flow cytometry antibodies were used to
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stain BMDCs (PE-anti-CD11c, FITC-anti-CD40 and PE-Cy7-anti-
CD86). Finally, the activation levels of BMDCs were detected by
flow cytometry.

Lysosomal escape level

DC2.4 cells were incubated with VLPs-CaP for various times
(0 h, 3 h, and 6 h). After washing three times with PBS, fresh
medium containing the 5 pM Fluo-3 AM probe was added, and
the cells were further incubated for 40 min. After being
washed three times with PBS, the DC2.4 cells were further
incubated at 37 °C for 40 min. Intracellular Ca*>" levels were
detected using CLSM and flow cytometry. Furthermore, DC2.4
cells were incubated with PBS, FMDV VLPs, and VLPs-CaP for
6 h. The lysosomal membrane permeability of cells in different
incubation groups was measured using the lysosomal mem-
brane permeability (LMP)/integrity acridine orange assay kit.
Then, DC2.4 cells were incubated with FMDV VLPs (10 pg) and
VLPs-CaP (containing 10 pg of FMDV VLPs) for 6 h. After being
washed three times with PBS, the cells were stained with Lyso-
Tracker Red for 0.5 h in the dark. Subsequently, indirect
immunofluorescence staining was performed, and the level of
antigen and lysosome co-localization was observed through
CLSM. Finally, DC2.4 cells were treated with PBS and VLPs-
CaP. After incubation for 6 h, lysosensor green DND (LGD) was
added to the cells to specifically label lysosomes, with
untreated cells without exposure to LGD being used as the
control. After incubation for 30 min, flow cytometry and laser

This journal is © The Royal Society of Chemistry 2025
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confocal microscopy were used to detect the levels of green
fluorescence in the cells.

Mouse immunization

The mouse-related experiments were conducted in strict adher-
ence to the Guidelines for the Care and Use of Laboratory
Animals, ensuring the welfare and ethical treatment of the
animals. The study was meticulously reviewed and approved
by the Animal Ethics Committee of the Lanzhou Veterinary
Research Institute, Chinese Academy of Agricultural Sciences,
as evidenced by the approval number LVRIAEC-2023-097.

Fifteen female Balb/c mice were randomly divided into
three groups and immunized via intramuscular injection
with PBS, FMDV VLPs, and VLPs-CaP, respectively. Blood
samples were collected on days 7, 14, 21 and 28 after immu-
nization. The titers of specific antibodies in the sera were
detected using liquid-phase blocking ELISA. The levels of
IgG1l and IgG2a in the sera 28 d post-immunization were
measured by indirect ELISA. 28 d after immunization, the
spleens of the mice were collected, and lymphocyte suspen-
sion was obtained using lymphocyte separation medium.
The spleen lymphocyte was added to the ELISPOT plate at a
density of 3 x 10° cells per well, followed by stimulation with
10 pg mL™' FMDV VLPs for 18 h. The phytohemagglutinin
(PHA) incubation group was used as the positive control, and
the group without cells was used as the blank control. The
spot numbers of IL-2, IFN-y, and IL-4 were analyzed using a
plate reader. A portion of the lymphocytes was added to a
96-well plate at a concentration of 2 x 10° cells per well and
incubated with FMDV VLPs for 1 h. Lymphocytes were
treated with Brefeldin A (BFA) and incubated for 6 to 8 h.
The levels of CTL cells (FITC-anti-CD3, APC-Cy7-anti-CDS8,
and APC-anti-granzyme B) were analyzed using flow cytome-
try. Finally, lymphocytes were added to 96-well plates at a
concentration of 1 x 10° cells per well to analyze the levels of
memory T cells. This involved the use of fluorescently
labeled antibodies specific for memory T cell markers,
including FITC anti-CD3, BV421-anti-CD4, APC-anti-CD44,
and Per-cy5.5-anti-CD62L to identify and quantify these cells
using flow cytometry, and memory B cells (FITC anti-CD3,
BV500-anti-B220, PE-cy7-anti-IgM and PE-anti-IgD) were ana-
lyzed using flow cytometry.

Histological changes

The main organs (heart, liver, spleen, lungs and kidneys) of
the mice in different immunization groups (PBS group, FMDV
VLPs group and VLPs-CaP group) were collected and fixed in
4% paraformaldehyde solution. The histological changes in
the main organs were observed through hematoxylin and
eosin (H&E) staining.

Statistical analysis

All data were analyzed using one-way analysis of variance
(ANOVA). A level of P < 0.05 (*) was considered statistically
significant.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion
Synthesis and characterization of VLPs-CaP

First, FMDV VLPs were prepared according to the protocols
established in the laboratory (Fig. 2A and Fig. S17), by utilizing
the ability of Ca®" to bind with carboxyl, hydroxyl, and carbo-
nyl groups present on protein surfaces.'> Based on previous
research,”® the mineralization conditions were optimized to
prepare nanoscale particles of FMDV VLPs-CaP. TEM obser-
vations revealed that VLPs-CaP exhibited poor transparency
without staining, indicating the presence of the dense minera-
lized coating (Fig. 2B). The hydrodynamic particle sizes of
FMDV VLPs and VLPs-CaP were found to be 43.8 nm and
68.0 nm, respectively, via dynamic light scattering (DLS) ana-
lysis, indicating that the approximate thickness of the minera-
lized layer was approximately 12 nm (Fig. 2C). The isoelectric
point of CaP was 5.5, indicating a negative charge under phys-
iological pH conditions.>® DLS measurements indicated that
the zeta potential of VLPs-CaP was approximately —6.2 mV
(Fig. 2D). FT-IR spectroscopy revealed specific absorption
peaks of PO,*”, Ca®", and protein groups (-OH, -C=O0,
—-COOR) in the mineralized particles (Fig. 2E), indicating the
formation of a CaP mineralization layer on the surface of
VLPs. To analyze the level of CaP mineralization of FMDV
VLPs, the mineralized sediment and mineralized supernatant
were identified by SDS-PAGE and western blot, which showed
that the majority of FMDV VLPs were encapsulated by CaP
(Fig. 2F). The results of the BCA protein assay revealed that the
level of CaP-mineralized FMDV VLPs was about 86.2%

(Fig. S27).
Biocompatibility and uptake mechanism of VLPs-CaP

Good biocompatibility is an essential prerequisite for the use
of vaccines.?® The cytotoxicity assay demonstrated that the via-
bility rate of DC2.4 cells remained above 90% when exposed to
VLPs-CaP concentrations up to 100 pg mL™' (Fig. S3Af).
Additionally, hemolysis with red blood cells indicated that
VLPs-CaP did not cause significant hemolysis at concen-
trations ranging from 25 pg mL ™" to 1000 pg mL ™" (Fig. S3B7).
These results demonstrated that VLPs-CaP exhibited good bio-
compatibility. The extent of antigen uptake by DCs is closely
related to the efficacy of vaccines in inducing immune
responses. The results of western blot (Fig. 3A) and IFA
(Fig. 3B) indicated higher antigen content in BMDCs incu-
bated with VLPs-CaP than those treated with FMDV VLPs,
suggesting the VLPs-CaP likely facilitates the a more robust
and effective immune response.

To clarify the mechanism by which VLPs-CaP were inter-
nalized by APCs, flow cytometry was employed to assess the
levels of VLPs-CaP uptake following the inhibition of specific
endocytic pathways. The inhibitors used included methyl-
p-cyclodextrin (MBC) for the caveolar-mediated pathway, cyto-
chalasin D (CD) for the actin-mediated pathway, nocodazole
(NCDZ) for the microtubules-mediated pathway and chlor-
promazine (CH) for the clathrin-mediated pathway.>’>° The
results showed that the internalization levels of VLPs-CaP

Nanoscale, 2025, 17, 1551215522 | 15515
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was unaffected by MPC. However, marked decreases in
uptake were observed: 2.8-fold reduction with cytochalasin D
(CD), 2.3-fold reduction with nocodazole (NCDZ), and 4.73-
fold reduction with chlorpromazine (CH). These findings
suggest that the internalization of VLPs-CaP is mediated
through actin, microtubules, and clathrin-dependent endo-
cytosis pathways. Furthermore, incubating cells at 4 °C
resulted in a 1.45-fold decrease in the internalization of
VLPs-CaP, indicating that the uptake process is energy-
dependent (Fig. 3C and D).

APCs activation

APCs function as bridges for antigens to induce specific adap-
tive immune responses. Once internalized by APCs, the nano-
vaccine can trigger the maturation of APCs, which leads to an
upregulation of the expression level of co-stimulatory
molecules.’®*" Flow cytometry analysis revealed that the levels
of CD40 (Fig. 4A) and CD86 (Fig. 4B) of BMDCs incubated with
VLPs-CaP were significantly higher than those incubated with
FMDV VLPs. Importantly, the levels of IL-2 (Fig. 4C) and
IL-12p70 (Fig. 4D) secreted by BMDCs in the VLPs-CaP incu-
bation group were significantly higher than those in the FMDV
VLPs group.

As a growth factor capable of driving the expansion of acti-
vated T cell populations, IL-2 regulates TH1 cell differentiation
as well as the effector and memory responses of CD8" T cells.?
IL-12p70 plays a significant role in facilitating the activation of
CTLs.*?7* The synergistic interplay between antigen-activated
APCs and cytokines is pivotal in driving the activation of T
lymphocytes. These results implied that the CaP-mineralized
layer could help VLPs activate DCs and assist in the activation
of CTL. Meanwhile, we also discovered that VLPs-CaP could
effectively activate BMDMs (Fig. S41). The aforementioned
results demonstrated that CaP mineralization significantly
enhanced APCs activation by FMDV VLPs.

s

536%

D0 (%),

a0

PBS TMDVVLE ViPeGp Lbs o
>

1)

D86 (%)

cvs

ol

lor.7% e 11.7%) PBS_FMDVVLPS VLPs-CaP__LPS

Fig. 4 DC activation level. The expression levels of (A) CD40 and (B)
CD86 in BMDC:s in different incubation groups (PBS, FMDV VLPs, VLPs-
CaP and LPS) as measured by flow cytometry; the secretion levels of (C)
IL-2 and (D) IL-12p70 by BMDCs in different incubation groups as
detected by ELISA.
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Lysosomal escape

To explore the mechanism by which CaP mineralization pro-
motes the immune response, we conducted a series of experi-
ments. CLSM and flow cytometry analyses revealed that Ca**
levels in DC2.4 cells gradually increased with the prolonged
incubation time of VLPs-CaP, suggesting that VLPs-CaP
decomposed and released large amounts of Ca** after entering
the cells (Fig. 5A, B and Fig. S57). To delineate whether intra-
cellular Ca®" elevation in DC2.4 cells following VLPs-CaP incu-
bation originates from CaP dissolution, extracellular uptake,
or endoplasmic reticulum (ER) release, we cultured the cells in
Ca”*-free medium and pharmacologically inhibited ER Ca**
release pathways to assess their respective contributions. The
results showed that after VLPs-CaP incubation, the average
fluorescence intensity of DC2.4 cells in the Ca**-free culture
medium (VLPs-CaP-CF) group or the Ruthenium Red blocker
(cells in the Ca**-free culture medium) (VLPs-CaP-CF-R) group
was lower than that in the VLPs-CaP-cultured DC2.4 cells, but
there was no significant difference. Moreover, the mean fluo-
rescence intensity in DC2.4 cells of the VLPs-CaP-CF group
and VLPs-CaP-CF-R group was higher than that in the PBS-
incubated DC2.4 cells (Fig. S61). This suggests that while the
cytosolic Ca”* flux induced by VLPs-CaP is influenced by extra-
cellular Ca®" influx and endoplasmic reticulum Ca>" release, it
predominantly originates from CaP decomposition and its
resulting effects. Notably, the results obtained from the multi-
functional microplate reader indicated that the lysosomal per-
meability of DC2.4 cells incubated with VLPs-CaP was signifi-
cantly higher than that of those cells treated with VLPs
(Fig. 5C), suggesting that the CaP decomposition within the
lysosome enhanced the lysosomal permeability. Consequently,
intracellular Ca®* mobilization in DC2.4 cells post incubation
with VLPs-CaP is mediated through biomineral dissolution
and its cascade effects, such as the proton sponge effect.>?

The elimination of pathogen-infected cells mainly relies on
the cytotoxic T lymphocytes (CTL).>***” Nevertheless, exogen-
ous antigens are mainly degraded into short peptides within
lysosomes and presented to CD4" T lymphocytes via the MHC
11 molecule.?® Studies have found that the escape of antigens
from the endosome-lysosome into the cytoplasm can be pre-
sented by the MHC I molecule, thereby leading to the acti-
vation of CD8" T lymphocytes.>® Observation using CLSM
showed that the colocalization level of antigens with lysosomes
in DC2.4 cells incubated with VLPs-CaP was extremely low,
while the VLPs exhibited a higher level of co-localization with
lysosomes (Fig. 5D). Analysis using Image ] showed that
approximately 66% of FMDV VLPs in the VLPs-CaP group
escaped from the lysosomes into the cytoplasm. This indicates
that CaP mineralization enables VLPs to escape from lyso-
somes into the cytoplasm, which is conducive to the activation
of CD8" T lymphocytes by VLPs.

Research indicates that exogenous antigens can escape into
the cytoplasm through three mechanisms: receptor-mediated
escape, non-receptor-mediated escape, and nanocarrier-
mediated escape.’*** Modifying the properties of nanocarriers
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Fig. 5 Lysosomal escape level. (A) Ca®* levels in DC2.4 cells incubated with VLPs-CaP at different time points (0 h, 3 h, and 6 h) as measured using
flow cytometry; (B) the mean fluorescence intensity of DC2.4 cells incubated with VLPs-CaP for different periods (0 h, 3 h, and 6 h) as analyzed by
FlowJo; (C) lysosomal permeability of DC2.4 cells in different incubation groups (PBS, FMDV VLPs, and VLPs-CaP) as measured using a multifunc-
tional microplate reader; (D) the co-localization level of antigens and lysosomes observed by CLSM after DC2.4 cells were incubated with FMDV
VLPs or VLPs-CaP; (E) the fluorescence level in DC2.4 cells of control group (no addition of lysosensor green DND-189(LGD)), PBS-LGD group and
VLPs-CaP-LGD group as detected using flow cytometry; (F) analytical results of the mean fluorescence intensity as detected by FlowJo.

can enhance their nanocarrier-mediated escape by promoting
degradation within lysosomes. Subsequently, the permeability
of the lysosomal membrane increases through the proton
sponge effect, promoting the escape of antigens into the
cytoplasm.**** To analyze whether VLPs-CaP enhance lysoso-
mal permeability through the proton sponge effect, the lyso-
sensor green DND-189 (LGD) probe, which exhibits fluo-
rescence specifically in acidic organelles such as lysosomes,
was employed to assess the changes in lysosomal pH of DC2.4
cells following incubation with VLPs-CaP. The results of flow
cytometry (Fig. 5E and F) and laser confocal microscopy
(Fig. S71) showed that the green fluorescence intensity in the
cells of the VLPs-CaP group was lower than that of the PBS
group. These results indicated that the pH of the lysosomes in
the cells of the VLPs-CaP incubation group increased, which
suggested that VLPs-CaP may induce the proton sponge effect.

Immune response

The results of in vitro experiments suggest that the CaP-miner-
alized layer has the potential to enhance the cellular immune
response of the FMDV VLPs vaccine. To further validate these
observations, a murine immunization study was performed,
with biological specimens systematically collected at pre-
defined time intervals post-vaccination (Fig. 6A). The RT-qPCR
detection of cytokines and chemokines at the injection site
showed that the levels of CCL2, CCL3, CCL4, CXCL2, CXCL5,
IFN-a, IFN-B, and IL-6 were higher in the VLPs-CaP immuniz-
ation group compared to those of the FMDV VLPs group
(Fig. 6B). These results indicate that the CaP-mineralized layer

15518 | Nanoscale, 2025, 17, 15512-15522

had the effect of promoting the aggregation of APCs at the
injection site and enhancing the activation of APCs.
Furthermore, to assess the levels of T lymphocytes in the
lymph nodes of vaccinated mice, the levels of CD4" T cells and
CD8" T cells in the inguinal lymph nodes of mice in different
immunization groups (PBS group, FMDV VLPs group, and
VLPs-CaP group) were further determined by immunohisto-
chemical analysis. The levels of CD4" T cells and CD8" T cells
in both the FMDV VLPs immunization group and the VLPs-
CaP immunization group were higher than those in the PBS
immunization group. Furthermore, CaP mineralization
enhanced the level of CD4" T and CD8" T cells induced by
FMDV VLPs, especially (Fig. S81). The level of antibodies is
one of the important indicators for evaluating the efficacy of
vaccines. The level of IgG can reflect the humoral immune
response induced by the vaccine. Moreover, IgG1 is associated
with the Th2-type of immune response that assists the
humoral immune response, while IgG2a is related to the Thi-
type of immune response that aids the cellular immune
response.”>*® The antibody level in the sera of immunized
mice was measured using ELISA. The results showed that the
level of total IgG (Fig. 6C), IgG1l (Fig. S9AT), and IgG2a
(Fig. S9BT) was all significantly higher in the VLPs-CaP group
than in the FMDV VLPs group. Interestingly, the IgG2a/IgG1
ratio of the VLPs-CaP immunization group was significantly
higher than that of the FMDV VLPs immunization group,
suggesting that VLPs-CaP induced a more robust Thi-type
immune response (Fig. 6D). CD4" T cells activated by APCs
differentiate into various effector cells that assist cellular and

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The level of mouse immune response. (A) Mouse immunization and sample collection procedures; (B) the mRNA levels of chemokines
(CCL2, CCL3, CCL4, CXCL2 and CXCL5) and cytokines (IFN-a, IFN-p and IL-6) at the injection sites of mice in different immunization groups (PBS,
FMDV VLPs and VLPs-CaP) as detected using RT-gPCR; (C) the levels of specific antibodies in the serum of mice in different immunization groups as
detected using liquid-phase blocking ELISA; (D) the ratio of IgG2a/lgG1l in the FMDV VLPs and VLPs-CaP immunization groups; (E) the numbers of
splenic lymphocytes secreting IL-2, IL-4 and IFN-y in the spleen lymphocytes of mice in different immunization groups as detected using ELISPOT;
(F) the level of CTL cells in the spleen lymphocytes of mice in different immunization groups as detected by flow cytometry; (G) the levels of
memory B cells, CD4+ TCM and CD4* TEM in the splenic lymphocytes of mice in each immunization group as detected using flow cytometry.

humoral immune responses. Among them, Th1 cells secreting
IFN-y and IL-2 can facilitate the differentiation of CD8" T cells
into CTLs,"”” while Th2 cells secreting IL-4 promote the pro-
liferation and differentiation of B cells and the secretion of
antibodies.*®*® ELISPOT analysis demonstrated that the
number of IFN-y-, IL-2- and IL-4-secreting splenic lymphocytes
in the VLPs-CaP immunization group was higher than that in
the FMDV VLPs group (Fig. 6E). This suggested that the incor-

VLPs-CaP | :

This journal is © The Royal Society of Chemistry 2025

poration of the CaP-mineralized layer augments the induction
of both Thl and Th2 cells by the FMDV VLP vaccine. After
being stimulated by antigens, CD8" T cells differentiate into
CTLs, which play a crucial role in cellular immune responses
by killing infected cells and blocking the proliferation of
pathogens in the body.>*>" Flow cytometry analysis indicated a
significantly higher count of CTLs in the VLPs-CaP group com-
pared to the FMDV VLPs group (Fig. 6F and Fig. S107), which

Spleen

8.

Fig. 7 H&E staining images of the major organs in mice from different immunization groups.
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further confirmed that the CaP mineralization layer enhanced
cellular immune responses. Together, these results indicated
that the VLPs-CaP nanovaccine induced a high level of cellular
and humoral immunity.

One of the goals of vaccination is to induce long-lasting
immune responses to ensure that the host maintains specific
and enduring immune protection against pathogen infection.
The duration of vaccine-induced immunity is highly correlated
with the abundance of memory immune cells.*>™* The result of
flow cytometry demonstrated that the levels of memory B lym-
phocytes, CD4" TEM, and CD4" TCM in the VLPs-CaP immuniz-
ation group were all higher than those in the FMDV VLPs group
(Fig. 6G, Fig. S11 and S127}). The above results indicated that the
CaP-mineralized layer had the effect of enhancing the memory
immune response induced by the FMDV VLPs vaccines.

Morphological changes of organs measured by H&E staining

Prerequisites for the application of vaccines are their good bio-
compatibility and inability to cause severe side effects in vacci-
nated individuals. Morphological changes of the major organs
(heart, liver, spleen, lungs and kidneys) of mice in different
immunization groups were observed through H&E staining. It
was found that compared with the PBS group, there were no sig-
nificant pathological changes in the organs of the FMDV VLPs
group and the VLPs-CaP group (Fig. 7). Therefore, the CaP min-
eralization layer did not cause damage to the vaccinated individ-
uals. This may be attributed to the fact that CaP is a component
of bones and teeth and is easily absorbed by the body.>"

Conclusions

In conclusion, the mechanisms underlying the enhanced
immune responses induced by CaP-mineralized VLPs was
comprehensively investigated. VLPs-CaP was internalized by
DCs through an energy-dependent endocytic pathway.
Subsequently, the VLPs-CaP nanovaccine was decomposed
within lysosomes, which increased the permeability of the
lysosomal membrane, facilitating the escape of FMDV VLPs
into the cytoplasm. Thus, CaP mineralization elevated the
ability of FMDV VLPs to activate DCs and promoted the
secretion of Th1-type cytokines. The immune response in mice
further clarifies that CaP mineralization could enhance the
Th1l immune response and the level of CTLs induced by the
FMDV VLPs. Additionally, CaP mineralization also promoted
the humoral immunity and memory immunity induced by the
FMDV VLPs. Consequently, the VLPs-CaP nanovaccines could
induce a high level of coordinated humoral and cellular
immune response, providing a new strategy for advancing the
application of VLP vaccines.
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