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Robust Systemic and Mucosal Immune Responses to
Coxsackievirus B3 Elicited by Spider Silk Protein Based
Nanovaccines via Subcutaneous Immunization

Xingmei Qi,* Guoqiang Wei, Yanan Li, Sidong Xiong,* and Gefei Chen*

Coxsackievirus B3 (CVB3) is a member of the enterovirus genus and linked
to several diseases, including myocarditis, which can progress to dilated
cardiomyopathy. Despite ongoing preclinical efforts, no clinically approved
vaccines against CVB3 are currently available, highlighting the urgent need for
effective prophylactic solutions. In this study, a nanovaccine platform based on
spider minor ampullate silk protein (MiSp) is introduced. This platform utilizes
protein nanoparticles engineered from chimeric proteins that incorporate
CVB3 antigenic peptides into customized MiSp, subsequently loaded with all-
trans retinoic acid (RA). These functional nanovaccines are capable of eliciting
both mucosal and systemic immune responses following subcutaneous
administration and demonstrate significant protective effects against CVB3
infection in mice. This study signifies an approach in peptide-based parenteral
vaccine strategies, utilizing engineered MiSp nanoparticles combined
with RA. This methodology represents a promising pathway for preventing
enterovirus infections by leveraging the unique immunomodulatory
properties of spidroins and RA to combat these pathogens effectively.
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1. Introduction

Vaccines play a pivotal role in public health
for mitigating the spread of infectious dis-
eases. Traditional vaccines, employing inac-
tivated or live attenuated pathogens, have
significantly contributed to the control of
infectious diseases by stimulating adaptive
immunity.[1–3] Despite their effectiveness,
these vaccines pose safety concerns, includ-
ing the potential to cause diseases they aim
to prevent or to introduce harmful con-
taminants, leading to adverse effects.[4,5] In
response, subunit vaccines, which contain
only purified antigens or antigenic com-
ponents of the pathogen, have emerged
as a safer alternative due to their reduced
risk of side effects.[4,6] However, the lim-
ited immunogenicity often results in sub-
optimal protection, necessitating the use of
adjuvants or carrier materials to enhance
vaccine efficacy.[6] Given that the primary

route of entry for many infectious agents is through mucosal
surfaces, the generation of mucosal antibodies, particularly im-
munoglobulin A (IgA), is crucial for intercepting pathogens at
these entry points. Parenteral subunit vaccines typically struggle
to elicit a mucosal immune response due to a mechanism that
limits the access of peripherally stimulated lymphocytes to mu-
cosal sites.[2] Moreover, while traditional vaccination approaches,
including intramuscular, subcutaneous, or intradermal injec-
tions, are effective at provoking systemic immune responses,
they generally are not able to induce robust mucosal immunity.
Oral vaccines have been proposed to induce intestinal immunity,
but their effectiveness is often compromised by the challenging
gut environment and the lack of appropriate mucosal adjuvants.
Several studies have shown that administering all-trans retinoic
acid (RA), a vitamin A metabolite, can enhance the mucosal hom-
ing capabilities of T and B cells, thereby augmenting intesti-
nal immune responses.[7–11] However, RA’s limited solubility in
water and the potential for immune tolerance with high doses
present formulation challenges for parenteral vaccines.[8,10] In or-
der to circumvent this, a parenteral vaccine strategy that enabled
the induction of both systemic and mucosal immune response
was achieved by co-delivery of RA with antigen by adjuvant.[7,10,11]

Considering the general safety and efficacy profiles, developing a
subunit vaccine formulation that enabled the induction of both
systemic and mucosal immune responses is necessary.

Adv. Funct. Mater. 2024, 2407568 2407568 (1 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

http://www.afm-journal.de
mailto:xmqi@suda.edu.cn
mailto:sdxiong@suda.edu.cn
mailto:gefei.chen@ki.se
https://doi.org/10.1002/adfm.202407568
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202407568&domain=pdf&date_stamp=2024-07-03


www.advancedsciencenews.com www.afm-journal.de

Coxsackievirus B3 (CVB3), a member of the enterovirus
genus within the Picornaviridae family, is a non-enveloped,
single-stranded positive-sense RNA virus. Its infection spec-
trum is broad, ranging from mild flu-like symptoms to se-
vere conditions that impact the heart, pancreas, and nervous
system. Notably, CVB3 can cause viral myocarditis, a condi-
tion that may progress to dilated cardiomyopathy and ulti-
mately require heart transplantation.[12–14] Beyond myocardi-
tis, CVB3 has been linked to a variety of other diseases, in-
cluding meningitis,[15,16] pancreatitis,[17] hand-foot-and-mouth
disease,[18,19] and even the onset of type 1 diabetes.[19–23] De-
spite ongoing preclinical efforts,[24] no clinically approved vac-
cines against CVB3 are currently available, underscoring the ur-
gent need for effective prophylactic measures. In recent years,
nanoparticle-based systems have been developed as deliver-
ing platforms for drugs or vaccines.[25–29] Among these sys-
tems, spider silk proteins (spidroins) have attracted the inter-
est due to their excellent properties such as inherent biocom-
patibility and biodegradability, the induction of no or negligi-
ble immune response and allow for solvent-free preparation
and steam sterilization.[30–35] These features make spidroins
an attractive candidate for vaccine delivery development, of-
fering a promising avenue for the creation of safe and effec-
tive vaccine delivery system against challenging pathogens like
CVB3.

This study explores a vaccination approach by integrating spe-
cific CVB3 antigenic peptides (epitopes) into engineered spider
minor ampullate silk proteins (MiSp), combined with RA en-
capsulation. The complex nanovaccines can induce robust mu-
cosal and systemic immune responses after subcutaneous injec-
tion and provide significant protective effects against CVB3 infec-
tions in mice. This study marks the initiation of a peptide-based
parenteral vaccine strategy that employs engineered spidroin
nanoparticles coated with RA, representing a promising avenue
for the prevention of enterovirus infections.

2. Results

2.1. Characterization and Biosafety of CVB3 Nanovaccines

The capsid protein of CVB3 is a complex assembly composed
of four capsid proteins, with the VP1 protein standing out as
a pivotal antigenic target for the development of subunit vac-
cines. This prominence is due to its array of immunogenic epi-
topes that are capable of eliciting both T-cell and B-cell responses,
along with its notable antibody neutralization potential.[36–39] To
enhance the elicitation of mucosal immunity via subcutaneous
injection, we strategically selected two epitopes from the VP1 pro-
tein to form the basis of our nanovaccine design. These include a
B-cell epitope (VP1B, positions 1–15: GPVEDAITAAIGRVA) and
a T-cell epitope (VP1T, positions 153–172: PDKVDSYVWQTST-
NPSVFWT), both of which were pinpointed through the utiliza-
tion of synthetic overlapping peptides in a series of in vitro and
in vivo assays.[37,40] The chosen B-cell epitope is particularly effec-
tive in provoking CVB3-specific serum responses, whereas the
selected T-cell epitope is instrumental in stimulating the pro-
duction of interferon-gamma (IFN-𝛾), predominantly fostering
a targeted immune defense against CVB3 infection. These two
VP1 peptides were fused genetically to a customized spidroin

NM, which is able to assemble into nanoparticles,[41] with a
cathepsin S substrate linker (PMGLP) in between, respectively.
Here, N is the N-terminal domain of Araneus ventricosus MiSp
and M is part of the repetitive region. Based on this strategy,
two chimeric proteins, NM-VP1B and NM-VP1T were generated
(Figure S1a,b, Supporting Information). These chimeric proteins
were expressed in Escherichia coli and induced to form nanopar-
ticles through a salting-out process using potassium phosphate
(Figure S1c,d, Supporting Information).[41–43] Interestingly, both
types of nanoparticles were spherical and exhibited similar sizes
under scanning electron microscopy (SEM), with diameters of
321 ± 1.5 nm for NM-VP1B and 293 ± 4.3 nm for NM-VP1T

(Figure 1a,b). Additionally, the zeta potentials of these chimeric
nanoparticles, a measure of their surface charge and stability in
suspension, were closely matched at −23.8 ± 0.5 mV for NM-
VP1B and −24.3 ± 1.8 mV for NM-VP1T, as determined by dy-
namic light scattering (DLS) (Figure 1b; and Table S1, Support-
ing Information). This consistency in size and zeta potential
underscores the reproducibility and precision of the chimeric
nanoparticle formation process, highlighting its potential for
uniform vaccine delivery platforms. To enhance the potential
for boosting mucosal immunity through subcutaneous injec-
tion, these nanoparticles were further loaded with RA, named
RA@NM-VP1B and RA@NM-VP1T, respectively. The successful
loading of RA was confirmed through absorbance measurements
at 297 nm and observed color changes (Figure S1e,f, Support-
ing Information). These modifications resulted in an increase
in average nanoparticle size and a reduction in zeta potential,
with RA@ NM-VP1B showing a size of 442.3 ± 15.4 nm and
a charge of −36.9 ± 0.6 mV and RA@NM-VP1T exhibiting a
size of 439.7 ± 7.1 nm and a surface charge of −42 ± 0.5 mV
(Figure 1b). And the RA loaded nanoparticles were still uniform
and spherical (Figure 1a). Given that high concentrations of RA
can activate retinoic acid receptor (RAR) and retinoid X receptor
(RXR) nuclear receptors, leading to IL-10 mediated immunosup-
pression, and low concentrations might not sufficiently stimu-
late antigen-presenting cells (APCs),[10,27] the RA concentration
in the nanoparticles was carefully optimized. By evaluating the
maturation (CD86 expression) and IL-10 secretion levels of bone
marrow-derived dendritic cells (BMDCs) exposed to different RA
loadings (0.5, 0.75, and 1.0% of the nanoparticle mass), the op-
timal RA loading amount was finely tuned to ≈0.75% for fur-
ther studies (Figure 1c,d). With aiming for both T-cell and B-
cell responses, we created and investigated the nanovaccines by
mixing equal amounts of NM-VP1B and NM-VP1T nanoparticles,
resulting in the formulations NM-VP1T/B and RA@NM-VP1T/B.
The mix of RA@NM-VP1B and RA@NM-VP1T demonstrated a
sustained release of RA at different pHs (Figure 1e), providing
supportive evidence for its effectiveness in in vivo immunization
scenarios.

The biocompatibility and safety profile of the nanoparticles
were further assessed through a series of evaluations. RAW264.7
and BMDC cells were exposed to varying concentrations of the
nanoparticles (100–1000 μg mL−1), and cell viability was as-
sessed using the CCK-8 cell proliferation assay. After 24, 48,
or 72 h of exposure, no significant impact on cell viability was
detected across the range of nanoparticle concentrations when
compared to the control group (PBS), as evidenced by a quali-
tative comparison of cell density (Figure 1f,g). Furthermore, the
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levels of interleukins (IL-1𝛽), tumor necrosis factor-alpha (TNF-
𝛼), and interferon-gamma (IFN-𝛾) in the serum of mice im-
munized with RA@NM-VP1T/B were evaluated and no severe
systemic inflammation was observed (Figure 1h). Additionally,
the hemocompatibility of the nanoparticles was investigated
through hemolytic assays. Different concentrations of nanopar-
ticle were incubated with red blood cells (RBCs) for 30 min,
and the absorbance of hemoglobin released from lysed RBCs
was measured at 570 nm. The results showed that NM-VP1T/B

and RA@NM-VP1T/B nanoparticles exhibited no hemolytic be-
havior at the highest concentration tested (Figure 1i), affirm-
ing their compatibility with blood components. Notably, a pos-
itive control demonstrated significant hemolytic activity, high-
lighting the benign nature of the nanoparticle in comparison
(Figure 1i). Furthermore, histopathological analysis was con-
ducted on major organs, including the heart, liver, spleen,
lungs, and kidneys, using Hematoxylin and Eosin (H&E) stain-
ing (Figure 1j). No discernible alterations in physiological mor-
phology were observed in mice treated with the nanoparticles,
suggesting a favorable biosafety profile. Collectively, these find-
ings confirm the excellent safety profile of the MiSp based
nanoparticles, underscoring their potential for biomedical appli-
cations. The absence of cytotoxic, hemolytic, and organ-specific
adverse effects indicates that these complex nanoparticles are
promising candidates for further development in biomedicine as
nanovaccines.

2.2. MiSp-Based Nanovaccines Significantly Enhance Antigen
Uptake and Dendritic Cell (DC) Activation In Vitro

Considering the crucial role of efficient internalization in ac-
tivating the immune system, we proceeded to evaluate the
uptake of the different formulations by APCs. BMDCs were
exposed to Cy5.5-labeled NM-VP1T/B nanoparticles, RA@NM-
VP1T/B nanoparticles, or free VP1 protein, and the internaliza-
tion of these formulations was observed and assessed by confocal
microscopy. Interestingly, both nanovaccine groups (NM-VP1T/B

and RA@NM-VP1T/B nanoparticles) significantly increased cel-
lular uptake, exhibiting a seven-fold higher internalization com-
pared to the free VP1 protein after a 1 h incubation period with
BMDCs (Figure 2a,b), while the loading of RA on the nanopar-
ticles did not lead to obvious effects on the uptake efficiency
(Figure 2b).

Next, we explored whether the nanovaccines can enhance
the antigen cross-presentation, a crucial mechanism for

activating naïve CD8+ T cells to target and eliminate pathogen-
infected cells, and the escape of antigens from endo-lysosomal
compartments significantly enhances cross-presentation. To
assess whether the nanovaccines were localizing within cell
lysosomes—sites of high enzymatic activity, including cathepsins
S—a lysosomal marker (Lyso-Tracker) was utilized. Prominent
yellow fluorescence, resulting from the merging of nanovaccine
(red) and lysosomal (green) signals, was observed at 1 h exposure
(Figure 2c; Figure S2, Supporting Information), indicating the
co-localization of nanovaccines with lysosomes. After 5 h of ex-
posure, the isolation of fluorescence signals between the antigen
and lysosomes became apparent, suggesting antigen escape into
the cytoplasm. This efficient uptake, subsequent localization
within lysosomes, and escape into the cytoplasm might imply
that the nanovaccines are adept at releasing peptides through
cleavage at a specifically designed substrate site post-endosomal
uptake by antigen-presenting cells, thereby facilitating antigen
cross-presentation and subsequent T cell-mediated immune
responses.

Moreover, the maturation and activation of BMDCs following
exposure to various formulations were investigated by measur-
ing the expression of costimulatory molecules (MHC class II,
CD80, and CD86, Figure S3, Supporting Information). The ex-
pression of surface molecules linked to DC maturation (MHC
class II) and activation (CD80 and CD86) were significantly el-
evated in cells treated with the nanovaccines (NM-VP1T/B or
RA@NM-VP1T/B nanoparticles) (Figure 2d–f). Consequently, the
MiSp based nanoparticle, utilized as a carrier for peptide vac-
cines, emerges as a potent adjuvant, enhancing the uptake, ac-
tivation, and cross-presentation by APCs. However, the nanopar-
ticles themselves (NM nanoparticles) did not elicit any upregula-
tion of co-stimulatory factors, indicating that the MiSp nanopar-
ticle does not trigger nonspecific immune activation. Addition-
ally, we evaluated the expression level of CCR9 on BMDCs, given
its importance in directing lymphocytes toward the gut. In com-
parison to treatments with VP1, RA@NM-VP1T/B nanovaccines
significantly upregulated CCR9 expression, whereas NM-VP1T/B

nanovaccines did not exhibit this effect (Figure 2g), underscor-
ing the role of loaded RA on NM-VP1T/B nanoparticles in modu-
lating CCR9 expression. Collectively, these results demonstrated
that RA@NM-VP1T/B nanovaccines not only enhances antigen
uptake and the maturation of DCs but also facilitates lysosomal
escape for effective antigen cross-presentation and boosts the ex-
pression of gut-homing receptor CCR9 on DCs, highlighting the
potential of the nanovaccines for initiating robust cellular and
mucosal immune responses.

Figure 1. Characterization and biosafety evaluation of the chimeric nanoparticles. a) Observation of the different types of chimeric nanoparticles under
SEM, the scale bar is 1 μm. b) The diameter (black), poly dispersity index (PDI, teal), and zeta potential (pink) of the nanoparticles were analyzed by DLS.
c,d) The NM-VP1T/B nanoparticles loaded with different amount of RA were co-incubated with BMDCs for 24 h for optimizing the dose effects of RA in
vitro. The cells were collected and analyzed by flow cytometry on the levels of CD86+. IL-10 concentrations in the supernatant were analyzed by ELISA
(d). e) Release behavior of RA from the loaded nanoparticles. The RA@NM-VP1T/B nanoparticles were incubated under pH 5.0 (endosomes) and pH 7.4
(cytosolic delivery), respectively, for 60 h, and the released RA was measured. f,g) Cell viability was assessed at different time points (24, 48, and 72 h, also
applies to panel g) on RAW264.7 (f) and BMDC (g) cells using the CCK-8 Cell Proliferation Assay Kit (n = 3) for the different chimeric nanoparticles. h)
Cytokine measurement in the serum of mice immunized with PBS, RA@NM-VPT/B or lipopolysaccharide (LPS) using ELISA assay (n = 3). i) Hemolytic
activities of the nanoparticles at different concentrations. Mice RBCs were incubated with the nanoparticles for 30 min at 37 °C and the mixture was
centrifuged to detect the cell-free hemoglobin in the supernatant. % Hemolysis was calculated using Triton X-100 as the positive control (n = 3).
j) Histological section of mice heart, liver, spleen, lung and kidney after three times repeated intravenous administrations of nanovaccines (300 μg per
mice), while the PBS was used as control. The sections were stained with hematoxylin eosin and the scale bar is 100 μm. The data are presented as
mean ± SD. Statistical analysis via one-way analysis of variance (ANOVA): **p < 0.01; ***p < 0.001, ns, not significant.
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2.3. In Vivo Delivery and Immune Activation at the Injection Site

To investigate the in vivo delivery and immune activation at the
injection site, the persistence of the antigen at the injection sites
was monitored at various time intervals using an animal in vivo
imaging system. For tracking and visualizing the different for-
mulations, antigens were labelled with the fluorescent dye Cy5.5
and injected subcutaneously into mice. At 48 h post-injection,
only a faint fluorescence from VP1 group was detectable, whereas
both NM-VP1T/B and RA@NM-VP1T/B nanovaccine groups ex-
hibited strong and sustained signals in the abdomen up to the
96 h point (Figure 3a,b). These observations suggest that the for-
mulated nanovaccines are able to create a robust antigenic reser-
voir effect at the injection site, potentially enhancing immune
cell recruitment. Given the notable differences in antigen per-
sistence profiles at the injection sites, we further explored the
transport of antigens into draining lymph nodes (LNs) among the
various formulations. Mice were received subcutaneous injec-
tions of the specified Cy5.5-labeled formulations, and the drain-
ing LNs were harvested for ex vivo fluorescence analysis 24 h
post-immunization. The VP1 group showed minimal Cy5.5 sig-
nals, whereas the nanovaccine groups (NM-VP1T/B or RA@NM-
VP1T/B nanoparticles) demonstrated significantly higher fluores-
cence accumulation in the draining LNs (Figure 3c–e), indicat-
ing an efficient nanovaccine transport to LNs. These results im-
ply that these nanovaccines are able to maintain the retention
at the injection site and facilitate continuous antigen delivery to
the draining LNs. Consequently, the recruitment, activation, and
gut-tropism effects on peripheral DCs in the draining LNs were
assessed. Subsequent analysis of MHC molecules (MHC II) and
costimulatory molecules (CD80 and CD86) expression on DCs
in draining LNs via flow cytometry revealed that the populations
of CD11c+MHCII+, CD11c+CD80+, and CD11c+CD86+ signifi-
cantly increased compared to the free antigen groups (nanovac-
cine group vs VP1 group), with no marked differences observed
between the two nanovaccine formulations (Figure 3f–h; Figure
S4, Supporting Information). Leveraging the upregulation of gut
homing receptors (CCR9), which enables DCs to migrate to-
ward the intestinal mucosa following the CCL25 concentration
gradient, we assessed LN-tropism by quantifying CD11c+ cells
expressing CCR9. The RA@NM-VP1T/B formulation induced a
significant increase, ≈1.7-fold, in CD11c+CCR9+ DCs compared
to both VP1 and NM-VP1T/B (Figure 3i), showcasing its capa-
bility for gut homing. The subset of CD103+CD11b+ DCs, cru-
cial for SIgA production and considered the primary migratory
DC population, were markedly recruited into mesenteric lymph
nodes (MLNs) 48 h post-immunization by RA@NM-VP1T/B. No-
tably, the presence of CD103+CD11b+ DCs in the MLNs of the
RA@NM-VP1T/B group shown a 1.85-fold increase over the NM-
VP1T/B group (Figure 3j), indicating that the RA-loaded nanovac-
cine not only activated DCs but also facilitated their migration to
the MLN along the CCL25 gradient. These results collectively re-
veal that RA@NM-VP1T/B efficiently targets lymph nodes, boosts

DC uptake, and significantly increases CCR9 expression on DCs,
facilitating the subcutaneous-to-intestinal immune cascade. This
positions RA@NM-VP1T/B as a promising vehicle for enhancing
humoral immunity and initiating mucosal immune responses.

2.4. Systemic and Mucosal Immune Responses in Mice

To assess the immune effects, the efficacy of the adaptive im-
mune response elicited by the nanovaccines was assessed in vivo.
Balb/c mice were administered subcutaneous vaccinations with
the specified formulations containing 25 μg antigen on days 0,
14, and 28 (Figure 4a). Seven days following the final vaccina-
tion, sera were collected. The CVB3 VP1 protein, purified from
E. coli, was served as the antigen to quantify VP1-specific antibod-
ies. Interestingly, mice vaccinated with the nanovaccine formu-
lations (NM-VP1T/B or RA@NM-VP1T/B nanoparticles) exhibited
significantly elevated titers of VP1-specific serum immunoglob-
ulin G (IgG) compared to all other groups, with NM-VP1T/B and
RA@NM-VP1T/B showing equivalent antibody levels (Figure 4b).
Conversely, minimal VP1-specific antibody responses were ob-
served in mice immunized with either the VP1 protein alone or
a simple mixture of VP1 and RA (RA@VP1) (Figure 4b).

An optimal vaccine not only provokes antibody production
but also stimulates CD4+ T cells to differentiate into helper T
cell subsets, such as Th1 and Th2 cells, crucial for activating
cytotoxic T lymphocytes (CTLs) or B cells. To examine the im-
mune polarization, we measured the levels of antigen-specific
IgG1 and IgG2a subclasses in three animal groups using ELISA
(VP1, NM-VP1T/B or RA@NM-VP1T/B nanoparticles). IgG1 pre-
dominantly contributes to virus neutralization, whereas IgG2a
production indicates a Th1-polarized immune response. The ra-
tio of IgG2a/IgG1 serves as a marker for a Th1-biased immune
response. Both nanovaccine formulations induced significantly
higher IgG1 and IgG2a levels compared to the soluble antigen
(VP1) (Figure 4c,d), with NM-VP1T/B and RA@NM-VP1T/B pro-
ducing comparable IgG2a/IgG1 ratios (Figure 4e), indicative of a
mixed Th1 and Th2 immune response.

Furthermore, the neutralizing capability of sera containing
antigen-specific antibodies against CVB3 was investigated with
the Viral Neutralization assay. Sera from the nanovaccine-treated
groups demonstrated superior neutralization activity against
CVB3 infection compared to the VP1-treated groups (Figure 4f).
Additionally, the binding strength (avidity) between the antigen
and IgG antibodies in the serum was assessed by ELISA com-
bined with a urea-elution step. Notably, the avidity index of serum
IgG elicited by the nanovaccine was significantly higher than that
of the VP1 group (Figure 4g), indicating that the nanovaccine for-
mulations generated a more potent and higher quality antigen-
specific IgG antibody response than the VP1 protein alone. Con-
sidering the critical importance of secretory IgA (SIgA) in mu-
cosal protection, we evaluated the ability of RA-loaded nanovac-
cines to stimulate a mucosal immune response. Strikingly, the

Figure 2. Antigen uptake and the maturation of BMDCs. BMDCs were cultured with Cy5.5-labeled VP1 protein or Cy5.5-labeled nanoparticles (NM-
VP1T/B or RA@NM-VP1T/B) for 2 h. a) Representative confocal images of BMDCs internalization of different vaccine formulations, and the fluorescence
intensities were quantified with Image J (n = 4). The scale bar is 50 μm. c) Confocal laser scanning images of internalization and trafficking of BMDCs
co-cultured with different Cy5.5 (red) labeled formulations for 1 or 5 h (also see Figure S2, Supporting Information). Nuclei were stained with DAPI
(blue), lysosomes were stained with LysoTracker Green (Green). d–g) The percentage of MHCII, CD80, CD86, and CCR9 from BMDCs after incubating
with the different formulations for 24 h (n = 4). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 3. Nanovaccines delivery into draining lymph nodes and effects on dendritic cell maturation. a) In vivo imaging of nanovaccines at different time
intervals following subcutaneously injection at the dorsal flanks. b) Heatmap of the fluorescent intensities of different formulations persisting at the
injection site. c) Ex vivo fluorescence imaging of nanovaccines migration to draining lymph nodes after subcutaneously injection for 24 h. d) Quantitation
of fluorescence intensities in draining lymph nodes. e) Fluorescence imaging of the labeled antigen in the slice of draining lymph nodes. The scale bar
is 200 μm. f–h) Effects of nanovaccines on dendritic cell maturation in draining lymph nodes after subcutaneously injection for 36 h. The percentages

Adv. Funct. Mater. 2024, 2407568 2407568 (7 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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RA@NM-VP1T/B group produced significantly higher levels of
SIgA compared to all other formulations (Figure 4h). In contrast,
a mere mixture of RA with the free antigen (RA@VP1) did not
enhance SIgA production. While the nanovaccine formulations
induced a comparable systemic immune response, RA@NM-
VP1T/B efficiently stimulated SIgA production (Figure 4h). These
findings suggest that RA in solution was insufficient for APC
targeting and that co-delivery of antigens and RA within a sin-
gle carrier is crucial for enhancing the expression of gut-homing
receptors CCR9 on DCs, thereby facilitating the migration of ac-
tivated lymphocytes to the intestine and eliciting potent mucosal
immune responses.

2.5. Nanovaccine Induces Cell-Mediated Immune Response

Mice were subcutaneously immunized with various vaccine for-
mulations (PBS, VP1, NM-VP1T/B or RA@NM-VP1T/B nanoparti-
cles) at two-week intervals for a total of three doses, with spleens
collected seven days post-final immunization (Figure 4a). Spleno-
cytes were subsequently restimulated ex vivo with the VP1 pro-
tein for 72 h. Given the pivotal role of cytokines in combating
CVB3 infection, we quantified the expression of IFN-𝛾 , TNF-𝛼,
IL-4, and IL-6 in the culture supernatants of splenocytes using the
ELISA assay. IFN-𝛾 and TNF-𝛼, primarily secreted by Th1 cells,
play a vital role in eliminating infected cells, whereas IL-4 and
IL-6 are key to Th2-mediated humoral immune responses.[44,45]

The results revealed that cytokine levels in the nanovaccine
groups were significantly higher than those in the VP1 or the
PBS group (Figure 4i), indicating an enhanced cell-mediated
immune response. These results are not necessarily contradic-
tory to the observation—no significant difference in the levels
of VP1-specific IgG1 and IgG2a between the RA@NM-VP1T/B

and NM-VP1T/B groups (Figure 4d,e,i), as the production of IgG1
and IgG2a antibodies can be influenced by various factors, in-
cluding the presence of specific cytokines, but it does not solely
depend on the levels of IL-4 and IL-6. Notably, the RA@NM-
VP1T/B and NM-VP1T/B nanoparticle treatments produced simi-
lar levels of IFN-𝛾 and TNF-𝛼, but elevated levels of IL-4 and IL-6
were observed for the RA loaded nanovaccines, suggesting that
the nanovaccine formulations, in particular the RA loaded ones,
are capable of eliciting a potent mixed Th1 and Th2 immune
response. Furthermore, CVB3-specific T-cell proliferation and
the magnitude of CTL responses post-vaccination were assessed
via the EdU incorporation assay and the lactate dehydrogenase
(LDH) release assay, respectively. Aligning with the intracellu-
lar cytokine assay outcomes, both CTL responses (Figure 4j) and
CVB3-specific T-cell proliferation (Figure 4k,l) were significantly
higher in the nanovaccine groups compared to the VP1 group.
The effects between RA@NM-VP1T/B and NM-VP1T/B were com-
parable, reinforcing the notion that nanovaccine immunization
effectively promotes VP1-specific T-cell activation and prolifera-
tion, and significantly boosts systemic CTL responses. These ob-
servations underscore the efficacy of nanovaccine formulations
in inducing a comprehensive immune defense against CVB3.

2.6. Protection Efficacy Against CVB3 Challenge

Encouraged by these promising outcomes, we next assessed the
protective efficacy of the RA@NM-VP1T/B nanovaccine against
CVB3 infection in mouse models. Mice were exposed to a
3LD50 dose of CVB3 one week following the third immuniza-
tion (Figure 5a), with myocarditis severity gauged through met-
rics such as body weight loss, viral titers in the heart, and car-
diac histopathology. Remarkably, the group immunized with the
nanovaccine exhibited minimal body weight loss (Figure 5b) and
minimal cardiac viral load (Figure 5c), distinguishing it from the
other groups. This heightened immunoprotection is attributed
to the nanovaccine’s superior viral containment within the heart,
as evidenced by improved cardiac functions, notably in increased
Left Ventricular Ejection Fraction (LVEF) and Left Ventricular
Fractional Shortening (LVFS) (Figure 5d–f). Correspondingly, the
nanovaccine-immunized mice displayed the least cardiac inflam-
matory infiltration and necrosis, with myocardial inflammation
present ≈20% of the tissue examined for the RA loaded nanovac-
cines. In contrast, mice immunized with the VP1 protein alone
developed significantly more severe myocarditis, with inflamma-
tion levels nearing 50% but no significant difference from the
control group (Figure 5g,h).

Both nanovaccine formulations, RA@NM-VP1T/B and NM-
VP1T/B nanoparticles, conferred the enhanced degree of protec-
tion against CVB3 infection, in particular the RA-load ones. To
further assessed the protective effects, the mice were exposed to a
lethal dose of CVB3 following the last immunization (Figure 5a).
Interestingly, following the lethal dose of CVB3, the RA@NM-
VP1T/B nanovaccines showed the highest survival rate up to 50%,
surpassing NM-VP1T/B (37.5%) and significantly outperforming
the VP1 group, where only 12.5% of mice survived. All mice
in the PBS group succumbed within 10 days (Figure 5i). These
results underscore the capability of MiSp based nanovaccines
to provide efficient immunoprotection against CVB3 challenge
by eliciting an effective mucosal response, which is further en-
hanced by RA loading, showcasing its potential as a formidable
candidate in the fight against CVB3 infection.

3. Discussion

In light of the significant reduction in the incidence of severe
diseases associated with CVB3 infection that vaccination can
achieve, and despite the development of various types of CVB3
vaccines in recent years, there currently remains a lack of clin-
ically approved vaccines or therapeutic agents. A common ob-
jective among these vaccine developments is the potent induc-
tion of both humoral and mucosal immune responses. In this
study, we developed spidroin-based nanovaccines aimed at pre-
venting CVB3-induced viral myocarditis. The formulation (NM-
VP1T/B) successfully induced substantial VP1-specific IgG secre-
tion, simultaneously promoted Th1 and Th2 immune responses,
and enhanced cell-mediated immunity. To foster mucosal im-
mune responses through conventional subunit vaccines, we ex-
plored delivery of the antigen with RA-loaded nanovaccine to

of MHCII+, CD80+, and CD86+ positive cells in CD11C+ DCs of lymph nodes cells were evaluated by flow cytometry. i) The percentages of CCR9 in
CD11c+ DCs of draining lymph nodes cells measured by flow cytometry. j) The percentages of CD103+CD11b+ DCs collected from MLNs 36 h post
subcutaneously immunization. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, and ****p < 0.0001.

Adv. Funct. Mater. 2024, 2407568 2407568 (8 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202407568 by U
ppsala U

niversity L
ibrary, W

iley O
nline L

ibrary on [03/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Adv. Funct. Mater. 2024, 2407568 2407568 (9 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202407568 by U
ppsala U

niversity L
ibrary, W

iley O
nline L

ibrary on [03/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

bypass tissue-specific barriers. The RA@NM-VP1T/B notably in-
duced significant VP1-specific IgA secretion in the intestinal mu-
cosa, alongside elevated titers of antigen-specific IgG secretion
and cellular immune responses, showcasing its immunogenic
efficacy (Figure 4). This approach is unique in directly connect-
ing RA with spider silk-based nanoparticles for the co-delivery of
peptide antigens, which only requires a low dose of RA to induce
both humoral and mucosal immune responses, different from
previous studies showing that high dose of RA (>300 μg) is nec-
essary for the separate delivery of antigen and RA to lymph nodes
to induce SIgA generation.[8,10]

Nanoparticles derived from spidroin stand out for their bio-
compatibility and biodegradability, facilitating controlled release
of encapsulated agents for a sustained effect.[34,46–49] Nonethe-
less, the encapsulation efficiency of such nanoparticles is in-
fluenced by electrostatic interactions and molecular parameters.
The CVB3 capsid protein VP1, characterized by an isoelectric
point of 9.0 and a molecular weight of 32 kDa, showed less
than 10% loading efficiency onto NM NPs. To overcome these
challenges, we engineered hybrid proteins by fusing a B-cell
and a T-cell epitope peptides from the CVB3 VP1 protein to
the C-terminus of recombinant spider silk protein NM, linked
by a cathepsin S-cleavable linker. This approach has demon-
strated high biocompatibility and facilitated the formation of hy-
brid nanoparticles (NM-VP1T/B) through salting out, showing
promise for enhanced immune responses. Antigen-presenting
cells, such as macrophages and dendritic cells, are known for
their high enzymatic activity of cathepsins B and S within the
endosome, playing a pivotal role in antigen processing.[44,45]

The effective uptake and lysosomal targeting of the nanoparti-
cles in BMDCs suggest that the engineered chimeric proteins
might be primed for cleavage at the specifically designed sub-
strate site (cathepsin S substrate linker, PMGLP) following en-
dosomal uptake. Furthermore, the facilitated escape of antigens
from the endo-lysosomal compartment into the cytoplasm sig-
nificantly enhances cross-presentation, a vital mechanism for
triggering cellular immune responses. Although the underlying
mechanism is unclear, the RA@NM-VP1T/B nanovaccine facili-
tates lysosomal escape might be through several potential mech-
anisms, including 1) the unique composition and structure of
the MiSp based nanoparticles might promote efficient endocyto-
sis and interaction with lysosomal membranes, potentially desta-
bilizing them; 2) the cathepsin S substrate linker allows prote-
olytic cleavage, disrupting lysosomal integrity; 3) RA modulates
immune responses, enhancing dendritic cell maturation and al-
tering endosomal-lysosomal dynamics to favor antigen escape;
4) the sustained release of RA and antigens further supports
continuous interactions with lysosomal membranes, increasing
the likelihood of antigen escape into the cytoplasm. Activation

and proliferation are essential for effective T-cell-mediated im-
mune responses. In this context, this study notes a significant
enhancement within the nanovaccine groups compared to the
VP1 group. This improvement probably arises from exosome-
like particles being internalized and presented by dendritic cells
more efficiently, which enhances CTL activation, coupled with
the gradual and constant antigen release from the exosomes, cru-
cial for a robust and sustained induction of CTL responses.[50–52]

These results position the RA@NM-VP1T/B formulation as a po-
tent platform for initiating both cellular and mucosal immune
responses, effectively enhancing the efficacy of parenteral vacci-
nations against pandemic gastrointestinal infections by bolster-
ing humoral and mucosal immune responses.

Immunization with NM-VP1T/B and RA@NM-VP1T/B not only
elicited a more robust protective serum IgG antibody response
but also enhanced the induction of specific cytotoxic CTLs. More-
over, the RA@NM-VP1T/B formulation demonstrated a mucosal
immune response, leading to superior control of CVB3 infec-
tion and a more effective prophylactic impact against viral my-
ocarditis. The nanovaccines presented in this research offer sev-
eral benefits: first, NM-VP1T/B and RA@NM-VP1T/B are capable
of targeting lymph nodes, improving DC uptake, and fostering
DC activation and maturation to bolster the humoral immune
response. Despite the size of RA@NM-VP1T/B nanoparticles, the
targeting of lymph nodes might be attributed to a combination
of the enhanced permeability and retention effect, active cellular
transport mechanisms, surface properties of the nanoparticles,
and natural lymphatic flow dynamics. Second, they amplify anti-
gen cross-presentation, enhancing virus-specific CD8+ T-cell re-
sponses for the clearance of virus-infected cells. Third, RA@NM-
VP1T/B efficiently upregulates CCR9 expression on DCs, facil-
itating the subcutis-to-intestine cascade and initiating mucosal
immune responses. These results suggest that RA@NM-VP1T/B

could be a promising vaccine candidate against CVB3-induced
viral myocarditis. However, our research also identifies certain
limitations and areas for further investigation, including a need
for deeper insight into the specific molecular and immunologi-
cal mechanisms through which RA@NM-VP1T/B enhances anti-
gen cross-presentation. Additionally, it is yet to be determined
whether periodic booster vaccinations are necessary to maintain
the vaccine’s protective efficacy. Addressing these questions is
crucial for the continued advancement and development of novel
anti-CVB3 vaccines based on the RA@NM-VP1T/B platform.

4. Experimental Section
Mouse Model, CVB3 Virus, and Cell Culture: All experimental proto-

cols and animal analyses were conducted in accordance with the Guide

Figure 4. RA@NM-VP1T/B nanovaccines stimulate humoral and mucosal immune responses. a) Male Balb/c mice were immunized subcutaneously
with different vaccine formulations at the base of their tails with 100 μL of various vaccine formulations, each containing 25 μg of antigen. Mice were
immunized 3 times at 2-week intervals (day 0, 14, and 28), serum samples collected at 7 days after the last immunization (day 35), and spleen for
each mouse was collected at day 42. b) Serum VP1-specific IgG antibody titers. c,d) The levels of VP1-specific IgG1 and IgG2a subclasses, diluted for
1:40 and measured at 450 nm. e) The ratio of serum VP1-specific IgG2a and IgG1 levels. f) Levels of serum neutralizing antibody in immunized mice.
g) VP1-specific IgG antibody avidity. h) Anti-VP1 SIgA level in intestinal wash. i) Splenocytes from the vaccination mice were stimulated with VP1 protein
for 72 h and the supernatants were collected. The expression of IFN-𝛾 , TNF-𝛼, IL-4, and IL-6 cytokines were analyzed using ELISA assay. j) CVB3-specific
cytotoxicity responses of splenic cells were detected by the LDH assay using VP1-transfected autologous SP2/0 cells as target cells. l) The isolated
splenocytes from immunized mice were stimulated with 10 μg mL−1 VP1 protein for 72 h and detected by an EdU-488 Cell Proliferation Assay Kit. k) The
representative flow cytometry for splenocytes specific proliferation. Data are presented as mean ± SD (n = 5). *p < 0.05, **p < 0.01, and ****p < 0.0001.
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for the Care and Use of Medical Laboratory Animals (Ministry of Health,
China), and received ethical approval from Soochow University. BALB/c
mice, aged 6–8 weeks, were purchased from the Experimental Animal Cen-
ter of the Chinese Academy of Science (Shanghai, China). The CVB3 virus
(Nancy strain) used in the experiments was maintained and propagated
in the laboratory through passages in HeLa cells.

Human embryonic kidney 293T cells (HEK293T), HeLa cells, and
RAW264.7 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Hyclone), while Sp2/0 cells (mouse myeloma cells) were cul-
tured in RPMI-1640 medium (Hyclone). Both media were supplemented
with 10% fetal bovine serum (FBS, Gibco), 2 mm L-glutamine, and 1%
penicillin/streptomycin (Invitrogen). Culturing occurred in a controlled
environment with 5% CO2 at 37 °C in an incubation chamber. BMDCs
were generated as previously described.[53] Briefly, femurs and tibias were
sterilized with 70% ethanol and red blood cell (RBC)-depleted bone mar-
row cells from Balb/c mice were seeded into 24-well plates at a density of
1 × 106 cells per well in complete RPMI media. This medium was supple-
mented with 20 ng mL−1 murine recombinant granulocyte-macrophage
colony-stimulating factor (GM-CSF). On days 3 and 6, half of the culture
supernatant was replaced with fresh RPMI 1640 medium containing the
same concentration of GM-CSF. By day 8, loosely and non-adherent cells
were collected and used as inactivated BMDCs.

Protein Preparation: The chimeric protein sequences encoding NM-
VP1T and NM-VP1B, respectively, were synthesized and cloned into the
pET-32a plasmid using NdeI and XhoI restriction sites. These plas-
mids were subsequently transformed into E. coli BL21 (DE3) competent
cells, which were cultured at 37 °C in LB medium supplemented with
100 μg mL. ampicillin. Growth continued until OD600 reached ≈0.8, after
which the temperature was lowered to 25 °C and 1 mm Isopropyl 𝛽-D-
Thiogalactoside (IPTG) was added to induce protein expression. The cells
were incubated for an additional 12 h. For protein purification, the cells
were harvested via centrifugation and lysed using a high-pressure homog-
enizer (PhD Technology LLC, USA). The resulting insoluble pellets were
thoroughly washed three times with 30 mL of washing buffer (20 mm Tris,
300 mm NaCl, 1 mm EDTA, 1% Triton X-100, 1 m urea, pH 8.0). To remove
any residual detergent, the purified inclusion bodies were finally rinsed
with 20 mm Tris (pH 8.0) and solubilized using a freeze-thaw method.[54]

Specifically, the pellet was resuspended in 2 m urea, frozen at −20 °C,
and thawed at room temperature. Following centrifugation at 12,000 g for
20 min, the supernatant was collected and subjected to SDS-PAGE anal-
ysis (Figure S1c, Supporting Information). Protein concentration was de-
termined using Pierce BCA Protein Assay Kits (Thermo Scientific, USA).

Nanoparticle Preparation and Characterization: The lyophilized pro-
teins NM-VP1B and NM-VP1T were dissolved in 6 m guanidinium chlo-
ride and then dialyzed against 10 mm Tris/HCl. Subsequently, the sam-
ples were centrifuged to remove any remaining aggregates and passed
through a 0.2 μm filter for filtration. For in vitro and in vivo studies, en-
dotoxins were removed from the proteins using an Endotoxin Removal
Kit (Yeasen, China), and protein concentrations were determined using a
BCA Protein Assay Kit (Thermo Scientific, USA). Nanoparticles (NM-VP1B

and NM-VP1T) were prepared by the salting-out method using a potas-
sium phosphate solution (Figure S1d, Supporting Information), as pre-
viously described.[41–43] Briefly, the protein solution (2.5 mg mL−1) was
mixed with potassium phosphate (2 m, pH 8.0) in a volumetric ratio of
1:10 using a pipette for 2 h at room temperature. The resulting nanoparti-
cles were then washed three times with MilliQ water, and the nanoparticle
concentrations were determined gravimetrically. The nanoparticle suspen-
sion was sonicated for 5 min and diluted just before measurement to a
concentration of 0.01 mg mL−1. Particle size, PDI, and zeta-potential were
analyzed using a Nano Zetasizer (Malvern Instruments, Worcestershire,

UK). The morphology of the nanoparticles was examined using SEM (S-
4700, Hitachi, Japan). Fluorescently labeled nanoparticles for in vivo and
in vitro studies were prepared by adding a ten-fold molar excess of Cy5.5
NHS ester (Aladdin, China) to the nanoparticle suspension. This mixture
was incubated for 12 h in the dark. Following incubation, the nanoparti-
cles were centrifuged and washed three times with MilliQ water. Finally,
the nanoparticles were resuspended in 10 mm PBS at pH 7.4 to achieve a
concentration of 1 mg mL−1.

RA Loading and Releasing: A stock solution of all-trans retinoic acid
(RA) was prepared by dissolving 10 mg of RA (Solarbio, China) in 1 mL of
DMSO, resulting in a concentration of 10 mg mL−1. To prepare RA-loaded
nanoparticles, 1 mg of either NM-VP1B or NM-VP1T nanoparticles were
mixed with varying concentrations of the RA solution (40–80 μg mL−1)
and incubated at 4 °C for 2 h. Subsequently, the mixture was centrifuged
at 12,000 rpm for 20 min and washed three times with PBS to remove un-
bound RA and quantified at the absorbance of 297 nm using a microplate
reader (Thermo Scientific, USA). The loading rate of RA was calculated
using a standard formula.

loading
(w

w
%
)
=

weight of RA in nanoparticles
weight of nanoparticles

× 100% (1)

The in vitro release of RA from nanoparticles was investigated at pH
levels of 5.0 and 7.4, respectively. The RA-loaded nanoparticles (RA@NM-
VP1T/B, 1 mg mL−1) was dispersed in PBS and maintained at 37 °C with
stirring at 130 rpm. At specified time intervals, the samples were cen-
trifuged at 12,000 rpm for 20 min. The supernatant was then analyzed for
the total released RA by measuring the absorbance at 297 nm. After each
measurement, the supernatant was replaced with fresh release buffer. This
procedure was repeated in triplicate across a duration of 60 h.

Nanovaccine Biosafety Assay: The cytotoxicity of nanovaccines in
RAW264.7 and BMDC cells was evaluated using the CCK-8 Cell Prolifer-
ation Assay Kit (NCM Biotech, China). Cells were seeded at a density of
1 × 105 cells per well in 96-well plates. Subsequently, 10 μL of nanovac-
cine were added in triplicate to achieve final concentrations of 100, 200,
500, and 1000 μg mL−1, with PBS serving as a control. After 24, 48, or
72 h of incubation, 10 μL of CCK-8 solution was added to each well and
the plates were incubated for an additional 4 h at 37 °C. Cell viability was
determined by measuring the absorbance at 450 nm using a microplate
reader (Thermo Scientific, USA). Cell viability was calculated using the for-
mula: cell viability (%) = (OD sample/OD control) × 100%. Untreated
cells served as 100% cell viability. The levels of IL-1𝛽, TNF-𝛼, and IFN-𝛾
in the serum of mice immunized with RA@NM-VP1T/B were quantified
using ELISA. To evaluate hemolysis, whole blood was collected from mice
and centrifuged to isolate red blood cells (RBCs). Nanovaccine samples
were then incubated with a 4% RBC suspension at various concentrations.
After 30 min incubation at 37 °C, the mixture was centrifuged at 800× g
for 15 min, and the supernatants were collected for optical density mea-
surements at 540 nm using a microplate reader. Triton X-100 treated RBCs
served as the positive control. Hemolysis rate was calculated as: (OD sam-
ple group – OD negative control)/(OD positive control – OD negative con-
trol). In terms of tolerance, mice were divided into groups of three and
received intravenous injections of 300 μg of nanovaccines suspended in
100 μL of PBS for three consecutive days. A control group was similarly in-
jected with 100 μL of PBS. After 24 h from the last treatment, the mice were
euthanized by decapitation. Heart, kidney, liver, lung, spleen, and small
intestines were collected, fixed in 10% phosphate-buffered formalin, em-
bedded in paraffin, sectioned, and stained with H&E for histological eval-
uation.

Figure 5. Immunoprotection against CVB3-induced viral myocarditis by immunization of the chimeric nanovaccines. a) Mice were challenged with
3LD50 CVB3 7 days after the final immunization at day 28, and myocarditis severity was evaluated 7 days later. For survival rate, the mice were injected
with 5LD50 CVB3 after the final immunization and observed for 21 days. b) Body weight changes for the immunized mice. c) Viral load in the heart tissue
of different mice. d–f) Cardiac function for each group was assessed by echocardiography using a cardiac function through a high-resolution ultrasound
imaging system. g,h) Histomorphological changes of heart tissues and statistical analysis for the immunized mice followed by CVB3 infections. i) A
21-day survival rate was recorded after the 5LD50 CVB3 infection. For histomorphological observations, each group contained 5 mice. For survival rate
evaluation, each group contained 8 mice. Data are presented as mean ± SD (n = 5). *p < 0.05, **p < 0.01, and ****p < 0.0001.
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Cellular Uptake, BMDCs Activation, and Lysosomal Escape: BMDCs
were seeded into 24-well plates at a density of 1 × 106 cells per well
and incubated with a medium containing 10 μg mL−1 of either Cy5.5 la-
beled nanovaccine (NM-VP1T/B, RA@NM-VP1T/B) or Cy5.5 labeled VP1
protein. To observe cellular uptake, the cells were incubated for 1 h at
37 °C in a 5% CO2 incubator, then centrifuged, and the cell pellet was
washed three times with PBS. The washed cells were subsequently exam-
ined using a confocal fluorescence microscope (Nikon, Japan). To evalu-
ate the lysosomal escape ability, BMDCs were incubated for 1 and 5 h at
37 °C, respectively. The cells were subsequently stained with LysoTracker
Green (Life Technologies, USA) and DAPI (Beyotime, China) to highlight
the lysosomes and nuclei, respectively, and visualized using a confocal
laser scanning microscope (Nikon, Japan). For assessing BMDC activa-
tion and CCR9 expression, the cells were exposed to different formula-
tions for 36 h and then collected for flow cytometry analysis using a Canto
II & Calibur flow cytometer (BD Biosciences, USA). Cells were stained for
30 min at 4 °C with anti-mouse antibodies, including FITC-anti-CD11c,
E-Fluor@450-anti MHC class II, PE-anti-CD80 or PE-anti-CD86, and APC-
anti-CCR9 (eBioscience). After staining, the cells were washed twice with
PBS, and the expression of MHCII, CD80, CD86, and CCR9 on CD11c+
DCs was determined by flow cytometry. For RA dose optimization, BMDCs
were incubated with different RA loading nanovaccines (0.5%, 0.75%, or
1%) for 24 h. Post-incubation, the cells were harvested for analyzing the
expression of the costimulatory molecule CD86 via flow cytometry, and the
supernatant was collected for IL-10 cytokine concentration analysis using
ELISA.

Nanovaccines Trafficking Assay In Vivo: Cy5.5-labeled VP1 protein
(50 μg) or equivalent amounts of Cy5.5-labeled nanovaccines (NM-VP1T/B

or RA@NM-VP1T/B) were subcutaneously administered to Balb/c mice
(n = 3) with PBS serving as control. The distribution of the nanovac-
cines was monitored at predetermined intervals using the PerkinElmer
IVIS spectrum system (ex: 673 nm; em: 692 nm, Massachusetts, USA).
Twenty-four hours post-administration, the mice were sacrificed, and the
draining lymph nodes were isolated. These lymph nodes were then ana-
lyzed in vitro using the same in vivo imaging system. For further analy-
sis, freshly isolated lymph nodes were embedded in OCT (optimal cutting
temperature) compound, sectioned, and stained with Hoechst 33 342 (Be-
yotime, China). Images of these sections were captured using a confocal
laser scanning microscope (Nikon, Japan), and fluorescence intensity was
quantified using Living Image 4.0 software.

DC Maturation in Draining Lymph Nodes: Balb/c mice (n = 3) were
subcutaneously vaccinated at the base of their tails with different vac-
cine formulations, each containing 25 μg of antigen in 100 μL PBS per
mouse. The draining lymph nodes were harvested and processed into
single-cell suspensions after 48 h post-administration. The expression
levels of MHC II, CD80, CD86, and CCR9 on CD11c+ DCs were then
assessed using a flow cytometer (BD Biosciences, FACS Canto II) and
analyzed with the FlowJo software (version 10.0). Additionally, MLNs
were collected 48 h after vaccination to assess the migration of CD103+
DCs. Recognizing that CD103+CD11b+ DCs represent a significant mi-
gratory DC subset, single-cell suspensions from the MLNs were stained
with FITC-anti-CD11c, PE-anti-mouse CD103, and Alexa Fluor 647-anti-
CD11b antibodies. These samples were incubated for 40 min in the dark
to determine the percentage of CD103+ CD11b+ DCs present in the
MLNs.

Animal Immunization and Virus Challenge: Male BALB/c mice aged 6–
8 weeks were randomly allocated into six groups, with five animals per
group. They were immunized three times at two-week intervals (day 0,
14, and 28) at the base of their tails with 100 μL of various vaccine for-
mulations, each containing 25 μg of antigen (Table S2, Supporting Infor-
mation). Blood samples were collected seven days (day 35) following the
final injection. Serum was then separated via centrifugation and stored at
−70 °C until further use. Additionally, intestinal sections were processed
into smaller pieces and ground to extract gastrointestinal wash for anti-
gen specific IgA detection. One week after the last immunization, the mice
were intraperitoneally challenged with a 3 × 50% lethal dose (3LD50) of
CVB3 (day 35), and myocarditis assessments were conducted seven days
post-infection (day 42). For survival analysis, the mice were challenged

with a 5LD50 lethal dose of CVB3, and survival was monitored through
the following 21 days.

CVB3‑Specific Immune Responses: Serum and gastrointestinal wash
samples from immunized mice were analyzed using ELISA to quantify lev-
els of antigen-specific antibodies, including total IgG, IgG1, IgG2a, and
IgA. For the detection of IgG titers, serum samples were serially diluted
two-fold in 0.1% PBS-T containing 0.1% BSA. IgG1 and IgG2a were de-
tected using a 1:40 dilution. Briefly, 96-well microtiter plates were coated
overnight at 4 °C with 100 μL of a 10 μg mL−1 recombinant VP1 solution.
Plates were then blocked with 5% non-fat milk in PBS, followed by the ad-
dition of either serum or intestinal lavage fluid, which were incubated at
37 °C for 2 h. After three washes, HRP-conjugated goat anti-mouse IgG,
IgG1, IgG2a, or IgA antibodies (Sigma, USA, diluted 1:5000) were added
and incubated for another 2 h at 37 °C. The reaction was developed us-
ing TMB substrate and stopped after 20 min at room temperature with
50 μL of 2 m sulfuric acid. Absorbance was measured at 450 nm using a
microplate reader (Thermo Scientific, USA). All samples were tested in du-
plicate. The avidity of serum IgG was assessed using a modified ELISA with
a urea-elution step.[55] Serum samples with a 1:40 dilution were tested in
duplicate plates. After sample incubation, 6 m urea (Sigma) was added to
one of the plates and incubated for 10 min. The results were expressed as
avidity index that was calculated as the ratio of absorbance values from
urea-treated plates to untreated plates. For neutralization analysis, serum
samples were serially diluted two-fold from 1:2 to 1:128 and mixed with 100
TCID50/0.1 mL (median tissue culture infective dose) of CVB3, then incu-
bated for 1 h at 37 °C. The mixtures were added to HeLa cells (2 × 104 cells
per well) in 96-well plates and incubated at 37 °C in 5% CO2. After 72 h,
the cytopathic effect (CPE) of CVB3 on the HeLa cells was observed using
an inverted light microscope (Nikon Eclipse Ti2-E, Tokyo, Japan). Cell vi-
ability was assessed using a CCK-8 assay. Serum dilutions were tested in
triplicate, and neutralization titers were calculated as the highest dilution
that protected the cells from CPE.

Cytokine Measurement: Single-cell suspensions of splenocytes were
prepared from the spleens of immunized mice. Specifically, spleens were
harvested seven days after the last immunization, mechanically dissoci-
ated through a 70 μm cell strainer in ice-cold PBS and centrifuged at 300 g
for 5 min. RBCs were lysed using ACK lysing buffer. The isolated spleno-
cytes were then seeded at a density of 1 × 106 cells per well in 24-well
culture plates (Corning, NY, USA) and cultured in 1 mL of medium con-
taining 10 μg of each antigen. After 72 h of incubation, the supernatants
from the cultures were collected and stored at −20 °C until analysis. The
levels of interleukins (IL-4, IL-6), TNF-𝛼, and IFN-𝛾 were quantified using
ELISA.

Splenocyte Proliferation and CTL Response Assays: The BeyoClick EdU-
488 Cell Proliferation Assay Kit (Beyotime, China) was employed for con-
ducting splenocyte proliferation assays as per the manufacturer’s guide-
lines. Briefly, splenocytes were stimulated in vitro with 10 μg mL−1 VP1 pro-
tein for 72 h and subsequently incubated with 10 μm EdU for 2 h. Cells were
then fixed in 4% formaldehyde and permeabilized with 0.3% Triton X-100.
Following a PBS wash, cells were stained with the Click EdU Alexa Fluor 488
reaction mixture in the dark at room temperature for 30 min. Cell prolifer-
ation was subsequently assessed using flow cytometry (BD Biosciences,
FACS Canto II, USA). To assess CVB3-specific CTL responses, a LDH cyto-
toxicity assay kit (Beyotime, China) was used as previously described.[56]

Splenocytes were co-cultured with 10 μg mL−1 VP1 protein for 72 h to serve
as effector cells. Autologous SP2/0 cells stably transfected with the plas-
mid pcDNA3.1-vp1 were used as target cells. In brief, effector and target
cells were mixed in U-bottom 96-well plates at an effector to target (E/T)
ratio of 50:1, with 1 × 104 target cells added per well. After a 6 h incubation
at 37 °C, 50 μL of supernatant from each well was transferred to a corre-
sponding well on a 96-well plate. Reaction mixture (50 μL) was added to
each well and incubated for 30 min at room temperature. Absorbance was
measured at 450 nm to determine cytotoxicity. CTL cytotoxicity percentage
was calculated as follows:

Cytotoxicity (%) = [(effector and target cell mix-effector cell control)

− low control]∕(high control-low control)] × 100% (2)
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where “low control” represents the LDH activity from untreated normal
cells (spontaneous release) and “high control” denotes LDH activity from
lysed cells (maximum release), provided as the positive control in the LDH
assay kits.

Evaluation of CVB3-Induced Myocarditis: Seven days following a CVB3
challenge (3LD50), cardiac function was evaluated using a high-resolution
ultrasound imaging system (Vevo2100, Visual Sonics, Toronto, Canada)
with a 30-MHz microscan transducer. Echocardiographic assessments
of LVEF and LVFS were conducted as per the operator’s manual. Sub-
sequently, hearts were collected for histopathological examination using
hematoxylin and eosin (H&E) staining. Inflammation percentages were
calculated using the formula: [(number of intersections on the myocytes
with inflammatory cells)/(total number of intersections on the myocytes
with and without inflammatory cells)] × 100%. Histopathological changes
were independently scored in a blinded manner by two investigators.

For viral titers, hearts were harvested seven days post-infection, homog-
enized, and centrifuged at 5000 g for 10 min to obtain tissue supernatants.
HeLa cells were seeded in 96-well plates at a density of 1 × 104 cells per
well and cultured until they reached 80−90% confluence. Various dilutions
of the tissue supernatant (ranging from 10−1 to 10−6) were added to the
plates in 8 replicates. Untreated cells were used as negative controls, and
cells infected with 100 TCID50 per 100 μL of virus served as positive con-
trols. Diseased wells were identified by the presence of cell shrinkage and
reduced light transmittance. The viral load in myocardial tissue was quan-
tified by determining the TCID50 using the Reed-Muench method.

Statistical Analysis: The data were presented as mean ± standard de-
viations (SD). Statistical analyses were performed using GraphPad Prism
version 9.0 software (San Diego, CA, USA). Comparisons between two
groups were conducted using an unpaired, two-tailed Student’s t-test.
For comparisons among multiple groups, one-way ANOVA followed by
Tukey’s multiple comparison test was utilized. Levels of statistical signif-
icance are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and
“ns” indicating no significant difference.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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