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Introduction: Clostridium perfringens ε toxin (ETX), a category B biological weapon, causes fatal enterotoxemia in livestock. 
Vaccination is an effective way to prevent ETX intoxication.
Methods: A cell membrane–encapsulated nanoparticle vaccine was prepared that adsorbed ASP–ETX (Ov-ASP-1 and epsilon toxin 
fusion protein) with a targeting effect on B cells and was loaded with the ETXY196E mutant protein (MNP–ASP–ETX). The antigen 
presentation efficiency of the nanoparticle vaccine was monitored through in vitro cell experiments and in vivo animal experiments, 
and the biological safety and overall efficacy of the nanoparticle vaccine were evaluated.
Results: The ETX nanoparticle vaccine showed superior biosafety both in vivo and in vitro, favorable encapsulation efficiency, and 
a particle size that was easily taken up by antigen-presenting cells. The ETX nanoparticle vaccine released antigens more steadily and 
exhibited greater lymph node drainage capacity than the traditional aluminum adjuvanted group (ETXY196E + Al). MNP–ASP–ETX 
elicited antibody titers comparable to the ETXY196E + Al group and induced Th1 and Th2 immune responses. However, the protective 
effect of the ETX nanoparticle vaccine was slightly weaker than that of ETXY196E + Al. We therefore analyzed immune cell production 
in the spleen. Although MNP–ASP–ETX increased B-cell levels, indicating that ASP–ETX facilitates the ETX nanoparticle vaccine to 
target B cells, the effect was not statistically significant, likely owing to the less adsorption of ASP–ETX. The antibody titer and 
protective effect significantly increased after 2 months, with the magnitude of change surpassing that of ETXY196E + Al and indicating 
the strong potential of ETX nanoparticle vaccine for providing long-term immunity.
Discussion: These findings demonstrate that MNP–ASP–ETX can be considered a novel vaccine for the prevention of ETX 
intoxication and provide new strategies for designing and developing toxin vaccines.
Keywords: ETX, membrane-encapsulated nanoparticles, targeting B-cell, toxin vaccine

Introduction
Clostridium perfringens is conventionally categorized into seven toxinotypes (types A–G) according to its six primary lethal 
toxins (α, β, ε, ι, CPE, and Net B).1,2 ε-toxin (ETX) is a major virulence factor produced by C. perfringens types B and D. ETX 
is the third most potent bacterial toxin following botulinum and tetanus neurotoxins in terms of lethality. Recognized for its 
significant biothreat potential, ETX has been classified as a category B priority pathogen by the Centers for Disease Control 
and Prevention (CDC) in the United States.3 ETX is secreted as a prototoxin and is activated after the removal of its N-terminal 
11–13 and C-terminal 22–29 amino acids (AAs) by proteases such as trypsin, chymotrypsin, and γ protease.4,5 ETX causes 
rapidly fatal enterotoxaemia in ruminant livestock, causing death within hours or even minutes and leading to large losses in 
animal husbandry.6–9 Madin–Darby canine kidney (MDCK) cells demonstrate the highest sensitivity to ETX and conse
quently serve as the primary in vitro cell model for investigating ETX pathogenesis. Upon binding to its putative receptor, 
ETX undergoes oligomerization to form a heptameric transmembrane pore complex within the plasma membrane of MDCK 
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cells.10 The absorbed toxin increases vascular permeability, causes severe vascular damage, and induces central nervous 
system damage.11–14 However, very few ETX-mediated diseases have been reported in humans.15,16 ETX can form pores on 
human mature red blood cells and exert hemolytic effects in a short period.17,18 Currently, no effective treatment drugs are 
available for ETX intoxication in clinical practice.

Vaccines are among the most important means of preventing and controlling toxins.8,19,20 Conventional toxoid 
vaccines, prepared through formaldehyde inactivation of whole-cell cultures or bacterial culture filtrates, have 
demonstrated efficacy and have been widely implemented in clinical practice over recent decades.21 However, 
concerns have emerged regarding their potential to induce inflammatory responses post vaccination and their incon
sistent immunogenic profiles. Recombinant vaccines have used genetically detoxified toxins, such as toxin mutants, 
which are not biologically active but retain immunogenicity.22,23 Nevertheless, a significant limitation of mutant-based 
vaccines is related to the potential for the reversion of safe molecules to toxic forms, raising safety concerns regarding 
their clinical application.24

In recent years, cell membrane–encapsulated nanoparticles (NPs) have been widely used in biomedical research, 
integrating the diverse functionalities of cellular membranes with the design flexibility of synthetic nanomaterials.25–27 

Cell membrane–encapsulated NPs exhibit immune escape, prolonged circulation, and targeted release capabilities. Poly 
(lactic-co-glycolic acid) (PLGA) NPs can load antigens in various ways (eg, conjugation, encapsulation, and adsorption) 
to protect them from environmental influences.28 Cell membrane–encapsulated NPs exhibit a favorable antigen depot 
effect at the injection site and prolonged antigen retention time in lymph nodes.29–31 Moreover, these NPs demonstrate 
enhanced in vivo residence time, facilitate uptake by antigen-presenting cells (APCs), and improve T-cell responses.32,33

The strategy of vaccine to activate APCs for robust immune system stimulation is well developed. Dendritic cells 
(DCs) and macrophages are the primary targets. However, when immunized with virus-like particles or inactivated 
influenza viruses, B cells are the dominant APCs that activate naive CD4+ T cells.34,35 B cells exhibit specific recognition 
and binding of antigens and have the advantage of presenting low-dose of antigens, which are useful for designing new 
type vaccines. Onchocerca volvulus activation-associated secreted protein-1 (Ov-ASP-1) is a nontoxic protein, which 
demonstrates good adjuvant effects and binds to B cells in vitro, inducing a strong humoral immune response.36,37

In this study, based on the B-cell targeting capability of Ov-ASP-1 and the pore-forming activity of ETX, an ASP– 
ETX fusion protein was genetically engineered; this fusion protein had pore-forming activity and B-cell targeting 
capability. The ETXY196E mutant was generated by mutating tyrosine at position 196 to glutamate and ligating with 
the C terminus of the toxin. ETXY196E achieved soluble expression in the Escherichia coli expression system and 
maintained good conformation, showing good immunogenicity and protection.38 NPs loaded ETXY196E attenuator 
protein and MDCK cell membranes-encapsulated NPs vaccine was prepared (MNP). Meanwhile, MNP was used to 
adsorb recombinant ASP–ETX toxin to prepare a novel ETX NP vaccine that adsorbed structurally intact toxin and 
loaded attenuated antigen (MNP–ASP–ETX) with the ability to target B cells and exhibit good immunogenicity.

Materials and Methods
Materials
MDCK cells used in this study were preserved by State Key Laboratory of Pathogen and Biosecurity, Academy of 
Military Medical Sciences, and cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine 
serum (FBS) (Gibco). In this study, 6–8-week-old female BABL/c mice of Specific Pathogen Free grade were purchased 
from Sipeifu (Beijing, China). PLGA were purchased from LACTEL Absorbable Polymers (Birmingham, USA). 
Polyvinyl alcohol (PVA) were purchased from Sigma (St. Louis, MO, USA). Moreover, 200-nm polycarbonate mem
branes were purchased from Avanti Polar Lipids (Alabama, USA). Cy5.5-antibody conjugation kits were purchased from 
Bioss (Beijing, China).

Expression and Purification of Recombinant Toxin Proteins
ETXY196E (Figure S1), HIS-ETX (His-tagged recombinant epsilon toxin) (Figure S2), and GST-ETX (GST-tagged 
recombinant epsilon toxin) (Figures S3 and S4) recombinant strains were stored in our laboratory, and the target proteins 
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were purified via affinity chromatography following established laboratory protocols. The ASP–ETX DNA fragment was 
subcloned into a pET-28a (+) expression vector (Figure S5). The constructed plasmid was transformed into BL21 (DE3) 
using heat-shock method and expressed and purified as previously described (Figure S6).39

Preparation of the Nanoparticle Vaccines
According to previous laboratory methods, NPs were prepared using double emulsion-solvent evaporation method.17,40 

In brief, 1.2 g polyvinyl alcohol (PVA) was dissolved in 320 mL of ultrapure water and 0.24 g PLGA and 10 mg purified 
ETXY196E protein were dissolved in 24 mL of dichloromethane (DCM). The dissolved PLGA-ETXY196E solution was 
thoroughly mixed with the PVA solution, and homogenized into a stable emulsion via sonication. The mixture was then 
stirred overnight in a fume hood, and centrifugation was performed at 7000 × g for 10 min to remove precipitates. The 
supernatant was centrifuged at 20,000 × g for 40 min to obtain PLGA NPs. The NPs were washed three times with 
ultrapure water to remove residual PVA by centrifugation at 20,000×g for 30 min. Finally, the NPs were resuspended in 
10 mL of ultrapure water and lyophilized overnight in a vacuum freeze-drying process to obtain dried PLGA NPs.

MDCK cells were collected using a trypsin treatment and scraper. Cells were centrifuged at 1000 × g at 4°C for 
10 min, washed three times using 1 × phosphate-buffered saline (PBS), then resuspended in 2 mL of ultrapure water. 
MDCK cells were broken under osmotic pressure, and the broken MDCK cells membranes were washed three times with 
1 × PBS to remove residual cellular inclusions. MDCK cell membranes were resuspended in 1 mL of 1 × PBS and mixed 
with 10 mg NP. The mixture was then extruded through 200 nm polycarbonate membranes to prepare MDCK cell 
membrane–encapsulated NPs (MNPs).

Encapsulation Efficiency of Nanoparticles
The encapsulation efficiency of NP was calculated using the following equations:

The NP encapsulation efficiency of antigen was determined via extractive hydrolysis.41 In brief, 10 mg of NP were 
added to 1 mL of acetonitrile, mixed until completely dissolved, and centrifuged at 16,000 × g for 10 min. Then, the 
supernatant was discarded. The precipitate was dried overnight in a 37°C vacuum drying oven then resuspended in 1 mL 
of PBS and centrifuged at 1000 × g at 4°C for 10 min to collected supernatant. Then, 1 mL of 0.1 M sodium hydroxide 
(NaOH) was added to precipitate. The supernatant was collected via centrifugation at 16,000 × g for 10 min, combined 
with the collected PBS supernatant, and supplemented with 100 μL of 0.1 M hydrochloric acid (HCl). The encapsulation 
of NP was determined using BCA and polyacrylamidegel electrophoresis (PAGE).

The Animal Studies Using Mice Model
Mice were housed at the Academy of Military Medical Sciences and fed sterile commercial mouse food (Beijing, China). In 
Table 1, based on whether the MDCK cell membrane–encapsulated NP vaccine and the type of adsorbed toxin, the 
immunization group can be classified into six groups: PBS negative control group and MDCK cell membrane–encapsulated 
NP adsorbed ASP–ETX toxin group (MNP–ASP–ETX), MDCK cell membrane–encapsulated NP adsorbed HIS-ETX toxin 

Table 1 Immunization Experiment Groups

No. Immunization  
Group (n = 15)

Immunization 
Methods

Adsorption of 
Antigens

Antigen 
Loading

Dose of Immunization 
(µg)

1 MNP–ASP–EX Subcutaneous injection Adsorption (ASP–ETX) Loading 10

2 MNP–HIS–ETX Adsorption (HIS-ETX) Loading 10
3 MNP – Loading 10

4 NP – Loading 10

5 ETXY196E+Al – – 10
6 PBS – – –
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group (MNP–HIS-ETX), MDCK cell membrane–encapsulated NP group (MNP), NP group (NP), and ETXY196E attenuated 
mutant protein mixed with aluminum adjuvant (ETXY196E + Al) as the immune control group. Immunization was performed 
via subcutaneous (s.c.) immunization, and the immunization dose was 10 μg at a volume of 200 μL, injected at two points. The 
amount of antigen of MNP–ASP–ETX and MNP–HIS–ETX group was calculated as the amount of surface-adsorbed ASP– 
ETX or HIS-ETX + loaded ETXY196E = 10 μg.

Cytotoxicity Assay
The MTS method was used to evaluate cytotoxic activity. MDCK cells were seeded into 96-well plates at a density of 
1×105 cells/mL and incubated at 37°C for 24 h. After three washes with PBS, cells were exposed to a series of samples 
(Figures S7 and S8) with different concentrations and incubated for 1 h at 37°C. Next, the culture medium was removed, 
and plates were washed three times with PBS. MTS was added to the plate wells, and the toxicity was estimated by 
measuring absorbance at A492 nm. Each experiment was performed in triplicate.

Enzyme-Linked Immunosorbent Assay (ELISA)
ETX-specific IgG (Solarbio, China), IgG1 (Abcam, UK), and IgG2a (Abcam, UK) levels in the serum were determined via 
ELISA. In brief, 96-well ELISA plates were coated with 5 μg/mL HIS-ETX in ELISA coating buffer at 4°C. The 
following day, the plates were washes for three times with PBS-Tween 20 (PBST) and blocked with 5% bovine serum 
albumin for 1 h at 37°C. Then, the plate was incubated with 100 μL 10-fold serial diluted serum for 1 h at 37°C. After three 
washes with PBST, the plates were incubated with horseradish peroxidase-coupled goat anti-mouse IgG (1:5000), IgG 1 
(1:5000), and IgG 2a (1:5000) at 100 μL/well for 1 h at 37°C. The plates were washed three times with PBST. TMB 
colorimetric substrate (Solarbio, China) was added at 100 µL/well and incubated for 10 min. Finally, an ELISA stop 
solution (Solarbio, China) was used to stop the reaction. Absorbance was determined at A450 nm using a microplate reader.

Determination of Neutralizing Antibody Titer (TNA)
MTS was used to evaluate the CT50 of GST-ETX (66.25 ng/mL) (Figure S9) in MDCK cells. Sera collected after the 
third immunization were serially diluted twofold at a beginning 1:2 dilution for TNA detection. Each sample diluted with 
10 × CT50 GST-ETX were mixed in equal volumes and incubated for 1 h at 37°C. MDCK cells were spread on 96-well 
plates at a density of 1×105 cells/mL and incubated at 37°C for 24 h. After three washes with PBS, toxin-serum mixtures 
were added to MDCK cells and incubated for 1 h. MTS was added to the plate wells, and toxicity was estimated by 
measuring absorbance at A492 nm. Each experiment was performed in triplicate. TNA (ED50) were expressed as the 
reciprocal of the highest serum dilution, showing ≥50% cells.

Challenges of Immunized Mice
One week after the third immunization, immunized mice were challenged with 10 × CT50 and 100 × CT50 GST-ETX via 
intraperitoneal injection. Body weight and survival were monitored daily.

In vitro Neutralization Assay
In vitro neutralizing animal toxicity assay. Sera were diluted 20-fold and mixed with 2 × LD50 GST-ETX (LD50 = 
11.86 μg/kg). This serum–toxin mixture was incubated at 37°C for 1 h and injected intraperitoneally into blank mice at 
a volume of 500 µL, and survival was monitored daily for 3 days.

In vitro neutralizing cytotoxicity assay. Sera were diluted 20-fold and mixed with 2 × CT50, 4 × CT50, 8 × CT50, 16 × 
CT50, 32 × CT50 and 64 × CT50 GST-ETX. This serum–toxin mixture was incubated at 37°C for 1 h, added to MDCK 
cells, and incubated for 1 h at 37°C in a 5% CO2 incubator. After three washes with PBS, MTS was added to the plate 
and the mixture was incubated for 3 h. Toxicity was estimated by measuring absorbance at A492 nm. Each experiment 
was performed in triplicate.
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Recombinant Toxin Protein Fluorescent Labeling
A Cy5.5-antibody conjugation kit (Beijing, China) was used to label the ETXY196E protein. Cy5.5-ETXY196E was encapsu
lated into NPs to prepare Cy5.5 fluorescently labeled NPs. ETXY196E was then diluted to a final concentration of 1 mg/mL in 
1× PBS. We centrifuged the lyophilized Cy5.5 in a powder tube (provided in the kit) at 8000 × g for 30s to pellet the powder. 
Next, we added 50 μL of dimethyl sulfoxide (DMSO) to the tube and mixed thoroughly until the Cy5.5 dye was completely 
dissolved. ETXY196E solution (100 μL) was labeled using 4 μL of Cy5.5 fluorescent dye, and the resulting mixture was 
incubated in the dark at 37°C and 150 rpm for 1 h. A purification column was then centrifuged at 3000 × g for 2 min before 
being transferred to a new tube. At this point, we loaded 100 μL of the Cy5.5-ETXY196E mixture onto the column. To remove 
free dye, the solution was centrifuged twice at 3000 × g for 2 min at 4°C. The purified Cy5.5-ETXY196E solution was then 
collected and stored at 4°C until further use. MDCK cell membrane was coated with fluorescently labeled NPs to generate 
fluorescently labeled NP vaccines.

In vivo Imaging
Mice were injected s.c. at a dose of 10 μg of Cy5.5 labeled ETXY196E + Al, NP, and MNP (Cy5.5-labeled ETXY196E 

encapsulated in both NP and MNP was 10 μg) in a volume of 200 μL and injected at two points. The fluorescence signal 
intensity at different time points was documented and calculated using IVIS Spectrum (PerkinElmer, Waltham, MA, 
USA) with the excitation light set at 640 nm and the emission light set at 700 nm.

Mice were injected s.c. with 2 μg of Cy5.5 labeled ETXY196E + Al, NP, and MNP (Cy5.5-labeled ETXY196E 

encapsulated in both NP and MNP was 10 μg) in an injection volume of 200 μL at 2 points. The spleen and lymph 
nodes were removed at different time points, and the fluorescence signal intensity was observed.

Histological Examination of the Brain and Kidney
After challenging with 10 × LD50 GST-ETX, the brains and kidneys were separated, fixed in a 4% formaldehyde solution 
for 24 h, embedded, stained with hematoxylin and eosin (H&E), and observed via slicing.

Immune Cell Levels in the Spleen
The antibodies used in this study were as follows: CD45 (Alexa Fluor 700, 56–0451-82, Thermo Fisher), CD3 (PerCP-eFluor 
710, 46–0032-82, Thermo Fisher), CD4 (BV785, 100552, Biolegend), CD8 (BV510,100752, Biolegend), CD44 (BV480, 
566116, BD), CD62L (APC-Fire 750, 104450, Biolegend), CD19 (FITC, 115505, Biolegend), CD80 (BV421, 104726, 
Biolegend), CD273 (PE-Cy7, 107214, Biolegend), CD45R (PerCP-Cy5.5, 103236, Biolegend), CD138 (BV605, 142516, 
Biolegend), CD95 (PE, 152608, Biolegend), GL7 (AF647, 144606, Biolegend), CD45 (BV510, 103138, Biolegend), CD3 
(APC-Fire 810, 100268, Biolegend), CD3 (BV605, 564009, BD), CD4 (R718, 566939, BD), CD8 (PerCP-Cy5.5, 100734, 
Biolegend), CD80 (PE-Fire640, 104759, BD), CD45R (BV785, 103246, Biolegend), CD138 (BV421, 142508, Biolegend), 
anti-mouse CD16/32 (BD, 553141, 2.4G2), True-Stain Monocyte Blocker (Biolegend, 426102), Brilliant Stain Buffer (BD, 
563794), and anti-mouse CD16/32 (BD, 553141, 2.4G2). All fluorescent antibodies listed above were centrifuged at 10,000× 
g for 5 min at the relevant quantity before use. They were then prepared with True-Stain Monocyte Blocker (Biolegend, 
426102). Brilliant Stain Buffer (BD, 563794) was used to create a staining antibody mixture. An analysis of immune cells in 
the spleen was performed in mice that survived for 7 days following a 10 × LD50 challenge. After cervical dislocation, the 
spleen was removed, minced in a biosafety cabinet, gently ground, and suspended in 1640 medium containing 10% FBS, 0.1 
mM 2-mercaptoethanol, 100 U/mL penicillin, and 100 U/mL streptomycin to make a single cell suspension. Approximately 
2×106 cells were placed in a flow tube, 2 µg Fc was added, and incubated for 10 min at room temperature away from light. The 
premixed staining antibody mixture was added and incubated for 25 min at room temperature away from light. Then, 2 mL 
wash solution was added, and the mixture was centrifuged at 400 × g for 5 min to discard the supernatant. Approximately 1 mL 
of Dead Dye Working Solution (Zombie NIR™ Fixable Viability Kit, Biolegend, 423105) was added, mixed well, and 
incubated for 10 min at room temperature. Then, 2 mL of wash solution was added and centrifuged at 400 × g for 5 min. 
Subsequently, 0.2 mL of wash solution was added, and the samples were obtained using an Aurora spectral flow cytometer 
(Cytek). Data were analyzed using SpectroFlo (Cytek, V3.2.1) software.
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Statistical Analyses
All data were analyzed using one-way ANOVA on GraphPad Prism software. All data are expressed as mean ± SD. 
Statistical significance was indicated by p-values <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****); nonsignificant 
differences were indicated by p-values ≥0.05 (ns).

Results
Synthesis and Characterization of Nanoparticle
Following the previous method, the PLGA copolymer was used to generate loaded ETXY196E protein (NP) using the 
water/oil/water (w/o/w) double emulsion method. The extracted MDCK membranes were coated on NP surface via 
sonication and extrusion through a 200-nm porous polycarbonate membrane (MNP). Transmission electron microscopy 
(TEM) images revealed that the NP exhibited well-structured spherical structures, and the MNP clearly exhibited 
a double-layer core-shell structure (Figure 1A and B). The average particle size was determined using a Flow 
NanoAnalyzer. Results showed that the average particle size of NP was approximately 160 nm, and after MDCK cell 
membrane coating, the average particle size increased to approximately 190 nm, which was approximately 30 nm larger 
than that of bare NPs (Figure 1C). Dynamic light scattering (DLS) analysis revealed that the zeta potentials of NP and 
MNP were −13 mv and −5 mv, respectively (Figure 1D). The polydispersity index (PDI) of NP and MNP was less than 
0.2, indicating that they had good dispersion in PBS (Figure 1E). These results confirmed that the MDCK membrane was 
coated onto NP, and MDCK cell membrane–encapsulated nanoparticles were successfully prepared. To determine the 
encapsulation efficiency of NP in ETXY196E mutant proteins, extractive hydrolysis was used to determine the concentra
tion of ETXY196E encapsulated in NP. Results showed that 1 mg PLGA nanoparticles could encapsulate 50 μg ETXY196E, 
and the encapsulation efficiency of NP were ~37.5% (Figure 1F). To test the adsorption of ASP–ETX toxins by MNP, 
HIS-ETX was used as experimental control group. Approximately 2 mg of MNP was treated with a series of different 
concentration of ASP–ETX and HIS-ETX. Then, the mixture of MNP–toxin mixture was coincubated with MDCK cells 

Figure 1 Characterization of nanoparticle vaccine. (A and B) Representative TEM images of NPs and MNPs. (C) Nanoparticle diameter measurement using a Flow 
NanoAnalyzer. (D) DLS measurements of the zeta potential (Zeta, mV) of the nanoparticle vaccine. (E) The PDIs of NP and MNP were measured using DLS. (F) SDS-PAGE 
analysis of the encapsulation efficiency of ETXY196E. (M) molecular weight marker. Lanes 1, encapsulated ETXY196E in NP, lanes 2, free ETXY196E in supernatant. (G and H) 
Adsorption rates of MNP to ASP–ETX and HIS–ETX. Different ASP–ETX and HIS–ETX concentrations were treated with 2 mg of MNP or PBS for 1 h at 37°C. Then 
mixture was coincubated with MDCK cells, and the survival of MDCK cells was measured.
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for 1 h, and the PBS–toxin mixtures were used as negative controls. Next, we determined the toxin concentration 
required to achieve 50% cell viability (CT50) for both the PBS-HIS-ETX control group and MNP–ASP–ETX experi
mental group. The adsorbed toxin quantity was then derived by calculating the concentration differential between these 
two groups as per the following equation: Adsorbed toxin (μg) = CT50 (PBS-ASP–ETX) − CT50 (MNP–ASP–ETX). The 
adsorption capacity of MNP toward HIS-ETX toxin was calculated as per the same protocol described for ASP–ETX (see 
above). Results showed that 2 mg of MNP adsorbed 187 ng of ASP–ETX and 1.45 ng of HIS-ETX (Figure 1G and H). 
Adsorption of ASP–ETX by MNP was higher than that by HIS-ETX, which was facilitated to subsequent immunization 
experiments. The amount of the prepared nanoparticle vaccine was sufficient for a complete immunization procedure and 
guaranteed the stability and uniformity of vaccine batches.

Antigen Persistence at Injection Sites and Antigen Transport into Draining Lymph 
Nodes
The antigen depot effect can extend the exposure time of antigen, enhancing its capture by the immunity system.42 It has 
been shown that PLGA nanoparticles also have a favorable adjuvant effect.30 To investigate whether NP and MNP have 
a depot effect, the persistence and lymph node drainage ability of antigens in vivo over time were observed using an 
imaging system (Figure 2A). First, the release of antigens at the injection site in mice was examined. 3 hours after 
injection, the injection sites of all groups exhibited strong fluorescent signals. At 12 h, the fluorescence signal of 
ETXY196E + Al and MNP gradually decreased, and the rate of decrease of ETXY196E + Al was more rapid than that of 
MNP. At 12–48 h, the fluorescence intensity signals of NP and ETXY196E + Al showed a slow decrease, whereas the 
fluorescence signal intensity of MNP was not changed. Until 72 h, the fluorescence signals of mice showed a slow 
decline. Nearly half of the antigen in the ETXY196E + Al group was released at 12 h. In contrast, NP and MNP maintained 
the antigen at the injection site until 72 h, the fluorescence intensity slowly decreased to half the level of initial injection. 

Figure 2 Antigen release and lymph nodes drainage. (A) Schematic illustration of the experiments. (B) BALB/c mice were injected s.c. with 10 μg MNP, NP, or ETXY196E + 
Al. The fluorescence intensity at the injection site was detected at different time points. (C) Comparison of release time at the injection site. Antigen persistence at the 
injection sites was evaluated and documented using an in vivo imaging system at the indicated time points. Trend changes in fluorescence intensity at different times (average 
fluorescence intensity /first-time average fluorescence intensity × 100%) (n = 3). (D) Comparison of the fluorescence intensity of the lymph nodes and spleen. (E) Changes in 
the total fluorescence intensity of lymph nodes at different time points. (F) Changes in the total fluorescence intensity of spleen samples at different time points (n = 3).
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The trend of fluorescence signal of MNP was more stable than that of the other two groups, indicating MNP has the 
potential for long-term antigen release. However, ETXY196E + Al could persist at the injection sites for more than 
320 h (14 days), whereas NP and MNP remained for 246 h (10 days) (Figure 2B and C).

NP and MNP exhibit different antigen slow-release effects compared to ETXY196E+Al. Whether these differences 
affected antigen transport to draining lymph nodes was determined. Mice were injected s.c. with 2 μg ETXY196E + Al, 
NP, or MNP. Lymph nodes were collected from mice at different time points (Figure 2D) The changes in fluorescence 
signals showed that the ETXY196E + Al group antigen aggregated rapidly in the spleen at 24 h after injection, and the 
fluorescence signals in the lymph nodes reached their maximum value at 6 h. The lymph nodes fluorescence signals of 
the NP and MNP groups reached the maximum values at 48 h, with the MNP exhibited a higher intensity compared to 
NP and ETXY196E + Al, suggesting improved lymph node drainage potential (Figure 2E and F). Results suggested that 
MNP antigens can be more efficiently drained to lymph nodes, indicating a longer interaction time with APCs.

Safety Evaluation of the Nanoparticle Vaccine
Vaccine safety is one of the primary prerequisites for vaccine development. In previous studies, ETXY196E triggered 
a strong immune response in mice, but it had side effects, such as rapid weight loss, loss of appetite, and even death at 
high doses.38 The safety of ETX nanoparticle vaccine was evaluate in vitro and in vivo. First, the in vitro safety of ETX 
nanoparticle vaccine was evaluated using a cytotoxicity assay (Figure 3A). MDCK cells are highly sensitive cells to ETX 
and are commonly used in ETX cytotoxicity assays.43 A series of ETX nanoparticle vaccine were incubated with MDCK 
cells. Results show that concentrations as high as 125 μg/mL were not toxic to MDCK cells (Figure 3C).

Based on the MDCK cell membrane-encapsulates nanoparticle and the toxin type adsorbed on MNP, the groups were 
categorized into MNP–ASP–ETX, MNP–HIS–ETX, MNP, NP, ETXY196E + Al control, and PBS negative control groups. 
Different groups of antigens were injected into the mice, their body weights were examined for 35 successive days, and 
their kidneys and brains were examined for pathologically analysis (Figure 3B). Body weights and survival were 
monitored throughout the immunization period. All mice survived well (Figure 3D) and exhibited a steady increase in 
body weight (Figure 3E). Notably, the body weight of ETXY196E + Al mice showed a decrease after the first immuniza
tion. Furthermore, serum samples were collected from mice after the third immunization for blood biochemical assays. 
Indicators of urea, Ca, and K in blood are thought to reflect kidney damage (Figure 3F), whereas alanine aminotransfer
ase (ALT), alkaline phosphatase (ALP), aspartate transaminase (AST), and total bilirubin in the blood were thought to 
reflect liver damage (Figure 3G). All indicators were normal in each group and were not significantly different from those 
of PBS group. Whether the ETX nanoparticle vaccine caused damage to the brain and kidney of mice was examined 
using H&E staining in the immunized group. Histopathological results showed no pathological damage (Figure 3H) 
(Figure S10), indicating that the ETX nanoparticle vaccine and the ETXY196E + Al groups had good and long-term safety 
in vivo. Observing the condition of mice in each immunization group, there was obvious s.c. nodule generation in 
ETXY196E + Al, whereas this condition was not found in nanoparticle vaccine group, thereby proving the safety of mice 
in the nanoparticle vaccine group (Figure S11).

Nanoparticle Vaccine Induced Functional Antibody Responses in Mice
To investigate the immunization effects of ETX nanoparticle vaccine, immunization experiments were performed to 
detect antibody titers in immunized mice. The immunization groups are shown in Table 1. Immunization was performed 
on days 0, 14, and 28, the immunization dose was 10 μg (Figure 4A). The titers of ETX-specific IgG, IgG 1, and IgG 2a 
antibodies were measured using ELISA. The results showed that after the second immunization, serum IgG titers elicited 
by NP were significantly higher than other groups. After the third immunization, ETX-specific IgG antibody titers of the 
all groups reached 104, indicating that ETX nanoparticle vaccine have almost as good immunogenicity as ETXY196E + Al 
control groups and elicit a stronger immune response (Figure 4B). To explore the differentiation direction of helper 
T cells, ETX-specific IgG 1 and IgG 2a antibody titers were measured after the third immunization. The IgG 2a/IgG 1 
ratio represents the polarization effect of the immune response in both Th1 and Th2. All groups exhibited comparable 
IgG 1 antibody titers (Figure 4C), and the IgG 2a antibody of ETX nanoparticle vaccine was higher than that of 
ETXY196E + Al groups (Figure 4D). The IgG 2a/IgG 1 ratio of ETXY196E + Al suggested that they elicited Th2-biased 
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Figure 3 Safety evaluation of ETX nanoparticle vaccine in vitro and in vivo. (A) Schematic illustration of the in vitro cytotoxicity assay. (B) Schematic illustration of in vivo 
safety experiments. (C) The ETX nanoparticle vaccine and ETXY196E were diluted to 125 μg/mL, sequentially diluted twofold to multiple gradients, then coincubated with 
MDCK cells for 1 h at 37°C. Survival of MDCK cells was measured. (D and E) Survival and average weight changes of immunized mice. Mice were injected s.c. with 10 μg of 
ETX nanoparticle vaccine or ETXY196E + Al. Their body weight and survival were recorded at 2- to 3-day intervals. Each point represents the current total weight relative to 
the original total weight (n=10). (F and G) Chemical composition analysis of serum. Serum was collected from mice injected with 10 μg antigen after 35 days; this was then 
subjected to analysis chemical composition (n = 3). (H) Histopathological sections of the brain and kidney tissues of immunized mice. Scale bar, 200/50 μm (n = 3). Statistical 
significance of differences in group means as calculated by one-way ANOVA: p ≥ 0.05 (not significant, ns).
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immune responses, whereas MNP–ASP–ETX, MNP–HIS–ETX, MNP, and NP exhibited a higher IgG 2a/IgG 1 ratio than 
ETXY196E + Al, suggesting that they can elicit Th2-biased immune but with a slight Th1 bias (Figure 4E).

Protective Evaluation of the Nanoparticle Vaccine
Protective efficacy is an important aspect of evaluating vaccine quality. Thus, after the third immunization, immunized 
mice were challenged with 10 × LD50 and 100 × LD50 GST-ETX and their body weights were monitored for 7 days. The 
body weights of the surviving mice showed slight or no changes (Figure 5A). Mice in the PBS group died 6 h after 
challenged; in contrast, MNP–ASP–ETX, MNP–HIS–ETX, NP and ETXY196E + Al immunized mice resisted 100 × LD50 

GST-ETX challenge. However, two mice in the MNP group died, with a survival rate of 60% (Figure 5B and C).

Figure 4 Immune response induced by ETX nanoparticle vaccine in mice. (A) Schematic illustration of immune procedure at different time points. Mice was immunized s.c. 
with the same dose of 10 μg for three immunizations on days 0, 14, and 28, and serum samples from different groups were collected at appropriate time points. (B–D) 
Detection of ETX-specific antibodies IgG (B), IgG 1 (C) and IgG 2a (D) using ELISA. (E) Ratio of IgG 2a/IgG 1 (n = 5). Statistical significance of differences in group means as 
calculated using one-way ANOVA: p < 0.001 (**), p ≥ 0.05 (not significant, ns).
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Figure 5 Protective evaluation of ETX nanoparticle vaccine. (A) Body weight was monitored for 7 days after challenge. (B and C) Survival of mice challenged with GST-ETX. After the 
third immunization, mice were randomly divided into two groups, and each group was injected intraperitoneally with 500 μL 10 × LD50 (B) and 100 × LD50 (C) GST-ETX. (D) TNA. (E) 
In vitro neutralization cytotoxicity assay. Serum collected after the third immunization was diluted 20-fold then incubated with 2 × CT50, 4 × CT50, 8 × CT50, 16 × CT50, 32 × CT50 and 
64 × CT50 GST-ETX. The toxin-serum mixture was then coincubated with MDCK cells at 37°C for 1 h, after which the survival rate of MDCK cells was calculated (n = 3). (F) In vitro 
neutralization of animal toxicity. The serum was diluted 20-fold, then incubated with 2 × LD50 GST-ETX at 37 °C for 1 h. The resulting mixture was then injected intraperitoneally into 
blank mice, and their survival rate was observed (n = 5). (G) Histopathological sections of brain and kidney tissues from mice challenged with 10 × LD50 GST-ETX. Scale bar, 200/50 μm 
(n = 3). Statistical significance of differences in group means as calculated using one-way ANOVA: p < 0.0001 (****). Red arrows: Cellular swelling, cytoplasmic laxity; Black arrows 
(brain): Vascular bruises; Black arrows (kidney): Hydropic degeneration in renal tubular epithelial cells; Green arrows: Interstitial bruising and cellular swelling.
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Neutralizing antibody titer (TNA) levels in sera were determined using a cytotoxicity assay. TNA (ED50) were 
expressed as the reciprocal of the highest serum dilution, showing ≥50% cells. The TNA of MNP–ASP–ETX, MNP– 
HIS–ETX, MNP, and NP reached 64, whereas that of ETXY196E + Al reached 512, which was significantly higher than 
that of the ETX NP vaccine (Figure 5D). Results suggested that the protective effect of the ETX NP vaccine was lower 
than that of ETXY196E + Al.

Therefore, an in vitro neutralization assay was performed to evaluate the protective effect of the ETX nanoparticle 
vaccine. In vitro neutralization cytotoxicity assay, the serum was diluted 20-fold and mixed with different concentrations 
of GST-ETX, and the toxin-serum mixture was coincubate with MDCK cells. MNP–ASP–ETX, MNP–HIS–ETX, and 
NP completely neutralized 16 × CT50 GST-ETX and protect more than 50% cells from 32 × CT50 GST-ETX. MNP 
completely neutralized 8 × CT50 GST-ETX and protect 90% of cells from 16 × CT50 GST-ETX. ETXY196E + Al could 
neutralize 32 × CT50 GST-ETX and protect 90% of cells from 64 × CT50 GST-ETX (Figure 5E).

In vitro neutralization of animal toxicity assay shows that serum in MNP–ASP–ETX, MNP–HIS–ETX, MNP, NP and 
ETXY196E + Al can protect naive mice from 2 × LD50 GST-ETX after a 20-fold dilution (Figure 5F). The results of the 
in vitro neutralization assay were consistent with TNA, indicating that the ETX nanoparticle vaccine exert protective 
effects on cells and animals; however, its effectiveness was lower than that of the ETXY196E + Al immune control group. 
The brain and kidneys are the main target organs attacked by ETX.15 For histopathological analysis, H&E staining was 
used to observe the brain and kidneys of mice. Immunized mice subjected to 10 × LD50 GST-ETX challenge were used 
as the experimental group, and PBS-injected mice were used as negative controls. Blank mice injected intraperitoneally 
with 10 × LD50 GST-ETX were positive control (Figure 5G) (Figure S12). Mice in the positive control group injected 
with 10 × LD50 GST-ETX showed pathological lesions in the brain and kidneys. The brain of control group exhibited 
more vascular bruises (black arrows) across all regions of the brain tissue, and a small number of neurons showed sign of 
edematous (red arrows), characterized by cellular swelling and cytoplasmic laxity. The kidney of control group contained 
renal tubular epithelial cells. Hydropic degeneration (black arrows), cellular swelling, and more bruising are seen in the 
interstitium (green arrows). In contrast, the ETX nanoparticle vaccine and the ETXY196E + Al group showed no lesions in 
the brain and kidneys, indicating that the ETX NP vaccine group had good in vivo protective properties.

Immune Cell Levels in the Spleens of Vaccinated Mice
The ETX nanoparticle vaccine induced high IgG antibody levels comparable to those elicited by ETXY196E + Al, but its 
TNA and protective efficacy were lower than those of ETXY196E + Al. To investigate whether ASP–ETX plays a role in 
targeting B cells, the spleens of surviving mice challenged with 10 × LD50 GST-ETX were isolated and the levels of 
central memory CD4+ T cells (CM CD4+), central memory CD8+ T cells (CM CD8+), effective memory CD4+ T cells 
(EM CD4+), effective memory CD8+ T cells (EM CD8+), B lymphocytes, plasma cells, memory B cells (MBCs), and 
germinal center (GC) B cells were assessed via flow cytometry (Figure 6A–H). The ETX NP vaccine and ETXY196E + Al 
elicited high levels of CM CD4+ T cells (Figure 6A), and the proportion of EM CD4+ T cells (Figure 6B) and EM CD8+ 

T cells (Figure 6D) in the MNP and NP immune groups were significantly higher than those in the other groups, 
suggesting that the trend is to induce a T-cell-based cellular immune response. Following the adsorption of ASP–ETX 
and HIS-ETX toxin, MNP–ASP–ETX and MNP–HIS–ETX induced the production of high levels of CM CD8+ B cells 
(Figure 6C) and increased numbers of GC B cells (Figure 6F), plasma cells (Figure 6G), and MBCs (Figure 6H). This 
trend was consistent with that of ETXY196E + Al, indicating that the adsorption of ASP–ETX activated B cells; however, 
the effect was not significant and was weaker than that of ETXY196E + Al.

ETXY196E + Al induced a large number of GC B cells (Figure 6F) and MBCs (Figure 6H). The GC is a lymphocyte 
organ formed during immunization and is the site of clonal proliferation and affinity maturation of B cells. The process of 
affinity maturation leads to the production of high-affinity antibodies. Therefore, the high number of GC B cells in the 
ETXY196E + Al group implied that they may have higher levels and affinity for neutralizing antibodies. However, the 
ETX nanoparticle vaccine had a lower number of GC B cells than ETXY196E + Al, which provides a theoretical basis for 
the observed TNA and reduced protection of ETX nanoparticles vaccine compared with ETXY196E + Al.
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Long-Term Immunization Effects of Nanoparticle Vaccines
In vivo imaging experiments showed that MNP released antigen more slowly and stably. Therefore, mice that survived 
for 2 months after third immunization were randomly selected, and blood samples from the tail vein were collected to 
determine antibody titers and protective effects (Figure 7A). First, the IgG antibody titers of ETX NP vaccine increased 
to 105, whereas that of ETXY196E + Al decreased to 102 (Figure 7B). The IgG 1 antibody titer in all groups reached 105, 
whereas the IgG 2a antibody titer reached 104 (Figure 7C and D). Results of the IgG 2a/IgG 1 ratio revealed a Th2 bias in 
each immunization group (Figure 7E). The protection effects were further evaluated. TNA in the ETX nanoparticle 
vaccine group increased significantly from 64 to 256–512. ETXY196E+Al increased from 512 to 512–1024, but the 
difference between the ETX nanoparticle vaccine and the ETXY196E + Al immunized control groups was significantly 
reduced from nearly eightfold to nearly fourfold compared with the third immunization (Figure 7F).

In vitro neutralization cytotoxicity assay showed that the protective effects of the NP and MNP–ASP–ETX groups 
protected cells from to 32 × CT50 GST-ETX, NP protected approximately 70% of MDCK cells, and the MNP–ASP–ETX 
group protected approximately 90% MDCK cells from 64 × CT50 GST-ETX challenged. The MNP and MNP–HIS–ETX 
groups showed a large increase in the protective effect to 64 × CT50 GST-ETX. The protective effect was significantly 
increased after 2 months (Figure 7G).

In vitro neutralizing animal toxicity assay results showed that the MNP–ASP–ETX and ETXY196E + Al groups 
completely protected naive mice from 10 × LD50 GST-ETX. The NP group protected 60% of mice, and MNP and MNP– 
HIS–ETX protected 20% of the mice from 10 × LD50 GST-ETX (Figure 7H). In conclusion, compared with the third 
immunization, the antibody level and protection of ETX nanoparticle vaccine increased significantly and narrowed the 
difference compared with ETXY196E + Al, indicating that the ETX nanoparticle vaccine can produce long-lasting 
immunity.

Figure 6 Levels of different immune cells in mouse spleens after challenge. (A) Central memory CD4+ T cells. (B) Effective memory CD4+ T cells. (C) Central memory 
CD8+ T cells. (D) Effective memory CD8+ T cells. (E) B cells. (F) Germinal center B cells. (G) Plasma cells. (H) MBCs (n = 3). Statistical significance of differences in group 
means as calculated by one-way ANOVA: p <0.05 (*), p<0.01 (**), p<0.001 (***).
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Discussion
ETX is associated with fatal enterotoxemia in livestock species, mainly sheep and goats, resulting in considerable economic 
losses.44,45 ETX is one of the most potent known toxins after botulinum toxin and tetanus toxin; it is therefore classified as 
a category B agent by the CDC.43 In recent studies, toxoid vaccines have been reported to elicit variable immune responses as 
well as inflammatory responses following vaccination.22 Another study has suggested that site-directed mutants of ETX may 
significantly reduce the toxicity of the toxin and may therefore be vaccine candidates.46 However, complete elimination of its 
toxicity is not feasible, and there always remains a possibility of reversion to full toxicity.21

In this study, a novel ETX nanoparticle vaccine was prepared. The size of the different particles determines the type 
of APC and lymph nodes drainage ability. The size of ETX nanoparticle vaccine is 190 nm, which is susceptible to 
uptake by DCs.47 The encapsulation efficiency of NP was approximately 37.5%. The high encapsulation efficiency 
guarantees the consistency of vaccine batches. An in vitro cytotoxicity assay showed that 2 mg of MNP adsorbed 187 ng 

Figure 7 Evaluation of antibody titer and protection in mice surviving 2 months after the third immunization. (A) Schematic illustration of the experiment. Mice were 
randomly selected, and blood was collected from the tail vein to detect antibody titers and protective effects. (B–D) Detection of ETX-specific antibodies IgG (B), IgG 1 
(C), and IgG2a (D) in serum using ELISA. (E) Ratio of IgG 2a/IgG 1 (n = 5). (F) TNA (G) In vitro neutralization cytotoxicity assay results (n=3). (H) In vitro neutralization of 
animal toxicity (n = 5). Serum was diluted 20-fold then mixed with 10 × LD50 GST-ETX injected intraperitoneally into blank mice. Statistical significance of differences in 
group means as calculated using one-way ANOVA: p<0.05 (*), p<0.01 (**), p≥ 0.05 (not significant, ns).
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of ASP–ETX, which was significantly higher than the adsorption of HIS-ETX, laying a good foundation for the 
calculating antigen levels in immunization experiments and determining the function of targeting B cells.

PLGA can prolong the duration of antigen release and lymph node drainage.48 The antigen release effect was 
examined via in vivo imaging experiments. Results showed that MNP and NP can significantly prolong the antigen 
release time and steadily promote release at the injection site, indicated a longer interaction time with APCs in the lymph 
nodes. The rates of antigen release of MNP and NP were steadier than those of ETXY196E + Al, which was favorable for 
avoiding acute toxic reactions resulting from the large amount of antigen released in a short period. However, the total 
release times of MNP and NP were slightly shorter than those of ETXY196E + Al. Based on the observation of mouse 
skin, a group of ETXY196E + Al mice showed significant nodules at the injection sites on the back, which might be due to 
the side effect of the aluminum adjuvant.49,50 It was speculated that the antigen was anchored at the injection site by the 
formation of nodules, leading to the prolonged release of the antigen. In contrast, no nodule formations were observed in 
the ETX nanoparticle vaccine group. In this study, in vivo and in vitro safety investigations confirmed that ETX 
nanoparticle vaccine has superior biosafety.

ETX nanoparticle vaccine has favorable immunogenicity and produce high IgG antibody levels. Unlike ETXY196E + 
Al, which induces only predominantly humoral immunity, ETX NP vaccine produces a predominantly humoral immune 
response with high levels of cellular immunity in mice. ETX NP vaccine and ETXY196E + Al protected mice against 100 
× LD50 GST-ETX challenge, MDCK cells from 16 × CT50 GST-ETX and blank mice from 2 × LD50 toxin challenge 
in vitro. ETX nanoparticle vaccine confirmed that the 10 × LD50 GST-ETX challenged mice did not show pathological 
abnormalities in their brain and kidneys. Results of long-term immunization showed that ETX nanoparticle vaccine 
retained a high level of ETX-specific IgG antibody and showed a significant increase in TNA and protection compared 
with the third immunization.

However, the in vitro protection ability of the ETX NP vaccine was significantly lower than that of the ETXY196E + 
Al group. As indicated by the level of immune cells in the spleens of mice, ETX NP vaccine produces high levels of 
memory T cells, which induce cellular immunity. After the adsorption of ASP–ETX and HIS-ETX, the numbers of 
B cells, plasma cells, and MBCs increased, indicating that ASP–ETX acted as a target for B cells and induced the body to 
produce a humoral immune response, consistent with the changes observed in the ETXY196E + Al control group. 
However, because of the small amount of ASP–ETX adsorbed on the membrane, the humoral immune response is not 
significant, and cellular immunity is still the primary focus.

As an exotoxin protein, the treatment and prevention of ETX mainly depends on the structural specificity of the 
antibody–antigen. Therefore, vaccine development against ETX should also aim to generate humoral immunity with 
specific antibodies. Cell membrane–encapsulated PLGA NPs induce a cellular-based immune response, generating many 
cytotoxic T cells (CTLs).51–53 PLGA-mediated slow antigen release also promotes the initiation of memory CD8+ T cells, 
eliciting a prolonged memory T-cell immune response, which is more beneficial for treating diseases such as bacterial or 
viral infection and tumor or for the preparation of vaccines. In response to structure-specific ETX, the cellular immune 
response is less effective compared with the humoral immunity, which is based on the production of specific antibodies. 
Although the ASP–ETX fusion toxin, which targets B cells, is adsorbed to cell membrane, and the type of immunity 
produced is changed from cellular immunity to humoral immunity, the limited adsorption capacity makes it difficult to 
fully activate B cells and induce strong humoral immune responses. The high loading capacity of NPs for toxins can 
cause a stronger humoral immune response.54 Different toxins interact with cell membranes through different mechan
isms of action; thus, the loading capacity nanoparticles to toxins is also correlated with the type of toxin. These results 
also demonstrated that the cell membrane–encapsulated nanoparticles-adsorbing toxins can induce a strong immune 
response and have a great potential to inducing a high-quality immune response.

In future, the immunization interval can be appropriately extended according to the characterization of the slow-release 
effect, which is more conducive to the function of cell membrane–encapsulated NP vaccine platforms. In addition, the 
development of nanoparticle vaccine should focus on modifying the cell membranes to increase the adsorption of the toxin, 
so that it can induce a high level of cellular immunity and simultaneously induce a high level of neutralizing antibodies. ETX 
nanoparticle vaccine has flexible functions and advantages that are not available in conventional vaccines, and has a great 
potential to prevent ETX, which can be further developed as a vaccine candidate for ETX.
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Conclusion
In this study, a loaded ETXY196E attenuator protein that adsorbed structurally intact and targeted ASP–ETX was prepared 
to prevent ETX intoxication based on cell membrane–encapsulated NP platform. The ETX nanoparticle vaccine 
demonstrated optimal physicochemical properties for APC uptake along with excellent safety and immunogenicity 
profiles. It induced potent humoral immunity (high ETX-specific IgG titers) and generated an immune response 
dominated by cellular immunity that is more conducive for treating diseases such as bacterial or viral infections and 
tumors or for preparing the corresponding vaccine. Although the proportion of B cells in MNP–ASP–ETX increased 
significantly and the type of immunity changed, the levels of humoral immunity induced were still lower than those of 
the immunization control group because of the less adsorbed amount, it demonstrates flexibility and superior safety not 
typically found in traditional vaccines. The ETX NP vaccine has great potential for further research and development as 
a candidate vaccine for ETX.
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