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Abstract: The hepatitis E virus (HEV) is an important pathogen that threatens global public health.
One-third of the world’s population lives in the epidemic area of HEV, causing 20 million infections
and 70,000 deaths annually. In China, HEV transmission has changed from human-to-human
transmission of HEV1 to zoonotic transmission of HEV4, causing hepatitis outbreaks throughout
the country. Protecting vulnerable groups, such as practitioners related to animal husbandry and
downstream consumers who are immune deficient or pregnant, from HEV infections is an urgent task.
At present, the commercial human vaccine, Hecolin® (HEV 239 vaccine), is licensed for use only in
China. HEV 239 vaccine is a human vaccine developed for HEV1. Although it has a cross-protective
effect on HEV4, the level of immune protection is still different. To address the transformation of
domestic HEV transmission modes, there is an urgent need to develop a new vaccine against zoonotic
HEV4. P206@PLGA is a vaccine candidate in which nanomaterials are used to encapsulate viral
capsid proteins for the immunization of livestock animals. Our experiments show that P206@PLGA
has excellent biocompatibility and safety. In addition, P206@PLGA can effectively induce animals to
produce a high titer of antibodies against HEV4, and thus has the potential to become a veterinary
vaccine for the prevention of HEV. This approach provides a new concept for HE prevention to reduce
the transmission of HEV in farms and protect susceptible populations.

Keywords: hepatitis E virus; vaccine immunity; nanoparticles; PLGA; P206

1. Introduction

The hepatitis E virus (HEV) is a small, single-stranded positive-sense RNA virus with
a gene sequence length of approximately 7.2 kb. HEV belongs to the family Hepeviridae,
including Orthohepevirus and Piscihepevirus. Orthohepevirus A has eight genotypes [1]. At
present, most studies focus on types 1–4, of which types 1 and 2 only infect humans,
and types 3 and 4 are zoonotic. The genome contains three independent open reading
frames (ORFs): ORF1, ORF2, and ORF3 [2]. The non-structural protein encoded by ORF1
participates in the replication of HEV RNA, ORF2 encodes the structural protein of HEV
and constitutes the icosahedral capsid of the virus [3], and ORF3 protein is mainly related
to the release of the virus [4]. In developed countries, human HE is prominently caused
by zoonotic HEV3 and HEV4 infections, and all cases infected with HEV1 have a travel
history [5]. Meanwhile the epidemic subtypes of HEV in developing countries are HEV1
and HEV2. According to a survey, the epidemic mode of HEV in China has changed
from the widespread epidemic of HEV1 to the low-fluidity mode of sporadic HEV4 in-
fection [6]. Waterborne transmission is one of the most important transmission routes of
HEV, and the outbreak of HEV usually occurs after natural disasters, such as floods and
rainstorms [5,7]. Recently, the risk of HEV transmission has increased significantly owing
to sudden rainstorm disasters in Henan Province, China. Vulnerable groups, including
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immunocompromised patients, pregnant women, and the elderly, are more likely to be
exposed to HEV. Moreover, the positive rate of blood HEV antibody in workers employed
in animal husbandry production, slaughterhouses, or forestry is higher than that of ordi-
nary people [8–10]. Therefore, there is a pressing need to prevent HEV infection among
susceptible people and related workers in China.

In the case of inadequate basic sanitation facilities and poor population awareness
of how to prevent HEV infection, safe and effective vaccination is still the main way
to control the spread of HEV. Hecolin® (HEV 239 vaccine), the first commercial HEV
vaccine for human use, was approved for marketing in 2012 and is currently only allowed
in China [11,12]. However, HEV4, with zoonotic characteristics, has become the main
epidemic strain owing to the change in the transmission mode of HEV in China. HEV4 is
widespread in livestock farms and further infects related practitioners and downstream
consumers. Therefore, the development of a veterinary vaccine against HEV4 has become
a new approach to reduce the spread of HEV in farms and prevent HEV infection in
susceptible people.

Polymer nanoparticles (PNPs) are ideal drug carriers that have emerged in recent
years. PNPs can enhance the bioavailability of drugs, prolong the drug action time, and
improve drug targeting by encapsulating drugs [13], where poly(lactic-co-glycolic acid)
(PLGA) is one of the most promising nanomaterials [14]. In organisms, PLGA can be
completely degraded into CO2 and H2O through the tricarboxylic acid cycle. PLGA has
been approved by the Food and Drug Administration (FDA) and European Medicines
Agency [15]. PLGA is a copolymer synthesized from glycolic acid and lactic acid monomers
through a polycondensation reaction and ring-opening polymerization. PLGA can protect
drugs from degradation during the delivery process and enable slow release after reaching
the site of action [16]. The literature data show that vaccines prepared using PLGA as
a carrier can effectively reduce adverse reactions in immunized animals; moreover, the
injection dose can be reduced and the immune effect is improved [17].

In the present study, the swine-derived HEV4 HB-S4 strain is used to design an
immunogenic recombinant protein, P206, which is expressed by an E. coli expression
system. PLGA is used to wrap the HEV ORF2 recombinant protein P206 to prepare
nanoparticles (P206@PLGA) with a uniform size and stable quality. Animal immunization
experiments confirm that the P206@PLGA vaccine efficiently induces the production of
HEV IgG antibodies in immunized animals (Scheme 1). In summary, it is confirmed
that P206@PLGA has the potential to become a safe and effective animal vaccine for the
prevention and treatment of HEV.
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2. Materials and Methods

Viruses and Consumables. The virus strain was swine-derived HEV4 type HB-S3;
the accession number on PubMed is KX531115.1. The pET28a (+) plasmid and expression
strain, BL21, were synthesized and transformed by GenScript Corporation of the United
States. The drugs used to prepare the Luria–Bertani (LB) medium were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. A His tag protein
purification kit and SDS-PAGE related reagents were purchased from Shanghai Bi Yuntian
Biotechnology Co., Ltd., Shanghai, China. The anti-His antibody was purchased from
GenScript, New Jersey, United States. PLGA was purchased from Jinan Daigang Biological
Engineering Co., Ltd., Jinan, China. Polyvinyl alcohol (PVA) was purchased from Sigma-
Aldrich. Cell culture medium and fetal bovine serum were purchased from Gibco, and
MTT and trypsin were purchased from Solarbio, China. The HEV IgG detection kit was
purchased from Beijing Wantai Biotech.

Synthesis and Purification of P206 Protein. The LB medium was configured for the
activation of strain BL21 and cultured overnight at 200 rpm and 37 ◦C in a shaker. The
next day, the bacterial solution was removed at a ratio of 1:20, and the LB medium was
preheated to 37 ◦C. The medium containing kanamycin sulfate was incubated at 37 ◦C
for 30–60 min until the OD value of the bacterial solution reached 0.5–0.7. Isopropyl-β-
D-thiogalactoside (IPTG) was added to a final concentration of 1 mM, and culturing was
continued for 4–5 h. Thereafter, the bacterial liquid was collected, centrifuged at 4000× g
at 4 ◦C for 20 min, the supernatant was discarded, and the precipitate was collected. The
bacteria were resuspended with a precipitate:lysate ratio of 1:4; lysozyme (1 mg/mL) was
added, and the mixture was placed in an ice-water bath to lyse for 30 min. An ultrasonic cell
disruptor was used to lyse the bacteria on ice; the mixture was centrifuged at 10,000× g for
10 min at 4 ◦C, and the supernatant was collected. The nickel ion adsorption column was
equilibrated and the lysate supernatant was slowly pumped into the adsorption column
through a peristaltic pump. The protein components attached to the adsorption column
were eluted with a gradient concentration of imidazole solution. SDS-PAGE was used to
run the gel for identification.

Identification of P206 by Western Blotting. The bacterial solution was centrifuged at
4000 rpm for 10 min at 4 ◦C. The resulting pellet was mixed with 5× protein loading buffer,
heated in boiling water for 10 min, centrifuged at 7000 rpm for 5 min, and the supernatant
was collected. After SDS-PAGE, the proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (200 mA, 50 min) and blocked in 5% skimmed milk for 1 h. Anti-His
and anti-HEV ORF2 antibodies were incubated at 4 ◦C overnight. The cells were washed
with PBST three times the next day, incubated with HRP-labeled secondary antibodies at
room temperature for 1 h, and then exposed and photographed.

Preparation and Scanning Electron Microscope Observation of P206@PLGA. The prepa-
ration method is consistent with that described in Section 3.2. The prepared P206@PLGA
was stored at 4 ◦C for one week. An appropriate amount of P206@PLGA sample was dis-
solved in deionized water, ultrasonically dispersed into a suspension, and evenly dropped
onto a tin foil. A magnetron sputtering machine was used for gold spraying, and a scanning
electron microscope (HITACHI, Tokyo, Japan) was used to take pictures with different
magnifications of the same field of view.

MTT assay of P206@PLGA. Huh7 cells (103 per well) were seeded into a 96-well
plate, and 200 µL of DMEM with 10% fetal bovine serum was added to each well. After
the cells adhered to the wall, the medium was replaced with a different concentration of
P206@PLGA medium and incubated at 37 ◦C under 5% CO2 for 24 h, after which MTT
was added. After incubation for 4 h, the culture medium was discarded, the culture was
terminated, 150 µL DMSO was added to each well, and the wells were shaken for 10 min
in the dark. The absorbance of each well was measured using a microplate reader, and
the results were recorded. The formula for calculating the cell growth inhibition rate (IR)
and relative survival rate is as follows: IR = (1 − Aexperimental group/Acontrol group) × 100%;
relative survival rate = 100%—IR.
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Evaluation of the Effectiveness of P206@PLGA. The grouping and immunization of
mice were consistent with those described in Section 3.4. After collecting blood from the
intraocular canthus of the mice, the sample was first placed at room temperature for 1 h,
then allowed to stand at 4 ◦C for 1 h, and finally centrifuged at 5000 rpm for 10 min. The
supernatant was collected. The HEV IgG kit was used for the detection. The secondary
antibody was replaced with an HRP-labeled secondary antibody. After adding the color
developing solution, the cells were incubated at 37 ◦C for 15 min in the dark, and the
absorbance of each well was measured at 450 nm wavelength after termination. The
antibody titer was determined as described above. First, the serum sample was diluted to
101–109, and the HEV IgG kit was used for detection. The antibody titer was calculated
using P/N ≥ 2 as the standard.

Statistical analysis. All charts in this experiment were drawn using GraphPad Prism 8,
and statistical analysis was performed using SPSS (Statistical Product and Service Solutions).
All experimental data are presented as the mean ± SD. A two-way ANOVA was used
to compare multiple experimental groups. The statistical significance was set at p < 0.05;
* p < 0.05.

3. Results
3.1. Expression and Identification of Recombinant Protein P206

The concentration of purified P206 was 5.2 mg/mL; P206 was detected by using anti-
His tag antibody. The results of Western blot (WB) analysis showed obvious protein bands
at 23 kD for each sample group, indicating that the E. coli expression system successfully
expressed P206. The expression of P206 in bacterial inclusion bodies was the highest under
the induction conditions of 15 ◦C for 16 h (Figure 1a). To further detect the antigenicity of
P206, the anti-HEV ORF2 antibody was incubated with different concentrations of P206
(5, 10, and 40 µg). The WB results show that P206 is capable of binding to the anti-HEV
ORF2 antibody and has antigenicity, and the protein concentration is positively correlated
with the amount of bound antibody (Figure 1b). The indirect ELISA method was used to
detect the absorbance of P206 at a wavelength of 450 nm. At concentrations from 10 ng/mL
to 102 ng/mL, P206 showed good antigenicity (Figure 1c). Native PAGE analysis showed
bands at both 23 kDa and 46 kDa, indicating that P206 could self-assemble into dimers
under the condition that the quaternary structure of the protein was retained. It was
preliminarily confirmed that P206 could form VLPs (Figure 1d).
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Figure 1. Identification of recombinant protein P206; (a) expression of P206 under different induced
conditions (control: without IPTG induction; 1: input, 15 ◦C 16 h; 2: input, 37 ◦C 4 h; 3: inclusion
body, 15 ◦C 16 h; 4: supernatant, 15 ◦C 16 h; 5: inclusion body, 37 ◦C 4 h; and 6: supernatant, 37 ◦C
4 h). (b) Western blot data for different P206 concentrations combined with anti-ORF2 antibody;
(c) OD value of protein P206 at 450 nm and TMB staining; and (d) native PAGE data for protein P206
and PLGA@P206.
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3.2. Preparation and Characterization of P206@PLGA

An appropriate amount P206 powder was dissolved in 3% NaCl to prepare a 1 mg/mL
P206 solution as the internal water phase (W1). A 1% PVA solution was used as the outer
water phase (W2), and a 0.5% PVA solution was used as the diffusion phase. PLGA
(200 mg) was dissolved in different volumes of ethyl acetate (EtAc) as an organic solvent
(with different water–oil ratio). After ultrasonic dispersion, PLGA was used as the oil phase
(O). The appropriate amount of the internal water phase was slowly dropped into the oil
phase and ultrasonicated for 8 min in an ice bath (working for 2.5 s, pause for 2.5 s) to obtain
the first emulsion. The prepared first emulsion was slowly added to 10 mL of 1% PVA
aqueous phase, and then ultrasonicated for 15 min in an ice bath (working for 3 s, pause for
3 s) to obtain multiple emulsions (Figure 2a). The mixture was stirred for 3–4 h to volatilize
the oil phase, and washed 3 times to obtain P206@PLGA nanoparticles. The particle size
of the synthesized P206@PLGA NPs was approximately 354 nm (Figure 2b). The zeta
potentials of all P206@PLGA NPs at different ratios were negative. When the ratio was 1:11,
the zeta potential was −14.1 ± 4.1 mV, where the absolute value was the highest among
all the samples (Figure 2c). As shown in Figure 2d, the P206@PLGA NPs were spherical,
uniform in size, and well dispersed. The entrapment efficiency of P206@PLGA NPs at a
ratio of 1:11 was 77.46 ± 0.924%, as determined by using the bicinchoninic acid method.
The treatment mentioned above did not degrade the P206 protein; the presence of dimer
was still observed in the sample without DTT treatment (hole 5; Figure 1d), indicating that
the integrity and effectiveness of the P206 protein were retained in the P206@PLGA NPs.
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Figure 2. Preparation and characterization of P206@PLGA NPs. (a) First and multiple W/O/W
emulsions of P206@PLGA NPs; (b) particle size and (c) zeta potential of synthesized P206@PLGA
NPs and zeta potential at different oil–water ratios; and (d) SEM image of P206@PLGA NPs.



Nanomaterials 2022, 12, 595 6 of 11

3.3. Safety Evaluation of P206@PLGA

Different concentrations of P206@PLGA (0.5–500 µg/mL) were co-cultured with Huh7
cells for 24 h, and the cytotoxicity was detected by MTT assay. P206@PLGA did not
inhibit cell growth when the concentration of P206@PLGA was 0.5−10 µg/mL; the cell
survival rate decreased with increasing drug concentration (Figure 3a). The cell survival
rate was approximately 75% at a concentration of 500 µg/mL, and cell growth was still not
significantly inhibited (the cell survival rate was less than 70%). This observation indicated
that P206@PLGA exhibited excellent safety in in vitro cell experiments. The red blood cell
hemolysis test showed that P206@PLGA did not exhibit hemolysis in the concentration
range of 1–100 µg/mL (Figure 3b), and no red blood cell abnormalities were observed
under a microscope (Figure S4). P206@PLGA groups with 3 different concentrations (50,
100, and 200 mg/kg) were administered to ICR mice via tail vein injection. No significant
changes were found in indicators, such as the organ/weight ratio, serum biochemistry, and
blood routine (Figure 3d–f), while the lymphocyte counts increased significantly (Figure 3c).
Moreover, tissue sections of the heart, liver, spleen, lung, and brain of each group of mice
showed no obvious lesions (Figure 3g).

3.4. Evaluation of the Effectiveness of P206 and P206@PLGA Nanospheres

Thirty BALB/c mice were randomly divided into five groups and administered differ-
ent doses of P206 and P206@PLGA. P206 and aluminum adjuvant were mixed in a 1:1 ratio
and administered by multi-point injection through the back and the tail root subcutaneously.
Immunizations were performed in the first, second, and fourth weeks. Blood (100 µL) from
the intraocular canthus was collected before the first immunization and in the sixth week,
after which the serum HEV IgG was detected. The use of P206 plus aluminum adjuvant
to immunize mice could increase the positive conversion rate of HEV IgG at a lower drug
dose; however, it could not stably induce the appearance of HEV IgG in 100% of the mice
as the concentration of P206 increased (Table 1). In contrast, the positive rate of HEV IgG
in the blood of mice could be stabilized at 100% after immunization with high doses of
P206@PLGA (10 µg and 20 µg), and the resulting antibody titer was approximately 10 times
that induced by protein P206 plus aluminum adjuvant (Figure 4). The weight change and
the weight ratio of the organs to the weight of the mice during the immunization process
were also tested, demonstrating that the P206@PLGA-treated group performed well during
and after immunization (Figure S6).

Table 1. Positive conversion rate of HEV IgG in the serum of mice after immunization with P206 plus
aluminum adjuvant and P206@PLGA, respectively.

Dose (µg)
P206 Plus Aluminum Adjuvant P206@PLGA

Positive Seroconversion/Number of Mice Vaccinated

0.1 3/6 (50%) 1/6 (17%)
1.0 3/6 (50%) 3/6 (50%)
5.0 6/6 (100%) 4/6 (67%)
10 5/6 (83%) 6/6 (100%)
20 6/6 (100%) 6/6 (100%)
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Figure 3. Safety evaluation of P206@PLGA. (a) MTT assay of P206@ PLGA in Huh7 cells; (b) hemolysis
test using P206@ PLGA; (c) changes in WBC and lymphocyte, (d) organ/weight ratio, (e) RBC
related indicators, and (f) serum biochemical indicators with different concentrations of P206@PLGA;
(g) hematoxylin and eosin staining of major organs; hemosiderin deposition could be seen in the
spleen of mice in the high-dose P206@PLGA (200 mg/kg) group. The scale bar corresponds to 200 µm.
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the sixth week, after which the serum HEV IgG was detected. The use of P206 plus alumi-
num adjuvant to immunize mice could increase the positive conversion rate of HEV IgG 
at a lower drug dose; however, it could not stably induce the appearance of HEV IgG in 
100% of the mice as the concentration of P206 increased (Table 1). In contrast, the positive 
rate of HEV IgG in the blood of mice could be stabilized at 100% after immunization with 
high doses of P206@PLGA (10 μg and 20 μg), and the resulting antibody titer was approx-
imately 10 times that induced by protein P206 plus aluminum adjuvant (Figure 4). The 
weight change and the weight ratio of the organs to the weight of the mice during the 
immunization process were also tested, demonstrating that the P206@PLGA-treated 
group performed well during and after immunization (Figure S6). 

Table 1. Positive conversion rate of HEV IgG in the serum of mice after immunization with P206 
plus aluminum adjuvant and P206@PLGA, respectively. 

Dose (μg) 
P206 Plus Aluminum Adjuvant P206@PLGA 

Positive Seroconversion/Number of Mice Vaccinated 
0.1 3/6 (50%) 1/6 (17%) 
1.0 3/6 (50%) 3/6 (50%) 
5.0 6/6 (100%) 4/6 (67%) 
10 5/6 (83%) 6/6 (100%) 
20 6/6 (100%) 6/6 (100%) 
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immunization with P206 plus aluminum adjuvant and P206@PLGA. The antibody titer induced by 

Figure 4. Determination of anti-HEV antibody titer in the serum of BALB/c mice eight weeks after
immunization with P206 plus aluminum adjuvant and P206@PLGA. The antibody titer induced
by P206@PLGA in the 20 µg group was significantly higher than that in the P206 plus aluminum
adjuvant group (p < 0.05).

4. Discussion

The HEV ORF2 protein is a structural protein of the virus, which has good immuno-
genicity and contains a neutralizing epitope of the virus. Consequently, the HEV4 HB-S4
strain was isolated and purified from the livestock farm as the research object. In addi-
tion, we selected 429–634 amino acid (aa), which is the epitope concentration region on
ORF2 of the strain, as the target fragment; this fragment was named P206. The production
of protective neutralizing antibodies depends on the natural epitope on the surface of
virus-like particles (VLPs) and the correct antigen conformation, which also determines
the effectiveness of the vaccine. Hence, in addition to preserving the antigen-neutralizing
epitope of the ORF2 protein bulge domain, attempts were made to extend the C-terminal
aa sequence to improve the stability of the VLPs to form a polypeptide chain with a length
of approximately 200 aa during the process of protein sequence design [18]. Moreover, a
His tag was added to the N-terminus of the sequence for purification and identification
of recombinant proteins. Our results reveal that recombinant protein P206 is successfully
expressed and purified. The expression of P206 in bacterial inclusions was the highest
under continuous low-temperature induction (15 ◦C, 16 h). P206 can self-assemble into a
dimer form, which preliminarily proves that P206 has the ability to assemble into VLPs.

To effectively immunize animals while reducing their adverse reactions, we hope to
use a low-dose, sustained slow-release immunization method to alleviate the side effects
of the commonly used three-injection aluminum adjuvant vaccine. For this purpose,
degradable high-molecular polymers are used as drug carriers to improve the sustained
release and to enhance the stimulating effects of VLPs on the immune system. PLGA
has become one of the most popular and widely used carrier materials for preparing
polymer nanoparticles because of its good biocompatibility, high biosafety, low cost, and
easy availability. PLGA NPs exhibit good biosafety in a variety of cell lines, and there is
no obvious toxic effect in rats after oral administration [19,20]. However, considering that
PLGA must be used to wrap the recombinant protein P206 in the drug delivery system,
the protein polypeptide may be denatured and become toxic during this process. PLGA
itself may also be biologically toxic based on the preparation process. Therefore, the safety
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evaluation of P206@PLGA is necessary. The above results demonstrate that P206@PLGA
exhibits good biosafety, both in vivo and in vitro, which is the basis and premise for the
application of P206@PLGA in clinical practice.

After testing the antigenicity of P206 protein and the safety of the P206@PLGA nanopar-
ticles, the immune effects of the P206 protein and P206@PLGA nanospheres were tested
through ELISA to explore whether P206@PLGA is a prospective candidate as an HE vac-
cine. Generally, adjuvants are added to traditional vaccines to stimulate the body’s innate
immune response [21]. With the popularity of subunit vaccines and nucleic acid vector
vaccines, the use of adjuvants is expected to further increase to compensate for the lack
of immunogenicity of these vaccines [22]. In this process, the side effects and safety prob-
lems associated with vaccine become more pronounced as the dosage increases, although
aluminum adjuvants and other vaccine adjuvants have good safety and have been ap-
proved for use by the FDA and EMA. In addition, this type of vaccine is often not as
effective as expected in inducing cellular immunity and cytotoxic T lymphocyte (CTL)
responses [23,24]. Therefore, we believe that protein P206 as a VLP has better immuno-
genicity on one hand, and on the other hand, it can stimulate the body to produce a more
comprehensive immune response. At the same time, the PLGA nanospheres encapsulating
the protein P206 can be continuously lysed in the body, slowly releasing the antigen to
stimulate the body to produce a sustained immune response, where related studies have
shown that this stimulating effect can last for approximately four weeks [25]. To some
extent, PLGA replaces the aluminum adjuvant and improves the safety and immune effects
of the vaccine. The present experimental data also indicate that compared with the protein
P206 plus aluminum adjuvant immunization method, the immune effect of P206@PLGA is
more stable, and the antibody titer produced is also higher.

5. Conclusions

In the present experiment, the HEV type 4 HB-S3 strain was used as the research
object, and the target protein sequence was designed by cutting its ORF2 sequence to retain
the main epitope region. The immunogenic recombinant protein P206 was successfully
synthesized using an E. coli expression system. To improve the safety and effectiveness of
the vaccine, PLGA was applied as a nanocarrier to wrap P206 to prepare nanospheres of
P206@PLGA with a particle size of approximately 354 nm and a negatively charged surface.
The data demonstrate that P206@PLGA exhibits good biosafety both in vivo and in vitro.
Compared with the traditional vaccine comprising P206 plus an aluminum adjuvant, the
immune effect of P206@PLGA is more stable and the induced antibody titer is also higher.
Therefore, we believe that P206@PLGA is a prospective vaccine candidate for preventing
HEV infection in livestock farms in China.
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Author Contributions: T.L., M.C. designed the study. Y.Y., Z.S. wrote this article. Z.S., Y.Y., H.L., J.T.
performed the laboratory experiments. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Young Teachers Innovation Project of China Agricultural
University (2018QC142), the National Natural Science Foundation of China (Project No. 31802162),
and the Beijing Natural Science Foundation (6202017).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of China Agricultural University (approval number 201803022).

https://www.mdpi.com/article/10.3390/nano12040595/s1
https://www.mdpi.com/article/10.3390/nano12040595/s1


Nanomaterials 2022, 12, 595 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge financial support from the Young Teachers Innovation
Project of China Agricultural University (2018QC142), the National Natural Science Foundation of
China (Project No. 31802162), and the Beijing Natural Science Foundation (6202017).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meng, X.J. Hepatitis E virus: Animal reservoirs and zoonotic risk. Vet Microbiol. 2010, 140, 256–265. [CrossRef] [PubMed]
2. Bradley, D.W.; Purdy, M.A.; Reyes, G.R. Hepatitis E virus genome: Molecular features, expression of immunoreactive proteins

and sequence divergence. J. Hepatol. 1991, 13 (Suppl. 4), S152–S154. [CrossRef]
3. Wang, Y.; Zhang, H.; Ling, R.; Li, H.; Harrison, T.J. The complete sequence of hepatitis E virus genotype 4 reveals an alternative

strategy for translation of open reading frames 2 and 3. J. Gen. Virol. 2000, 81, 1675–1686. [CrossRef] [PubMed]
4. Huang, Y.W.; Opriessnig, T.; Halbur, P.G.; Meng, X.J. Initiation at the third in-frame AUG codon of open reading frame 3 of the

hepatitis E virus is essential for viral infectivity in vivo. J. Virol. 2007, 81, 3018–3026. [CrossRef] [PubMed]
5. Pischke, S.; Schulze-zur-Wiesch, J.; Luetgehetmann, M.; Kreuels, B.; Lueth, S.; Kapaun, P.; Benten, D.; Schmiedel, S.; Sterneck, M.;

Lohse, A.W.; et al. High Clinical Manifestation Rate in an Imported Outbreak of Hepatitis E Genotype 1 Infection in a German
Group of Travellers Returning from India. Ann. Hepatol. 2017, 16, 57–62. [CrossRef]

6. Dai, X.; Dong, C.; Zhou, Z.; Liang, J.; Dong, M.; Yang, Y.; Fu, J.; Tian, H.; Wang, S.; Fan, J.; et al. Hepatitis E Virus Genotype 4,
Nanjing, China, 2001–2011. Emerg. Infect. Dis. 2013, 19, 1528–1530. [CrossRef]

7. Thomson, K.; Dvorzak, J.L.; Lagu, J.; Laku, R.; Dineen, B.; Schilperoord, M.; Muita, M.; Gikunju, S.; Waiboci, L.; Fields, B.; et al.
Investigation of Hepatitis E Outbreak Among Refugees—Upper Nile, South Sudan, 2012–2013. MMWR-Morb. Mortal. Wkly. Rep.
2013, 62, 581–586.

8. Colson, P.; Kaba, M.; Bernit, E.; Motte, A.; Tamalet, C. Hepatitis E associated with surgical training on pigs. Lancet 2007, 370, 935.
[CrossRef]

9. Chaussade, H.; Rigaud, E.; Allix, A.; Carpentier, A.; Touze, A.; Delzescaux, D.; Choutet, P.; Garcia-Bonnet, N.; Coursaget, P.
Hepatitis E virus seroprevalence and risk factors for individuals in working contact with animals. J. Clin. Virol. 2013, 58, 504–508.
[CrossRef]

10. Perez-Gracia, M.T.; Mateos, M.L.; Galiana, C.; Fernandez-Barredo, S.; Garcia, A.; Gomez, M.T.; Moreira, V. Autochthonous
hepatitis E infection in a slaughterhouse worker. Am. J. Trop. Med. Hyg. 2007, 77, 893–896. [CrossRef]

11. Zhang, J.; Liu, C.B.; Li, R.C.; Li, Y.M.; Zheng, Y.J.; Li, Y.P.; Luo, D.; Pan, B.B.; Nong, Y.; Ge, S.X.; et al. Randomized-controlled
phase II clinical trial of a bacterially expressed recombinant hepatitis E vaccine. Vaccine 2009, 27, 1869–1874. [CrossRef] [PubMed]

12. Zhu, F.C.; Zhang, J.; Zhang, X.F.; Zhou, C.; Wang, Z.Z.; Huang, S.J.; Wang, H.; Yang, C.L.; Jiang, H.M.; Cai, J.P.; et al. Efficacy and
safety of a recombinant hepatitis E vaccine in healthy adults: A large-scale, randomised, double-blind placebo-controlled, phase 3
trial. Lancet 2010, 376, 895–902. [CrossRef]

13. Gagliardi, M. Novel biodegradable nanocarriers for enhanced drug delivery. Ther. Deliv. 2016, 7, 809–826. [CrossRef] [PubMed]
14. Acharyaand, S.; Sahoo, S.K. PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect. Adv.

Drug Deliv. Rev. 2011, 63, 170–183. [CrossRef] [PubMed]
15. Locatelliand, E.; Franchini, M.C. Biodegradable PLGA-b-PEG polymeric nanoparticles: Synthesis, properties, and nanomedical

applications as drug delivery system. J. Nanoparticle Res. 2012, 14, 1–17.
16. Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton, A.; Preat, V. PLGA-based nanoparticles: An overview of biomedical

applications. J. Control Release 2012, 161, 505–522. [CrossRef]
17. Cabezas, L.I.; Gracia, I.; de Lucas, A.; Rodriguez, J.F. Validation of a Mathematical Model for the Description of Hydrophilic and

Hydrophobic Drug Delivery from Biodegradable Foams: Experimental and Comparison Using Indomethacin as Released Drug.
Ind. Eng. Chem. Res. 2014, 53, 8866–8873. [CrossRef]

18. Shiota, T.; Li, T.C.; Yoshizaki, S.; Kato, T.; Wakita, T.; Ishii, K. The hepatitis E virus capsid C-terminal region is essential for the
viral life cycle: Implication for viral genome encapsidation and particle stabilization. J. Virol. 2013, 87, 6031–6036. [CrossRef]

19. Alqahtani, S.; Simon, L.; Astete, C.E.; Alayoubi, A.; Sylvester, P.W.; Nazzal, S.; Shen, Y.; Xu, Z.; Kaddoumi, A.; Sabliov, C.M.
Cellular uptake, antioxidant and antiproliferative activity of entrapped alpha-tocopherol and gamma-tocotrienol in poly (lactic-
co-glycolic) acid (PLGA) and chitosan covered PLGA nanoparticles (PLGA-Chi). J. Colloid Interface Sci. 2015, 445, 243–251.
[CrossRef]

20. Trif, M.; Florian, P.E.; Roseanu, A.; Moisei, M.; Craciunescu, O.; Astete, C.E.; Sabliov, C.M. Cytotoxicity and intracellular fate of
PLGA and chitosan-coated PLGA nanoparticles in Madin-Darby bovine kidney (MDBK) and human colorectal adenocarcinoma
(Colo 205) cells. J. Biomed. Mater. Res. A 2015, 103, 3599–3611. [CrossRef]

21. De Temmerman, M.L.; Rejman, J.; Demeester, J.; Irvine, D.J.; Gander, B.; De Smedt, S.C. Particulate vaccines: On the quest for
optimal delivery and immune response. Drug Discov. Today 2011, 16, 569–582. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vetmic.2009.03.017
http://www.ncbi.nlm.nih.gov/pubmed/19361937
http://doi.org/10.1016/0168-8278(91)90049-H
http://doi.org/10.1099/0022-1317-81-7-1675
http://www.ncbi.nlm.nih.gov/pubmed/10859372
http://doi.org/10.1128/JVI.02259-06
http://www.ncbi.nlm.nih.gov/pubmed/17202216
http://doi.org/10.5604/16652681.1226815
http://doi.org/10.3201/eid1909.130013
http://doi.org/10.1016/S0140-6736(07)61441-X
http://doi.org/10.1016/j.jcv.2013.08.030
http://doi.org/10.4269/ajtmh.2007.77.893
http://doi.org/10.1016/j.vaccine.2008.12.061
http://www.ncbi.nlm.nih.gov/pubmed/19168109
http://doi.org/10.1016/S0140-6736(10)61030-6
http://doi.org/10.4155/tde-2016-0051
http://www.ncbi.nlm.nih.gov/pubmed/27834624
http://doi.org/10.1016/j.addr.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20965219
http://doi.org/10.1016/j.jconrel.2012.01.043
http://doi.org/10.1021/ie500760m
http://doi.org/10.1128/JVI.00444-13
http://doi.org/10.1016/j.jcis.2014.12.083
http://doi.org/10.1002/jbm.a.35498
http://doi.org/10.1016/j.drudis.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21570475


Nanomaterials 2022, 12, 595 11 of 11

22. Chen, X.; Kim, P.; Farinelli, B.; Doukas, A.; Yun, S.H.; Gelfand, J.A.; Anderson, R.R.; Wu, M.X. A novel laser vaccine adjuvant
increases the motility of antigen presenting cells. PLoS ONE 2010, 5, 13776. [CrossRef] [PubMed]

23. Zhang, W.; Wang, L.; Liu, Y.; Chen, X.; Liu, Q.; Jia, J.; Yang, T.; Qiu, S.; Ma, G. Immune responses to vaccines involving a combined
antigen-nanoparticle mixture and nanoparticle-encapsulated antigen formulation. Biomaterials 2014, 35, 6086–6097. [CrossRef]
[PubMed]

24. Seubert, A.; Monaci, E.; Pizza, M.; O’Hagan, D.T.; Wack, A. The adjuvants aluminum hydroxide and MF59 induce monocyte and
granulocyte chemoattractants and enhance monocyte differentiation toward dendritic cells. J. Immunol. 2008, 180, 5402–5412.
[CrossRef]

25. Saini, V.; Jain, V.; Sudheesh, M.S.; Jaganathan, K.S.; Murthy, P.K.; Kohli, D.V. Comparison of humoral and cell-mediated immune
responses to cationic PLGA microspheres containing recombinant hepatitis B antigen. Int. J. Pharm. 2011, 408, 50–57. [CrossRef]

http://doi.org/10.1371/journal.pone.0013776
http://www.ncbi.nlm.nih.gov/pubmed/21048884
http://doi.org/10.1016/j.biomaterials.2014.04.022
http://www.ncbi.nlm.nih.gov/pubmed/24780166
http://doi.org/10.4049/jimmunol.180.8.5402
http://doi.org/10.1016/j.ijpharm.2011.01.045

	Introduction 
	Materials and Methods 
	Results 
	Expression and Identification of Recombinant Protein P206 
	Preparation and Characterization of P206@PLGA 
	Safety Evaluation of P206@PLGA 
	Evaluation of the Effectiveness of P206 and P206@PLGA Nanospheres 

	Discussion 
	Conclusions 
	References

