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Background: Hepatocellular carcinoma-associated antigen 59 (HCA59) from excretory/
secretory products of Haemonchus contortus is known to have the ability to modulate the
functions of host cells. However, its immunogenicities using different nanoparticles adju-
vants remain poorly understood.

Purpose: The study aimed to select an efficient nanoparticle antigen delivery system, which
could enhance the immune responses of Haemonchus contortus HCAS9 in mice.
Methods: Here, the immune responses induced by the recombinant protein of HCAS9
(rHCAS59) with poly-D,L-lactide-co-glycolide (PLGA) nanoparticles, Chitosan nanoparticles,
mixture of PLGA and Chitosan nanoparticles (rHCAS59-Chitosan-PLGA), and Freund’s
complete adjuvant were observed, respectively, in mice. Cytokine and antibody levels
induced by different groups were detected by ELISA assay. The effects of lymphocyte
proliferations on different groups were examined using CCK-8 kit. Phenotypes of T cells
and dendritic cells were analyzed by flow cytometry.

Results: On day 14 post vaccination, levels of IgM, IgG1, IgG2a, IFN-y, IL-4, and IL-17
were significantly increased in the groups immunized with rHCAS59 encapsulated with
nanoparticles. After mice were vaccinated with rHCAS9 loaded with Chitosan/PLGA nano-
particles, lymphocytes proliferated significantly. Additionally, the percentages of CD4"
T cells (CD3" CD4"), CD8" T cells (CD3" CD8"), and dendritic cells (CD11c" CD83",
CDl11c" CD86") were obviously up-regulated in the mice immunized with nanoparticles,
especially in the rHCAS59-Chitosan-PLGA antigen delivery system group.

Conclusion: The findings of this research demonstrated that rHCAS59-Chitosan-PLGA
antigen delivery system could induce higher immune responses in mice model and indicated
that THCAS59 might be a good candidate molecule to develop nanovaccines against
Haemonchus contortus in future study.
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Introduction

Haemonchus contortus (H. contortus), a gastrointestinal nematode parasite, causes
serious animal health issues and economic losses in small ruminant industry.' The
application of anthelmintics is the primary treatment against the infection of
H. contortus. However, anthelmintics abuse resulted in the drug resistance of the parasite,

which forced people to pay more attention to the developments of novel drug and

International Journal of Nanomedicine 2021:16 3125-3139 3125
© 2021 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

[T php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-7143-6827
mailto:lixiangrui@njau.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Wang et al

Dove

vaccines.” Excretory and secretory products (ESPs) are gen-
erated and released by the parasites during in vivo and in vitro
cultivation.>* The ESPs could elicit the depression or activa-
tion of host immune responses.” ' H. contortus excretory and
secretory products (HcESPs), which comprised numerous
proteins,8 could execute different functions, such as host pro-
tein degradation, tissue penetration, and the induction of Th9
immune responses.”” HCAS59 protein belonged to telomere
length and silencing protein 1 (TLS1) family and was related
to the spliceosome. It was overexpressed in multiple cancer
cell lines in human.'® Additionally, hepatocellular carcinoma
associated antigen HCAS587, a similar protein to HCAS9, had
been found to induce strong T cells immune responses.'!
Currently, several vaccination strategies, such as protein
vaccines, DNA vaccines, and subunit vaccines, had been
studied for protections against H. contortus.'? The adjuvants
or delivery systems of vaccines play significant roles in the
protection of vaccines.'? Traditional adjuvants, like complete
Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant,
have been widely used and are recognized as a gold standard
with respect to their high adjuvant activities.'* However,
owing to the intense local reactions at the injection sites
and possible residues in meat, their applications in food
animals are restricted. Hence, potent and well-tolerated adju-
vant systems for the development of food animal vaccines
are required. Nanoparticle (NP)-based delivery systems tar-
get immune cells effectively in vivo. Owing to the particle
size and the subsequent wide bio-distribution profile, the
usage of NPs in vaccines presents definite distinctive advan-
tages over the traditional delivery systems.'® The biodegrad-
able and biocompatible polymeric NP carriers hold the
properties of controlled release and adjustable sub-cellular

size, 1617

and can prolong the time of antigen exposure to
immunocytes, facilitate dendritic cells (DCs) to uptake the
antigens, adjust antigen presentation ways, and consequently
improve immune responses. Earlier studies indicated that
PLGA adjuvant could be beneficial to the development of
vaccines.'® Recently, it was identified that the encapsulated
soluble Leishmania infantum antigens loaded with PLGA
could elicit strong immune responses and various
L. infantum proteins could induce the maturation of DC and
produce obvious protection against visceral leishmaniasis in
mice.'*° During the past decade, Chitosan-based delivery
system used as an adjuvant matrix had become more and
more appealing.'*? It was reported that the immunogenicity
of Leishmania superoxide dismutase loaded with Chitosan
was increased and levels of defense against infection with

Leishmania were improved in mice.”

In previous studies, it was demonstrated that rHCAS59
could bind to the PBMCs and DCs of goats and the differ-
entiation and maturation of DCs were significantly
increased.”* In the present study, the polymers PLGA and
Chitosan (CS) were used as adjuvant carrier systems to
explore the immunogenicity of rHCAS9 in model mice.
Data in this research would be beneficial to the development

of nanovaccines against H. contortus infections.

Materials and Methods

Animals and Protein

Specific-pathogen-free female ICR mice (body weight
18-20 g) were purchased from the Experimental Animal
Center of Jiangsu, PR China (Qualified Certificate: SCXK
2017-0001) and were kept under the specific pathogen-
free (SPF) conditions with sterilized food and water.

The purified recombinant protein HCAS9 expressed in
Escherichia coli using pET-32a vector was from Nanjing
Agricultural University Parasite Laboratory and the informa-
tion about gene cloning and expression about HCA59 could
be obtained from the previous work.?* The pET-32a protein
was produced from the Escherichia coli transformed with
pET-32a using the same method.

Mice used in this experiment were handled according to
the guidelines of the Animal Ethics Committee, Nanjing
Agricultural University, China. All animal experiments com-
plied with the guidelines of the Animal Welfare Council of
China. All experimental protocols were approved by the
Science and Technology Agency of Jiangsu Province. The
approval ID is SYXK (SU) 2010-0005.

Optimizing of the Concentration of

Polyvinyl Alcohol

In the preparation of PLGA (Sigma Aldrich, St. Louis, MI, USA)
nanoparticles, polyvinyl alcohol (PVA) (Sigma Aldrich,
St. Louis, MI, USA) played a significant role as a surfactant.
Therefore, the working concentration of PVA was investigated
before starting the preparation of nanoparticles. Three PVA con-
centration gradients were designed, which were 1%, 4%, and
6%, respectively. The characterizations of PLGA NPs using
different PVA concentrations were observed by a scanning elec-
tron microscopy (JEOL, Akishima-shi, Tokyo, Japan).

Preparation of rHCA59-Loaded PLGA
NPs

Polymeric nanoparticles were prepared under aseptic condi-
tion according to the double emulsion (w/o/w) solvent
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evaporation method.* Briefly, the protein rHCA59 (1 mg/mL)
was dissolved in 6% (w/v) PVA solution to form the inner
aqueous phase (2 mg protein in 2 mL PVA solution). The
organic phase was obtained by dissolving 5% (w/v) PLGA in
methylene chloride (50 mg PLGA in 1 mL methylene chlor-
ide). To form the w/o emulsion, the aqueous phase and organic
phase were combined and sonicated using an ultrasonic pro-
cessor (Scientz Biotechnology, Ningbo, Zhejiang, China) in an
ice bath for 4 min (40 w, 5 s, 5 s). Thereafter, the w/o emulsion
was transferred into the external aqueous phase containing 6%
(w/v) PVA dissolved in deionized water, followed by sonicat-
ing for 4 min (40w, 5 s, 5 s) to obtain the final w/o/w emulsion.
Finally, the organic solvent was evaporated for 4 h under
stirring at room temperature to form the nanoparticles. The
solution of nanoparticles was centrifuged at 20,000x g for 40
min at 4 °C; then, the supernatant was collected for the
calculation of protein loading efficiency using a BCA protein
assay kit (Cwbiotech, Beijing, China) and the precipitated
nanoparticles were washed twice with ultrapure water by
centrifugation. After that, the nanoparticles were placed in
a freeze-drying machine for 24 h and subsequently stored at
—80 °C until use. The preparations of empty PLGA NPs were
similar to the method of rHCAS59-loaded PLGA NPs except
for adding the protein rHCAS9.

Preparation of rHCA59-Loaded Chitosan

NPs

The rHCAS59-loaded Chitosan NPs were prepared using
the ionic gelation method.’* %’ Briefly, in order to prepare
Chitosan solution (2 mg/mL), Chitosan (200 mg) (Sigma
Aldrich, St. Louis, MI, USA) was dissolved in a final
volume of 100 mL 1% acetic acid and stirred at room
temperature for 30 min. The solution pH was adjusted to
5.0 using 2.0 N NaOH in 30 min. A total of 2 mg rHCAS59
protein was added to 5.7 mL Chitosan solution drop by
drop for 10 min until the final concentration of the antigen
reached 0.3 mg/mL. After that, a volume of 4 mL sodium
tripolyphosphate (TPP) (Aladdin, Shanghai, China) was
added to the Chitosan antigen solution with continuous
magnetic stirring at room temperature. Afterwards, the
mixture was sonicated for 4 min (50 w, 5 s, 5 s). The
formulated rHCAS59 nanoparticles was centrifuged at
20,000x g for 40 min and subsequently the supernatant
was collected for the calculation of protein loading effi-
ciency using a BCA protein assay kit and the precipitated
nanoparticles were washed two times with ultrapure water
by centrifugation. Finally, the nanoparticles were frozen in

a freeze-drying machine for 24 h and then stored at —80 °C
until use. The empty Chitosan NPs (CS NPs) were pre-
pared similar to the method of rHCAS59-loaded Chitosan
NPs except for adding the protein rHCAS9.

Preparation of rHCA59-Loaded Freund’s

Adjuvant

Purified protein tHCAS59 (2 mg) was firstly mixed with
PBS to 2500 pL and subsequently mixed with CFA at
aratio of 1:1. Here, the same volume of PBS to the protein
was used as a control.

Characterization of rHCA59-Loaded
PLGA and Chitosan NPs
Protein loading efficiency of rHCAS59-PLGA NPs/rHCAS59-
CS NPs was estimated indirectly by calculating the differ-
ence between the initial amount of protein used for loading
Chitosan/PLGA NPs and protein left in the supernatant.®->
(W1 —W2)
Wi
In this formula, W1 is the total amount of rHCAS59 added
and W2 is the amount of free rHCAS9 in the supernatant.
The morphology and size of PLGA NPs were observed

EE(%) = x100%

using a cold field emission JEOL IT-100 scanning electron
microscope (JEOL, Akishima-shi, Tokyo, Japan) and the
apparent form of Chitosan NPs was observed by an
S-3000N scanning electron microscope (Hitachi, Chiyoda-
ku, Tokyo, Japan). Briefly, the powder form of NPs was
mounted onto aluminum stubs and coated with platinum
prior to examination under the microscope.

Vaccination

Mice were assigned randomly to ten groups of eight mice per
group and vaccinated only once on day 0. On day 14, mice
were euthanized. The PBS group was injected with 1 mL PBS
and the pET-32a protein group was injected with 20 ug pET-
32a protein in PBS. The PBS-CS group, PBS-PLGA group,
and PBS-CFA group were vaccinated with 25 mg CS, 6.25 mg
PLGA, and 50% CFA in PBS, respectively. The rtHCAS9
protein group, rHCAS59-CFA group, rHCA59-CS group,
rHCAS59-PLGA group, and rHCAS59-CS-PLGA group were
immunized with vaccine containing 20 pg rHCAS9, respec-
tively. Mice in tHCA59-CS-PLGA group were immunized
with a mixture of 10 pg rHCAS59-CS NPs and 10 pg rHCAS9-
PLGA NPs. The injection volume in all groups was 1 mL.
Subcutaneous immunization was performed by multiple place
injections as previously described.’’
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Observation of Clinical Signs and Local

Reactions

In order to identify whether the nanoparticles' adjuvant anti-
gen delivery systems could elicit some abnormal changes in
mice for two weeks, necropsy lesions, clinical signs, and
neurological signs in ten groups were observed and recorded.

Antibody Assays

Mice sera were collected before sacrifice on day 14. The
levels of IgGl, IgG2a, and IgM in sera were examined
using commercially available mouse ELISA kits according
to the manufacturer’s instructions (HengYuan, Shanghai,
China). Briefly, the wells of 96-well microtiter plates were
coated with purified tHCAS9 protein. Then, mouse sera
samples diluted with PBS were added to the wells and
incubated for 30 min at 37 °C. After washing with PBST,
the wells were incubated with HRP conjugated anti-mouse
antibodies for determination of antibody levels and isotype
analysis. After 200 pL substrate solutions (A: H,O,, B: 3,
3', 5, 5'-Tetramethylbenzidine) were added, the reaction
was terminated with 2 M H,SO,. Both positive and nega-
tive controls were included in each plate. Finally, the
results were observed at an absorbance of 450 nm.

Cytokine Assays

The levels of IL-4, IL-12, IL-17, IFN-y, and TGF-f in sera
from the ten groups were investigated with commercial
ELISA kits (HengYuan, Shanghai, China) according to the
manufacturer’s guidelines.

Splenic Lymphocyte Proliferation Assay

The splenic lymphocyte proliferation assay was conducted to
evaluate the activation of rHCA59-specific lymphocytes.*
On day 14, eight mice per group were euthanized and the
spleen lymphocytes were isolated using the Mouse Spleen
Lymphocyte Isolation Kit (TBD, Tianjin, China) under ster-
ile conditions. The cell concentration was adjusted to 1x10’
cellsymL and subsequently cultured in 6-wells cell plates
overnight. After that, cell supernatants (T cells and B cells)
were collected and the concentration of cell was adjusted to
1x10° cells/mL. Next, 1x107 cells in 100 uL RPMI-1640
culture medium (CM) supplemented with 10% heat inacti-
vated fetal calf serum, 100 U/mL penicillin and 100 mg/mL
streptomycin (Gibco, Carlsbad, CA, USA) were cultured in
each well of 96-well culture plates and stimulated with 2 pg/
mL rHCAS9 for 72 h. In addition, CM-treated cultures with-
out rHCAS9 stimulation and with Con A (Sigma Aldrich,

St. Louis, MI, USA) were conducted and applied as a blank
control and a positive control, respectively.**> The rHCA59-
induced lymphocyte proliferation was checked using the
Enhanced Cell Counting Kit-8 (CCK-8) (Beyotime,
Shanghai, China) according to the manufacturer’s instruc-
tions. The absorbance was measured using a microtiter
enzyme-linked immunosorbent assay reader (Thermo
Scientific, Waltham, MA, USA) at a wavelength of 450 nm
(Ay4sp value). The results were expressed as the stimulation
index (SI), based on the following formula:**

A
SI(%) :A—; x100%

In this formula, A; indicates the mean A,sq value of the
experimental group and A, represents that of the blank
control group.

Analysis of Lymphocyte Phenotype

The method of isolation of T cells and B cells from the
immunized mice was the same as the splenic lymphocyte
proliferation assay. Cells stained with Hamster anti-CD3e-
APC and Rat anti-CD4-FITC (Biolegend, San Diego, CA,
USA) were detected for the percentage of CD4" T cells.
Cells stained with Hamster anti-CD3e-APC and Rat anti-
CD8a-FITC were examined for the percentage of CD8"
T cells. Here, cells stained with antibodies were examined
using a fluorescence-activated cell (BD
Biosciences, Franklin Lakes, NJ, USA).

sorting

Analysis of DC Phenotype

Spleen cells were firstly isolated using a Mouse Spleen
Lymphocyte Isolation kit and subsequently the mixture of
cells was cultured overnight. The non-adhering cell super-
natant was discarded and the cell plate was washed three
times using PBS. After that, the attached cells were collected
by pipetting gently and repeatedly, followed by centrifugation,
washing, and staining with antibodies. Cells stained with
Hamster anti-CD11c-APC and Rat anti-CD83-PE were exam-
ined for the percentage of CD83 on DC. Cells stained with
Hamster anti-CD11c-APC and Rat anti-CD86-PE were ana-
lyzed for the percentage of CD86 on DC. Finally, Analysis of
flow cytometry was performed on a BD FACS Calibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical Analysis

All experiments were conducted in triplicate and the data
are presented as mean + the standard error of mean (SEM).
The one-way analysis of variance (ANOVA) test was
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applied to clarify significant differences between groups,
and the difference in data significance was set to *p <
0.05, **p < 0.01, and ***p < 0.001.>> The FACS data
analysis was conducted using FlowJo software (version
10, Franklin Lakes, NJ, USA, USA).

Results
Detection of the Optimal Concentration
of PVA

The particle size and form of PLGA nanoparticles with 1%,
4%, and 6% PVA were observed, respectively, by scanning
electron microscopy. At 6% PVA, the nanoparticles pre-
sented a relatively small particle size, which was generally
around 400 nm. However, the particle size was non-uniform
at 1% and 4% PVA (Figure S1). Therefore, the concentration
of 6% PVA was used in later experiments.

Characterization of rHCA59-CS NPs and
rHCAS59-PLGA NPs

After conjugation, PLGA and Chitosan nanoparticles were
precipitated and the free amounts of rHCAS9 protein were
determined by a BCA protein assay kit. It was found that 89%
and 71% of rTHCAS9 were conjugated to PLGA and Chitosan,
respectively. In other words, a total of 1.78 mg of protein
bound to PLGA, and 1.42 mg of protein bound to Chitosan.

A scanning electron microscopy was used to identify
the size and morphology of PLGA and Chitosan nanopar-
ticles. The SEM results showed that both PLGA and
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Chitosan nanoparticles’ appearances were smooth. The
size of rHCA59-PLGA NPs was from 180 nm to 402 nm
(Figure 1A) and the size of rHCA59-CS NPs was from
200 nm to 500 nm (Figure 1B).

Evaluation of the Clinical Signs and Local
Reactions of the Nanoparticles

Vaccination

During the whole process of experiment, no neurological
signs, clinical signs or necropsy lesions were observed in
mice immunized with rHCA59-CS NPs, rHCAS59-PLGA
NPs, rHCAS59-CS-PLGA NPs, PBS-CS NPs, and PBS-
PLGA NPs, indicating that Chitosan and PLGA nanoparti-
cles were well tolerated and presented high level of safety in
mice. Mice in PBS-CFA and rHCA59-CFA groups showed
low-grade skin redness and swelling (<1 c¢m lesions) at the
sites of injection, which identified the side effects of CFA.

Evaluation of the Level of Antibodies
Induced by the Four Delivery Systems

An ELISA assay was conducted to examine the levels of
IgG1, IgG2a, and IgM in mice sera among ten groups. As
depicted in Figure 2, the levels of IgG1 in rHCAS9-PLGA,
rHCA59-CS, rHCAS9-CS-PLGA, rHCA59-CFA
groups were significantly higher than those in PBS group
(»<0.001, p <0.001, p <0.001, p <0.001, respectively) and
also significantly higher than those in rHCAS9 and pET-32a
protein groups (p < 0.01, p < 0.01, p < 0.001, p < 0.05,

and

5.00um

SU8010 5.0kV 16.0mm x8.00k SE(L)

Figure | The morphology and size of NPs. Morphology of nanoparticles was observed by a scanning electron microscope at 10,000% magnification.
Notes: (A) The scanning electron microscopy result of rHCA59-PLGA NPs. The scale bar is | um. (B) The scanning electron microscopy result of rHCA59-Chitosan. The

scale bar is 5 pm.
Abbreviations: NPs, nanoparticles; PLGA, poly-D,L-lactide-co-glycolide.
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Figure 2 Effects of different antigen delivery systems on the expressions of antibodies. Sera were collected and detected on day 14 by ELISA.
Notes: (1): PBS group (blank control). (2): pET-32a protein group. (3): PBS-PLGA group. (4): PBS-CS group. (5): PBS-CFA group. (6): rHCA59 group. (7): rHCA59-PLGA
group. (8): rHCAS59-CS group. (9): rHCA59-CFA group. (10): rHCA59-CS-PLGA group. (A) IgGl. (B) IgG2a. (C) IgM. Data are representative of triplicate experiments

(*p < 0.05, ®p < 0.01, and **p < 0.001).

Abbreviations: PLGA, poly-D,L-lactide-co-glycolide; CS, Chitosan; CFA, complete Freund’s adjuvant.

respectively). Additionally, the results showed that the level
of IgG1 in tTHCAS59-CS-PLGA group increased significantly
when compared with tHCAS59-CFA group (p < 0.01)
(Figure 2A). Mice immunized with rHCAS59-CS-PLGA
NPs, tHCAS9-PLGA NPs, tHCAS59-CS NPs, and rtHCAS59-
CFA all secreted extremely higher levels of IgG2a and IgM
when compared with PBS, rHCA59, and pET-32a protein
groups (p < 0.001, p < 0.001, p <0.001, p <0.001, respec-
tively) (Figure 2B and C). In addition, the ratio of 1gG2a/
IgG1 in groups rHCAS9-PLGA, rtHCAS59-CS, rHCAS59-CS-
PLGA, and rHCAS59-CFA were all above 1 (Table S1).

Cytokine Production

In this study, the levels of IL-4, IL-12, IL-17, IFN-y, and
TGF-B in mice sera of the ten groups were examined by an
ELISA assay. The results showed that mice vaccinated
with rHCAS59-CS-PLGA NPs, rHCAS9-PLGA NPs,
rHCAS9-CS NPs secreted higher levels of IL-12 when
compared with PBS, rHCA59 and pET-32a protein groups
(p < 0.001, p < 0.001, p < 0.001, respectively). Mice in

rHCA59-CS-PLGA, rHCAS59-PLGA, and rHCAS59-CS
groups produced higher IL-12 than those in rHCAS59-
CFA group (p < 0.01, p < 0.01, p < 0.05, respectively)
(Figure 3A). When compared with PBS group, the levels
of 1IL-17 in rHCA59-CS-PLGA, rHCA59-PLGA,
rHCAS9-CS, and rHCAS59-CFA groups rose obviously
(» < 0.001, p < 0.01, p < 0.05, p < 0.05, respectively).
Additionally, the level of IL-17 in rHCAS59-CS-PLGA
group also increased significantly when compared with
rHCAS9-CS and rHCAS9-CFA groups (p < 0.05, p <
0.05, respectively). IL-17 levels were dramatically
increased in rHCAS59-CS-PLGA and rHCAS9-PLGA
groups when compared with rHCA59 and pET-32a protein
groups (p < 0.001, p < 0.01, respectively) (Figure 3B).
The enhanced levels of IFN-y were produced in
rHCA59-CS-PLGA, rHCAS59-CS, and rHCA59-PLGA
groups when compared with PBS, rtHCAS59 and pET-32a
protein groups (p < 0.001, p < 0.001, p < 0.001, respec-
tively). Furthermore, when compared with rHCA59-CFA
group, the levels of IFN-y secreted by rHCAS9-CS-PLGA,
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Figure 3 Effects of different antigen delivery systems on the expressions of multiple cytokines. Sera were collected and detected on day |4 by ELISA.
Notes: (1): PBS group (blank control). (2): pET-32a protein group. (3): PBS-PLGA group. (4): PBS-CS group. (5): PBS-CFA group. (6): rHCA59 group. (7): rHCA59-PLGA
group. (8): rHCAS59-CS group. (9): rHCA59-CFA group. (10): rHCA59-CS-PLGA group. (A) IL-12. (B) IL-17. (C) IFN-y. (D) IL-4. (E) TGF-B. Data are representative of

triplicate independent experiments (*p < 0.05, **p < 0.01, and ***p < 0.001).

Abbreviations: PLGA, poly-D,L-lactide-co-glycolide; CS, Chitosan; CFA, complete Freund’s adjuvant; IL, interleukin; ELISA, enzyme linked immunosorbent assay.

rHCAS9-PLGA, and rHCAS59-CS groups were obviously
increased (p < 0.001, p < 0.001, p < 0.05, respectively)
(Figure 3C). Higher levels of IL-4 were secreted by the
rHCA59-CS-PLGA, rHCA59-PLGA, rHCAS59-CS, and
rHCAS9-CFA groups when compared to that of PBS,
rHCAS9, and pET-32a protein groups (p < 0.001, p <
0.001, p < 0.001, p < 0.01, respectively). Additionally,

the rHCAS59-CS-PLGA and rHCAS59-PLGA groups pro-
duced more IL-4 than rHCAS59-CFA group (p < 0.01, p <
0.05, respectively). The rHCAS9-CFA group also pre-
sented higher 1L-4 than rHCAS9 and pET-32a protein
groups (p < 0.05, p < 0.001, respectively) (Figure 3D).
However, the levels of TGF- among all groups did not
show apparent fluctuations (p = 0.083) (Figure 3E).
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Lymphocyte Proliferation Induced by
rHCA59-PLGA NPs, rHCA59-CS NPs,
and rHCAS59-CS-PLGA NPs

Mice spleen lymphocytes were isolated from different
groups in the second week post immunization and their
proliferative responses specific to rHCAS59 were investi-
gated and expressed as SI values. The SI values in positive
control (ConA) and rHCAS9-CS-PLGA groups were the
highest when compared with PBS, rHCAS9, and pET-32a
protein groups (p < 0.001, p < 0.001, p < 0.001, respec-
tively). Furthermore, the rHCAS9-PLGA and rHCA59-CS
groups also showed higher SI values than those in PBS,
rHCAS9, and pET-32a protein groups (p < 0.05, p < 0.05,
p < 0.05, respectively). When compared with rHCAS59-
CFA group, the positive control and rHCA59-CS-PLGA
groups presented obvious enhancement, referring to the SI
values (p < 0.001, p < 0.01, respectively) (Figure 4).

The Activation of T Cells
The percentages of CD4" and CD8" T cells in each group

were examined by flow cytometry. As shown in Figure 5,
when compared with PBS group, the rHCAS9-PLGA,
rHCAS59-CS-PLGA, rHCAS59-CS, and rHCAS9-CFA groups
showed significantly higher proportions of CD3e" CD4"
cells (p <0.001, p <0.001, p <0.001, p <0.01, respectively).
In comparison to the rtHCAS59-CFA and rHCAS59-CS groups,
the rHCAS59-CS-PLGA group generated a higher percentage
of CD3e" CD4" cells (p < 0.01, p < 0.05, respectively).
Additionally, the percentages of CD3e" CD4" cells in
rHCAS59-CS-PLGA, rHCAS59-PLGA, rHCAS9-CS,
rHCAS59-CFA groups were significantly higher than those
in tHCAS9 and pET-32a protein groups (p < 0.001, p <
0.001, p < 0.01, p < 0.05, respectively) (Figure 5C).

The elevated percentages of CD3e” CD8" cells were
obtained in rHCAS59-CS-PLGA, rHCA59-CS, rHCAS59-
PLGA, and rHCAS59-CFA groups when compared with
PBS and pET-32a protein groups (p < 0.001, p < 0.001,
p < 0.001, p < 0.001, respectively). Additionally, the
rHCA59-CS-PLGA, rHCAS59-PLGA, and rHCAS9-CS
groups also generated an obvious increase in CD3e"
CDS8" cells in comparison to tHCAS59-CFA group (p <
0.001, p < 0.001, p < 0.05, respectively). In comparison
with rHCAS59-CS group, the percentages of CD3e" CD8"
T cells were significantly upregulated in rHCAS59-CS-
PLGA and rHCA59-PLGA groups (p < 0.001, p < 0.01,
respectively) (Figure 5D).

and

Evaluation of the Effects of the Four

Delivery Systems on DC Phenotype

The expressions of CD83 and CD86 on DCs were inves-
tigated in the ten groups (Figure 6). Mice vaccinated with
rHCA59-CS-PLGA NPs, tHCA59-PLGA NPs, rHCAS59-
CS NPs, and rHCA59-CFA all produced greatly enhance-
ments in the percentages of CD11c” CD83" and CD11c"
CDS86" when compared with PBS, rHCAS9, and pET-32a
protein groups (p < 0.001, p <0.001, p <0.001, p <0.001,
respectively). Additionally, in comparison to rHCAS9-
CFA group, the percentages of CDIllc” CD83" and
CDl1lc" CD86" in rHCAS59-CS-PLGA, rHCAS59-PLGA,
and rHCAS59-CS groups increased significantly (p <
0.001, p <0.001, p <0.001, respectively). When compared
with rHCAS59-CS and rHCAS59-PLGA groups, the
rHCAS59-CS-PLGA group also showed a noticeable
enhancement in the percentage of CD11c" CD83" (p <
0.001). What is more, the percentages of CD11c” CD86"
cells in rtHCA59-CS-PLGA group were higher than those
in rHCAS59-CS group (p < 0.01).

Discussion
The protein HCA59 of HcESPs had been identified to bind
to the PBMCs of goats at larval stages 4 and 5 of the
nematode in vitro,’® which indicated that HCA59 of
H. contortus might partake in the interactions between
the nematode and the host, as well as might adjust host
immune responses against infection with the parasite.
Chitosan is a natural polymer generated by deacetylation
of chitin, which is one of the most plentiful polysacchar-
ides in nature. Its biodegradable, biocompatible, mucoad-
hesive, and immunomodulatory properties make it hold the
potential to be a fascinating excipient for vaccine and
drug-vaccine delivery.’”*® It had also been identified that
antigen loaded PLGA could induce cell-mediated immune
responses and enhance lymphocyte proliferation, owing to
its slow-release properties and the depot formation of the
antigen.>® ' These properties suggested that PLGA and
Chitosan might act as better adjuvants to elicit immune
responses. In the present study, the immune enhancement
effects of PLGA and Chitosan nanoparticles as antigen
delivery systems on rHCAS59 in mice were detected and
compared with the CFA antigen delivery system for the
first time in vivo.

The productivity and encapsulation efficiency of PLGA
NPs are particularly significant for loading valued protein
antigens.*” Some formulation parameters, such as the
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Figure 4 Evaluation of the activation of rHCA59-specific lymphocytes in different antigen delivery systems. Spleen lymphocytes were isolated from the ten groups in
the second week after immunization and their proliferative responses specific to rHCA59 were investigated using a CCK-8 kit.
Notes: Proliferative responses of rHCA59-specific lymphocytes were expressed as Sl values. Data are representative of three independent experiments and the values

presented here are the means + SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).
Abbreviations: NPs, nanoparticles; Sl, stimulation index.

phase ratio and PVA concentration, affected the yield and
encapsulation efficiency of the final nanoparticles, when
the double emulsion solvent evaporation method was
applied.*® In the current study, the detection of PVA con-
centration demonstrated that 6% PVA was more suitable
for the production of PLGA NPs. Under the concentration
of 6% PVA, a high encapsulation efficiency of the final
PLGA particles was obtained (89%). The high encapsula-
tion efficiency and the size of rHCA59-PLGA NPs (180
nm—402 nm) and rHCAS59-CS NPs (200 nm—500 nm)
(Figure 1) confirmed that the rHCAS9-PLGA NPs and
the rHCAS9-CS NPs possessed appropriate physicochem-
ical characteristics, which were comparable to the reported
nanovaccines.**

During the process of immune responses, cytokine
played important roles.* IFN-y was secreted by Th1 lym-
phocytes and was related to cellular immune responses.46

IL-12 was an important effector and was one of the key
players in the DC-T cell cross-talk.'”” Previous studies
showed that high IL-12 level could elicit the secretion of
IFN-y by T cells and trigger cytotoxic T lymphocytes and
Thl cell differentiation.*’ In the present study, the levels
of IL-12 and IFN-y were significantly enhanced in the
rHCAS59-CS-PLGA, rHCAS9-PLGA, rHCAS9-CS, and
rHCAS59-CFA groups, especially in rHCA59-CS-PLGA
group, when compared with PBS, rHCA59 and pET-32a
protein groups (Figure 3A and C). These findings sug-
gested that THCAS9 might have the ability to activate the
process of DC-T cell cross-talk and the differentiation of
Thl cells. Recently, Th17 cells were found to play sig-
nificant roles in eliminating pathogens during host defense
responses.*? As shown in Figure 3B, the highest levels of
IL-17 were produced by rHCAS59-CS-PLGA and rHCA59-
PLGA groups, followed by rHCAS59-CS and rHCAS59-
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Figure 5 Effects of different antigen delivery systems on T lymphocyte subsets.

Notes: rHCAS59 loaded nanoparticles could affect the proportions of CD4" T cells and CD8" T cells in immunized mice. The percentages of CD4" T cells (Al1-A10) and CD8" T cells
(B1-B10) in ten groups were investigated by flow cytometry on day |4 after immunization. (C and D) Different treatments affected the proportions of CD4" T cells and CD8" T cells.
(Al and B1) PBS group (blank control). (A2 and B2) PBS-CFA group. (A3 and B3) PBS-PLGA group. (A4 and B4) PBS-CS group. (A5 and B5) pET-32a protein group. (A6é and B6)
rHCAGS9 group. (A7 and B7) rHCA59-CFA group. (A8 and B8) rHCAS59-CS group. (A9 and B9) rHCA59-PLGA group. (A10 and B10) rHCA59-CS-PLGA group. The results shown
here are from three independent experiments (*p < 0.05, *p < 0.01, and **p < 0.001).

Abbreviations: CD4, cluster of differentiation 4; CD8, cluster of differentiation 8; T cells, thymus cells; PLGA, poly-D,L-lactide-co-glycolide; CS, Chitosan; CFA, complete Freund’s adjuvant.
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Figure 6 Effects of different antigen delivery systems on the spleen dendritic cell maturation.

Notes: The expressions of CD83 (Al-A10) and CD86 (BI-B10) on DCs were examined by flow cytometry on day 14 after immunization. (C and D) Different
treatments affected the percentages of CD11C* CD83" and CDIIC" CD86". (Al and BI) PBS group (blank control). (A2 and B2) pET-32a protein group. (A3 and B3)
PBS-CFA group. (A4 and B4) PBS-CS group. (A5 and B5) PBS-PLGA group. (A6 and B6) rHCA59 group. (A7 and B7) rHCA59-CFA group. (A8 and B8) rHCA59-CS
group. (A9 and B9) rHCA59-PLGA group. (A10 and B10) rHCA59-CS-PLGA group. Data are presented as the mean * SEM and representative of triplicate experiments
(**p < 0.01, and ***p < 0.001).

Abbreviations: CD83, cluster of differentiation 83; CD86, cluster of differentiation 86; DCs, dendritic cells; SEM, mean % the standard error of mean.
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CFA groups, which indicated that rHCAS9 could induce
Th17 response and might participate in the protection
against the infection of H. contortus.

IL-4 was a cytokine mainly secreted by Th2 cells and
could elicit the proliferation and differentiation of B cells
to generate antibodies, promote the differentiation of
CD4™T cells into Th2 cells, and increase the activities of
macrophages.*® TGF-p was a member of the TGF-p super-
family and could restrain the secretion of IgM by BCDF-
dependent B cells, and the secretion of TNF-o as well as
IFN-y by PBMC:s. In the current study, the level of TGF-B
did not increase obviously, while the levels of IL-4
secreted by rHCAS59-CS-PLGA, rHCA59-PLGA,
rHCAS59-CS, and rHCAS59-CFA groups increased signifi-
cantly (Figure 3D and E), especially in the rHCAS59-CS-
PLGA group, which indicated that the antigen delivery
systems could induce the generation of Th2 cells. In
mice, Thl type cells induced the production of the IgG2a
antibody and Th2 cells induced the production of the IgG1
antibody. The index of IgG2a/IgG1 above 1 meant a shift
of the immune response toward the Thl type, whereas the
value of index below 1 meant a shift of the immune
response toward the Th2 type.*’ In this study, the values
of index in TrHCA59-CS-PLGA, rHCA59-PLGA,
rHCAS59-CS and rHCAS59-CFA groups were all above 1
(Table S1). These findings suggested that all of the four
antigen delivery systems tended to induce Thl type
immune responses, though they were able to elicit humoral
response.

The proliferation of lymphocytes was the most signifi-
cant index embodying organic immunity in vivo.*” In the
current study, the proliferations of lymphocytes in all
groups were tested. The results showed that when com-
pared with PBS, rHCAS59 and pET-32a protein groups, the
proliferation abilities of lymphocytes from rHCAS59-CS-
PLGA, rHCAS59-PLGA and rHCAS59-CS groups were
obviously enhanced, especially from the rHCAS59-CS-
PLGA group (Figure 4). These findings demonstrated
that the rHCAS59-CS-PLGA antigen delivery system was
the most effective approach to stimulate the proliferation
of lymphocytes in all referred groups.

The CDS8 receptor was generally expressed on cyto-
toxic T lymphocytes, while the CD4 receptor belonging to
the co-receptor of the TCR was primarily expressed on
Th-cells.®® Generally, the CD8" T cells functioned to
wreck infected host cells and the CD4" T cells regulated
the immune responses, including cell-mediated response
and humoral response.’’? In this study, after the mice

were injected with rHCAS59-CS-PLGA NPs, rHCAS9-
PLGA NPs, rHCA59-CS NPs, and rHCA59-CFA, both
T-cell subsets were increased when compared with PBS,
rHCAS9 and pET-32a protein groups, especially in the
rHCAS59-CS-PLGA group (Figure 5). These findings
revealed that the rHCAS9-CS-PLGA antigen delivery sys-
tem was the most effective way to induce the CD4" and
CDS8" T cells responses.

DCs were the most powerful APCs with the abilities to
induce the primary immune responses and to start the adap-
tive immune responses.>> In mouse, almost all the DC sub-
sets expressed the typical surface marker CD11C.>* CD83
was a prominent surface marker expressed in mature murine
DCs and the other cells and functioned as an important
immune checkpoint.”® Another costimulatory molecule
(CD86) expressed by DCs was required for DCs functions
to activate T cells and induce the adaptive immunity
effectively.’® In the current study, the expressions of CD83
and CD86 on DCs were detected. As shown in Figure 6, the
percentages of CD11C" CD83" and CD11C" CD86" cells
were significantly increased in mice injected with rHCAS9-
CS-PLGA NPs, rHCA59-PLGA NPs, rHCA59-CS NPs, and
rHCAS59-CFA when compared with the mice immunized
with THCAS9 and pET-32a proteins. The rHCAS9-CS-
PLGA group also presented an obvious enhancement in
the percentages of CD11C" CD83" and CD11C" CD86"
cells in comparison with rHCAS59-CS NPs and rHCAS9-
CFA groups (Figure 6). These findings suggested that the
vaccines could prompt the maturation of DCs and improve
their functions, especially for the rHCAS59-CS-PLGA anti-
gen delivery system.

The protection induced by vaccine concerns the activa-
tions of innate and adaptive responses.”’ Generally, the innate
response was generated at 1-3 days post vaccination and
proceeded to the 7 days. The adaptive response started at
the 7 days post vaccination and lasted for different times that
depended on the types of vaccines and pathogens. The adap-
tive response played a more significant role than the innate
response in the protection. In the current research, the
immune parameters, including antibodies, main cytokines,
T cell types, and percentages of DC subsets, were examined
at the 14 days post immunization with vaccines to ensure the
observations of the diverse abilities of different vaccinations
to induce adaptive response. However, the productions of
some cytokines, including IL-2 and TNF-a, and the T cells
in the gut were not investigated at the check point. The
changes of the parameters at the time before the check point
were also not observed. They need further investigations.
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The PLGA and CS carriers are most frequently used
in the delivery systems for drug and vaccines.’®>’ It was
found that the incorporation of CS into PLGA could
overcome some obstacles of PLGA, such as release pro-
file and instability of antigen during encapsulation proce-
dure and storage,”® and enhance the delivery effects in
both drugs and vaccines.®® ®* The mechanisms of the
synergistic effects at least included the enhancements of
its stability, cellular uptake, targeting capabilities, and
drug or antigen release regulation through CS pH-
triggered ability.>°® In the current study, the rHCA59-
CS-PLGA group containing equal of 10 ug rHCAS59-CS
NPs and 10 pg rHCAS59-PLGA NPs also displayed syner-
gistic action and induced stronger immune responses than
other groups. The mechanism might be the same to the
incorporation of CS into PLGA. However, it should be
further probed.

Conclusion

This study showed that HCA59 was an essential and active
protein in HcESPs. Using the tHCAS59-CS-PLGA antigen
delivery system, it could significantly increase the levels of
antibodies (IgG1, IgG2a, IgM) and cytokines (IL-4, IL-17,
IL-12, and IFN-y), could better promote the differentiation
(CD3" CD4", CD3" CD8") and proliferation of lymphocytes
(SI), as well as maturation of DCs (CD11C* CD83",
CD11C" CD86"). High ratio of 1gG2a/IgG1, enhancement
of IL-4, IL-12, and IFN-y, as well as the promoted matura-
tion of DCs indicated that rHCAS9-CS-PLGA delivery sys-
tem was biased to elicit Thl type immune response, though
it was able to induce humoral response. The increased IL-17
indicated that HCAS59 could elicit Th17 response in the
protection against H. contortus infection.

These findings will not only help to better comprehend
the functions of HCAS59 but contribute to the applications
of bioactive polymers as antigen delivery adjuvants in
animal vaccines. For the nematode H. confortus mainly
infect the ruminants, the efficiency of the nanovaccine
rHCAS59-CS-PLGA should be further investigated in the

natural host of the parasite.
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