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Abstract: Haemonchus contortus (H. contortus) is a gastrointestinal parasite affecting small ruminants, leading to
a significant decline in animal productivity. In this study, we developed a nanovaccine by encapsulating the
recombinant protein rHcES-15, derived from the excretory/secretory products of H. confortus, within
biodegradable poly (D, L-lactide-co-glycolide) (PLGA) nanoparticles (NPs). To construct the nanovaccine,
PLGA NPs were prepared using a modified double emulsion solvent evaporation technique. Scanning electron
microscopy (SEM) illustrated successful encapsulation of rHcES-15 within PLGA NPs, with a size ranging
between 350-400 nm. The encapsulation efficiency (EE) of the antigen in the nanovaccine was determined to be
72%. A total of forty experimental mice were divided into five groups, receiving the nanovaccine on day 0 and
being humanely sacrificed at the end of the 14-day trial. The stimulation index (SI) from mice vaccinated with
the nanovaccine indicated an amplified lymphocyte proliferation and a significant increase in anti-
inflammatory cytokines (IL-4, IL-10, and IL-17). Furthermore, the percentages of T-cells (CD4*, CD8*) and
dendritic cell phenotypes (CD83*, CD86*) were substantially upregulated in mice immunized with the
nanovaccine compared to control groups and the rHcES-15 group. Similarly, higher levels of antigen-specific
serum immunoglobulins (IgG1, IgG2a, IgM) were observed in response to the nanovaccine compared to both
the antigenic (rHcES-15) and control groups. In conclusion, the data strongly supports the notion that
encapsulation of rHcES-15 within PLGA NPs effectively stimulates immune cells in vivo, ultimately
augmenting antigen-specific adaptive immune responses against H. contortus. This discovery highlights the
promising potential of the nanovaccine, justifying additional investigations to ascertain its efficacy finally.

Keywords: Haemonchus contortus; rtHcES-15; PLGA; nanoparticles; vaccination; mice

1. Introduction

Haemonchus contortus (H. contortus) is accountable for significant economic losses due to its
voracious blood-sucking behavior, particularly in abomasum of small ruminants [1]. Infection of this
worm results in anemia, diarrhea, weight loss, edema, lethargy, and ultimately, death in affected
animals [2]. Anti-parasitic drugs targeting this worm typically encounter resistance from
gastrointestinal nematodes (GIN) resistance [3]. Consequently, there is substantial interest among
scientists in developing new approaches, such as selective breeding and vaccination, as alternative
methods of prevention against H. contortus infection [1,4].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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GIN such as H. contortus releases substantial volume of excretory/secretory proteins (ESPs)
during their developmental stages both in vitro and within their host animals (Sheep/Goat) [5]. These
ESPs exhibit the capacity to either circulate within the extracellular region or be localized to and
discharged from the cell surface of the host organism [6]. Subsequently, compared to other cellular
components, these proteins are more susceptible to the action of drugs [7]. Additionally, due to their
immunogenic properties [8], ESPs present promising targets for therapeutic intervention against
parasitic infections [9]. Two smaller-sized proteins (ES-15, ES-24) have been isolated and purified
from H. contortus excretory/secretory proteins (HcESPs) in vitro [10-12]. Furthermore, immunization
with ESPs of low molecular weight triggered hypersensitivity responses in genetically resistant sheep
[13] and incited immune responses of the Th2 type [14,15]. Moreover, it was reported that during
interaction with goat peripheral blood mononuclear cells (PBMCs) and dendritic cells (DC), rHcES-
15 prompted differentiation and proliferation of these cells, inducing notable immunomodulatory
functions. [16,17]. This finding provides valuable insight supporting the utilization of this antigen in
the ongoing study.

One strategy in the realm of vaccine development involves incorporating potent adjuvants
aimed at augmenting vaccine immunogenicity to instigate a robust immune response against diverse
pathogens, such as Toxoplasmosis [18] and Leishmaniasis [19] in animal subjects. In the absence of
adjuvants, intricate biological molecules like proteins (antigens) and their constituents demonstrate
diminished immunological activity during the formulation of vaccines [20]. However, the
amalgamation of an adjuvant with the antigen holds the potential to enhance the immunological
response [21]. Studies have revealed an 82% improvement in the efficacy of purified antigen when
used in conjunction with adjuvants in vaccine formulations [22]. Nonetheless, certain adjuvants
possess the propensity to induce significant inflammation, potentially hindering their application in
human subjects due to associated side effects [23].

Nanoparticles (NPs) constructed from biodegradable and biocompatible polymers, notably
PLGA, have proven to be secure and efficacious as adjuvants in drug delivery. They efficiently
encapsulate antigens, contributing to the development of controlled-release NP vaccines targeting
parasitic infections in murine models [24,25]. The investigations of these polymeric materials in both
vaccine and drug delivery studies have demonstrated significant variances in their capacity to
modulate immune responses specific to antigens [26,27].

In our present investigation, we utilized a nanovaccine formulation containing the antigen
rHcES-15, encapsulated within PLGA nanoparticles. This formulation was administered
subcutaneously to Institute of Cancer Research (ICR) mice. The ensuing immune response elicited by
the nanovaccine was meticulously evaluated and compared against rHcES-15 in its non-encapsulated
state. Our analysis revealed a heightened secretion of cytokines and antibodies, increased
proliferation of lymphocytes, and amplified multiplication of immune cells (T cells and DCs) in
response to the nanovaccine. This validates the immunogenic potential of both the biopolymer,
PLGA, and the antigen.

2. Material and Method

2.1. Ethics Declaration

The experimental procedures were conducted following approval from the Science and
Technology Agency of Jiangsu Province (Approval No. SYXK (SU) 2010-0005). Animal
experimentation strictly adhered to the guidelines stipulated by the Animal Welfare Council of
China. Diligent efforts were taken to minimize any distress experienced by the animals, and regular
health assessments were performed throughout the duration of the experiments.

2.2. Reagents and Chemicals

PLGA (lactic acid: glycolide 65:35, Mw = 40,000-75,000), polyvinyl alcohol (PVA, Mw = 31,000-
50,000), and Concanavalin A were sourced from Sigma Aldrich (St. Louis, MO, USA). The Enhanced
Cell Counting Kit-8 was procured from Beyotime Biotech (Shanghai, China PR), and the BCA Protein
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Assay Kit was obtained from CW Biotech (Beijing, China PR). Heat-inactivated fetal bovine serum
(FBS), Roswell Park Memorial Institute medium (RPMI 1640), and penicillin and streptomycin
solutions were acquired from Gibco (Carlsbad, CA, USA). Antibodies, namely PE rat anti-mouse
CD83 (clone: Michel-19), PE rat anti-mouse CD86 (clone: GL1), APC hamster anti-mouse CD11c
(clone: HL3), PE rat anti-mouse CD4 (clone: RM4-5), PE rat anti-mouse CD8a (clone: 53-6.7), and APC
hamster anti-mouse CD3e (clone: 145-2C11), were sourced from Bio-legend (San Diego, CA, USA).
The purified recombinant HcES-15 proteins and pET-32a expressed in the BL21 (E. coli) prokaryotic
expression system were obtained from the Laboratory of Molecular Parasitology and Immunology,
Nanjing Agricultural University, China [16].

2.3. Mice

Forty female ICR mice, aged 8-10 weeks with a body weight of 18-20g, were obtained from the
Experimental Animal Center of Jiangsu (SCXK 2017-0001) [27]. The mice were raised in a specific
pathogen-free (SPF) environment with access to sterilized food and water ad libitum.

2.4. Optimization of the Working Concentration of Polyvinyl Alcohol (PVA)

In the process of preparing PLGA nanoparticles, it is imperative to ascertain the concentration
of Polyvinyl Alcohol (PVA) (Sigma Aldrich, St. Louis, MO, USA) due to its crucial role as a constituent
in PLGA [28]. Consequently, a thorough investigation into the optimal working concentration of
polyvinyl alcohol (PVA) was conducted prior to commencing the nanoparticle preparation. Three
distinct concentrations of PVA were employed: 1%, 4%, and 6% to testify the optimal concentration
of PVA. The morphological and size characterization of the resulting PLGA nanoparticles under these
specified PVA concentrations were analyzed using scanning electron microscopy (JEOL, Akishima-
shi, Tokyo, Japan).

2.5. Synthesis of rHcES15 Antigen-Loaded and Blank PLGA NPs

To synthesize PLGA NPs, the double emulsion method (w/o/w) was employed as described
previously [24] with modifications under sterile conditions. Briefly, rHcES-15 recombinant protein
(Img/mL) was dissolved in a 6% PVA solution to form the inner aqueous phase. Subsequently, an
organic phase consisting of 5% PLGA in methylene chloride (50mg PLGA in 1 ml methylene chloride)
was prepared. The inner aqueous phase and the organic phase were mixed to create a w/o emulsion
using an ultrasonic processor (JY92-IIN, Scientz Biotechnology, Ningbo, Zhejiang, China PR) for 4
minutes (40w, 5s, 5s) in an ice bath. This w/o emulsion was then introduced into the aqueous phase
(containing 6% PV A) and subjected to further sonication under the same conditions to obtain the final
emulsion (w/o/w).

Additionally, the organic solvent from the emulsion was evaporated under magnetic stirring at
800 rpm for 4-5 hours in a fume cabinet at room temperature (RT). The obtained antigen-loaded NPs
were separated from the solution of NPs by centrifugation at 22,000 x g for 45 min at 4 °C. Following
this, the supernatant was gathered to calculate protein loading efficiency utilizing the BCA protein
assay kit. The remaining precipitate of NPs was washed twice with ultrapure water and was freeze-
dried (Labconco™, Thermo Fisher Scientific, Waltham, MA, USA) for 24 hours and stored at -80 °C
for next experiment.

The process for producing empty PLGA nanoparticles mirrored the method for generating
rHcES-15 loaded PLGA nanoparticles, excluding the incorporation of the rHcES-15 protein. Sterile
PBS was used in the primary emulsion formation to prepare blank NPs to serve as a negative control
in further experiments.
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2.6. Characterization of rHcES-15 Antigen-Loaded PLGA NPs

2.6.1. Encapsulation Efficiency (EE), Loading Capacity (LC), and in vitro Cumulative Release (CR)
of rHcES-15 Antigen

The supernatants collected post-washing of the nanoparticles were employed to compute the
protein encapsulation efficiency (EE) and loading capacity (LC) of rHcEs-15 using the BCA protein
assay kit, using the subsequent equations [27,29]. The protein loading capacity of rHcES15+PLGA
was calculated indirectly by estimating the difference between the initial amount of protein used for
loading PLGA NPs and protein left in supernatant.

EE = (total protein - unbound protein)/total protein x 100%

LC =loaded protein/total mass of nano-vaccine x 100%

To examine the kinetic study of the antigen, we also determine the cumulative release of rHcES-
15 in vitro. PLGA NPs released rHcES-15 in solution and it was evaluated by observing changes of
free antigen (rHcES-15). Briefly, lyophilized NPs (3mg) were disseminated in 150 pL of PBS (pH 7.4)
in a glass container which was put on the shaker bath (37 °C, 120 rpm). The suspension underwent
centrifugation at 12,000 rpm for 15 minutes. Afterward, 60uL of the supernatant was carefully
withdrawn and promptly replaced with an equal volume of fresh PBS at specific time points (0, 1, 3,
57,9, 11, 13, 15, 17, 19, and 21 days). Subsequently, the BCA Protein Assay Kit was utilized to
measure the concentration of unbound rHcES-15 protein in the supernatants. All experimental
procedures were conducted in triplicate.

2.6.2. SEM for Determination of Shape, Size, and Measurement of Zeta Potential of NPs

The size and morphology of rHcES-15+PLGA NPs were determined through a scanning electron
microscope (SEM, JEOL IT-100, S-4800 N, Tokyo, Japan). The antigen-loaded NPs were filled into
aluminum stubs (powder form) that were already coated with platinum. The zeta potential of the
nanoparticles was measured using a zeta potential analyzer (Zeta plus, Brookhaven Instruments Co,
NY, USA). All zeta potential measurements were carried out at 25°C under an electric field of 11.00
V/cm [30].

2.6.3. The Integrity of Antigen-Loaded NPs

To evaluate the integrity of the antigen-loaded NPs, suspensions containing the antigen were
heat-digested at 95°C for 20 minutes and then loaded at RT into a gel. Each sample consisted of 20
pL, and 5 L was used for molecular weight markers (Thermo Fisher Scientific, Shanghai, China PR,
10-170 kDa). Electrophoresis was carried out at a constant voltage of 120 V for 90 minutes using a
Bio-Rad 300 power pack (Bio-Rad, Hercules, CA, USA). The sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gel was subsequently stained with 0.025% Coomassie Brilliant Blue
to visualize the antigen bands [31].

2.7. Mice Immunization

Forty ICR mice were randomly allocated into five groups of eight animals and vaccinated at 0
days. All experimental mice were killed humanely on the 14th day. Among all groups, PBS, pET-32a,
and PLGA NP groups were set as control groups, while rHcES-15 and rHcES-15+PLGA NP
(nanovaccine) groups were considered as experimental (treatment) groups. Subcutaneous (SC)
injections containing 1 mL of vaccine (rHcES-15 antigen entrapped in PLGA NPs) with a total of 20ug
rHcES-15 protein were injected at multiple places of mice following the method described earlier [21].
The details of the vaccination protocol are provided in Table 1.

doi:10.20944/preprints202310.1292.v1
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Table 1. Nature and composition of the different materials injected into ICR mice to evaluate the type
of immune response.

Groups Inoculations Injection at 0 Day Purpose
1 PBS 1 Blank control
2 pET-32a 1 Negative control
3 PLGA NPs 1 To compare PLGA NPs
4 rHcES-15 1 To determine immunogenicity of rHcES-15
5 HCES-15+PLGA 1 To determine immunogenicity of rHcES-15 with the

adjuvant activity of PLGA NPs

2.8. Examination of Clinical Manifestations and Localized Reactions

Examination of clinical manifestations and localized responses was conducted to determine if
the adjuvant antigen delivery systems employing nanoparticles could induce any abnormal changes
in mice during the research trial. We observed and documented necropsy lesions, clinical signs, and
neurological manifestations in five different groups of mice.

2.9. Antigen-Specific Serum Antibodies Assays

Blood samples were obtained from the mice prior to their sacrificial procedure on the 14th day,
aligning with the methodology described in a preceding study [32]. The concentrations of antigen-
specific antibodies (IgM, IgG2a, IgGl) in mouse sera were measured using mouse ELISA kits
obtained from Heng Yuan, Shanghai, China PR, following the manufacturer’s instructions. In
summary, 96-well microtiter plates were coated with rHcES-15 (20 ug/mL). After washing thrice with
PBS (0.01 M) containing 0.05% Tween-20 (PBST), the wells were blocked using 5% non-fat dry skim
milk powder (SMP) in PBST for 2 hours at 37°C. Following this, 100 pL of serum samples (diluted
1:50 in PBST-5% SMP) were added and incubated for 1 hour at 37°C. The plates were then treated
with HRP-conjugated anti-mouse IgG1, IgG2a, and IgM antibodies (diluted to 1:3000 in blocking
buffer from Sigma Aldrich, St. Louis, MO, USA) for 1 hour at 37°C to determine antibody levels and
isotype analysis. Tetra-methyl benzidine (Sigma-Aldrich, St. Louis, MO, USA) substrate was
employed to develop colors, and the results were observed using a spectrophotometer at an
absorbance of 450 nm. All serum samples were evaluated in triplicate.

2.10. In vitro Measurement of Cytokines by ELISA

The levels of cytokines, including IL-4, IL-10, IL-17, IFN-y, and TGF-(, in the serum of distinct
mouse groups were determined using ELISA kits sourced from Heng Yuan, Shanghai, China PR. The
measurements were conducted in accordance with the manufacturer’s instructions.

2.11. Evaluation of Splenic Lymphocyte Proliferation Assay

In order to measure the proliferative capacity of the splenic lymphocytes of the all mice, a
lymphocytic proliferation assay was performed [33]. On the 14th day, the mice were euthanized
humanely, and spleen lymphocytes, along with antigen-presenting cells (APC), were aseptically
isolated using the Mouse Spleen Lymphocyte Isolation Kit (TBD, Tianjin, China PR). Briefly, the cells
concentration was adjusted to 1 x107 cells/mL in the RPMI-1640 culture medium (CM) and incubated
in 6-wells cell culture plates overnight. Next, cell supernatants (T and B cells) were collected and their
concentrations adjusted to 1x10¢ cells/mL. Subsequently, 1x10¢ cells in 100 uL of culture medium
(CM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin, and 100
mg/mL streptomycin were added to each well of round-bottom 96-well culture plates. The cells were
then stimulated with rHcES-15 (4 ug/mL) and incubated for an additional 72 hours under 5% CO: at
37°C. Furthermore, CM-treated samples with concanavalin A (ConA, Sigma Aldrich, St. Louis, MO,
USA) and without rHcES-15 were used as positive and blank controls, respectively [26]. Lymphocyte
proliferation induced by the antigen (rHcES-15) in the harvested cells was evaluated using the

doi:10.20944/preprints202310.1292.v1
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Enhanced Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China PR) as per the manufacturer’s
instructions. The absorbance at a wavelength of 450 nm (A450 value) was recorded using a microtiter
ELISA reader (Thermo Scientific Multiskan FC, Waltham, MA, USA). The outcomes were expressed
as the stimulation index (SI) calculated using the following equation [25]:

SI (%)=At/Acx100

where At represents the mean A450 value of the specific test group, and Ac represents the mean A450
value of the blank control group.

2.12. Analysis of Lymphocyte Phenotypes by Flow Cytometry

Flow cytometry was performed as described earlier [25] to evaluate the percentage of CD4*and
CD8* T cells present in spleens of all experimental mice. The method for isolating T and B cells from
immunized mice followed the same procedure as in the splenic lymphocyte proliferation assay. To
determine the percentages of CD4* and CD8* T cells, the cells were stained with Hamster anti-CD3e-
APC, Rat anti-CD4-PE, Hamster anti-CD3e-APC, and Rat anti-CD8a-PE antibodies (Biolegend, San
Diego, CA, USA). The stained cells were then analyzed using a fluorescence-activated cell sorting
machine (BD Biosciences, Franklin Lakes, NJ, USA).

2.13. Determination of DC Phenotypes by Flow Cytometry

Spleens were extracted from the experimental mice, and aseptic isolation of splenic cells was
carried out using the Spleen Lymphocytes Isolation Kit. Briefly, the splenic lymphocytes were
incubated in RPMI-1640 medium in 6-well culture plates overnight. Then, the supernatant of cells
which containing non-adhering cells was discarded, and the wells of the cell plates were washed
thrice with PBS. Following that, adherent cells were gently and thoroughly pipetted. After
centrifugation and washing, the cells were stained with Hamster anti-CD11c-APC, Rat anti-CD83-
PE, Hamster anti-CD11c-APC, and Rat anti-CD86-PE to assess the percentages of CD83* and CD86*
on DCs. The stained cells were analyzed using flow cytometry on FACS Caliber (BD Biosciences,
Franklin Lakes, NJ, USA).

2.14. Statistical Study

All experiments were performed in triplicates, and the data obtained were presented as mean *
standard error of the mean (SEM). Differences between groups were assessed using one-way analysis
of variance (ANOVA), and the significance levels were indicated as follows: * p <0.05, ** p <0.01, and
*#* p < 0.001. FACS data analysis was conducted using Flow Jo version 10 software (version 10,
Franklin Lakes, NJ, USA).

3. Results

3.1. Determination of Optimum PVA Concentration

The morphology and dimensions of PLGA NPs with varying PVA concentrations (1%, 4%, and
6%) were examined using SEM. The results revealed that NPs prepared with 6% PVA displayed a
relatively smaller particle size, typically around 350 nm (Figure 1A). In contrast, the particle size and
shape of PLGA NPs produced with 1% and 4% PVA were larger and non-uniform compared to those
formulated with 6% PVA (Supplementary Figure 1). Consequently, for subsequent experiments, 6%
PVA was considered to be the most suitable choice among the three tested PVA concentrations.

doi:10.20944/preprints202310.1292.v1
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Figure 1. The surface characteristics, dimension, and zeta potential of antigen-loaded nanoparticles
(NPs) were evaluated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
demonstrating the antigen’s integrity post-incorporation into the polymeric matrix. The morphology
of the NPs was examined at a magnification of 10,000x. Subsection A showcases scanning electron
microscopy (SEM) images of rHcES-15+PLGA NPs with 6% PVA. Subsection B presents the size
distribution of the antigen-loaded NPs, while subsection C illustrates their zeta potential. Subsection
D describes SDS-PAGE (12% separating gel) analysis conducted to investigate the binding of rHcES-
15 with PLGA NPs. Lane M corresponds to the standard protein molecular weight marker, Lane 1 to
rHcES-15, and Lane 2 to PLGA NPs with bound rHcES-15. Lastly, subsection E exhibits the in vitro
release profile of the antigen from PLGA NPs at pH 7.4 and 37°C over 21 days, expressed as a
percentage of antigen release.

3.2. The Characterization of Antigen-Loaded NPs

According to SEM results, the appearance of NPs was smooth and it revealed that the sizes of
NPs were ideally uniform ranges from 350-400 nm (Figure 1A,B) with 6% PVA. Furthermore, the zeta
potential value of NPs was 35+ 1.9 mV (Figure 1C).
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A 12% separating gel was employed in SDS-PAGE to examine the integrity of rHcES-15 (with or
without PLGA NPs). The figure clearly indicates that the NPs formulation process did not alter the
molecular weight (Mw) of rHcES-15, displaying bands at approximately 33 kDa in size (Figure
1D).The kinetic study of rHcES-15 antigen was assessed in vitro as a cumulative release assay shown
in Figure 1E. About 72% antigen was released from PLGA after 21 days. With these results, it is easy
to predict that NPs might play an effective role in antigen delivery with stability and small particle
size.

3.3. Monitoring Clinical Signs and Local Reactions Caused by the Nanovaccine

Throughout the experiment, we did not observe any neurological signs, clinical manifestations,
or necropsy lesions in mice immunized with either rHcES-15 or rHcES-15+PLGA. These results
highlight the high safety profile of PLGA NPs in experimental mice.

3.4. Evaluation of Serum Antibodies Level Induced by the Nanaovaccine

Antibodies, also known as immunoglobulins, are a crucial component of the immune system in
eukaryotes [34]. In this experiment, concentrations of IgM, IgG1, and IgG2a and of sera collected from
different mice were determined by ELISA as illustrated in Figure 2. The levels of IgG1 in group
rHcES-15, and rHcES-15+PLGA NPs were significantly higher as compared to PBS (blank control),
pET-32a, and also considerably higher than PLGA alone NPs groups (* p <0.05, ** p <0.01). Likewise,
mice injected with the antigen and nanovaccine (rHcES-15+PLGA NPs) exhibited significantly higher
levels of IgG2a and IgM compared to the PBS, pET-32a, and PLGA NPs groups (* p <0.05, ** p <0.01).

Relatively, nanovaccine produced a significantly increased (*p < 0.05) quantity of
immunoglobulins (IgG1, IgM) when compared with rHcES-15 (Figure 2A,C).
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Figure 2. The influence of both the antigen and antigen-loaded nanoparticles (NPs) on serum
antibodies (IgG1, IgG2a, IgM) in mice was assessed using ELISA. The presented data is a
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representative of triplicate experiments, denoted as statistical significance at levels * p < 0.05, ** p <
0.01, and *** p < 0.001.

3.5. Cytokines Secreted by rHcES-15 Antigen and Nanovaccine

According to obtained results, the sera from mice immunized with rHcES-15 and rHcES-
15+PLGA NPs produced a higher concentration of IL-4 and IL-10 when compared with control
groups (* p < 0.05, *** p < 0.001). Similarly, the levels of both cytokines in the rHcES-15+PLGA NPs
group were enhanced considerably (** p <0.01) when compared with rHcES-15 group (Figure 3A,B).
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Figure 3. Cytokine expression levels were ascertained via ELISA in the sera of mice following
vaccination with distinct antigen delivery systems. Eight mice (n = 8) received a single immunization
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with the antigen and nanovaccine on day 0. Panels A through E represent IL-4, IL-10, IL-17, IFN-vy,
and TGF-p, respectively. The presented data is a representative of independent triplicate experiments,
with statistical significance indicated as * p <0.05, ** p < 0.01, and *** p <0.001.

Compared to the PBS group, both the rHcES-15 and rHcES-15+PLGA NPs groups showed
significant increases in IL-17 levels. Furthermore, IL-17 secretions were significantly enhanced in
these groups compared to the pET-32a and PLGA NPs groups (* p < 0.05, ** p < 0.01, *** p < 0.001).
Moreover, group of mice that received nanovaccine induced more IL-17 (* p < 0.05) than the rHcES-
15 group (Figure 3C).

Significantly decreased production of TGF-f3 was observed (* p < 0.05) in both treatment groups
(rHcES-15, and rHcES-15+PLGA NPs) when compared to the PBS, pET-32a, and PLGA NPs group
(Figure 3D). Like TGF-{3, there was a low level of, however, the non-significant IFN-y secretion found
in experimental groups than the control groups (Figure 3E).

3.6. Nanovaccine Induced the Splenic Lymphocytes Proliferation

Splenic lymphocytes were isolated from all experimental mice, and their proliferative responses,
particularly to rHcES-15, were evaluated as depicted in Figure 4. According to the stimulation index
(SI), the most substantial proliferation values were observed in the positive control (ConA), rHcES-
15+PLGA NPs, and rHcES-15 groups when compared with PBS, pET-32a, and PLGA NPs groups (*
p <0.05, *** p <0.001). Notably, the positive control (ConA) exhibited the highest value compared to
rHcES-15 and rHcES-15+PLGA NPs.
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Figure 4. The proliferation index of splenocytes from different immunized mice was assessed
following in vitro stimulation with various treatments. The data provided is an aggregate of three
independent experiments, and the presented values indicate the means + SEM (* p <0.05, *** p <0.001).

3.7. Nanovaccine Promoted CD4*and CD8* T cells Activation

The percentages of CD4* and CD8* T cells in the lymphocytes of each group were assessed using
flow cytometry (Figure 5). The treatment groups displayed significantly higher percentages of
CD3e*CD4* and CD3e*CD8a* cells in comparison to the PBS, pET-32a, and PLGA NPs groups (** p <
0.01, ** p <0.001). Specifically, the rHcES-15+PLGA NPs group exhibited a noticeable increase (* p <
0.05) in CD3e*CD4+ cells when compared to the rHcES-15 group (Figure 5A,C). The values of CD4* in
PLGA NPs group were high as compared to PBS and pET32a possibly due to their adjuvant activity,
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however, it was lower than antigen (rHcES-15) and nanovaccine (rHcES-15+PLGA NPs group). The
results also demonstrated that mice which immunized with nanovaccine (rHcES-15+PLGA NPs)
produced more CD8a* (* p < 0.05) than rHcES-15 (Figure 5B,D).
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% of CD3e+CD8a+ T cells

Figure 5. The alterations in the proportions of CD4* and CD8* T cells within different mouse groups
were quantified through flow cytometry analysis. Figure 5 illustrates the impact of distinct treatments
on CD4* and CD8* T cell proportions (panels A and B). In panels A and B, al and b1 represent the PBS
group (blank control), a2 and b2 depict the pET-32a vector protein group, a3 and b3 represent the
PLGA NPs group, a4 and b4 represent the rHcES-15 group, and a5 and b5 represent the rHcES-
15+PLGA NPs group. The graphical representation of CD4* and CD8* T cell percentages across all
groups is depicted in Figure 5, panels C and D. The findings presented here are derived from a
singular experiment, indicative of three independent experiments (* p <0.05, ** p <0.01, *** p <0.001).

3.8. Nanovaccine Increased the Activation and Maturation of DCs Phenotypes

Flow cytometry was employed to evaluate the interaction between the antigen-loaded NPs and
DCs, as well as the modulation of DC phenotypes. The percentages of CD83* and CD86* cells were
determined in different groups of mice (Figure 6). The results demonstrated significant
enhancements in the percentage of CD11c*CD83* and CD11c*CD86* cells for both rHcES-15 and
rHcES-15+PLGA NPs compared to the PBS, pET-32a, and PLGA NPs groups (* p < 0.05, ** p < 0.01,
*#* p <0.001). Furthermore, in comparison to rHcES-15, the rHcES-15+PLGA NPs group exhibited
higher percentages of CD11c*CD83+ cells (** p < 0.01).
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Figure 6. Flow cytometry analysis was utilized to investigate how different antigen delivery systems
influence maturation and antigen presentation in splenic dendritic cells. The levels of CD11c*CD83*
and CD11c*CD86* expression in splenic dendritic cells were assessed across five groups (Figure.
6A,B). In panels A and B, al and b1 represent the PBS group (blank control), a2 and b2 depict the pET-
32a vector protein group, a3 and b3 represent the PLGA NPs group, a4 and b4 represent the rHcES-
15 group, and a5 and b5 represent the rHcES-15+PLGA NPs group. The data is presented as the mean
+ SEM and is representative of triplicate experiments (* p <0.05, ** p <0.01, ** p <0.001).

4. Discussion

In tropical, warm, and humid regions across the globe, the presence of H. contortus infection
poses a significant challenge for domestic livestock [35]. This nematode actively secretes a diverse
range of excretory/secretory proteins (ESPs) into the host environment, capable of modulating the
host immune system either through modulation or suppression of its functions [36]. A subset of these
HcESPs includes low molecular weight ES antigens, which play a crucial role in regulating a specific
immune response against this helminth infection in the host [37]. Generally, purified proteins exhibit
lower immunogenicity and thus necessitate the assistance of an effective adjuvant to induce a robust
immune response [38]. Hence, we employed biodegradable polymers in the form of PLGA NPs as an
adjuvant to carry rHcES-15, aiming to investigate its potential in stimulating both Thl and Th2
immune responses against haemonchosis. Mice immunized with antigen-loaded NPs demonstrated an
enhanced antigen-specific antibody titer, elevated cytokine levels in sera, increased percentages of T
cells and DCs, and heightened lymphocyte proliferation [27]. These findings strongly suggest that
the recombinant antigen of H. contortus (rHcES-15) combined with PLGA NPs presents an appealing
prospect for therapeutic application.

The primary limitation associated with PLGA-based NPs is their diminished LC, representing
the proportion of the loaded drug or antigen quantity concerning the total NP quantity. Although
PLGA-based NPs generally exhibit a high EE, achieving substantial drug loading is a challenge [39].
In our investigation, we observed a LC of 25+1.1 and a relatively high EE of 72.37+3.51 for PLGA NPs
(Table 2). Scientific literature suggests that the optimal size for NPs, facilitating efficient uptake by
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DCs, should be less than 500 nm [40]. Correspondingly, PLGA NPs of 350 nm size displayed superior
internalization and activation of DCs compared to larger particles [41]. Aligning with previous
research, we determined the appropriate size of rHcES-15+PLGA NPs suitable for efficient DC

uptake.
Table 2. Characterization of Recombinant Antigen (rHcES-15) loaded PLGA NPs. Data are
presented as the mean + SD (n=3).
Antigen+NPs Size (nm) LC2(%) EEP (%) Zeta Potential (mV)
rHcES-15+PLGA NPs 350+40 25+1.1 72.37£3.51 35+19

LC? = (total protein — unbound protein) / total dry weight of Nano-vaccine x 100%. EE® = (total protein — unbound
protein) / total protein x 100%.

In the recent study, it has been shown that mice, upon immunization with NPs loaded with the
antigen, exhibit elevated levels of antibodies and a potent lymphoproliferative response in
comparison to control groups and the antigen administered alone (rHcES-15). The heightened levels
of antigen-specific IgG subtypes were linked to the host’s defense against H. contortus challenge [42].
Similar outcomes were reported by other researchers in previous experiments involving different
nematodes [43,44]. These observations suggest that this recombinant protein holds promise as an
effective candidate for a nanovaccine targeting H. confortus infection. Previous research has
highlighted the diverse functions of ESPs from various helminths, primarily influencing the
development of host immune cells [45,46]. In our current investigation, we observed a robust
lymphoproliferative response induced by both rHcES-15 alone and the nanovaccine (rHcES-
15+PLGA NP), as depicted in Figure 4. This phenomenon may be associated with an upsurge in IgG1
production.

Precise signaling molecules govern intercellular communication within the immune system.
These entities, namely cytokines and chemokines, hold pivotal roles in orchestrating immune
responses [47]. Th1 cells, for instance, release IFN-v, a regulator of cellular immune responses against
microbial invasions. IFN-y also plays a key role in Th1/Th2 cell differentiation. On the other hand,
IL-4 dictates the type of immunity and pathogenesis during nematode invasion [48]. Notably, during
H. contortus infection, IL-4 secretion prevails, aligning with a Th2 type of immune response [49]. The
anti-inflammatory cytokine IL-10, known as a master regulator, exerts a dampening effect on
immunity and mitigates tissue damage stemming from inflammation, an indispensable aspect for
host defense [50]. In concordance with prior investigations on rHcES-15 [16], our study reveals that
rHcES-15 inhibits IFN-y secretion (although insignificantly), maintaining a stable Th1/Th2
environment during the host-parasite interaction. This is accompanied by amplified IL-4 and IL-10
secretions in mice immunized with the nanovaccine, a subject that needs further investigation and
discussion.

Th17 cells are responsible for the secretion of the IL-17 cytokine, a significant player functionally
linked to the pathogenesis of diverse helminths and categorized as a modulator of tissue
inflammation [51]. Moreover, there was a notable increase in IL-17 secretion observed in goat PBMCs
when infected with rHcES-15 in vitro [16]. TGF-f3 plays a pivotal role in regulating cellular activities
such as cell proliferation, growth, differentiation, pro-inflammatory responses, and various
immunomodulatory functions [52,53]. The secretion levels of TGF- and IL-10 are influenced by
factors such as the extent of infection, parasite developmental stage, and host genetics [54]. In our
current study, a significant decline was observed in the secretion level of TGF-3 in our experimental
groups (tHcES-15, rHcES-15+PLGA NPs). These outcomes suggest that the cellular immune response
induced by this antigen primarily encompasses a blend of Th1 and Th2 immune responses.

As documented in this study, the simultaneous administration of the helminth antigen (rHcES-
15) and polymeric NPs resulted in an upregulation of effector cytokines. This heightened expression
can be attributed to the increased presentation of MHC molecules facilitated by dendritic cells (DCs).
Activation of DCs serves as a crucial stimulus for priming both CD4* and CD8* T cells [55]. A prior
investigation demonstrated that liposome stimulation of CD8a* T cells effectively induced cross-
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priming of CD8a* T cells in mice [56], and improved the survival of CD4* T cells [57]. In line with the
aforementioned study, our findings revealed a more robust proliferation of activated T cells in the
immunized mice compared to the control groups (Figure 5). Earlier studies have also reported
significant proliferation of CD4* and CD8* T cells in response to H. contortus antigens administered
in host animals [13,27,42,58]. These collective results imply that rHcES-15, in conjunction with the
adjuvant effect of PLGA NPs, significantly contributes to the induction of both cellular and humoral
immunity in vivo.

Dendritic cells (DCs) hold a pivotal role in antigen presentation and triggering the adaptive
immune response induced by vaccines [59]. Their fundamental function lies in presenting antigens
as foreign entities, processing them through DC maturation, and presenting antigen peptides to CD4+
or CD8* T cells through the MHC-II or MHC-I pathways, respectively [60]. Our investigation delved
into the characteristics of rHcES-15 and PLGA NPs utilizing splenic DCs (CD11c*CD83¢,
CD11c*CD86*). A previous study highlighted the significant role of rHcEs-15 in the maturation and
differentiation of monocyte-derived DCs in goats [17]. As depicted in Figure 6, the administration of
the nanovaccine to mice effectively stimulated DCs, illustrating a substantial distinction when
compared to the controls and antigen (rHcES-15) groups. Hence, we deduced that employing a
combination of PLGA NPs and rHcES-15 might represent a superior approach for vaccinating
animals as opposed to using the antigen or solely PLGA.

5. Conclusions

Our findings clearly demonstrate that immunization with nanovaccine (rfHcES-15+PLGA NPs)
can provoke potent immune responses against H. contortus infection. We have documented a
significant increase in the production levels of specific antibodies and cytokines in the sera of mice
subjected to immunization. The nanovaccine notably boosted the percentages of T cells and facilitated
the maturation of dendritic cells (DCs), and promoted a substantial proliferation of lymphocytes.
Notably, the results underscore that the nanovaccine can induce a markedly enhanced immune
response in comparison to the rHcES-15 antigen alone.
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H contortus: Haemonchus contortus, HcESPs: excretory/secretory products of H. contortus, HcES-
15: H. contortus 15 kDa excretory/secretory protein, rHcES-15: recombinant H. contfortus 15 kDa
excretory/secretory protein, DCs: dendritic cells, PBMC: peripheral blood mononuclear cells, PBS:
phosphate buffered saline, SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
RT: room temperature, FCS: fetal calf serum, PLGA: poly (lactic-co-glycolic acid, APC: antigen-
presenting cells, Mw: molecular weight, PVA: polyvinyl alcohol, LC: loading capacity, EE:
encapsulation efficiency, SEM: scanning electron microscope, CM: culture medium.
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