& polymers

Article

Mannose-Modified Chitosan Poly(lactic-co-glycolic acid)
Microspheres Act as a Mannose Receptor-Mediated Delivery
System Enhancing the Imnmune Response

Haibo Feng 1:2-*

check for

updates
Citation: Feng, H.; Yang, X.; Zhang,
L.; Liu, Q. Feng, Y.; Wu, D.; Liu, Y.;
Yang, ]. Mannose-Modified Chitosan
Poly(lactic-co-glycolic acid)
Microspheres Act as a Mannose
Receptor-Mediated Delivery System
Enhancing the Immune Response.
Polymers 2021, 13,2208. https://
doi.org/10.3390/polym13132208

Academic Editor: Ivan Gitsov

Received: 16 June 2021
Accepted: 30 June 2021
Published: 3 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Xiaonong Yang 12, Linzi Zhang 12, Qiangian Liu 12, Yangyang Feng "2, Daiyan Wu 12,
Yunjie Liu ® and Jie Yang 3

College of Animal Husbandry and Veterinary Medicine, Southwest Minzu University,

Chengdu 610041, China; 22100128@swun.edu.cn (X.Y.); z1z754130837@163.com (L.Z.);
15892603728@163.com (Q.L.); £1733678933@126.com (Y.F.); wdx1063196822@126.com (D.W.)

Key Laboratory of Ministry of Education and Sichuan Province for Qinghai-Tibetan Plateau Animal Genetic
Resource Reservation and Utilization, Chengdu 610041, China

Department of Veterinary Medicine, Southwest University, Rongchang 402460, China;
lyj_lyj1981@sina.com (Y.L.); yangyanswu@yahoo.com (J.Y.)

*  Correspondence: fenghaiborc@126.com; Tel./Fax: +86-28-85522310

Abstract: The mannose receptor (MAN-R)-targeted delivery system is commonly used to deliver
antigens to macrophages or immature dendritic cells (DCs) to promote the efficiency of antigen
presentation. To maximize the enhancement effects of chitosan (CS) and induce an efficient hu-
moral and cellular immune response against an antigen, we encapsulated ovalbumin (OVA) in
poly(lactic-co-glycolic acid) (PLGA) microspheres (MPs) and conjugated it with MAN-modified CS
to obtain MAN-R-targeting nano-MPs (MAN-CS-OVA-PLGA-MPs). The physicochemical properties,
drug loading rate, and immunomodulation activity of MAN-CS-OVA-PLGA-MPs were evaluated.
In vitro, MAN-CS-OVA-PLGA-MPs (80 ug mL~1) could enhance the proliferation of DCs and in-
crease their phagocytic efficiency. In vivo, MAN-CS-OVA-PLGA-MPs significantly increased the
ratio of CD3*CD4" /CD3*CD8* T cells, increased CD80*, CD86*, and MHC II expression in DCs,
and improved OVA-specific IgG, IgG1, IgG2a, and IgG2b antibodies. Moreover, MAN-CS-OVA-
PLGA-MPs promoted cytokine (IFN-y, IL-4, and IL-6) production in mice. Taken together, our results
show that MAN-CS-OVA-PLGA-MPs may act by activating the T cells to initiate an immune response
by promoting the maturation of dendritic cells and improving their antigen presentation efficiency.
The current study provides a basis for the use of MAN-CS-OVA-PLGA-MPs as an antigen and
adjuvant delivery system targeting the MAN-R on the surface of macrophages and dendritic cells.

Keywords: mannose receptor; mannose-modified chitosan; PLGA nanomicrospheres; delivery
system; dendritic cells

1. Introduction

Chitosan (CS), also known as deacetylated chitin, is prepared by deacetylation of
chitin. CS is an alkaline polysaccharide extracted naturally, which is simple to prepare,
widely available, and cheap. Pure CS is a translucent white powder that is very difficult
to dissolve in water and acid and can be completely absorbed by the body [1]. It has
good biocompatibility, anti-inflammatory, antibacterial, antioxidation, blood lipid and
glucose reduction, immune regulation, and other biological activities [2-5]. As a natural
nontoxic adjuvant, CS not only protects the activity of the antigen but also enhances the
immune response of immune cells to the antigen. CS plays an effective regulatory role
in the immune system of animals and humans [6]. Compared with traditional adjuvants,
CS has a better vaccine protection effect. Its stable electrostatic binding ability prevents
the vaccine from being enzymolyzed before reaching the target cells and maintains the
integrity and stability of the original structure of the antibody, and this combination will
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produce an improved immune effect compared with the direct application of the vaccine [7].
Wang et al. found that the addition of CS as adjuvant to a live attenuated influenza vaccine
improved its safety and its effectiveness to resist an influenza virus attack due to higher
levels of secreted antibody [8,9]. Lubben et al. found that CS as an immune adjuvant
played a role in facilitating a good sustained immune response and prolonged the drug
effectiveness in cells [10,11].

Poly(lactic-co-glycolic acid) (PLGA) is the product of the copolymerization of lactic
acid and hydroxyacetic acid. Because these two substances occur naturally and are easily
metabolized by the Krebs cycle [12-14], PLGA is considered a biodegradable polymer
and is approved by the Food and Drug Administration (FDA) and officially included
in the United States Pharmacopoeia as a pharmaceutical excipient. It is characterized by
high safety and has a controllable drug release rate. It is the most studied biodegradable
material in biomedical engineering. The preparation and application of various PLGA
drug microspheres (MPs) have been widely reported, including their application as carriers
of protein and enzyme drugs [15,16].

Nanoparticles (NPs) can be prepared from natural or synthetic polymers and can be
used to transport a variety of drugs. PLGA NPs very effectively encapsulate antigens and
adjuvants. NPs are promising delivery systems for therapeutic agents since they can be
designed to slip between intercellular spaces, enter cells, or translocate directly through
biological barriers to access targeted sites. By designing modified NPs, drug release can be
controlled in target organs or cells [17]. PLGA can form nanoparticles that encapsulate and
continuously release a variety of antigens and drugs in biological environments [18,19].
Luo et al. prepared Chinese yam polysaccharide PLGA (CYPP) NPs in an OVA vaccine
formulation and investigated their immune enhancement effect in vitro and in vivo. Their
results suggested that the vaccine formulation composed of OVA encapsulated in CYPPs
induced the strongest antigen-specific immune responses. The results indicated that CYPPs
showed a strong immunoenhancement activity [20].

The mannose receptor (MAN-R), a subtype of the carbohydrate-recognition domain
(CRD) type I transmembrane receptors with five domains, is a member of the C-type lectin
superfamily [21]. MAN-Rs are highly expressed on the surface of macrophages, immature
dendritic cells (DCs), and other immune cells. The MAN-R can internalize mannosy-
lated protein molecules at high speed and deliver the ligand to the MHC-expressing cells.
This process can lead to a 100-fold improvement of the efficiency of antigen presentation to
T helper cells (Th cells) [22]. Therefore, a MAN-modified antigen presentation system may
improve the antigen internalization efficiency of DCs and macrophages, improve the tar-
geting effect, and reduce the side effects of vaccines [23,24]. Copland et al. investigated the
effects of MAN-modified liposomes on FITC-OVA uptake, DC maturation, and T cell pro-
liferation. The results demonstrated that when DCs were cocultured with MAN-modified
liposomes containing FITC-OVA, the expression of MHC-II, CD80*, CD86*, and CD83*
was significantly increased [25,26]. Wi et al. synthesized MAN-labeled PLGA NPs (MAN-
PLGA-NPs) encapsulating tumor-specific antigens for targeted delivery to MAN-Rs on
DC surfaces. The MAN-PLGA-NPs led to highly mature and activated DCs, triggering
activation of cytotoxic CD8+ T cells in tumor-bearing mice. This MAN-R-targeted delivery
system promoted the delivery of tumor-specific antigens to DCs, providing a theoretical
basis for the use of MAN-PLGA-NPs in cancer immunotherapy [27]. Zhu et al. synthesized
MAN-modified PLGA and prepared MANNP (MNP)-loaded hepatitis B surface antigen
(HBsAg) protein. MNPs displayed enhanced internalization in bone marrow-derived
dendritic cells (BMDCs) and RAW 264.7 cells in vitro. MNPs can induce humoral immune
and strengthened cellular immune responses in vivo. The results demonstrated that the
MNPs are a promising delivery system for the hepatitis B vaccine [28].

In the present study, in order to investigate the enhancement effects of CS on the
drug delivery of PLGA-MPs, we encapsulated OVA in PLGA-MPs and conjugated it
with MAN-modified CS to obtain MAN-R-targeting nano-MPs (MAN-CS-OVA-PLGA-
MPs). The physicochemical properties and the immunoenhancement were investigated
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by determining their effect on phagocytic activity of DCs in vitro and the humoral and
cellular immune response in mice in vivo. Our findings provide a theoretical basis for the
use of MAN-CS-OVA-PLGA-MPs as a novel adjuvant and antigen delivery system.

2. Materials and Methods
2.1. Reagents and Antibodies

Chitosan, with an MW of 600 kDa and a deacetylation degree of 85%, was pro-
cured from Sigma Chemical Co. (St Louis, MO, USA). Polyvinyl alcohol (PVA) with
a purity of 98.0-98.8% was purchased from Fisher Scientific Co., Ltd. (Brussels, Bel-
gium); DMEM (high glucose) complete medium (4.5 g/L D-glucose, sodium pyruvate,
L-glutamine, phenol red, 10% FBS (0500), and 1% penicillin/streptomycin) was purchased
from Shanghai Zhongqiaoxinzhou Biotechnology Co., Ltd. (Shanghai, China); The CCK-
8 kit was purchased from Biyuntian Biotechnology Co., Ltd. (Shanghai, China); PLGA
(MW =10,000-20,000), pancreatin, and FITC were purchased from Shanghai Yuanye Biol-
ogy Co., Ltd. (Shanghai, China); fluorescently labeled anti-mouse monoclonal antibodies
(anti-CD80-PE, anti-CD40-FITC, anti-CD86-PE, anti-MHCII-PE, anti-CD4-FITC, anti-CD3-
Percp, and anti-CD8-PE) were obtained from Thermo Fisher Scientific (Asheville, NC, USA).

2.2. Synthesis of Mannose-Modified Chitosan PLGA Microspheres
2.2.1. Synthesis of Mannose-Modified Chitosan

The MAN-modified CS was synthesized by reductive amination with minor modifica-
tions [24]. Briefly, CS was dissolved in a 1% acetic acid aqueous solution (pH = 6.5) under
stirring and to produce a viscous solution. Subsequently, the MAN (mol/GIcN = 1) and
sodium cyanide borohydride were added into the viscous solution. The reaction mixture
was stirred at room temperature for 36 h, dialyzed against distilled water for 4-6 days,
and lyophilized using a vacuum lyophilizer (Shuangjia, SJIA-18N, Ningbo, China) to pro-
duce MAN-modified CS. The synthesizing Schematic diagram of MAN-CS was illustrated
in Figure 1. The chemical properties of MAN-modified CS were determined by Fourier
transform infrared (FT-IR).

1
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Figure 1. Schematic diagram of synthesizing the mannose-modified chitosan.

2.2.2. Physicochemical Property Analysis of MAN-CS

The organic functional groups of MAN-CS were determined by Fourier transform
infrared (FT-IR) spectrometer (FTIR-8400S, Shimadzu Co., Kyoto, Japan), and the IR char-
acteristic wavelengths between 4000 and 400 cm~! were detected. The mannose, CS,
and mannose-modified CS were dried and ground with KBr powder and pressed into
pellets for FT-IR measurement.
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2.2.3. Synthesis of PLGA Microspheres

PLGA (50 mg) was dissolved in 2 mL of dichloromethane and placed in an ice bath.
Then, 500 pL of an OVA solution (0.08 mg/pL) was slowly added dropwise into the PLGA
dichloromethane solution under high-speed agitation using a homogenizer and emulsified
for 60 s at 7552 x g to form an emulsion. The emulsion was added to 20 mL of a 2% PVA
solution in an ice/water bath, emulsified for 60 s at 7552 x ¢ forming a double emulsion,
and stirred with a magnetic stirrer for 4 h to volatilize the dichloromethane. The double
emulsion was centrifuged at 16,992 x g for 10 min at a constant temperature of 4 °C and
then washed three times with deionized water to produce OVA-loaded PLGA-MPs.

2.2.4. Determination of Drug Loading on Microspheres

To determine the loading efficiency (LE), 10 mg PLGA-MPs was dissolved in 1 mL
acetonitrile, and the solution was centrifuged at 30,208 x g for 10 min. The supernatant
was discarded, and the precipitated protein was dispersed in a PBS solution. After cen-
trifugation, the supernatant was retained, precipitated, and dissolved in a 0.1 M NaOH
solution by vortexing; then, it was combined with supernatant, and the pH was adjusted to
7 with 0.1 M HCI. The OVA content was determined by the micro-BCA method in triplicate.
The LE was calculated as follows:

(Total amount of OVAFree amount of OVA)

Loading Efficiency (%) = (weight of MPs) x 100% (1)

2.2.5. Orthogonal Experiment Optimization

To obtain the optimal formulation of OVA-PLGA-MPs, an L9 (3°) orthogonal table
was used to investigate the effects of OVA dosage, PVA concentration, and PLGA dosage
on PLGA-MPs. (Table 1).

Table 1. Factors and corresponding levels for experimental design and optimization.

PLGA PVA OVA
1 10 1 50
2 20 2 100
3 40 3 150

2.2.6. Synthesis of Mannose-Modified Chitosan PLGA Microspheres

PLGA (50 mg) was dissolved in 2 mL of dichloromethane in an ice bath. The protein
solution (40 mg of OVA dissolved in 500 uL deionized water) was added dropwise to the
PLGA dichloromethane solution under high-speed shearing with a homogenizer (Xinzhi,
Ningbo, China). The solution was emulsified at 7552x g for 60 s to form an emulsion.
The emulsion was transferred to 20 mL of a 2% PVA acetic acid solution in an ice/water
bath, and 400 mg of MAN-modified CS (CS was added to synthesize CS-OVA-PLGA-MDPs)
was added and emulsified at 7552 x g for 60 s to form a double emulsion, which was stirred
using a magnetic stirrer (Shanghai Lichen, China) for 4 h until the organic solvent had
evaporated. The prepared composite emulsion was centrifuged at 16,992 x g for 10 min at
4 °C, and the sediment was washed three times with deionized water and then lyophilized
to obtain MAN-CS-OVA-PLGA-MPs.

2.2.7. Microsphere Surface Morphology, Particle Size, and Zeta Potential

The morphology of the MPs was observed by scanning electron microscope (Jeol,
JSM-7500F, Tokyo, Japan) after spraying with gold particles. The MPs were redistributed in
distilled water. The particle size and the zeta electromotive force of the MPs were measured
using a laser particle sizer (Anton Paar, Litesizer 500, Vienna, Austria).
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2.3. In Vitro Experiments
2.3.1. Cytotoxicity of MAN-CS-OVA-PLGA-MPs on DCs

The DC single-cell solution was prepared as previously reported [29]. The DC sus-
pension was adjusted to 1 x 10° cells/mL and seeded onto a 96-well plate. Once the DCs
grew into monolayers, 100 uL of different concentrations (10, 20, 40, 80, 160, or 320 ug/mL)
of FITC-OVA, OVA-PLGA-MPs, CS-PLGA-MPs, or MAN-CS-PLGA-MPs at were added
to the wells and cultured for a further 24 h. Next, 10 puL of Cell Counting Kit-8 (CCK-8)
reagent was added to each well and the OD was measured using a microplate reader at
450 nm after 4 h.

2.3.2. Phagocytosis of Different Microspheres by DC Cells

The DCs were inoculated into a 6-well cell-culture plate with a round coverslip.
After 24 h of culture, FITC-OVA, CS-OVA-PLGA-MPs, or MAN-CS-OVA-PLGA-MPs were
added, and after a further incubation of 12 h, the DCs on the coverslips were fixed with
4% paraformaldehyde for 20 min and permeabilized with Triton X-100 for 4 min. Next,
the cells were stained with Phalloidin-iFluor 555 Reagent for 50 min and with DAPI staining
solution for 5 min. Finally, the DCs were mounted with 90% glycerol and visualized using
a confocal laser scanning microscope (LSM 800, Zeiss, Oberkochen Germany).

2.3.3. The Effect of MAN-CS-OVA-PLGA-MPs on the Delivery of OVA

The DCs were inoculated in a 6-well cell-culture plate on a round coverslip. After 24 h
of culture, FITC-OVA, CS-OVA-PLGA-MPs, or MAN-CS-OVA-PLGA-MPs were added
and the cells were cultured at 37 °C for an additional 12 h. Then, the culture media were
withdrawn and discarded, the DCs were washed three times with PBS, and 100 uL SDS cell
lysis buffer was added into each well to lyse the cells. The fluorescence intensity (excitation
wavelength 495 nm, emission wavelength 528 nm) was measured by a fluorescent enzyme
labeling instrument (iMark, Bio-Rad, Philadelphia, PA, USA) to assess the cellular uptake
of the different MPs.

2.4. In Vivo Experiments
2.4.1. Mice Grouping and Immunization

Five-week-old Institute of Cancer Research (ICR) mice (Grade II, females, weight:
18-22 g) were provided by Sichuan Laboratory Animal Center (China). All animal proce-
dures were performed as per internationally accepted principles, mentioned in the Guide-
lines for Keeping Experimental Animals issued by the government of China and approved
by the Institutional Animal Care and Use Committee, Southwest University (IACUC Ap-
proval No. IACUC-20191224-18). The mice were randomly divided into 5 groups of 22 mice
each. All mice were fed separately. MPs were dispersed in normal saline, and the mice
were immunized with MAN-CS-OVA-PLGA-MPs (806 pg/0.2 mL), CS-OVA-PLGA-MPs
(769 ng/0.2 mL), OVA-PLGA-MPs (633 pug/0.2 mL), OVA (50 ng/0.2 mL), and normal saline
(0.2 mL). The mice were injected subcutaneously into the neck and tail (0.1 mL twice every
week with a total dose of 0.2 mL per week). The mice were randomly selected and their
blood was collected at 14, 21, 28, 35, and 42 days after the first immunization. The serum
samples were separated and stored at —70 °C. The mice were sacrificed, and their spleens
were collected aseptically.

2.4.2. Immunophenotype of Spleen Lymphocytes in Mice

On the 28th day after the first immunization, the ICR mice were sacrificed, and the
spleen was removed aseptically. A single-cell suspension was prepared according to our
previous report [30]. The total number of spleen cells was about 1 x 10° ina 1.5 mL EP tube,
centrifuged at 265.5x g and 4 °C for 5 min. Next, 1 mL of 5% skimmed milk was added to
block for 1 min, followed by centrifugation at 265.5x g at 4 °C for 5 min. The supernatant
was discarded, and the cells were resuspended in 100 uL PBS, followed by the addition of
100 uL PBS containing anti-CD4-PE (1:200), anti-CD8-PE (1:200), or anti-CD3e-FITC (1:200),
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and the suspensions were mixed and kept, away from the light, for 30 min at 4 °C. Next,
500 uL PBS was added and mixed, followed by centrifugation at 118 x g to remove the
supernatant. Thereafter 500 uL PBS was added and mixed, and the mixture was passed
through a 200-mesh nylon filter, transferred into a flow tube, and placed in an icebox.
Fluorescence-activated cell sorting (FACS) (BD Biosciences, California, USA) was used to
evaluate the percentages of CD3"*CD4" and CD3"CD8" T cells present in the stained cells.

2.4.3. The Maturation of DCs in Mouse Spleen

The ICR mice were immunized and were subsequently sacrificed after 24 h. Their spl-
eens were taken out aseptically, and a single-cell suspension was prepared as previously
reported [31]. Spleen cells (1 x 10° in 1.5 mL) were placed in an EP tube and centrifuged
at 265.5x g and 4 °C for 5 min. Skimmed milk (5% m/v) was added to block for 1 min,
followed by centrifugation for 5 min at 265.5x g and 4 °C, and the supernatant was
discarded. The cells were resuspended in 100 pL PBS, and then 100 uL PBS containing
CD11c¢-FITC, CD80-PE, CD86-PE, or MHC-II-PE (all at 1:200) was added into each tube.
The cells were mixed by vortexing and kept, away from light, for 30 min at 4 °C. Next,
500 pL PBS was added, mixed by vortexing, and centrifuged at 118 x g. To the supernatant,
500 pL PBS was added; the mixture was vortexed, passed through a 200-mesh nylon
filter, transferred to a flow tube, and placed on ice, and the CD11c-CD80, CD11c-CD86,
and CD11c-MHC-II were determined by flow cytometry.

2.4.4. Determination of OVA-Specific IgG and IgG Isotype in Serum of Mice

Indirect ELISA was used to determine the level of antibody subclass in the serum
of mice 42 days following the first immunization. OVA-specific IgG titer and subclass
were determined by ELISA assay as described in our previous report [32]. Briefly, 100 uL
of coating solution (0.05 mol/L carbonate buffer containing 10 pg/mL OVA) was added
to the wells of a 96-well enzyme plate and incubated at 4 °C for 18 h. The solution was
removed, and the wells were washed 3 times for 3 min using wash buffer (0.01 mol/L PBS,
0.5% Tween-20, pH 7.2). Next, 300 puL of a 1% skim milk solution was added to each well
and incubated at 37 °C for 1 h. Subsequently, the solution was removed, and the wells
were washed 3 times for 3 min each time. Diluted (1:100) serum sample (100 uL/well)
was added and incubated at 37 °C for 1 h. The solution was withdrawn and the wells
were washed 3 times for 3 min each time. Horseradish peroxidase (HRP)-conjugated
antibodies against IgG, IgG1, IgG2a, or IgG2b (1:1000 dilution) were added at 100 pL/well,
and the 96-well plate was shaken to mix the solution fully, followed by incubation at room
temperature for 1 h. The solution was withdrawn and the wells were washed 3 times
for 3 min each time. Finally, 3,355 -tetramethylbenzidine (TMB) substrate solution was
added (100 uL/well) to develop the colorimetric reaction, followed by incubation at 37 °C
in the dark for 15 min, after which 50 uL. 2 M H,S0,4 was added to each well to terminate
the reaction. The OD450 value was determined using a microplate reader (Model 680,
Bio-Rad, Philadelphia, PA, USA).

2.4.5. Detection of Cytokines in Serum of Immunized Mice by ELISA

The concentration of cytokines in the serum of ICR mice was measured 42 days
following the first immunization. The levels of IL-2, IL-4, IL-6, and IFN-y in serum samples
were detected by ELISA according to the instructions of the commercial kit.

2.5. Statistical Analysis

Test results are expressed as the mean =+ standard deviation. SPSS 22 software (SPSS,
Chicago, IL, USA) was used for data analysis. Duncan and LSD’s multiple range tests
were used to determine the difference among groups. p < 0.05 was considered to be
significantly different.
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3. Results
3.1. Physicochemical Characteristics
3.1.1. Identification of Mannose-Modified Chitosan

The MAN-modified CS was synthesized by reduction and ammoniation reaction of
CS and MAN. If the synthesis of MAN-modified CS is successful, the theoretical elemental
value of H and O will increase, while the elemental value of C and N will decrease [33].
The results of the elemental analysis, as illustrated in Table 2, indicate that, compared with
CS, the elemental value of H and O of MAN-modified CS had increased compared with
CS alone. In contrast, the elemental value of C and N had decreased. Thus, the changes
in the actual values obtained by the elemental analyzer were consistent with a successful
synthesis of MAN-modified CS.

Table 2. The results of elemental analysis.

Chitosan Mannose-Modified Chitosan
C:39.99 C:39.26
H:6.42 H:6.87
0:45.37 0:45.52
N:7.63 N:7.24

3.1.2. FT-IR Spectroscopy Analysis

The FT-IR spectra of the MAN, CS, and MAN-modified CS were measured in the 400
to 4000 cm~! range, and the results are shown in Figure 2A-C. The FT-IR spectrum of
MAN-modified CS contains all the characteristic peaks of CS, including a broadly intense
stretched peak in the 3200 to 3600 cm ™! region corresponding to hydroxyl and amino
absorption peak stretching vibrations, and the characteristic absorption peak of methyl
and methylene stretching vibrations was detected in the 2993 cm ™! region. An absorption
peak between 1500 and 1600 cm ™! represented C=0 asymmetric stretching vibrations.
Within the 900 to 1200 cm ™! region, the C-O-C stretching vibration absorption represented
the peaks of glucose. In addition, the absorption peaks in the 1257, 1151, 1097, 1058,
925, and 663 cm ™! regions represented the same characteristic stretching vibrations as
seen in CS. The other absorption peaks, in the 1579 and 1421 cm ! regions, represented
two stretching vibrations characteristic of mannose. The results show that the polymer

is composed of CS and MAN, suggesting that the synthesis of MAN-modified CS was
successful [33].
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Figure 2. FT-IR spectra of mannose-modified CS. The IR spectrum of the sample powder was analyzed using the potassium
bromide pellet method in an IR spectrophotometer. The data were determined between 4000 and 400 cm~ L. The IR
characteristics of mannose (MAN) (A), CS (B), and MAN-modified CS (C) are illustrated.

3.2. Orthogonal Design of PLGA Microspheres

According to the orthogonal experiment design (Tables 2 and 3), the optimal conditions
for the preparation of PLGA-MPs were 40 mg PLGA, 50 mg OVA, and a concentration of
PVA in the external water phase of 2%; therefore, we prepared the MPs according to this
optimal formula. The particle size and drug loading capacity of the nanoparticles indicate
that the MPs prepared by the method adopted in this paper display a good particle size,
drug loading reproducibility, and stability.

Table 3. L9 (3%) orthogonal table.

PLGA PVA OVA LE(%)

1 10 1 50 3.25
2 10 2 100 3.15
3 10 3 150 1.27
4 20 1 100 1.69
5 20 2 150 6.48
6 20 3 50 3.22
7 40 1 150 5.83
8 40 2 50 8.4
9 40 3 100 8.1

K1 2.55 3.59 4.95

K2 3.79 6.01 431

K3 7.44 4.19 4.52
R 4.88 242 0.43

A3B2C1

3.3. Morphology of the Microspheres Obtained by SEM

As illustrated in Figure 3, the PLGA-MPs are relatively regular and uniform in size.
Compared with PLGA-MPs, mannose-modified CS MPs have partial adhesion, which may
be related to the adsorption of CS.
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Figure 3. Morphology of MAN-CS-OVA-PLGA-MPs visualized by scanning electron microscopy.

3.4. The Particle Size and Electromotive Force of Three Types of PLGA Microspheres

The cell membrane is composed of a phospholipid bilayer structure, with hydrophilic
phosphate groups on the outside and hydrophobic fatty acids on the inside. The external
phosphate groups and glucuronic acid are negatively charged, and CS is the only natural
polysaccharide with a positive charge. As shown in Table 4, the zeta electromotive force
(EMF) of OVA-PLGA-MPs was —14.8 MV, while the zeta EMFs of CS-OVA-PLGA-MPs
and MAN-CS-OVA-PLGA-MPs increased to 31.6 MV and 30.8 MV, respectively (p < 0.05).
The particle size of OVA-PLGA-MPs was 6.45 pm, while the CS-OVA-PLGA particle size
significantly increased to 9.02 um (p < 0.05). However, the MAN-CS-OVA-PLGA-MPs
only increased to 7.9 um. The drug loading capacities of CS-OVA-PLGA-MPs and MAN-
CS-OVA-PLGA-MPs were decreased significantly compared with the OVA-PLGA-MPs.
There was no significant difference between the drug loading capacities of CS-OVA-PLGA-
MPs and MAN-CS-OVA-PLGA-MPs (p > 0.05).

Table 4. Physical properties of three different types of PLGA microspheres.

Group Zeta EMF (mv)  Particle Size (um) Drug Loading (%)
OVA-PLGA-MPs —-148+19% 65+047 79+£022
CS-OVA-PLGA-MPs 31.6£04° 9.0+£05P 65+02P
MAN-CS-OVA-PLGA-MPs 308+ 1.1° 794+05¢ 62+12P

Results are presented as the mean + SD. Data within a column without the same superscripts @~ differ
significantly (n = 3, p < 0.05).

3.5. In Vitro Experiments
3.5.1. Cytotoxicity of MAN-CS-OVA-PLGA-MPs towards DCs

As important antigen-presenting cells of the immune system, DCs not only participate
in eliciting specific and nonspecific immune responses but also serve as “bridge cells”
between the two [34]. Therefore, their normal function will directly or indirectly affect the
ability of antigen presentation and clearance during an immune response. The immune-
modulation effect of MAN-CS-OVA-PLGA-MPs on DCs is shown in Figure 4. The MAN-
CS-OVA-PLGA-MPs were not cytotoxic to DCs in the concentration range of 10-640 ug
mL~! and even increased cell proliferation. Maximum cell proliferation activity was
observed at a concentration of 80 g mL~! and was significantly different from the control
group (p < 0.05). Therefore, a concentration of 80 g mL~! was selected for subsequent
experiments.
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Figure 4. Effect of MAN-CS-OVA-PLGA-MPs on the activity of DCs. Macrophage cell activity was measured using the
CCK-8 method. Results are presented as mean =+ SD (n = 6). Significant differences are indicated with different letters

(p < 0.05).

3.5.2. Effects of MAN-CS-OVA-PLGA-MPs on the Phagocytic Activity of DCs

In order to explore the ability of DCs to take up MAN-CS-OVA-PLGA-MPs, the phago-
cytic effect of DCs on antigens was observed using laser confocal scanning microscopy. Dif-
ferent fluorescence intensities indicate the uptake of different antigens by DCs. As shown
in Figure 5, the fluorescence intensities in the MAN-CS-OVA-PLGA-MP and CS-OVA-
PLGA-MP groups are significantly higher than those in the OVA group. This shows that CS
enhanced the ability of the DCs to take up antigens. Compared to the CS-OVA-PLGA-MP
group, the fluorescence intensity of the MAN-CS-OVA-PLGA-MP group was significantly
increased. We found that MAN-CS-OVA-PLGA-MPs were mainly distributed in the cy-
toplasm and there was also a large amount of antigen adsorbed on the cell surface to be
phagocytosed by DCs. These findings indicate that the MAN-modified CS could enable
DCs to take up more OVA.

3.5.3. The Delivery Effect of MAN-CS-OVA-PLGA-MPs on OVA

As illustrated in Figure 6, the fluorescence intensity of the MAN-CS-OVA-PLGA-
MPs, CS-OVA-PLGA-MPs, and PLGA-MPs was significantly higher than that of the free
OVA group (p < 0.01). The results show that PLGA displayed passive targeting, which
significantly enhanced the efficiency of antigen phagocytosis. In the present study, the fluo-
rescence intensity in the MAN-CS-OVA-PLGA-MP group was significantly higher than
that of the CS-OVA-PLGA-MP group (p < 0.01). This indicates that the phagocytic effect of
the MAN-CS-OVA-PLGA-MPMAN-CS-PLGA MPs group was significantly higher than
that of the CS-OVA-PLGA-MP groupCS-PLGA MPs. The MAN-modified CS-conjugated
MPs improved the phagocytotic efficiency compared with unmodified CS-conjugated MPs.
The glycosylation of MAN promoted active targeting of the microspheres and significantly
improved the phagocytosis rate of the MPs.
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Control OVA OVA-PLGA CS-OVA-PLGA-MPs MAN-CS-OVA-PLGA-MPs

DAPI

FITC

merge

Figure 5. Laser confocal scanning microscopy analysis of MAN-CS-OVA-PLGA-MP uptake by DCs. DCs were inoculated
in a 6-well cell-culture plate on a round coverslip. After 24 h of culture, OVA-PLGA, CS-OVA-PLGA-MPs, MAN-CS-OVA-
PLGA-MPs, or OVA was added separately. After an additional incubation for 12 h, the cells on the coverslips were fixed
and stained using DAPI and Phalloidin-iFluor 555. Blue fluorescence indicates the nucleus, labeled by DAPI, while red
fluorescence indicates the actin, stained with Phalloidin-iFluor 555. Cells were mounted with 90% glycerol and visualized
using a confocal laser scanning microscope.
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Figure 6. Effect of different microspheres on the phagocytic efficiency of DCs. Results are presented as mean =+ SD (n = 6).
Bars marked with different letters (a—e) indicate statistically significant differences (p < 0.05).
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3.6. In Vivo Experiments
3.6.1. Effect of MAN-CS-OVA-PLGA-MPs on OVA-Specific IgG and IgG Isotype Antibody
Titers of Murine Serum

To evaluate the effect of MAN-CS-PLGA-MPs on serum antibody response in mice,
serum was collected, and the OVA-specific IgG antibody was detected by ELISA. As shown
in Figure 7A, 14-21 days following the first immunization, the IgG antibody response in
the OVA group was higher than that in the other groups, while on day 28, the IgG antibody
response induced by injection of MAN-CS-PLGA-MPs began to level off, and on day 42
after the first immunization, the IgG antibody response induced by MAN-CS-PLGA-MPs
was significantly higher than that of the OVA group (p < 0.01). As illustrated in Figure 7B,
the specific IgG1, IgG2a, and IgG2b antibody titers stimulated by MAN-CS-OVA-PLGA-
MPs were higher than those in the other groups, and the specific IgG1 and IgG2b produced
by mice in the MAN-CS-PLGA-MPs group were significantly higher than those produced
by mice in the other groups (p < 0.05); compared to OVA-PLGA-MPs alone, the specific
IgG2a produced by the mice in MAN-CS-PLGA-MPs group was significantly increased
(p <0.05). These data show that MAN-CS-PLGA-MPs could induce a strong, specific
humoral immune response.
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Figure 7. Effect of the MAN-CS-OVA-PLGA-MPs on OVA-specific IgG and IgG subtypes in serum
of mice. (A) Serum samples were collected for ELISA from immunized ICR mice in all groups
between 14-42 days following the first immunization. (B) The OVA-specific IgG (A) and IgG
isotype (IgG2a, IgG2b, and IgG1) serum levels were determined by ELISA as described in Section 2.
The concentrations of IgG and IgG isotopes are presented as mean + standard deviation. * p < 0.05,
** p < 0.01 compared with OVA; # p < 0.05 compared with CS-OVA-PLGA-MPs. Results are presented
as the mean + SD (n = 3).
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3.6.2. Effect of MAN-CS-OVA-PLGA-MPs on the Immunophenotype of Spleen
Lymphocytes in Mice

Helper T (Th) cells play a crucial role in the activation of helper B cells and the pro-
duction of antibodies with high affinity. The CD4 receptor, which is mainly expressed
in Th cells, is the common receptor of the T-cell receptor, while the CD8 receptor is ex-
pressed in cytotoxic T lymphocytes. The ultimate goal of vaccination is to increase the
number of Th cells, improve the immune response, and achieve immune protection and
prevention. In this study, the level of Th cells in the spleen lymphocytes of mice immu-
nized with OVA, OVA-PLGA-MPs, CS-OVA-PLGA-MPs, and MAN-CS-OVA-PLGA-MPs
was evaluated by flow cytometry. As shown in Figure 8, the proportion of CD4" T cells
and CD8* T cells measured in the spleen of mice immunized with PLGA-MPs, CS-OVA-
PLGA-MPs, and MAN-CS-OVA-PLGA-MPs was significantly increased compared with
the OVA group (p < 0.01). Compared with the CS-OVA-PLGA-MPs group, the proportion
of CD4* T cells and CD8* T cells in the MAN-CS-OVA-PLGA-MPs group was significantly
increased (p < 0.01). The present results reveal that both CS-OVA-PLGA-MPs and MAN-
CS-OVA-PLGA-MPs promoted an immune response partly by increasing selected T cell
subpopulations in immunized mice, with MAN-CS-PLGA-MPs showing a stronger effect
than CS-OVA-PLGA-MPs. They also suggest that the MR-targeted nano-MPs can enhance
the efficacy of delivery of CS-OVA-PLGA-MPs to T cell subpopulations.
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Figure 8. Effects of MAN-CS-OVA-PLGA-MPs on the ratio of CD3* CD4" T cells to CD3* CD8" T
cells in spleen cells of mice 28 days following the first immunization. Blood samples were collected
and the ratio of CD4*/CD8" was determined by FACS. Results are presented as the mean + SD
(n =3).** p <0.01 compared with OVA group; ## p < 0.01 compared with OVA group.

3.6.3. Effect of MAN-CS-OVA-PLGA-MPs on the Expression of DC Surface Molecules in
the Spleen

To evaluate the effect of different MPs on the activation of DCs in mouse spleen,
the expression of MHC II, CD80", and CD86" in DCs of the mice was determined by flow
cytometry. As shown in Figure 9, C5S-OVA-PLGA-MPs and MAN-CS-OVA-PLGA-MPs
induced higher CD80*, CD86", and MHC II expression 24 h after the first immunization
compared with the OVA group. The expression of CD80* and MHC II in the mice of the
MAN-CS-OVA-PLGA-MPs group was significantly higher compared with the CS-OVA-
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PLGA-MPs group (p < 0.01). The present data suggest that the use of MAN-CS-OVA-PLGA-
MPs significantly improved the maturation of DCs and reveal that the MAN-R-targeted
delivery system can efficiently deliver the adjuvant and OVA to DCs, facilitating the
maturation of the DCs and enhancing the immune response.
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Figure 9. Effect of MAN-CS-OVA-PLGA-MPs on the expression of DC surface molecules in the spleen
of mice immunized for 24 h. The spleens were removed from immunized mice on day 3 following the
first immunization, and splenocyte suspensions were prepared. The cells were double-stained with
anti-CD11¢-FITC and anti-MHC II-PE, anti-CD11¢-FITC and anti-CD80-PE, or anti-CD11¢-FITC and
anti-CD86-PE. Then, the expression levels of surface molecules (MHC II, CD80*, and CD86™) were
analyzed using FACS. FITC-stained positive cells represent DC cells. The PE-stained positive cells
represent the cells that expressed surface molecules. The PE and FITC double-positive cells identified
the DCs that expressed surface molecules. The percentage of PE and FITC double-positive cells were
selected and recorded in each sample as well as the percentage of MHC II, CD80*, and CD86-positive
DCs compared to total DCs. Data are presented as means + SD (n = 3), with different letters (a—d)
indicating significant differences (p < 0.05).

3.6.4. Effect of MAN-CS-OVA-PLGA-MPs on the Concentrations of Cytokines in the
Serum of Mice

The concentration of cytokines in the serum of ICR mice was determined by ELISA
42 days following the first immunization. As shown in Table 5, compared with the OVA,
CS-OVA-PLGA-MPs, OVA-PLGA-MPs, and saline groups, the concentration of IL-4, IL-6,
and IFN-y in the serum of mice injected subcutaneously with MAN-CS-OVA-PLGA-MPs
had increased significantly (p < 0.05). MAN-CS-OVA-PLGA-MPs significantly enhanced the
production of Th1 and Th2 cytokines in ICR mice, revealing that MAN-CS-OVA-PLGA-MPs
can promote both Th1 and Th2 responses simultaneously. The enhancement of cytokine
(IL-4, IL-6, and IFN-y) production with MAN-CS-OVA-PLGA-MPs was stronger than with
CS-PLGA-MPs, indicating that the MAN-CS-OVA-PLGA-MPs significantly potentiated
the immunological activity of CS-OVA. This also suggests that the MR targeting enhances
the delivery efficacy of CS-OVA-PLGA-MPs in mice. The present results demonstrate
that MAN-CS-OVA-PLGA-MPs significantly stimulate Th cells to produce Th1- and Th2-
type cytokines.
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Table 5. Effect of MAN-CS-OVA-PLGA-MPs on the level of several cytokines in the serum of mice.

Group IL-2 (pg/mL) IL-4 (pg/mL) IL-6 (pg/mL) IFN-v (pg/mL)

Saline 4295 +0.0452 11.540 +£2.8202 36.835 +0.4852 27.200 £ 0.630 2
OVA 42104 0.580 2 12.735 + 0.835 &b 37.320 4 1.230 28.665 + 0.845 2P
OVA-PLGA-MPs 4245 +03152 16.015 =+ 2.845 @b 37.805 + 1.275ab 28.900 + 0.430 2P
CS-OVA-PLGA-MPs 4525 4 0.165 2 16.255 &+ 1.185P 39.930 4+ 0.750 b 29.565 + 0.075 2P
MAN-CS-OVA-PLGA-MPs 4.635 +0.0452 21.860 £ 3.720 € 40.175 £ 1.975¢ 30.525 + 1.065 °

Data are means & S.D. (n = 3). Data within a column without the same superscripts (a—c) differ significantly (p < 0.05).

4. Discussion

With the research of protein structure and function, many protein drugs have been
developed. However, most protein drugs are characterized by a short half-life and poor
stability and are readily enzymolyzed. This is a major limitation for their use as therapeutic
agents in biomedical research and the pharmaceutical industry. Therefore, the dosage
form is single and often requires frequent administration [34]. In recent years, polypeptide
and protein drug carriers consisting of biodegradable polymer materials, among which
PLGA is the most studied, have attracted the attention of researchers. PLGA has good
biocompatibility, its long-term use will not result in accumulation in the body, and it has
the characteristics of slow-release drugs, reducing toxicity and side effects [35]. PLGA is a
promising base material approved by the FDA and has been used extensively to specifically
target drugs to diseases as NPs or as site-specific delivery agents inserted as a film but is
limited to loading positively charged molecules [16].

The surface charge of nanoparticles is a crucial biological indicator to influence the
interaction between nanoparticles and cells [36]. Although neutral and negatively charged
particles may be more advantageous for systemic administration in the blood [36], cationic
particles are useful drug carriers, especially for proteins, peptides, and DNA [37,38].
The cell membrane is composed of a phospholipid bilayer structure, with hydrophobic
fatty acids on the inside and hydrophilic phosphate groups on the outside. The exter-
nal phosphate groups and glucuronic acid are negatively charged. Cationic particles can
easily interact with the cell membrane and promote subsequent bioactivity. CS is a nat-
ural polysaccharide with positively charged cationic polymers [39,40], commonly used
as coating materials for biodegradable PLGA or poly (D,L-lactic acid) particles [41] as
drug carriers. Cationic surface modification of nanoparticles can be obtained either dur-
ing the formation of PLGA particles or by incubating polyelectrolytes with preformed
PLGA particles [42]. In the present study, we conjugated negatively charged PLGA-MPs
to the positively charged MAN-modified CS to form a novel MAN-R-targeted delivery
system. Our zeta EMF (mv) results indicate that when OVA-PLGA-MPs were negatively
charged, CS-OVA-PLGA-MPs and MAN-CS-OVA-PLGA-MPs became negatively charged
as well. This suggested that MAN-modified CS-conjugated antigen loading of PLGA-MPs
is an effective strategy to change the surface charge of drug-loading MPs to increase their
efficiency of interaction with antigen-presenting cells (APCs).

Anideal vaccine can effectively induce both cellular immunity and humoral immunity,
which entails B cell-mediated production of antigen-specific antibodies [43]. In the present
study, we demonstrated that MAN-CS-OVA-PLGA-MPs induced mice to produce high
levels of IgG, IgG1, IgG2a, and IgG2b. It can be concluded that PLGA-MPs can present
antigens more effectively, which can significantly improve the level of specific antibodies
and antibody subclasses, and effectively induce a humoral immune response. This finding
is consistent with similar previous work, such as that of Li et al. (2015) which studied
mannan-decorated thiolated Eudragit MPs (Man-TEM) as a nasal vaccine carrier. The OVA-
loaded Man-TEM was used in nasal vaccination in mice, demonstrating that Man-TEM
induced higher levels of serum IgG than the soluble OVA group due to the specific recogni-
tion of MR of APCs by the mannan part of the Man-TEM, indicating that Man-TEM was
sufficient to promote OVA-specific humoral immunity in mice [44].
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Cellular immunity is also essential to effective immune-mediated protection against
disease, which directs cell-mediated killing and cytokine production enhancing pathogen
and tumor cell clearance and regulating system immunity. The spleen is one of the most
important immunity organs. Likewise, B cells and T cells are essential immune cells. B cells
are mainly involved in humoral immunity and T cells are mainly involved in cellular
immunity. Cytokines secreted by Th cells play an important role in regulating the immune
response. For example, IFN-y and IL-2 are mainly secreted and mediated by Th1 cells,
while IL-4 and IL-6 are mainly secreted and mediated by Th2 cells. The immune response
of cells depends on the activation of antigen-specific CD3*CD4" T cells and CD3*CD8*
T cells [45,46]. CD3 is a surface marker of mature T lymphocytes. Helper T cell 2 (Th2),
which has the functions of promoting Th2 cell proliferation, inhibiting Th1 cell proliferation,
assisting B cell activation, and enhancing B cell-mediated humoral immunity, is a CD4*
T cell. CD8 is mainly expressed on the surface of cytotoxic T cells (CTLs) and can kill
target cells specifically [47]. The mutual regulation of immune responses depends on the
exchange of cytokines secreted by various types of Th cells to ensure the normal signal
transmission and maintain the stability of the immune inner ring [48]. The ultimate goal
of vaccination is to improve the immune enhancement effect of Th cells, promote the
activation of B cells to produce antibodies, and achieve the purpose of immune protection
and disease prevention [48]. In the present study, the ratio of CD3*CD4*/CD3*CD8" T
cells in spleen lymphocytes of immunized mice was detected by flow cytometry. The results
show that the ratio of CD3*CD4* /CD3"CD8" T cells was highest in mice immunized using
MAN-CS-OVA-PLGA-MPs. In this study, we also determined the concentration of Thl
and Th2 cytokines in the serum of immunized mice and found that MAN-CS-OVA-PLGA-
MPs can promote the secretion of cytokines by two types of cells, which shows that the
application of MAN-CS-OVA-PLGA-MPs as an antigen delivery system can effectively
stimulate the immune activity of Th cells.

Immunotherapy refers to the treatment of a low or high immune state of the body,
artificially enhancing or inhibiting the immune function of the body in order to achieve the
purpose of disease treatment [49]. Immunotherapy requiring an efficient T lymphocyte
response is initiated by antigen delivery to APCs. DCs are the most effective “professional”
APCs. Several key steps are involved in the induction of the protective immune response,
including the uptake of APCs, the treatment with antigens, and the activation of APCs
to effectively activate T cells and B cells [49,50]. In addition, DCs are the main regulator
of the adaptive immune response and the only cell type that can promote the prolifera-
tion of T cells [51]. Immature DCs have a strong endocytic ability and express various
pathogen-recognition receptors, such as the toll-like receptor (TLR), and continuously
collect danger signals from their surroundings. TLR triggers phenotypic changes, promotes
Ag processing and MHC presentation, and increases cytokine production, a process known
as DC maturation [52,53]. Immature DCs are transformed into mature DCs that express
relatively high levels of surface MHC (class I and class II) and costimulatory molecules,
including CD80* and CD86". Upon maturation, the antigen uptake ability of DC cells
decreases, but their T cell stimulation ability increases, which increases the chance of T cell
capture and interaction [54]. Therefore, the expression of surface molecules indicates the
maturation and activation of DCs, which is a prerequisite for effective antigen presentation.
Three kinds of MPs were prepared in this work and used to immunize mice by injection.
The expression level of DC surface molecules in spleen cells of the immunized mice in
each group was measured 24 h following injection. The present results indicate that MAN-
CS-PLGA-MPs significantly promoted the expression of CD80*, CD86*, and MHC 1II in
mice spleen DCs cells, which confirmed that MAN-CS-PLGA-MPs more strongly activated
the maturation of DCs compared with the other MPs. The maturation level of DCs in
the spleen provides excellent conditions for the activation of effector T cells and for the
stimulation of the cellular immune response [55,56].
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5. Conclusions

In this work, we showed that MAN-CS-OVA-PLGA-MPs acted as an MR-targeting
antigen delivery system that significantly enhanced the cellular and humoral immune
response via facilitating the maturation of DCsRAW264.7. Our results reveal that MAN-CS-
OVA-PLGA-MP:s efficiently delivered the CS and OVA to DCs and significantly promoted
the antigen-presenting efficiency. An immunization strategy using MAN-CS-OVA-PLGA-
MPs encapsulating antigen or adjuvant is an efficient approach for antigen presentation
that induces stronger antigen-specific immune responses than free antigen. These findings
pave the way to using MAN-CS-OVA-PLGA-MPs as an antigen and adjuvant delivery
system for future vaccine formulations and to delivering nanotherapeutics to diseased
cells, improving their potency and efficacy.
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