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Background: Poly(lactic-co-glycolic acid) (PLGA) has been extensively applied for sustained
drug delivery and vaccine delivery system. However, vaccines delivered by PLGA nanoparticles
alone could not effectively activate antigen-presenting cells (APCs) to induce strong immune
responses.

Purpose: The aim of the present study was to design polyethylenimine (PEI)-modified
Chinese yam polysaccharide (CYP)-encapsulated PLGA nanoparticles (CYPP-PEI) as
a vaccine delivery system and evaluate the adjuvant activities in vitro and in vivo.
Materials and Methods: Cationic-modified nanoparticles exhibited high antigen absorp-
tion and could be efficiently taken by APCs to enhance the immune responses. Therefore,
PEI-modified CYP-encapsulated PLGA nanoparticles (CYPP-PEI) were prepared. The sto-
rage stability and effective adsorption capacity for porcine circovirus-2 (PCV-2) antigen of
these antigen-absorbed nanoparticles were measured for one month. Furthermore, the adju-
vant activity of CYPP-PEI nanoparticles was evaluated on macrophages in vitro and through
immune responses triggered by PCV-2 antigen in vivo.

Results: The PCV-2 absorbed CYPP-PEI nanoparticles showed excellent storage stability
and high absorption efficiency of PCV-2 antigen. In vitro, CYPP-PEI nanoparticles promoted
antigen uptake, enhanced surface molecular expressions of CD80 and CD86, and improved
cytokine secretion of TNF-o, IFN-y, and IL-12p70 in macrophages. After immunization with
CYPP-PEI/PCV-2 formulation in mice, the expressions of surface activation markers on
dendritic cells which located in draining lymph nodes were increased, such as MHCI,
MHCII, and CD80. In addition, CYPP-PEI nanoparticles induced dramatically high PCV-
2-specific IgG levels which could last for a long time and stimulated the secretion of subtype
antibodies and cytokines. The results showed that CYPP-PEI could induce Th1/Th2 mixed
but Thl-biased type immune responses.

Conclusion: Polyethylenimine-modified Chinese yam polysaccharide-encapsulated PLGA
nanoparticle was a potential vaccine delivery system to trigger strong and persistent immune
responses.

Keywords: Chinese yam polysaccharide, polyethylenimine, poly(lactic-co-glycolic acid),

nanoparticles, macrophages, immune response

Introduction
Chinese yam polysaccharide (CYP), as one of the important active ingredients of
Chinese yam, is comprised of B-1,3-glucose, a-1-galactose, a-1,6-galactose with
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a molecular weight of 1.66 kDa.' Diverse biological activ-
ities of Chinese yam polysaccharide have been demon-
strated such as immunomodulatory,z’3 antioxida‘[ion,4’5
antitumor.®” Recently, the immunomodulatory activity of
yam polysaccharide attracted increasing attention.®’

The drug delivery system was developed to sustain drug
release and facilitate the drug bioavailability.'° Poly(lactic-co
-glycolic acid) (PLGA), a popular nanomaterial with favor-
able degradation and hydrophilicity, has been broadly
applied for sustainable drug delivery and vaccine delivery
system.''"™"® However, PLGA nanoparticles alone as vac-
cines delivery system could not effectively activate APCs
and induce strong immune responses. It is necessary to use
PLGA nanoparticles together with immunomodulatory
adjuvants.'* Numerous researches have found that PLGA
nanoparticles with positive surface charge had significant
potential as an antigen delivery system.'>!” In particular,
cationic-modified nanoparticles exhibited higher antigen
absorption and could be efficiently taken by APCs compared
with neutral charged nanoparticles.'”'® Porcine circovirus
type 2 (PCV-2), the virus caused a kind of epidemic viral
infectious disease in the porcine population, could result in
diverse clinical syndromes, such as postweaning multisyste-
mic wasting syndrome (PMWS), porcine dermatitis and
nephropathy syndrome (PDNS), and respiratory disease.'’
Although vaccination is a common method to control PCV-2
infection, for now subunit vaccines and inactivated vaccines

infections 20.21

cannot against pathogenic effectively.
Therefore, we hypothesized that cationic-modified CYP-
encapsulated PLGA nanoparticle was a high potential vac-
cine adjuvant to enhance immune efficacy of PCV-2 vaccine.

Macrophages are important phagocytes and contribute to
the innate immune responses and the adaptive immune
responses, which could do a critical job in resisting patho-
genic infections.”>** Furthermore, the activation of macro-
phages could upregulate the level of costimulatory molecule
expression such as CD80, CD86, CD40, MHC-II and the
cytokines like IL10, IL-12, TNF-o and IFN-y.**2* Previous
studies have demonstrated that nanoparticle-based vaccine
delivery system improved the antigen uptake capacity of
APCs (Dendritic cells, macrophages, etc.), which could con-
tribute to enhancing immune responses.?>~

The purpose of this study was to design and prepare the
polyethylenimine  (PEI)-modified = CYP-encapsulated
PLGA nanoparticles (CYPP-PEI) and determine whether
cationic-modified CYPP-PEI nanoparticles could enhance

the effect of macrophages in vitro and facilitate the

immune responses after immunization with PCV-2 anti-
gen-absorbed nanoparticles in vivo.

Materials and Methods

Materials

PLGA (lactic:glycolic ratio 75:25, MW: 15 kDa) was bought
from Jinan Daigang Biomaterial Co. Ltd (Shandong, China).
Chinese yam polysaccharide (CYP), Sephadex G-50, and
Pluronic F68 (F68) were purchased from Yuanye
Biomaterial Co. Ltd (Shanghai, China). 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
Polyethylenimine (PEI) (MW: 25 kDa) were obtained from
Sigma-Aldrich (USA). Inactivated PCV-2 antigen was sup-
plied by Jiangsu Academy of Agricultural Science. BCA
Protein Assay Kit and OVA-FITC were bought from
Solarbio Science Technology Co. Ltd. (Beijing, China).
The ELISA Kit to detect the antibody against Porcine
Circovirus Type 2 was purchased from KeQian Biology
Co., Ltd (Wuhan, China), Goat Anti-Mouse [gG/HRP was
purchased from Biosynthesis Biotechnology Co., Ltd
(Beijing, China).

Preparation of Nanoparticles

PEI-modified CYP-encapsulated PLGA nanoparticles
(CYPP-PEI) were prepared by water-oil-water (W/O/W)
double emulsion solvent evaporation method as described
previously.?’ ?° Briefly, the CYP aqueous solution (20 mg/
mL) was mixed with PLGA acetone solution (20 mg/mL)
with the volume ratio of 1:9. After sonicating for 2 min,
the mixture was dispersed into 0.7% F68 aqueous with the
volume ratio of 1:10 and sonicated for 3 min. The emul-
sion was stirred for 3 h to obtain the stable double emul-
sion. To be further modified with PEI, different weight of
PEI was added into the stable double suspension to yield
various PLGA/PEI ratios and applied to achieve enough
modification with magnetic stirring for 3 h at room tem-
perature (The PLGA:PEI weight ratio of 10:1, 20:1, 30:1
was, respectively, expressed as CYPP-PEI 1, CYPP-PEI 2,
CYPP-PEI 3).
(3000 rpm, 10 min) and the supernatant was obtained.

The nanoparticles were centrifuged
The preparation procedures of CYP-PLGA nanoparticles
(CYPP) were the same as CYPP-PEI nanoparticles with-
out PEIL, and the Blank PLGA (BP) nanoparticles were
synthesized without CYP and PEI.

To obtain the PCV-2 antigen-adsorbed nanoparticles,
the nanoparticles were synthesized in a similar approach as

mentioned above and then different formulations were
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vortexed with an equal volume of inactivated PCV-2 anti-
gen separately for 3 min and then stored at 4°C for 12 h.
Transmission electron microscopy (TEM) was applied to
detect
nanoparticles.

the morphology of PCV-2 antigen-absorbed

Characterization of Nanoparticles

The average size, zeta potential, and polydispersity index
(PDI) were examined by Zetasizer Nano Instruments
(Hydro2000Mu, MAL1009117, UK). The surface morphol-
ogy of nanoparticles was photographed by TEM (Tecnai 12,
Philips, Holland).

The CYP encapsulation efficiency of CYPP nanopar-
ticles and CYPP-PEI nanoparticles was determined
using modified microcolumn centrifugation method and
phenol-sulfuric acid method.***! Briefly, Sephadex G-50
was dispersed in deionized water overnight and centri-
fuged (1500 rpm, 5 min) to remove excess fluid before
fabricated.
Subsequently, nanoparticles were added into the micro-

the Sephadex-50 microcolumns were
column and centrifuged (2000 rpm, 10 min), after which
free CYP could separate from the nanoparticles.

The encapsulation efficiency (EE) of CYP was
accessed by the phenol-sulfuric acid method and calcu-
lated as follows:

EE (%) = Ce/Ct x 100

where EE is the encapsulation efficiency, Ct is the total
amount of CYP, and Ce is the encapsulated amount
of CYP.

Stability of PCV-2 Antigen-Absorbed

Nanoparticles

The CYPP-PEI nanoparticles and PCV-2 absorbed
nanoparticles were quiescently stored at 4°C. In order
to test storage stability, the average size, zeta potential,
and PDI were examined on day 7, 14, 21, and 28,
respectively.

The stability of PCV-2 adsorption efficiency was mea-
sured by a BCA kit at the same intervals over 28 days. In
order to measure the adsorption efficiency of PCV-2, the
prepared PCV-2-adsorbed nanoparticles were ultra-
centrifuged at 4°C, 12,000 rpm for 30 min. Then, the
content of free PCV-2 antigen in the supernatant was
measured and the PCV-2 antigen adsorption rate (AR)
was calculated as follows:

EE(%) = Ce/Ct x 100

where AR is the PCV-2 adsorption rate, Ct is the total
content of antigen, and Cs is the content of antigen in the
supernatant.

Cytotoxicity Assessment

Macrophages were harvested from the abdominal cavities
of ICR mice as previous description.’® MTT method** was
used to analyze the cytotoxicity of CYP, CYPP, and
CYPP-PEI nanoparticles on the macrophages. Cells were
incubated with nanoparticles at the concentration of
0.785~200 pg/mL for 48 h and measured at 570 nm by
the microplate reader (Thermo, USA).

Analysis of Antigen Uptake by

Macrophages

The effect of antigen uptake was examined using OVA-FITC
-loaded nanoparticles on macrophages by flow cytometry.
The CYP, BP, CYPP, and CYPP-PEI nanoparticles were
mixed with 10 uL OVA-FITC for 1 h at room temperature
to obtain the OVA-FITC-adsorbed
Macrophages were separately co-cultured with different pre-

nanoparticles.

pared nanoparticles for 12 h and centrifuged, washed twice
with PBS. The intensity of antigen uptake was assessed by
flow cytometry (Accuri C6 flow cytometer BD Biosciences).
Besides, macrophages were added into Petri dishes and incu-
bated with OVA-FITC-adsorbed nanoparticles for 12 h. The
cells were washed and mixed with 4% formaldehyde for 10
min after incubating. DAPI was used to stain cell nucleus for
5 min and the uptake of nanoparticles was observed by
confocal microscopy (NikonA1).*

The Activation of Macrophages

The macrophages were incubated separately with CYP,
BP, CYPP, and CYPP-PEI nanoparticles (12.5 pg/mL)
for 48 h. After being washed and purified, the macro-
phages were stained with CD80 (B7-1) and CD86 (B7-2)
antibodies (eBioscience, USA) for 1 h at 4°C in the dark.
Finally, macrophages were washed with PBS and analyzed
by flow cytometry.

In order to measure the levels of TNF-a, IFN-y, and
IL-12p70, the culture was collected after 48 h and then
ELISA Kits (Multi
Sciences) according to the manufacturer instructions.

analyzed by cytokine-specific

Immunizations and Samples Collection
Seven-week ICR mice were purchased from Comparative
Medicine Centre of Yangzhou University. The standard
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pelleted rodent chow and water were supplemented. All
animal experiments were performed as the guideline of
Nanjing Agricultural University IACUC and the protocol
was approved by the Institutional Animal Care and Use
Committee (IACUC) (No. 2011BAD34B02).

Seven groups of mice were injected subcutaneously with
200 pl of different formulations, respectively: CYPP-PEI
/PCV-2 (200 pg), CYPP/PCV-2 (200 pg), CYP/PCV-2 (200
ug), BP/PCV-2, ISA206/PCV-2, PCV-2, and PBS. (ISA-206/
PCV-2 was used as the positive control, PBS was used as the
negative control). Booster immunization was performed
on day 14 after primary immunization. Four mice were
selected randomly from each group to collect blood samples
on days 21, 28, 35, and 42 after primary immunization, the
serum was then collected and stored at —80°C.

Effect of Nanoparticles on Dendritic Cell
in Draining Lymph Nodes

Four mice were randomly selected from each group at 24
h after primary immunization. The lymph nodes were
collected from them and homogenized to obtain the single
cell suspension. CD11c, MHCI (H-2kd/H-2Dd), MHCII
(I-A/I-E), and CDS80 (B7-1) antibodies (eBioscience,
USA) were used to stain DCs at 4°C for 1 h. Finally,
cells were washed and measured by flow cytometry.

ELISA Analysis of PCV-2-Specific I1gG and

Isotypes

In order to estimate the level of PCV-2-specific IgG, the
serum samples were measured by modified ELISA Kits.
The plates were washed twice with diluted wash buffer;
then 100 pul of diluted serum samples (1:2560) were added
into plates and incubated at 37°C for 30 min. After being
washed three times, 100 pl of HRP-conjugated goat antibo-
dies against IgG were added and incubated at 37°C for 30
min. After being washed five times, plates were incubated
with 100 pl of the TMB at room temperature for 10 min
avoid light and the stop reagent was added. The absorbance
was measured at 630 nm by the microplate reader.

The serum PCV-2-specific 1gG1, 1gG2a, 1gG2b anti-
body levels were examined by ELISA Kits (Multi
Sciences) on days 21, 28, 35, and 42 after primary immu-
nization according to the manufacturer protocol.

Evaluation of Cytokines Levels by ELISA
The cytokines concentrations of TNF-a, IFN-y, IL-4, and
IL-6 in serum were examined by ELISA Kits (Multi

Sciences) on days 21 and 35 after primary immunization
according to the manufacturer protocol.

Statistical Analysis

All values are expressed as mean + standard error of the
mean (SEM). The statistical significance was accessed
using Duncan’s multiple range test. A probability value
(P) less than 0.05 was considered statistically significant.

Results
Synthesis and Characterization of
Polyethylenimine Modificated

Nanoparticles

As shown in Figure 1A, Polyethylenimine (PEI)-modified
Chinese yam polysaccharide (CYP) PLGA nanoparticles
(CYPP-PEI) were prepared by double emulsion (W/O/W)
solvent evaporation method. Cationic surface of PLGA
nanoparticles was formed using PEI, which facilitated the
adsorption of negative PCV-2 antigen. Size, zeta potential,
and PDI were measured to optimize the ratio of PLGA:
PEI weight in nanoparticles preparation. As shown in
Figure 1B, the size of CYPP-PEIl, CYPP-PEI2, and
CYPP-PEEI3 nanoparticles was 246.2 nm, 236.6 nm, and
256.9 nm, respectively, which were larger than CYPP
nanoparticles (225.0 nm). In Figure 1C the CYPP nano-
particles showed negative surface charges (—20.7 mV),
while CYPP-PEI1, CYPP-PEI2, and CYPP-PEI3 nanopar-
ticles showed positive charges (+42.1mV, +41.5 mV, and
+32 mV, respectively). These results suggested that when
the ratio of PLGA: PEI weight was 10:1, 20:1 (CYPP-
PEI1 and CYPP-PEI2), CYPP-PEI could have higher sur-
face positive charges compared to the ratio was 30:1
(CYPP-PEI3). PDI values of CYPP-PEIl and CYPP-
PEI2 were similar to CYPP nanoparticles, but the PDI of
CYPP-PEI3 was higher than other groups (0.319). The
encapsulation efficiency of CYPP, CYPP-PEI, CYPP-
PEI2, and CYPP-PEI3 was 64.844.2%, 49.7+3.1%, 59
+2.3%, and 62.7+3.4%, respectively (Figure 1D), indi-
cated that the encapsulation efficiency of CYPP-PEI1
nanoparticles was obviously decreased compared with
CYPP nanoparticles. Therefore, 20:1 (CYPP-PEI2) was
the optimal ratio of PLGA: PEI weight to prepare PEI-
modified nanoparticles, which showed average size of
236.6nm, positive charges of +41.5 mV, PDI value of
0.149 and high encapsulation efficiencies (EE) of 59
+2.3%. Representative TEM images of the CYPP nano-
particles and CYPP-PEI nanoparticles (Figure 1E) have
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shown that surface morphologies of CYPP-PEI nanoparti-
cles were similar to CYPP nanoparticles while the sizes of
CYPP-PEI nanoparticles were bigger than CYPP nanopar-
ticles. These results indicated that PEI surface modifica-
tion of nanoparticles had no influence on the morphology
of nanoparticles.

The Stability and Morphology of
Nanoparticles and PCV-2
Antigen-Absorbed Nanoparticles

To estimate the storage stability of nanoparticles and
PCV-2 antigen-absorbed nanoparticles, size, zeta poten-
tial, and PDI value were measured at 4°C for 1 month. In
Figure 2A, the average size was increased slightly from
176.2 nm to 239.16 nm for BP nanoparticles, 239.1nm to
239.2 nm for CYPP nanoparticles and 246.2 nm to 281.9
nm for CYPP-PEI nanoparticles. In Figure 2B, the zeta
potential of BP and CYPP nanoparticles showed negative
surface charge approximately —20 mV, while CYPP-PEI
showed positive charge from 53.6 mV to 45.0 mV. In
Figure 2C, the PDI value of BP, CYPP, and CYPP-PEI
nanoparticles were less than 0.3. The average size, zeta
potential, and PDI value of BP, CYPP, CYPP-PEI nano-
particles showed no significant changes and deviations,
indicating that these nanoparticles showed high stability
within a month. In Figure 2A, the average size of CYPP-
PEI/PCV-2 nanoparticles increased slightly from 409.2
nm to 449.1 nm, the average size of CYPP/PCV-2 nano-
particles increased from 245.7 nm to 260.1 nm and the
average size of BP/PCV-2 nanoparticles changed from
213.7 nm to 209.5 nm. Compared with BP/PCV-2 and
CYPP/PCV-2 nanoparticles, the average size of CYPP-
PEI showed dramatically increased, indicating that more
PCV-2 antigen absorbed on the surface of CYPP-PEI
nanoparticles. In Figure 2B and C, there were no drama-
tical changes in zeta potential and PDI value of BP/PCV-
2, CYPP/PCV-2, and CYPP-PEI/PCV-2 nanoparticles.
The zeta potential was nearly neutral, while the PDI
value was all less than 0.3, indicating that PCV-2 antigen-
absorbed nanoparticles maintained uniformity within
a month. These results suggested that nanoparticles and
PCV-2 antigen-absorbed nanoparticles were stable at 4°C
for a month.

The PCV-2 adsorption efficiency of nanoparticles was
measured by BCA protein assay kit. As shown in Figure 2D,
the absorption efficiency ranged from 30.72% to 21.26%
for CYPP-PEI/PCV-2 nanoparticles, 13.95% to 9.81% for

CYPP/PCV-2 nanopatrticles, 11.85% to 7.85% for BP/PCV-
2 nanoparticles, respectively. The absorption efficiency of
CYPP-PEI/PCV-2 was higher than CYPP/PCV-2 and BP/
PCV-2 nanoparticles within 1 month, which revealed that
the cationic charge of CYPP-PEI nanoparticles enhanced
the absorption efficiency of PLGA nanoparticles to PCV-2
antigens.

In Figure 2E, typical surface morphologies of the
nanoparticles were observed by TEM, all nanoparticles
had spherical structure with smooth surface. However,
the size of CYPP-PEI/PCV-2 nanoparticles was larger
than other nanoparticles, which indicated that PCV-2 anti-
gen successfully absorbed on the surface of the CYPP-PEI
nanoparticles.

Effect of Nanoparticles on the Viability of

Macrophages

To access the effect of CYPP-PEI on macrophages, the
viabilities of macrophages were measured by MTT assay.
As shown in Figure 3, it was found that the macrophages
retained more than 90% of viability after being treated
with CYP, BP, and CYPP nanoparticles at the final con-
centrations ranging from 0.781 pg/mL to 200 pg/mL.
When the total concentration of CYPP-PEI nanoparticles
was lower than 25 pg/mL, the viability of cells was more
than 90%. In contrast, CYPP-PEI nanoparticles showed
obvious cytotoxicity to macrophages at the concentration
of 50 pg/mL~200 pg/mL. These data suggested that the
cytotoxicity effect of CYPP-PEI nanoparticles may be
caused by the PEI polymer. After all, PEI polymers have

18 cancer treatment,'® and

been widely used in vaccines,
gene delivery,** which indicated that the total concentra-
tion of CYPP-PEI nanoparticles was lower than 25 pg/mL

may be safe for vaccination.

Cellular Uptake of Nanoparticles

The cellular uptake capacity of macrophages towards
OVA-FITC loaded CYPP-PEI nanoparticles or OVA-
FITC was measured by flow cytometry and CLSM.

The proportion of positive fluorescence cells in CYPP-
PEI group was dramatically higher than which in CYPP,
BP, CYP, and control groups (P<0.05) (Figure 4A and B),
indicating that CYPP-PEI nanoparticles enhanced the anti-
gen uptake of macrophages.

CLSM was further used to measure the uptake capa-
city. In Figure 4C, compared with CYPP, BP, CYP, and
control group, CYPP-PEI nanoparticles group showed
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stronger green fluorescence in macrophages. These results
could be well explained by the high efficiency ratio of
FITC-OVA+ fluorescence cells treated with CYPP-PEI
nanoparticles in flow cytometry plot, which revealed that
the cationic CYPP-PEI obviously promoted the uptake
capacity of macrophages.

Efficient Activation of Macrophages with
CYPP-PEI Nanoparticles

Macrophages were plated in 24-well plates at a density of
5 x 10 cells/well and incubated with nanoparticles for 48
h. The expressions of surface molecular CD80 and CD86
were examined by flow cytometry. The quantitative ana-
lysis and flow cytometry plots are shown in Figure SAC,
treated with CYPP-PEI
showed noticeable increases in CD80 and CD86 expres-

macrophages nanoparticles
sion compared with CYPP, BP, CYP, and control groups
(P< 0.05). Moreover, the CD80 and CD86 expressions of
CYPP nanoparticles were higher than BP, CYP, and con-
trol groups (P<0.05). These data demonstrated that both
CYPP-PEI and CYPP nanoparticles could enhance activa-
tion of macrophages by stimulating the secretion of CD80
and CD86 surface molecular. Not only that, the activation
ability of CYPP-PEI was stronger than CYPP nanoparti-
cles. Subsequently, the cytokines secretions of IFN-y, IL-
12p70, and TNF-a were determined by ELISA. As shown
in Figure 5DF, CYPP-PEI nanoparticles dramatically
enhanced the secretions of IFN-y, IL-12p70, and TNF-a
compared to CYPP, BP, CYP, and control group (P< 0.05).

In vivo Study of Surface Activation
Markers Expression on Dendritic Cells in
Draining Lymph Nodes

Delivering antigen to draining lymph nodes (DLNs) plays
a significant role in initiating and adaptive immune
response. Efficient activation of dendritic cells (DCs) in
LN enhanced the immune response.”> To determine
whether the CYPP-PEI nanoparticles could influence the
activation of DCs in DLNSs, the surface activation markers
of MHCI, MHCII, and CD80 were measured by flow
cytometry. The DLNs were collected from mice immu-
nized with PCV-2 absorbed nanoparticles at 24 h after
immunization, PBS was used as negative control. The
percentage of MHCI+CDI11c+ (Figure 6A and D) and
CD80+CDl11c+ (Figure 6C and F) in CYPP-PEI/PCV-2
nanoparticles group showed a dramatic increase compared
with other groups (P<0.05). Meanwhile, CYPP/PCV-2 and
CYPP-PEI/PCV-2 nanoparticles groups were expressed
higher level of MHCII+CDIllc+ than other groups
(P<0.05) as shown in Figure 6B and E. These data indi-
cated that the positive surface charge of CYPP-PEI nano-
particles promoted the activation of DCs in DLNS.

Serum Antibody Response After

Vaccination in Mice

To determine the effect of different nanoparticles on antibody
responses, the PCV-2-specific IgG, IgG1, IgG2a, and IgG2b
antibody levels were examined by ELISA. As shown in
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Figure 5 The activation effects of different nanoparticles to macrophages. Nanoparticles were incubated with mouse peritoneal macrophages for 48h and the surface
molecule expressions of (A) CD80, (B) CD86 in macrophages were analyzed by flow cytometry. (C) Representative flow cytometry plots of CD80 and CD86 surface
molecule expression. Cytokine release (D) IFN-y, (E) IL-12P70, and (F) TNF-a were measured by ELISA kits. Results were expressed as means * SEM (n = 3). a—c Bars in
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Figure 6 The activation of dendritic cells in draining lymph nodes. Dendritic cells isolated from the draining lymph node of mice were collected at 24 h after immunization
with different formulations of PBS, PCV-2, ISA-206/PCV-2, CYP/PCV-2, BP/PCV-2, CYPP/PCV-2, and CYPP-PEI/PCV-2. Analysis of surface molecule expression (A) MHCI,
(B) MHCII, and (C) CD80. Representative flow cytometry plots of (D) MHCI, (E) MHCII, and (F) CD80 surface activation markers expression in the lymph nodes. Results
were expressed as mean = SEM (n = 4). a—e Bars in the figure without the same superscripts differed significantly (P < 0.05).
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Figure 7A, seven groups of mice were subcutaneously immu-
nized on days 0 and 14, the serum was collected and ana-
lyzed on days 21, 28, 35, and 42 after primary immunization.

In Figure 7B, on days 28, 35, and 42, both CYPP-PEI/PCV-
2 and ISA-206/PCV-2 induced dramatically strong and persis-
tent PCV-2-specific IgG expressions, which were significantly
higher than the other groups (P<0.05). Moreover, CYPP/PCV-
2 nanoparticles were dramatically increased the PCV-2-speci-
fic IgG levels compared with CYP/PCV-2, BP/PCV-2, PCV-2
and control group during day 21~42 (P<0.05). Generally,
IgG2a and IgG2b antibodies are related with Th1-type immune
response and IgG1 antibodies are mediated Th2-type immune
response.>® As shown in Figure 7C, on days 28, 35, and42 after
primary immunization, CYPP-PEI/PCV-2 group produced sig-
nificantly higher levels of IgG1 (Th2-associated isotype) com-
pared with other control groups except for ISA-206/PCV-2

group (P<0.05). In addition, the highest levels of IgG2a and
IgG2b (Th2-associated isotype) were showed in CYPP-PEI
/PCV-2 group on days 28, 35, and 42 after primary immuniza-
tion (Figure 7D and E). However, there were not statistically
significant differences of IgG2a levels between CYPP-PEI
/PCV-2, CYPP/PCV-2, BP/PCV-2, and CYP/PCV-2 on day
28 (P>0.05). At the same time, IgG2b levels in CYPP-PEI
/PCV-2 and CYPP/PCV-2 did not show significant difference
on days 35 and 42.

Serum Cytokine Level in Mice

To further evaluate the types of immune response induced by
CYPP-PEI nanopatrticles, cytokines were measured by ELISA
on day 2land 35 after primary immunization. CYPP-PEI
/PCV-2 induced significant secretion of IFN-y and TNF-a
(Thl-type cytokines) compared with other control groups
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Figure 7 The levels of PCV-2-specific IgG and isotypes after immunized with different vaccine formulations. (A) Experimental scheme for the vaccination of mice. Mice were
injected subcutaneously with 200 pl of different vaccine formulation (ISA206/PCV-2, PCV-2 and PBS were used as control) on day 0 and day |14. (B) The serum expressions
of PCV-2-specific IgG, isotypes of IgG (C) IgG1, (D) 1gG2a, and (E) IgG2b were measured on day 21, 28, 35, and 42 by ELISA Kits. Results were expressed as mean * SEM (n
= 4). a—e Bars in the figure without the same superscripts differed significantly (P < 0.05).
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except for ISA-206/PCV-2 group on day 21 and 35 (P< 0.05)
(Figure 8A and B), which indicated that positive charged
nanoparticles CYPP-PEI enhanced the secretion of Thl-type
cytokines. In addition, the content of IL-4 and IL-6 (Th2-type
cytokines) in serum was detected. In Figure 8C, the levels of
IL-4 in CYPP-PEI/PCV-2 group were significantly higher than
that in other groups on day 21 (P<0.05), while there was no
obvious difference of IL-4 expression among CYPP-PEI/PCV-
2, CYPP/PCV-2 and ISA-206/PCV-2 on day 35 (P>0.05). As
shown in Figure 8D, CYPP-PEI/PCV-2 significantly increased
the expression of IL-6 on day 21 and day 35 compared with
CYP/PCV-2, BP/PCV-2, CYP/PCV-2, PCV-2, and control
group (P<0.05).

Discussion

PLGA nanoparticles have advantages on controlling release in
drug and vaccine delivery systems, which have attracted wide
attention from biomedical application field.>” A common way
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to make up the intrinsic immunogenic deficiency of some
antigens is encapsulating both immunomodulators and anti-
gens into PLGA shells.*® PLGA nanoparticles caused an anti-
gen depot effect in the injection site, prolonged the release
time of the antigen or adjuvant, and then induced strong and
durable immune responses.” Previous study had found that
after encapsulating CYP into PLGA (CYPP), CYPP nanopar-
ticles showed strong immunoenhancement activities.’
Moreover, nanoparticles which positively charged on the sur-
faces contributed to binding negatively charged APCs by
electrostatic attraction, which could enhance the phagocytosis
of APCs and induce stronger immune responses.' =>4
Polyethylenimine (PEI), one of the common cationic poly-
has been extensively used to modify PLGA

nanoparticles.”**! In this study, in order to improve the effi-

mers,

cacy of immunomodulator, a new antigen and immunomodu-
lators co-delivery system was designed by encapsulated CYP
in PLGA nanoparticles and modified with PEI (CYPP-PEI).
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Figure 8 The content of cytokines in serum on day 21 and day 28. (A) IFN-y, (B) TNF-0, (C) IL-4, and (D) IL-6 were measured by ELISA Kits. Results were expressed as
mean + SEM (n = 3). a—e Bars in the figure without the same superscripts differed significantly (P < 0.05).
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The preparation conditions of CYPP-PEI nanoparticles
were optimized: the surface modification (the weight ratio
of PLGA: PEI = 20:1), average size (326.6 nm), zeta
potential (+41.5 mV), PDI (0.149), and encapsulation effi-
ciency (EE) (59£2.3%), for example. Both nanoparticles
and PCV-2 absorbed nanoparticles showed excellent sta-
bilities at 4°C for 1 month. In the meantime, absorption
efficiency of CYPP-PEI/PCV-2 to antigens was higher
than other groups. The modification of PEI increased the
surface charge of nanoparticles, further contributed to the
electrostatic interaction between the positive charged
nanoparticles and the negative charged protein.*

Macrophages are antigen-presenting cells and play an
important role in regulating immune responses.*> The phago-
cytosis of macrophages is essential to defend infections.*® The
data showed that CYPP-PEI nanoparticles significantly
enhanced the cellular uptake capacity of macrophages com-
pared with other groups (P<0.05) (Figure 4A and B). In
addition, the CLSM images of nanoparticles in CYPP-PEI
group reflected stronger green fluorescence (OVA-FITC) in
macrophages than which in CYPP, BP, CYP, and control
groups (Figure 4C). The PEI-modified nanoparticles exhibited
positive surface charge and high antigen-absorbed efficiency,
which might be beneficial to antigen uptake. After macro-
phages were activated, a large number of bioactive molecules
were induced, such as costimulatory molecules and
cytokines.** Antigen-presenting cells upregulated the expres-
sion of costimulatory molecules (CD80, CD86) and then
induced the activation of T-cell.*> As shown in Figure 5AC,
the expressions of CD80 and CD86 costimulatory molecules
in CYPP-PEI nanoparticles group were significantly upregu-
lated, which suggested the activation of macrophages was
enhanced by CYPP-PEI nanoparticles. Then, CYPP-PEI
nanoparticles significantly increased the secretion of IFN-y,
IL-12p70, and TNF-o (Figure SDF) under the action of acti-
vated macrophages. These results indicated that positively
charged CYPP-PEI nanoparticles could promote macrophage
activation and induce large amounts of cytokines.

Adjuvants or antigens carried by nanoparticle delivery
systems could improve the targeting of DLNs and activate
LN-resident DCs which was essential for initiating adaptive
immunity.>> In Figure 6, after subcutaneous injection of
vaccine formulation for 24 h, the surface activation markers
MHCI, MHCII, and CD80 were highly expressed in CD11c+
cells treated with CYPP-PEI/PCV-2. In particular, the
expressions of surface activation markers MHCI, MHCII,
and CD80 in CYPP-PEI/PCV-2 group were significantly

higher than ISA-206/PCV-2 group (P>0.05). Lower expres-
sion of the surface activation markers may attribute to the
large size of the ISA-206/PCV-2 group, the oversized parti-
cles could not be delivered to the dendritic cells in 24 h after
injection.4° These results indicated that positively charged
CYPP-PEI nanoparticles could promote both PCV-2 antigen
and CYP immunomodulator delivery to DCs in lymph nodes.
What’s more, it could further enhance the activity of CYP
and activate DCs more efficiently.

Improving the immunogenicity of PCV-2 vaccine with
immune adjuvant is an effective strategy to reduce the huge
economic losses caused by PCV-2 in the swine industry.?’
Aluminum salt adjuvant and oil emulsion adjuvant have been
widely used in veterinary medicine, but these adjuvants
could cause some local irritation effects, such as injection
site pain, inflammatory response, and tissue damage.*’*
Therefore, CYPP-PEI nanoparticles were selected as a safe
and effective adjuvant to absorb PCV-2 antigen and improve
immune response. Compared with CYPP/PCV-2, CYP/PCV-
2, BP/PCV-2, PCV-2, and control groups, CYPP-PEI/PCV-2
induced significantly strong and persistent PCV-2-specific
IgG (Figure 7B). These results demonstrated CYPP-PEI
nanoparticles were effective adjuvant to induce high PCV-
2-specific IgG antibodies. Meanwhile, Th2-type antibody of
IgG1 and Thl-type antibodies of IgG2a and IgG2b showed
obviously increased with CYPP-PEI/PCV-2 in serum
(Figure 7CE). Cytokines, important immune regulatory
molecules, are critical for identifying the type of immune
response.*’ Thl-type cytokines (IFN-y, TNF-a) are key
effectors of the inflammatory response and correlated with
cellular response. Th2-type cytokines (IL-4, IL-6) play
important roles in humoral response.’® > In Figure 8, CYPP-
PEI/PCV-2 significantly promoted the levels of IFN-r, TNF-a
(Th1-type cytokines), IL-4, and IL-6 (Th2-type cytokines),
which indicated that CYPP-PEI nanoparticles could promote
both Thl-type and Th2-type immune response. Although the
content of Th2-type cytokines (IL-4, IL-6) in the CYPP-PEI
group increased obviously compared with PCV-2, CYP/
PCV-2, BP/PCV-2, and control groups, their expression
levels were significantly lower than Thl-type cytokines.
These results suggested that CYPP-PEI/PCV-2 stimulated
the secretion of Thl and Th2 type cytokines and cationic-
modified nanoparticles with PCV-2 absorbed on the surface
(CYPP/PCV-2) could promote a Th1/Th2 mixed but Thl-
biased immune responses. Thus, positively charged CYPP-
PEI was the potential antigen delivery system to promote the
immune response and resist infectious diseases.
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Conclusion

In conclusion, the present study revealed that cationic
polymer PEI-modified CYP-encapsulated PLGA nanopar-
ticles could advance antigen absorption efficiency, pro-
mote antigen uptake by macrophages, and enhance
macrophage activation. Moreover, the positively charged
CYPP-PEI nanoparticles were benefit to deliver antigen
and CYP immunomodulator into lymph nodes and activate
DCs, and further enhance Th1/Th2 mixed but Thl-biased
immune responses in vivo. Generally speaking, positive
charged CYPP-PEI nanoparticles showed an outstanding
application prospect as a novel vaccine adjuvant.
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