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Background: Poultry vaccine has limited choices of adjuvants and is facing severe threat of

infectious diseases due to ineffective of widely used commercial vaccines. Thus, develop-

ment of novel adjuvant that offers safe and effective immunity is of urgent need.

Materials and Methods: The present research engineers a novel chicken adjuvant with

potent immune-potentiating capability by incorporating avian toll-like receptor 21 (TLR21)

agonist CpG ODN 2007 with a poly(lactic-co-glycolic acid) (PLGA)-based hollow nanopar-

ticle platform (CpG-NP), which subsequently assessed ex vivo and in vivo.

Results: CpG-NPs with an average diameter of 164 nm capable of sustained release of CpG for

up to 96 hours were successfully prepared. With the ex vivo model of chicken bone marrow-

derived dendritic cells (chBMDCs), CpG-NP was engulfed effectively and found to induce DC

maturation, promoting dendrite formation and upregulation of CD40, CD80 and CCR7. In

addition to enhanced expression of IL-1β, IL-6, IL-12 and IFN-γ, 53/84 immune-related genes

were found to be stimulated in CpG-NP-treated chBMDCs, whereas only 39 of such genes were

stimulated in free CpG-treated cells. These upregulated genes suggest immune skewing toward

T helper cell 1 bias and evidence of improved mucosal immunity upon vaccination with the

CpG-NP. The CpG-NP-treated chBMDCs showed protective effects to DF-1 cells against avian

influenza virus H6N1 infection. Upon subsequent coupling with infectious bronchitis virus

subunit antigen administration, chickens were immunostimulated to acquire higher humoral

immune response and protective response against viral challenge.

Conclustion: This work presents a novel hollow CpG-NP formulation, demonstrating

effective and long-lasting immunostimulatory ability ex vivo and in vivo for chickens, as

systemically compared to free CpG. This enhanced immune stimulation benefits from high

stability and controlled release of internal component of nanoparticles that improve cellular

delivery, lymphoid organ targeting and sustainable DC activation. CpG-NP has broad

application potential in antiviral and vaccine development.

Keywords: polymeric hollow nanoparticle, CpG, adjuvant, antiviral response, influenza

virus, infectious bronchitis virus, vaccine

Introduction
Poultry industry provides a large amount of affordable meat and eggs, sustaining

people’s need for animal protein and nutrition. However, poultries are facing great

threats from many respiratory infectious diseases, including avian influenza,

Newcastle disease and infectious bronchitis. In practical applications, vaccination

to the susceptible herds is a common method to protect poultry from pathogen
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infection. While conventional vaccines are widely used,

various disadvantages, such as virulence reversion of live

attenuated vaccine and incomplete immune response of

inactivated vaccine, present major logistical and practical

concerns. With these lingering concerns associated with

traditional vaccines, there is continuing interest in the

development of novel subunit protein, DNA vector and

virus-like particle vaccines. Among efforts to promote

poultry health, strategies to enhance innate immune acti-

vation for direct antiviral treatment as well as for improv-

ing adaptive immune responses to vaccines are of major

scientific and agricultural interest.

The use of adjuvants in vaccination has offered many

advantages, including dose sparing, immunization number

reduction, faster initial responses, potent specific anti-

pathogen responses and longer lasting immune memory.

Traditional adjuvants, such as the aluminum salt, enhance

antigen immunogenicity via a depot mechanism by con-

verting soluble antigen to a particulate form. Despite sig-

nificant enhancement of serum humoral response upon

supplementing vaccine with the aluminum adjuvant,1

induction of cell-mediated immune response remains

poor.2 Aside from aluminum salts, emulsified complete

Freund’s adjuvant and incomplete Freund’s adjuvant fre-

quently associated with animal vaccination3 However,

their side effect in inducing abscesses and granuloma at

the injection site could affect the quality of chicken meat.

Moreover, with the increasing attention to food safety,

non-toxic and biodegradable adjuvants for chickens

would be favored to prevent the accumulation effect of

potential toxic substances from food to humans. These

factors incentivize advancement of safe, potent adjuvants

in avian vaccine development.

Towards innate immune activation, toll-like receptor (TLR)

activation by molecular agonists such as lipoproteins, flagellin,

and oligonucleotides has been frequently explored. Among

them, oligonucleotides rich in CpGmotifs, a feature commonly

found in bacterial DNA, presents a potent danger signal.4 In

mammals, TLR9 recognizes CpG motifs and thereafter med-

iates the induction of cell signaling pathways,5 and TLR21 is

a functional counterpart of TLR9 in chickens and other poultry

animals.6 Synthetic oligodeoxynucleotides (ODN) containing

CpG motifs have been shown to activate host immune

responses and act as immunostimulants in chickens, leading

to immune protection against Escherichia coli and Salmonella

typhimurium.7,8 CpGODNhas also been used as an adjuvant in

chicken antiviral studies and can be administrated orally, intra-

nasally, subcutaneously and in ovo.9–11 Class B CpG ODN, in

particular CpG ODN 2007, can stimulate strong B cell and NK

cell responses and NF-κB signaling pathway.12,13 The adjuvant

has been shown to induce significant enhancement of antibody,

cytokines and splenocyte proliferation in vaccine formulations

to defend against avian influenza virus (AIV), infectious bron-

chitis virus (IBV) and Newcastle disease virus.9–11,14 Thus,

CpG ODN 2007 serves as a compelling adjuvant with the

potential to induce potent humoral and cellular immunity for

avian infectious diseases vaccination.

CpG is a molecular adjuvant that can diffuse and degrade

rapidly upon entering physiological environment. As such, the

use of nanocarriers for adjuvant delivery offers many advan-

tages as these nanoscale vehicles can protect the fragile adju-

vant cargo during their transport. Nanoparticles can be more

effectively accumulated to lymphoid tissues either through

engulfment and transportationmediated bymigratory dendritic

cells or through free, diffusivemovement in lymphatic vessels.

Also, owing to the synthetic flexibility of nanomaterials, par-

ticle size, shape, surface properties, and adjuvant contents can

be elaborately designed to tailor to specific innate immune

induction and targeting to specific immune cells. Through

nanoparticle encapsulation or surface conjugation, TLR ago-

nists includingCpG and poly (I:C) have been tested to enhance

immunostimulatory ability on mice model.15–17 Among var-

ious nanomaterials, poly(lactic-co-glycolic acid) (PLGA) is

one of the most commonly used polymer for delivery applica-

tions owing to its biocompatibility and biodegradability.

Various forms of PLGA nanoparticles have been prepared to

combat pressing human infections, including influenza, den-

gue, malaria, and Middle East respiratory syndrome

coronavirus.18,19 For applications in chickens, CpG-loaded

PLGA particles have been applied in combination with inacti-

vated influenza vaccine.20 However, the large particle diameter

(682.03 nm) for the particulate adjuvant in the study may have

hammered its transport to the lymphoid tissues,20 resulting

marginal improvement in vaccine effectiveness. There is also

a lack of mechanistic evaluation assessing the molecular basis

of nanoparticle-mediated adjuvant enhancement. Towards

combatting avian infections, the present research adopts

a recently developed PLGA-based hollow nanoparticle for

CpG delivery.18 The adjuvant uptake, dendritic cell activation,

immunity-related gene expression, and antiviral ability were

rigorously assessed and compared between free CpG and

CpG-NP. Also, in vivo immunostimulating efficacy as

a vaccine adjuvant was evaluated upon coupling with

a subunit protein antigen. This study highlights a flexible hol-

low nanoparticle platform that is able to tailor contents for
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various demands, demonstrating broad application in antiviral

and vaccine development.

Materials and Methods
Cells, Viruses, Animals
Chicken embryofibroblast cellDF-1 andMadin-DarbyCanine

Kidney cells (MDCK) were purchased from American Type

Culture Collection (ATCC) andmaintained at 37°C in DMEM

medium supplemented with 10% FBS and 1% antibiotic-

antimycotic. Spodoptera frugiperda Sf9 and Sf21 cells were

purchased from Invitrogen (Carlsbad, CA). Sf9 cells were

cultured at 27°C in Grace’s insect cell medium supplemented

with 10% FBS and 1% antibiotic-antimycotic. Serum-free

adapted Sf21 cells were cultured in Sf-900 II containing

0.25% antibiotic-antimycotic. All the cell culture medium

and reagents were purchased from Gibco. AIV strain A/

Duck/Yilan/2904/99(H6N1)21 was propagated in specific

pathogen-free (SPF) embryonic eggs (JD-SPF Biotech,

Miaoli, Taiwan) and the viral titer (TCID50) was titrated in

MDCK cells. The plaque-forming unit was assumed as 0.7

x TCID50 according to the Poisson distribution. IBV strain

2296/95was propagated and titrated (EID50) in SPFembryonic

eggs.22,23 For animal experiments, SPF chickens (JD-SPF

Biotech) were housed in the animal facility at the National

Taiwan University. All animal experiments were performed

under an approved Institutional Animal Care and Use

Committee (IACUC) protocol (no. NTU-105-EL-00174).

Preparation of Chicken Bone

Marrow-Derived Dendritic Cells
Chicken bone marrow-derived dendritic cells (chBMDCs)

were prepared as previously described24 for the test.

Briefly, the 2–4 wk-old SPF chicken were sacrificed for

bone marrow cells from femurs. Total cells were flushed

with cold sterile PBS and passed through 70 μm cell

strainer (Falcon). After PBS wash and resuspension, cells

were isolated in same volume of Histopaque-1119 (Sigma-

Aldrich) under density gradient centrifugation 1000×g, 30

min. The interphase was collected and washed twice with

cold sterile PBS. Cells were then cultured in RPMI-1640

medium containing 10% chicken serum, 1% antibiotic-

antimycotic and 1% non-essential amino acid (all from

Gibco) in the presence of 10 ng/mL recombinant chicken

interleukin-4 (IL-4) and granulocyte-macrophage colony-

stimulating factor (GM-CSF) (both from Kingfisher

Biotech, Saint Paul, MN) for 6 days for DC differentiation.

Preparation of CpG-Loaded

Nanoparticles
The immunostimulatoryCpGODN2007 (5ʹ-tcgtcgttgtcgttttgtcgtt-
3ʹ)waspurchased fromInvivogen (SanDiego,CA).Usingawater

in oil in water (w/o/w) double emulsion technique, CpG-

encapsulating PLGA thin-shell nanoparticles (CpG-NP)were pre-

pared as described previously.18 Briefly, a polymer solution was

prepared by dissolving 50 mg of PLGA (poly(dl-lactide-co-

glycolide, purchased from LACTEL Absorbable Polymers)) in

dichloromethane. The inner aqueous phase was prepared by dis-

solvingCpG in the phosphate buffer (pH 7). For a typical prepara-

tion, 50 μL of aqueous solution containing 125 μg of CpG was

emulsified in 500μLof polymer solution in ice using an ultrasonic

probe sonicator under the pulsemodewith 40%amplitude andon-

off durations of 1 and 2 s for 1 min. The first emulsion was

subsequently added to 5 mL of 10 mM phosphate buffer (pH 7),

which was then probe sonicated at 30% amplitude with on-off

durations of 1 and 2 s for 2 min. The emulsion was subsequently

poured to8mLofwater andheated at 40°Cundergentle stirring in

a fume hood for solvent evaporation. Following solvent evapora-

tion for 1 hr, the nanoparticles were collected by 30,000 ×g

centrifugation and resuspended in 10% sucrose solution. The

CpG content was analyzed by the reagent in Quant-iT™

RiboGreen® RNA Kit (Invitrogen). For preparing fluorescently

labelled nanoparticles (CpG-Cy5-NP), 15 μg of Sulfo-Cyanine5

(Cy5) fluorescent dye (Lumiprobe, Hunt Valley, MD) was addi-

tionally added to the solvent phase during the emulsion process.

Empty hollow nanoparticles without CpG loading were also pre-

pared as control particles. For the stability test, CpG-NPs were

stored at −20°C for 1 month or placed at 4°C or 24°C (room

temperature) for 7 days. The CpG content and the size of nano-

particles were determined and compared before and after storage

and at predetermined time points.

Transmission Electron Microscopy (TEM)

and Dynamic Light Scattering (DLS)
Nanoparticles were characterized for the physicochemical

properties through a combination of analytical techniques

including dynamic light scattering (DLS), transmission

electron microscope (TEM) and cryo-EM. Nanoparticle

size and surface charge were measured by DLS with

Malvern Zetasizer Nano ZS (Malvern Instrument) accord-

ing to the manufacturer’s instructions. Negative staining

was applied for TEM observation. First, 10 μL nanoparti-

cles was loaded onto a glow-discharged grid, and the

droplet was remained on the grip for 10 sec and subse-

quently removed by a filter paper. Excessive nanoparticles
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were washed out by ddH2O loaded to the grid. Then, 1%

uranyl acetate was applied to the grid for 30 sec for

negative staining. Next, prepared grids were air dried and

stored at 40–50% humidity until TEM observation using

an FEI 120 kV Sphera microscope. Cryo-EM images were

acquired using a Tecnai F20 transmission electron micro-

scope operating at an acceleration voltage of 200 kV.

Release Kinetics of CpG Nanoparticles
The release kinetics was determined in 10 mM sodium phos-

phate buffer (pH 7.0) and 10 mM acetate buffer (pH 5.0). The

Slide-A-Lyzer MINI Dialysis units (10 kDa MWCO, Thermo

Fisher Scientific) were loaded with 100 μL of CpG-

encapsulated nanoparticles and placed in tanks containing

aforementioned buffers at 37°C. After 15 min, 30 min, 1, 2,

4, 8, 24, 48, 72 and 96 hr, the nanoparticles remaining in dialysis

units were collected and disrupted by 100% acetone. After

acetone was evaporated, remaining CpG was analyzed by the

reagent in Quant-iT™ RiboGreen® RNA Kit (Invitrogen).

Cellular Uptake of CpG Nanoparticles
The cellular uptake of nanoparticles by immature chBMDC

was studied by treating cells with 200 ng/mL of CpG and

Cy5 dye co-encapsulated nanoparticles (CpG-Cy5-NP).

After 3, 8 and 16 hr treatment, intracellular fluorescence

images were recorded by Olympus IX-83. By 48 hr after

treatment, cells were fixed with the cold acetone for 10 min,

and cellular nuclei were stained with DAPI. Fluorescence

images were acquired by Olympus IX-83.

Safety Test in vitro
The safety of different formulation of CpG was assessed

via in vitro cytotoxicity study. Immature chBMDCs were

incubated with various (2, 20, 200 ng/mL) concentrations

of the free (unencapsulated) CpG or CpG-NP for 72 hr,

and the cellular viability was evaluated using an

alamarBlue Cell Viability Reagent (Thermo Fisher

Scientific). Untreated cells were used as control.

Evaluation of chBMDC Maturation
The prepared immature chBMDCswere treated by free CpG or

CpG-NP for 24 hr. Morphological changes of cells were

observed and images were captured under an inverted micro-

scope at 10× magnification. Morphological changes demon-

strating DC maturation were analyzed from 9 random

microscope fields for each treatment with ImageJ (Version

1.49). In addition, treated chBMDCs were analyzed by

FACSCalibur Flow Cytometry (BD Biosciences).

Free CpG or CpG-NP were diluted to 200 ng/mL in the

culture medium and added to immature chBMDC cells.

Treated chBMDC cultures were harvested 16 hr following

incubation and assayed for CD40, CD80 and CCR7

mRNA expression by real-time RT-PCR using primer

pairs listed in Table 1. Briefly, total RNA of chBMDC

was extracted by Total RNA Mini Kit (Geneaid, Taipei,

Taiwan), reverse transcribed by QuantiNova Rev.

Transcription Kit (Qiagen) and PCR-amplified by

QuantiNova SYBR Green PCR Kit (Qiagen) with Biorad

CFX connect real-time system. The PCR procedure is as

follows: 95°C 2 min for pre-denaturation, 40 cycles of 95°

Table 1 Primer Pairs for Real-Time RT-PCR

Gene Sequence (5ʹ–3ʹ) GenBank Accession No Ref.

CD40 GGCACCTTCTCCAATGTATCTTC NM204665 [46]

GTTCGTCCCTTTCACCTTCAC

CD80 CAGCAAGCCGAACATAGAAAGA NM001079739 [46]

AGCAAACTGGTGGACCTGAGA

CCR7 CATGGACGGCGGTAAACAG HQ269806 [35]

TCATAGTCGTCGGTGACGTTGT

IL-1β ACATGTCGTGTGTGATGAG NM_204524 [47]

CAGCCGGTAGAAGATGAAGC

IL-6 GCGAGAACAGCATGGAGATG NM_204628 [47]

GTAGGTCTGAAAGGCGAACAG

IL-12α (p35) TGGCCGCTGCAAACG AY262751 [24]

ACCTCTTCAAGGGTGCACTCA

IFN-γ AAGTCAAAGCCGCACATCAAAC X99774 [48]

CTGGATTCTCAAGTCGTTCATCG

Abbreviations: IL, interleukin; CD, cluster of differentiation; CCR, C-C chemokine receptor.
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C 5 sec and 60°C 10 sec for segment amplification, and

a ramp from 65°C to 95°C for the melting curve analysis.

Immune Gene Activation of chBMDCs
FreeCpGandCpG-NPwere serially diluted in culturemedium

and added to chBMDCs. Treated cellswere harvested at 2, 4, 8,

16 hr following incubation and assayed for proinflammatory

cytokinesmRNA expression, including IL-1β, IL-6, IL-12 and
IFN-γ, by real-time RT-PCR as described above. Also, a RT2

Profiler Chicken Innate & Adaptive Immune Responses PCR

Array (PAGG-052ZG, Qiagen) was used to measure 84

immune gene activation following 16 hr incubation with 200

ng/mL of CpG. This 384-well PCR array assay used Roche

LightCycler 480 (Roche). The PCR array analysis was carried

out by online RT2 Profiler PCRData Analysis System (https://

dataanalysis2.qiagen.com/pcr). The CT value of 40 was set to

be the cut-off value, and the β-actin, hydroxymethylbilane

synthase and ribosomal protein L4 genes were selected for

normalization with their geometric means.

IFN-γ Detection by ELISA
ChBMDCs were mock treated or treated with 200 ng/mL free

CpG or CpG-NP for 24 hr, and the culture supernatant was

collected and stored at −80°C until use. The presence of IFN-γ
in the culture supernatant was detected using the IFN-gamma

Chicken Matched Antibody Pair (Invitrogen) according to the

manufacturer’s instructions. Briefly, the coating antibody was

coated onto a 96-well plate (0.2 μg/well) overnight at 4°C. The
plate was then blocked with PBS containing 0.5% BSA and

0.1% Tween 20. Next, 100 μL of sample was dispensed into

two duplicated wells, followed by adding 50 μL of 1 μg/mL

detection antibody. The platewas sealed and incubated at room

temperature for 2 hr on a shaker (700 rpm). Following washes

with PBS containing 0.1% Tween 20, 100 μL of streptavidin-

HRP (1:1024) was added and incubated at room temperature

for 30 min on a shaker (700 rpm). Finally, 100 μL of TMB

substrate (KPL, Gaithersburg, MD) was applied to each well

and incubated at room temperature for 30 min on a shaker

(700 rpm) until 1 M H2SO4 was added to stop the reaction.

Amicroplate reader (SynergyH1, BioTek,Winooski, VT)was

used to read the optical density at 450 nm.

Protective Antiviral Response Induced by

CpG Stimulation
Antiviral activity of the chBMDC culture supernatant in

response to CpG stimulation was investigated on DF-1 cells.

Immature chBMDCswere treatedwith 200 ng/mL freeCpGor

CpG-NP for 24 hr, and the culture supernatant was collected

and applied onto DF-1 cells for 8 hr incubation. After PBS

washes, AIV strain (A/Duck/Yilan/2904/99(H6N1)) was used

to infect the DF-1 cells for 2 hr at an MOI of 1 in the infection

medium (high glucose DMEM containing 0.075% BSA, 1%

NEAA, 1% sodium pyruvate, 1% HEPES, 1% antibiotic-

antimycotic, and supplemented with 0.3 μg/mL TPCK-

treated trypsin). Next, the virus was removed and replaced

with fresh infection medium. After 8 hr incubation, DF-1

cells were collected for the Western blot assay, using mouse

anti-influenza nucleoprotein monoclonal antibody (Clone

InA108, HyTest) and mouse anti-α-tubulin monoclonal anti-

body (Clone B-5-1-2, Sigma-Aldrich), both at 1:2000 dilution.

Results were developed by Clarity™ Western ECL Substrate

(Biorad) and visualized with the ChemiDoc XRS+ imaging

system (Biorad). The protein expression levels were analyzed

by Image Lab software (Version 5.2.1). In addition, the DF-1

culture supernatants were harvested for viral genome quantifi-

cation and TCID50 assay as previously described.
25,26

Expression and Purification of IBV

Receptor Binding Domain (RBD) Protein
ViralRNA from the allantoicfluidwas extracted using the viral

nucleic acid extraction kit (Geneaid Biotech Ltd., Taipei,

Taiwan) following the manufacturer’s protocol. According to

the previous study,27 the fragment that encodes the RBD of

spike protein was amplified using one-step RT-PCR with

a forward primer carrying the NdeI restriction site (5ʹ-GCCA

CATATGACTTTGTATGATAATG-3ʹ) and a reverse primer

carrying NotI digestion site and His tag sequence (5ʹ-GACA

GCGGCCGCCTAATGATGATGATGATGATGTTGCTTA-

ACTAAGC-3ʹ) (synthesized byTri-I Biotech, Taipei, Taiwan).

The PCR product was subcloned into the yT&A vector

(Yeastern Biotech, Taipei, Taiwan). After enzyme (NEB)

digestion, the restriction fragment was column-purified and

ligated to the pFastBac1-gp67-His-IRES-EGFP vector.28 The

resultant recombinant plasmid was transformed and amplified

in E. coli DH5a, and further transposed into E. coli DH10Bac

(Invitrogen) for gene transposition. The transposed bacmid

was then purified for transfection and preparation of recombi-

nant baculovirus carrying the gene of interest in Sf9 cells. After

two viral passages, Sf21 cells were infected with the recombi-

nant baculovirus at an MOI of 0.01 and incubated for 4 days.

The culture supernatant was collected by centrifugation, and

the rRBD protein was purified by the HisTrap FF column (GE

Healthcare) using GE ÄKTA protein purification system. The

purified protein was verified by the SDS-PAGE and Western
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blot using IBV spike specific monoclonal antibody (clone

2296-4).29 Protein concentration was determined by the BCA

assay (Pierce).

Chicken Immunization Experiments
Eighteen SPF chickens (JD-SPF Biotech Co., Ltd) were ran-

domly divided into three groups and subcutaneously immu-

nized with PBS, rRBD mixed with free CpG or rRBD mixed

with CpG-NP. The chickens were primed at 2-week-old and

boosted twice at 5-week-old and 9-week-old. The inoculating

dose was 4 μg of CpG (free or encapsulated) and 26 μg of

rRBD per chicken. Two weeks after the first boost, chicken

sera were collected and anti-rRBD antibody titers were deter-

mined by ELISA. Two weeks after the second boost, five

chickens per group were challenged with 106 EID50 of IBV

2296/95. Lung and kidney were collected at 6 days post-

challenge and homogenized for virus re-isolation in SPF

embryonic eggs.

Antibody ELISA
Hundred nanograms per well rRBD was coated onto the 96-

well flat bottom plate (Nunc, Denmark) with the coating buffer

(15 mM Na2CO3 and 35 mM NaHCO3, pH 9.6). . The plate

was washed three times with PBSTand blocked with 5% skim

milk (BD) for 1 hr. Serially diluted serum was added into the

plate (100 μL/well) and incubated for 1 hr. After PBST

washes, the rabbit anti-chicken IgY HRP conjugate (Jackson

ImmunoResearch) at 1:2000 dilution was added into the plate

(100 μL/well) and incubated for another hour. After further

PBSTwashes, TMB substrate (KPL) was applied to the plate

(100 μL/well) and incubated in the dark for 10 min until 1

M H2SO4 was added to stop the reaction. All the antibody

incubation steps were conducted at room temperature.

A microplate reader (Synergy H1, BioTek) was used to read

the optical density at 450 nm.

Virus Re-Isolation
Chicken lung and kidney were collected in 3 mL of sterile

PBS at 6 days post-challenge and homogenized. The

homogenates were clarified under 3000×g 10 min centri-

fugation and stored at −80°C freezer. Each sample was

tested in two 9-day-old SPF embryos (JD-SPF Biotech

Co., Ltd) and incubated at 37°C for 7 days. Upon exam-

ination, demonstration of embryo death, dwarfing and

curling indicated the positive results for IBV re-isolation.

Sample was determined as positive in virus re-isolation if

any of the embryos showed infection.

Statistical Analyses
Data were analyzed by unpaired t-tests, one-way ANOVA

followed by Tukey’s multiple comparison tests or two-way

ANOVA followed by Sidak’s multiple comparison tests

using GraphPad Prism (GraphPad Software, San Diego,

CA). The p values smaller than 0.05 were considered

statistically significant.

Results
Characterization of CpG-Loaded

Polymeric Hollow Nanoparticles
Preparation of thin-shell CpG-loaded PLGA nanoparticle

(CpG-NP), as illustrated in Figure 1A, was optimized using

a water-in-oil-in-water (w/o/w) double emulsion technique.

DLS and TEM imaging were used to characterize the nano-

particles. The results showed that unimodal round shape and

thin-shell hollow nanoparticles with an average diameter of

164 nm were observed, and the hollow nanoparticle without

the CpG loading was similar in size with the internally loaded

nanoparticle. (Figure 1B–D). The zeta-potential was deter-

mined as −60.2 mV. The encapsulation efficiency was consis-

tent at approximately 50% when tested with different CpG

input (data not shown). The nanoparticle size and CpG encap-

sulation before and after storage by freezing at −20°C for 1

month were determined. The results showed that the nanopar-

ticles retain the same size andCpGencapsulation following the

storage period (Figure 1E and F). In addition, as shown in

Figure 1G, the nanoparticle stably retains its CpG cargo at 4°C

during the observation period (7 days). At room temperature,

however, a loss of ~10%of CpGwas observed and attributable

to hydrolysis of the polymeric shell. The test of CpG release

kinetics of CpG-NPs indicated that PLGA-based CpG-NPwas

more stable in pH 7.0 than in pH 5.0 (Figure 1H), suggesting

the prevention of early disruption of CpG-NPs and loss of

adjuvant in general physiological environment. Moreover,

the sensitivity to low pH environment facilitates the CpG-NP

unloading in acidic endosomes once uptake by cells.

Efficient Intracellular Delivery of CpG to

Chicken Immune Cells
In this study, chicken bone marrow-derived dendritic cells

were obtained by isolating the bone marrow cells and

differentiate into dendritic cells in the presence of chicken

IL-4 and chicken GM-CSF. The morphology of chBMDCs

was observed under the inverted light microscope. During

the 6-day differentiation, the cells became larger with the

appearance of several small and bright granules in the
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Figure 1 (A) Schematic illustration of a PLGA hollow nanoparticle encapsulating CpG (CpG-NP). (B) The size of CpG-NP and empty NP as determined by DLS. (C) CpG-

NPs were visualized using transmission electronic microscopy under negative staining with uranyl acetate. (D) Cryo-EM visualization of the CpG-NP reveals its hollow, core-

shell structure. (E) Nanoparticle size measurement following storage by freezing at −20°C for 1 month. (F) CpG content ratio following storage by freezing at −20°C for 1

month. (G) CpG content ratio following storage at 4°C or 24°C for 7 days. (H) In vitro release kinetic of CpG from CpG-NP at pH 5 and pH 7. Error bars represent mean

± SD, n=3.
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cytoplasm (Figure 2A). The larger cytoplasm is one of the

characteristics of immature DCs, so-called veiled cells,

and the granules, termed intracytoplasmic circular gran-

ules, are a phenotypic feature of monocyte-derived den-

dritic cells.30,31 However, these cells did not appear to

aggregate as previously reported by Wu et al.24 In contrast

to the IL-4 and GM-CSF supplemented cells, the supple-

mented bone marrow cells remained in an undifferentiated

morphology and did not expand in terms of cell numbers

during the 6-day culture (Figure 2A).

To confirm the ability of chBMDC to engulf nanoparticles,

a CpG and Cy5 fluorescence dye co-encapsulated nanoparticle

(CpG-Cy5-NP) was prepared. Following the CpG-Cy5-NP

treatment, cellular uptake of nanoparticles was confirmed by

the detection of Cy5 in the cytoplasm. The uptake kinetics was

observed at 3, 8, 16 (Figure 2B) and 48 hours (Figure 2C). It

was found that as early as 3 hr post-treatment, Cy5 signal can

be detected in chBMDCs. This signal continuously increased

over time until 48 hr post-treatment, and most of the DCs

showed abundant fluorescent signal, indicating the nanoparti-

cle-based CpG can be efficiently delivered into immune cells

for toll-receptor signaling and innate immunity activation.

ChBMDC Maturation Induced by

Nanoparticulated CpG
The alamarBlue assay validated the safety of free CpG or

CpG-NPs in chBMDCs as high cell viability was obtained

in all tested concentrations of CpG over 72 hr of treatment

A Supplemented Day 3 Supplemented Day 6

Cy5C egreMIPAD

50 μm 50 μm 50 μm

50 μm 50 μm

Unsupplemented Day 6

50 μm

100 μm 100 μm 100 μm

3 hr 8 hr 16 hrB

Figure 2 (A) Chicken BMDCs supplemented (day 3 and day 6) and unsupplemented (day 6) with recombinant chicken GM-CSF and IL-4. (B) Chicken BMDCs were

incubated with CpG-Cy5-NP to observe the uptake kinetic at 3, 8, 16 hr post-incubation. (C) 48 hr post-incubation, cytoplasmic Cy5 signal was shown with the nucleus stain

of DAPI, indicating nanoparticle uptake by chicken BMDCs.
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(Figure 3A). ChBMDCs’ maturation was assessed by cell

morphology and phenotype characterization. After 200 ng/

mL of free CpG or CpG-NP treatment for 16 hours, the

veiled, granular immature chBMDCs developed dendrites,

which is a distinct morphology of mature DC (Figure 3B,

arrowed). Comparing with the free CpG-treated group,

CpG-NP-treated group showed significantly higher per-

centage of DC-like cells in the culture (Figure 3C). The

CpG-NP-treated cells also displayed distinct intracellular

complexity with greater side scatter intensity, indicating

that CpG-NP treatment to cells contributed to high granu-

larity of DCs, as analyzed by flow cytometry (Figure 3D).

Due to the lack of antibodies for chicken DC surface

markers, an alternative method, quantitative PCR, was

applied to determine the expression levels of CD40 and

CD80, where are two co-stimulators for naïve T cell acti-

vation and CCR7, a maturation marker for DCs

(Figure 3E). The results show that, comparing to the free

CpG-treated group, CpG-NP-treated DCs exhibited greater

expression levels of CD40, CD80 and CCR7, suggesting

more complete BMDC maturation induced by nanoparti-

culate CpG.

Enhanced Immune Activation in

chBMDCs by Nanoparticulated CpG
To better understand the immune gene profile of chBMDCs in

response to free CpG or CpG-NP, a panel of chicken innate and

adaptive immune response genes were evaluated by

a quantification PCR-based array (Table S1). The BMDCs were

incubated for 16 hr with 200 ng/mL of free CpG, CpG-NP or the

control empty NP. As shown in Figures 4A and S1, 53/84

immune-relatedgenes (indicatedby*)were found tobestimulated

(>3-fold increase) inCpG-NP-treated chBMDCswhereas only 39

of suchgeneswere stimulated in freeCpG-treatedcells, suggesting

an enhanced activation in the immune system trigger by the CpG-

NP. Treatment of cells with the empty NP exhibited a negligible

activation in the immune response. Upon categorization of these

immune genes, it was found that TLR signaling genes, such as

MyD88 and TRIF (TICAM1) were not upregulated, while the

TLReffector geneswere upregulated by both ofCpG-NPand free

CpG. Inparticular, the expression levels of innate immunity genes,

including TLR3, TLR15, NF-κB, IRF7 and several interleukin

family genes, were significantly higher in the CpG-NP treated

group than the free CpG group (Figures 4B and S1). To further

evaluate the dosing effect of CpG treatment, serially diluted CpG

in two different formulations was added to chBMDCs and incu-

bated for 16 hr. The gene expression levels of IL-1β, IL-6, IL-12

and IFN-γ in chBMDCswere analyzed by real-timeRT-PCR.The

results showed that these genes were significantly stimulated by

CpG-NP at 200 ng/mL, even at a lower concentration of 20 ng/

mL, CpG-NP treatment still induced comparable or greater levels

of cytokine genes expression than the highest dose of free CpG

(Figure 4D). Furthermore, to evaluate the time course effect,

various time points between 2 and 16 hr following incubation

with constant 200 ng/mL CpG with two different formulations

were analyzed. As indicated in Figure 4E, CpG-NP triggered

3-fold enhancement of IL-1β and IL-6 mRNA expression at 2 hr

post-incubation, and the stimulation lasted through 16 hr. For IL-

12 and IFN-γ, free CpG-treated group reached an intrinsic peak of

gene expression at the 4 hr mark, whereas CpG-NP continuously

stimulated gene expression during the 16 hr incubation.

A significantly higher production of IFN-γ in chBMDCs in

response to CpG-NP stimulation was also confirmed by

a sandwich ELISA detection in chBMDC culture supernatant

(Figure 4C), and the results are consistent with the findings from

the mRNA expression levels. Collectively, as compared to free

CpG, CpG-NP showed evidence of more effective and long-

lasting immune activation in chBMDCs.

CpG-NP-Primed BMDCs Produced

Effective Antiviral Proteins
Since several immune genes were observed to be stimulated by

CpG-NP treatment in chBMDC,we sought to know if this activa-

tion can contribute to antiviral immunity. Based on the assay

procedure illustrated in Figure 5A, the antiviral response elicited

by the CpG-NPwas examined in the BMDC culture supernatant-

pretreated and subsequently AIV-infected DF-1 cells. The results

showed that, 8 hr after virus infection, the expression ratio of viral

nucleoprotein to the housekeeping gene α-tubulin in CpG-NP-

treated group (0.37) was decreased by approximately two-fold, as

compared to the mock (untreated) control group (0.66) or free

CpG-treated group (0.63) (Figure 5B), indicating the nanoparticu-

late CpG-primed chBMDCs produced more effective functional

components to inhibit virus protein expression. In addition, extra-

cellularly released virus from infected DF-1 cells was examined.

CpG-NPgroup exhibitedmore than ten-fold reduction on the viral

genome copies detected in the culture supernatant, as compared to

the free CpG group ormock control group (Figure 5C). Similarly,

the virus titer detected from the CpG-NP groupwas 2-log10 lower

than the mock group and significantly lower than the free CpG

group (Figure 5D). These results collectively indicate that, com-

paring with the free CpG formulation, CpG-NP is capable of

inducing enhanced antiviral response in chicken cells by inhibiting

viral protein expression and viral genome replication.
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Figure 3 (A) chBMDC viability following the treatment with various concentrations of free CpG and CpG-NP. The viability of untreated cell grown in medium for 72 hr was

considered to be 100%. Chicken BMDCs were incubated with 200 ng/mL free CpG or CpG-NP for 16 hr. The dendrites of mature chBMDCs were indicated with black

arrows (B), and the percentage of DCswith dendritic morphology was quantified (C). (D) Cells were analyzed by flow cytometry, revealing increased side scattering for

CpG-NP treated DCs. (E) CD40, CD80 and CCR7 mRNA expression levels were measured by qRT-PCR. Error bars represent mean ± SD in (C), n=9, other data in the plot

present the mean ± SEM, n=3 (ns, nonsignificant; *p ≤ 0.05; **p≤ 0.01, ****p ≤ 0.001).
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Figure 4 (A) Immune gene induction of chBMDCs following the treatment with 200 ng/mL free CpG, CpG-NP or empty NP for 16 hr. Genes labelled with * indicate a more

than three-fold stimulation by CpG-NP as compared to free CpG. (B) Genes significantly upregulated after the 16-hr treatment of 200 ng/mL CpG-NP as compared to free

CpG are shown. (C) IFN-γ level in the culture supernatant of chBMDCs was detected by ELISA after 24 hr treatment of CpG-NP, free CpG or mock treatment. (D) IL-1β,
IL-6, IL-12 and IFN-γ mRNA expression levels of chBMDCs treated with various concentrations of free CpG or CpG-NP for 16 hr were detected by qRT-PCR. (E) IL-1β, IL-
6, IL-12 and IFN-γ mRNA expression levels of chBMDCs treated with 200 ng/mL of free CpG or CpG-NP were monitored by qRT-PCR at different time points. Data in the

plot present the mean ± SEM, n=3 (ns, nonsignificant; *p ≤ 0.05; **p≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001).
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Expression of IBV Spike Receptor Binding

Domain (RBD) Protein
According to the previous study, IBV RBD is located at the

N-terminus 253 amino acids in the spike protein of IBV M41

strain. Through the pairwise alignment of the spike protein

from the M41 and IBV 2296/95 strain, the RBD of 2296/95

strain was putatively located at the N-terminus 19-254 amino

acids (Figure 6A). Excluding an 18-aa signal peptide at the

very end of N terminal, a 236-aa fragment encoding for rRBD

was cloned, fused with two polyhistidine tags (Figure 6A) and

expressed in serum free-adapted Sf21 insect cells (Figure S2).

As shown in Figure 6B, purified rRBD protein (approximately

55 kDa) was obtained and verified through SDS-PAGE and

Western blot using a monoclonal antibody against IBV S1.

Superior Humoral Response and

Protection Against Viral Challenge by

CpG-NP Adjuvanted Immunization
IBV rRBD protein was used as an antigen for chickens to

evaluate the immunostimulatory effect of free CpG or CpG-

NP in vivo. The immunization schedule of SPF chickens is

shown in Figure 6C. Three groups chickens were subcuta-

neously immunized at the back between wings with sterile

PBS, rRBD protein mixed with free CpG, or rRBD protein

mixed with CpG-NP, respectively, and serum was collected

after the first booster shot for RBD-specific antibody titration.

While anti-rRBD antibody titer of the free CpG adjuvanted

rRBD immunization group barely showed differences to that of

the PBS control group, chickens receiving CpG-NP adjuvanted

rRBD demonstrated nearly 4-fold higher antibody titers in the

serum (titer: 5711) and showed a significant difference to the

other controls (Figure 6D). After 106 EID50 of homologous

IBV challenge, lung and kidney were collected 7 days post-

challenge from each group, and tissues were homogenized for

virus re-isolation in SPF embryonic eggs. As shown in Table 2,

the CpG-NP adjuvanted immunization resulted a reduced virus

replication in both lung and kidney. Overall, the enhanced

humoral response and improved protective efficacy provided

by CpG-NP adjuvanted protein immunization highlight super-

ior adjuvanticity of nanoparticulate CpG.

Discussion
In this study, we prepared a novel hollow PLGA nanopar-

ticle loaded with CpG ODN 2007 adjuvant, which can be

efficiently engulfed by immature chBMDC, potently sti-

mulate chBMDCs’ maturation, activate immune response,

and promote antiviral activity in vitro and immunostimu-

latory effects in vivo. While CpG has been widely adopted

as an immunostimulatory ligand, this study is the first to

A

B DC

chBMDC DF-1

chBMDC supernatant
pretreatment 8 hr

DF-1

H6N1 infection
(MOI=1) 8 hr

Cell → viral protein western blot
Supernatant → viral titer/load

Free CpG or CpG-
NP treatment 16 hr

or

Collect chBMDC
supernatant

Free CpG

CpG-N
P

NC Mock

Nucleoprotein

α-tubulin

Nucleoprotein /
α-tubulin ratio

- 55

- 60

0 0.66 0.63 0.37

(kDa)

Figure 5 (A) Flow chart of DF-1 cell protection test by chBMDC culture supernatant. ChBMDC culture supernatant pretreated DF-1 was infected with MOI 1 H6N1 avian

influenza virus for 8 hr. Then, viral nucleoprotein (NP) expression in DF-1 cell was measured by Western blotting and normalized to internal control α-tubulin (B).
Supernatant from infected DF-1 cell was collected for viral genome quantification (C) and TCID50 measurement (D). Data in the plot present the mean ± SEM, n=3 (*p ≤
0.05; **p≤ 0.01).

Lin et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:153314

http://www.dovepress.com/get_supplementary_file.php?f=241492.pptx
http://www.dovepress.com
http://www.dovepress.com


address the previously unelucidated mechanism that con-

tributes to the immune activation in chickens, by using an

ex vivo BMDC model. The present nanoformulation

scheme yields nanoparticles with a diameter of about 160

nm, which can drain freely in the lymphatic system.32 We

show that the CpG-NP remains stable following storage by

freezing or at the room temperature, demonstrating that the

nanoparticles can be transported upon freezing and possess

adequate stability for practical use. The nanoparticles are

stable at the physiological pH, releasing less than 50% of

its cargo in 96 hr. At pH 5.0, acid-induced ester hydrolysis

facilitates the breakdown of the PLGA nanoparticles and

accelerates the CpG release. Thus, the low pH environ-

ment in endosome is conducive to CpG release, allowing

intracellular TLR21, the CpG receptor in chickens, to be

stimulated by the large amount of encapsulated CpG.

Ex vivo culture of chBMDC was used to test the efficacy

of encapsulated CpG. Maturation of dendritic cells is essential

to its functionalization to process and present internalized

antigen, and to express co-stimulator and home to lymph

nodes. Morphology and phenotype characterization were

used to assess the DC’s maturation induced by free CpG or

CpG-NP. Both forms of CpG treatment can turn the veiled,

round, immature BMDCs to a dendritic morphology,

a characteristic of mature DC. Upon dendrite quantification

among activated DCs, CpG-NP stimulated DC maturation to

a significantly greater extent over free CpG.

Antigen presentation to naïve T cells and initiation of spe-

cific adaptive immune responses depend on surface MHC-II-

antigen complex as well as co-stimulators of DCs, like CD40,

CD80 and CD86. In mammals and chickens, these costimula-

tory molecules are commonly used as criteria to characterize

DCs’ maturation.24,33 After CpG-NP treatment, CD40 and

CD80 mRNA expression levels in chBMDC were increased

by more than 3-fold as compared to free CpG-treated cells.

These two co-stimulators were also detected in the PCR array

assay and showed a consistent result. The PCR array also

showed a more than 3-fold increase of CD86 following CpG-
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Figure 6 (A) Construction and expression of recombinant infectious bronchitis virus receptor-binding domain (rRBD) in insect cell system. (B) rRBD expression was

checked in stain-free SDS-PAGE and Western blot. (C) Experimental design of chicken vaccination of rRBD adjuvanted with free CpG or CpG-NP. (D) Specific anti-rRBD

antibody in serum was titrated at day 35. Data in the plot present the mean ± SEM, n=6 (ns, nonsignificant, *p ≤ 0.05).

Table 2 Virus Re-Isolation Rates fromChickens After Viral Challenge

PBS rRBD Plus Free CpG rRBD Plus CpG-NP

Lung 5/5 4/5 1/5

Kidney 4/5 4/5 2/5

Abbreviations: rRBD, recombinant receptor binding domain; NP, nanoparticle.
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NP treatment. In mammals, the CC chemokine receptors 7

(CCR7) plays an important role in controlling the homing of

DCs to secondary lymphoid organs where they encounter naïve

T cells.34 Maturation of chicken DCs was confirmed with the

upregulation of CCR7.35 Thus, stimulation of CD40, CD80,

CD86 and CCR7 indicated the high potency of CpG-NP to

drive chBMDCs to become phenotypically mature.

With the maturation of DCs, secretion of cytokines would

mediate the promotion of B cell response to produce antibo-

dies, and to polarize cell-mediated immune responses into

either Th1 or Th2 responses. IL-6 is not only a B cell growth

factor and plasma cell differentiation inducer,36 but also plays

an essential role in regulating the Th17 and Treg cells, which

have functions in protection against bacterial infections and

restrain excessive effector Tcell responses, respectively.37 IL-6

mRNAwas observed to be expressed in a greater amount under

the CpG-NP treatment, which may harbinger a strong B cell

maturation response and induction of Th17 response. IL-12

and IL-18 expression trigger Th1 cell differentiation, promot-

ing cell-mediated immune responses,38 and they are required

for IFN-γ production.39,40 On the other hand, IL-10 regulates

T cells polarization to Th2 and inhibits IFN-γ production in

DCs.41 Although both IL-10 and IL-12 were upregulated by

CpG-NP treatment, the sustained expression of IL-12 and IL-

18 supported the continuous production of IFN-γ. In contrast,
free CpG-treated cells expressed low levels of IL-12 may

account for the transient expression of IFN-γ. Another Th

cell polarization regulator, IL-4, was minimally stimulated by

either the nanoformulation or the free form of CpG. Taken

together, encapsulated CpG-NP is more effective at polarizing

CD4+ T cell into Th1 rather than Th2 phenotype. Another

cytokine, CD40 ligand (CD40LG), which is known as a B

cell regulator responsible for cell differentiation in the chicken

harderian gland,42,43 was also upregulated from CpG-NP trea-

ted cells. In addition, IL-1β was one of the most significantly

upregulated genes in the panel. Previously, IL-1βwas shown to
induce other cytokines’ expression and enhance mucosal IgA

in mice and chickens when co-administered intranasally with

OVA or attenuated Newcastle disease virus.44 Considering the

stimulation of CD40LG and IL-1β, the potential of CpG-NP to
act as mucosal targeting adjuvant and promote IgA secretion

presents an appealing aspect for future studies.

With the significant expression of cytokines and TLR

signaling genes in CpG-NP treated cells, it is expected that

CpG-NP can prime the activation of virus resistant state and

improve immune responses through DC priming. IFN-β,
a critical marker of innate immune activation that constitutes

host defense and activates adaptive immune responses, was

upregulated by CpG-NP but not by free CpG in this study. Pre-

treatment with supernatant derived from CpG-NP-primed

chBMDC was sufficient to trigger DF-1 cells’ antiviral state

and protection against subsequent H6N1 infection, indicating

the activation of rapid, non-specific innate immune response.

In addition, CpG-NPwas shown to be capable of activating the

adaptive immunity in vivo as evidenced by elevated antigen-

specific antibody responses. More importantly, the antibody

titer observed from the CpG-NP adjuvanted group was com-

parable level to that following live IBVinfection.45 This robust

humoral response presumably led to improved protection in

chickens after challenge. The CpG-NP presents a promising

candidate for antiviral and vaccine applications in chickens and

other poultry animals.

Conclusions
A PLGA hollow nanoparticle loaded with CpG ODN 2007

adjuvant showed evidence of improved innate immune stimu-

lating effectiveness and long-lasting immunostimulatory ability

ex vivo and in vivo in chickens, as compared to free CpG. This

enhanced immune stimulation benefits from the high stability

and controlled release of internal component of nanoparticles

that improve cellular delivery, lymphoid organ targeting, and

sustainable DC activation. The enhanced DC activation is

found to activate a plethora of cytokine expression that con-

tribute to the induction of antiviral state. In addition, utility of

the CpG-NP as a vaccine adjuvant is shown to significantly

elevate humoral immune responses and antiviral protectivity.
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