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Abstract

Biodegradable nanomaterials can protect antigens from degradation, promote cellular absorption, and enhance immune responses. We
constructed a eukaryotic plasmid [pCAGGS-opti441-hemagglutinin (HA)] by inserting the optimized HA gene fragment of HON2 AIV into
the pCAGGS vector. The pCAGGS-opti441-HA/DGL was developed through packaging the pCAGGS-opti441-HA with dendrigraft poly-I-
lysines (DGLs). DGL not only protected the pPCAGGS-opti441-HA from degradation, but also exhibited high transfection efficiency. Strong
cellular immune responses were induced in chickens immunized with the pCAGGS-opti441-HA/DGL. The levels of IFN-y and IL-2, and
lymphocyte transformation rate of the vaccinated chickens increased at the third week post the immunization. For the vaccinated chickens, T
lymphocytes were activated and proliferated, the numbers of CD3+CD4+ and CD4+/CD8+ increased, and the chickens were protected
completely against HON2 AIV challenge. This study provides a method for the development of novel AIV vaccines, and a theoretical basis
for the development of safe and efficient gene delivery carriers.
© 2020 Elsevier Inc. All rights reserved.
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HON2 subtype avian influenza virus (AIV), known as lowly
pathogenic AIV (LPAIV), causes great losses in the poultry
industry by causing avian eggs laying drop, respiratory diseases
and successive breakouts of diseases. Morecover, HON2 AIV
provided internal genes to other subtype influenza viruses, e.g.
H7N9, which have infected humans with high mortality rate.'+>
Sporadic cases of HON2 infection in humans have been reported
as well. At present, vaccination is still one of the most effective
measures to prevent Al, but there are some difficulties in the use

of vaccines to prevent the disease because of frequently antigenic
drift and shift of AIV.? And commercial killed HON2 vaccine
induced strong humoral antibody level, but limited cellular
immune response, which caused partial protection in field.
Therefore, it is significant to develop new vaccines to protect the
HO9N2 AIV infection.

DNA vaccines have been studied to treat many diseases
caused by pathogens.* ® Compared to other types of vaccines,
DNA vaccines exhibit several main features and advantages.
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DNA vaccines are relatively safe without serious side effects,”*®
and can be rapidly developed in a few weeks when being
threatened by a pandemic pathogen and are stable at room
temperature and easy to be stored and transported. Additionally,
genes can also be edited by mutation or other means to enhance
their immunogenicity or safety. However, DNA vaccine has
drawbacks; the plasmid DNA enters the body cells less
efficiently, has lower immunogenicity and is easily degraded
in vivo.

Nanoparticles (NPs) with different compositions, sizes,
shapes and surface properties have been increasingly applied in
the medical field.”*'° NPs can enter cells by endocytosis because
of their smaller size and cellular composition.!' Currently, a
number of nano-scale vaccines and drug delivery systems have
been developed and applied in the prevention and treatment of
various diseases.'? '* NPs can serve either as a delivery system
to enhance antigen-presenting efficiency or as a vaccine adjuvant
to enhance immune response.'*"'® Dendrimers are a type of
highly branched, symmetrical, and radial macromolecules
similar to a dendrite. Dendrimers have many features, including
a large number of branch points, three-dimensional and spherical
with monodisperse, and fixed nanometer size range. The
characteristic three-dimensional structures of dendrimers enable
them the ability to pass through cell membranes; therefore, they
are better nano delivery materials than the classical polymers.'’
An expeditious multigram-scale synthesis of lysine dendrigraft
polymers by aqueous N-carboxyanhydride polycondensation
had been described.'® Due to these unique properties,
cationic dendrimers have been widely used for drug and gene
delivery.'? !

Synthetic polymers including chitosan, polyetherimide (PEI),
poly(lactic-co-glycolic acid) (PLGA), polyamidoamine
(PAMAM) and poly-l-lactic acid (PLA) have been widely used
in gene- and drug-delivery systems. Dendrigraft poly-l-lysines
(DGLs), which are nonviral delivery vectors for drug and are
entirely made of lysine, are a type of polycation dendrimer
formed by poly condensation of lysine. DGL, including its
central core, is composed entirely of lysine; therefore, DGL is
completely biodegradable. The degradation monomer of DGL is
lysine; thus, DGL is less toxic than other polymers. In addition,
DGL is water-soluble, thermally stable, and non-immunogenic.
Currently, DGL has been employed as drug and gene delivery
vehicle due to its biodegradability and rich external amino
groups that can encapsulate drugs by the emulsion crosslinking
method or plasmid DNA through electric interactions.”” The
high density of terminal functional groups in G3 generation DGL
can provide a large number of reaction bases for the combination
of DGL with drug molecules and can control the drug through
the change in pH and temperature of the lesion. The molecular
size and shape of DGL are controllable; thus, DGL can be
modified with targeting ligands, rendering vectors with targeting
properties and long circulation.”? ** Besides, DGL can form
stable complexes with plasmid DNA and have markedly higher
gene transfection abilities than the other polymers.*®-*” DGL has
been widely applied in the field of antiviral, gene and drug
delivery efc.**72%-2*31 It had been proved that DGL had dual
gene targeting delivery potential and could efficiently transport
gene fragments across the blood—brain barrier.”®> However, to

date, there is no report regarding whether DGL can deliver a
DNA vaccine in the field of veterinary vaccines.

This study investigated the possibility of DGL as the delivery
of'a DNA vaccine against HON2 AIV. It aimed (1) to evaluate the
effectiveness of DGL nano delivery system for a DNA vaccine,
(2) to characterize the physicochemical, toxicological, biological
binding and release, immunological properties and stability of
the plasmid DNA, and (3) to evaluate the ability of DGL for the
delivery of DNA vaccine and determine the effectiveness of the
nano vaccine in protecting chickens from infection of HON2
AIV. We have developed the DGL nano delivery system for
improving the efficiency of the DNA vaccine trans-membrane
transport and expression. This new method enhanced both
humoral and cellular immune responses.

Methods
Construction of the eukaryotic expression plasmid

The plasmid pCAGGS and pUC19-opti441-HA were obtain-
ed from the Laboratory of Innovation Team for Pathogen
Ecology Research on Animal Influenza Virus of Shanghai
Veterinary Research Institute, CAAS. Hemagglutinin (HA) of
AIV has been frequently used as antigen in DNA vaccines
because of its capability of inducing a broad protective immune
response.>” Therefore, we constructed a eukaryotic expression
plasmid expressing HA protein (pCAGGS-opti441-HA) by
using the optimized HA gene of HIN2 subtype AIV. Briefly,
the plasmid pCAGGS and pUC19-opti441-HA were digested by
EcoR 1 and Xho 1. The digested fragments were then ligated by
T4 DNA ligase and transformed into E. coli DH5a competent
cells. The positive pCAGGS-opti441-HA expressing HA protein
was purified using QIAGEN Plasmid Maxi Kit.

Cell culture and cytotoxicity analysis of DGL

Madin-Daby canine kidney cells (MDCK cells) and DF-1
cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin,
and cultured at 37 °C under a humidified atmosphere containing
5% COs.

Dendrigraft poly-L-lysines (DGLs) (containing 123 primary
amino groups, generation 3) were purchased from COLCOM
(Montpellier Cedex, France). /n vitro cytotoxicity of G3-DGL
was evaluated by CCK-8 reagent (Dojindo, Kumamoto, Japan).
The survival rate of DF-1 cells was determined by measuring
optical density at 450 nm (OD450). Briefly, DF-1 cells were
diluted to the final cell concentration of 2 x 10° cells/ml,
transferred to 96-well plates at 100 pl per well, and cultured at
37 °C for 16 h. Cells were treated with different concentrations
of DGL after being rinsed once with PBS. After 4 h incubation,
DGL solutions were removed, and the cells were continuously
cultured for an additional 40 h. Then, 10 ul of CCK-8 reagents
was added and incubated for another 4 h. The OD450 was read
with a microplate reader. Cells without any treatment were set as
100% viability. All measurements were performed in
quintuplicate.
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Synthesis of the pCAGGS-opti441-HA/DGL

The pCAGGS-opti441-HA/DGL was synthesized by the
electrostatic interaction of NH3 in DGL and POy in nucleic acids
(pCAGGS-opti441-HA or EGFP plasmid) in distilled water at
various N/P ratios. The mixture was incubated at room
temperature for 30 min. The linkage of DGL with the plasmid
was detected by 0.8% agarose gel at 90 V for 40 min. The
transfection efficiency of DGL was detected via in vitro
transfection assay. The mixture was transfected into DF-1 cells
grown in 96-well plates at 37 °C in a CO, (5%) incubator. The
cells were analyzed when the cell growth reached around 80%
confluence. After the cells were incubated with the mixture for
24 h, epifluorescence images were acquired using a fluorescent
microscopy (Zeiss, Oberkochen, Germany). The size and zeta
potentials of the resulting pCAGGS-opti441-HA/DGL were
measured by Zeta Sizer 2000 from Malvern Instruments
(Malvern, UK).

DNase I protection assay

To test the stability of pCAGGS-opti441-HA/DGL against
DNase hydrolysis, 6 pl of pCAGGS-opti441-HA/DGL (equiv-
alent to 3.0 pg of the naked plasmid DNA) was incubated with 3
U of DNase I (TransGen Biotech, China) at 37 °C in 10 pl of
reaction buffer for 30 min. The reaction was terminated by
adding 0.5 pl of EDTA (200 uM) at 65 °C for 10 min. Then the
reaction samples were examined by 1% agarose gel with TAE
buffer containing 1% ethidium bromide at 100 V for 40 min.

In vitro expression

To verify in vitro expression of pPCAGGS-opti441-HA mixed
with DGL, MDCK cells were seeded at a density of 1 x 10*
cells/well at 37 °C and 5% CO,. The cells were incubated with
the pCAGGS-opti441-HA/DGL containing media (without
serum) at 37 °C for 24 h when the cells growth reached 80%
confluence. The expression of HA protein in the transfected cells
was monitored with an indirect immuno-fluorescent test. The
HON2 AIV positive serum (Shanghai Veterinary Research
Institute, China) and fluorescein isothiocyanate-labeled goat-
anti-chicken IgG (Sigma, St. Luis, MO, USA) were used at a
dilution of 1:500 and 1:500, respectively. The cell nuclei were
stained with the 4’,6-diamidino-2-phenylindole (DAPI, Roche,
Basel, Switzerland) for 5 min at room temperature. Epifluores-
cence images were acquired using a laser scanning confocal
microscope (Nikon, Japan).

In vitro release and stability

To test the release of pCAGGS-opti441-HA from the
pCAGGS-opti441-HA/DGL, 200 pl of the pCAGGS-opti441-
HA/DGL containing 200 pg of the pCAGGS-opti441-HA was
mixed with 10.0 ml PBS solution containing 0.25 mmol/l
glucose, and then vibrated on a shaker at 37 °C. The samples
were collected at different time point and the DNA concentration
was measured on a spectrophotometer. Additionally, to evaluate
the stability of pCAGGS-opti441-HA/DGL during the storage,
these nanoparticles were placed at room temperature for 1 h, 2 h,
6 h, 12 h, 24 h, 72 h and 120 h, respectively. Their morpho-

Table 1
HI antibody in SPF chickens inoculated with vaccines.

Groups Immunization grouping Weeks post the immunization

Weeks
1 2 3 4 5 6

1 pCAGGS-opti441-HA/DGL im.  0/8 7/8 7/8 7/8 7/8 7/8
2 pCAGGS-opti441-HA i.m. 0/8 3/8 3/8 5/8 5/8 7/8
3 pCAGGS-opti441-HA/DGL im.e. 0/8 5/8 5/8 5/8 5/8 7/8
4 pCAGGS-opti441-HA im.e. 0/8 5/8 6/8 6/8 6/8 8/8
5 pCAGGS-opti441-HA/DGL i.n. 0/8 0/8 0/8 0/8 0/8 0/8
6 pCAGGS-opti441-HA i.n. 0/8 0/8 0/8 0/8 0/8 0/8
7 DGL i.n. 0/5 0/5 0/5 0/5 0/5 0/5
8 PBS in. 0/5 0/5 0/5 0/5 0/5 0/5
9 DGL i.m. 0/5 0/5 0/5 0/5 0/5 0/5
10 PBS i.m. 0/5 0/5 0/5 0/5 0/5 0/5
11 DGL ime.e. 0/5 0/5 0/5 0/5 0/5 0/5
12 PBS im.e. 0/5 0/5 0/5 0/5 0/5 0/5

logical changes and particle size were observed and recorded. All
experiments were repeated at least twice.

In vivo biological safety assay

For the in vivo biological safety assay, nine 4-week-old
specific pathogen free (SPF) chickens obtained from Shanghai
Veterinary Research Institute were randomly grouped into three
groups with 3 chickens in each group. Chickens in Group 1 were
immunized intramuscularly (i.m.) with 1.0 ml of pCAGGS-
opti441-HA/DGL containing a total of 2 mg of the pCAGGS-
opti441-HA and the N/P ratio was 3; chickens in Group 2 were
immunized intramuscularly electronic transfer (i.m.e.) with 1 ml
of'the pPCAGGS-opti441-HA/DGL and the N/P ratio was same as
Group 1; chickens in Group 3 were immunized i.m. with
phosphate buffered saline (PBS, pH 7.4). Any abnormal changes
in chickens were continuously observed and recorded for
14 days.

Immunization and challenge

78 three-week-old healthy SPF chickens were randomly
divided into three groups with 26 chickens in each group, and
each group was divided into four subgroups. Chickens in Group
1 were immunized im. with the pCAGGS-opti441-HA/DGL
(containing 200 pg of the pCAGGS-optid41-HA, 8 chickens),
200 pg of the pCAGGS-opti441-HA (8 chickens), DGL (5
chickens) and PBS (5 chickens), respectively. Chickens in Group
2 were immunized i.m.e. with the pCAGGS-opti441-HA/DGL
(8 chickens), 200 pg of the pCAGGS-opti441-HA (8 chickens),
DGL (5 chickens) and PBS (5 chickens), respectively. Chickens
in Group 3 were immunized intranasally (i.n.) with the
pCAGGS-opti441-HA/DGL (8 chickens), 200 pug of the
pCAGGS-opti441-HA (8 chickens), DGL (5 chickens) and
PBS (5 chickens), respectively. The groups and immune method
of chickens are shown in Table 1. Four weeks after the first
immunization, chickens were given another shot using the same
formula. Two weeks after the last immunization, chickens were
challenged with 100 pul of viral suspension containing 10°
EID50/0.1 ml of HON2 (Ck/Shanghai/441/2009) viruses via
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Figure 1. (A) The enzymatic digestion analysis of pCAGGS and Opti-441-HA. M: DNA marker DL 2000; lanes 1 and 2: opti-441-HA digested by enzyme; lanes
3 and 4: pCAGGS digested by enzyme. (B) The identification of pPCAGGS-opti-441HA by agarose gel electrophesis. M: DL 15000 Marker; 1: pCAGGS-opti-

441-HA.

intravenous infusion. Oropharyngeal (OP) and cloacal (CL)
swabs were collected from all the chickens at day 3, 5 and 7 post-
infection. The viral titers of swabs were detected as previously
described.! Survival rates of chickens were monitored for
7 days. All animal experiments were conducted in accordance
with Animal Ethics Guidelines and Protocols approved by the
Animal Ethics Committee of the Shanghai Veterinary Research
Institute of the Chinese Academy of Agricultural Sciences,
China (shvri-ro-2,015,040,384).

Assays of hemagglutination inhibition antibody and cytokines

To assess immune response of immunized chicken, chickens
of each group were bled weekly and serum samples were
separated from the blood. The titers of AIV (HON2) HI antibody
were detected by hemagglutination inhibition (HI) assay as
previously described.®* The levels of IFN-y and IL-2 in serum
were determined using an ELISA Kit (Enzyme-linked Biotech-
nology Co. Ltd., Shanghai, China). All the operations were
performed according to the procedures described for the cytokine
ELISA Kits.

Assay of lymphocyte proliferation

The peripheral blood mononuclear cells (PBMCs) of
chickens were purified from heparinized blood by using
Ficoll density gradient centrifugation method. Briefly, the
blood was diluted 1:1 with PBS and layered onto lymphocyte
separation liquid (TBD Science, Tianjin, China) and then
centrifuged at 500 xg for 30 min. The PBMC-containing
interface was subsequently transferred to new tubes and
washed twice with PBS containing 0.5% FBS by centrifuga-
tion at 250 xg for 5 min. The PBMCs were re-suspended in
RPMI1640 supplemented with 10% FBS and the cell
concentration was adjusted to 2.5 x 10° cells/ml. 80 ul of
cell suspension (2 x 10° cells/well) was cultured in 96-well
plate and stimulated with 20 pl of ConA (50 pg/ml). Medium
alone was taken as the negative control. The plates were
cultured at 37 °C for 44 h. The stimulation indexes (SIs) were
assayed with CCK-8 reagent.

Flow cytometric analysis

PBMCs of chickens were collected and the diversity of
CD4+/CD8+ was detected. Briefly, 1 x 10° PBMCs were
incubated with mouse anti chicken CD3-SPRD, anti-chicken
CD4-FITC, and anti-chicken CD8«-PE (Southern Biotech,
Birmingham, AL, USA) at room temperature for 20 min. Isotype
controls produced by incubating PBMCs with mouse IgGl
(Southern Biotech, Birmingham, AL, USA) conjugated to
SPRD, FITC and PE. The cells were washed twice with FACS
buffer (Bioscience, San Diego, CA, USA), then suspended with
FACS buffer and analyzed by the CytomicsTM FC 500
(Beckman Coulter, Indianapolis, Indiana, USA).

Statistical analysis

All the results were expressed as mean values + standard
deviation (SD). All experiments were repeated for at least three
times with at least triplicated samples in each experiment.
Kruskal-Wallis one-way analysis of variance (ANOVA) was
employed to evaluate the statistical differences among different
groups with SPSS 19.0 software. The difference between groups
with P value of <.05 was considered to be statistically
significant.

Results
Construction of pCAGGS-opti-441-HA

After being double digested with EcoR I and Xho 1, the Opti-
441-HA fragment (1701 bp) was obtained and the band size was
in line with the expected results (Figure 1, A). After the
digestion, the Opti-441-HA fragment was ligated with the
pCAGGS fragment. Figure 1, B demonstrated the construction
of the pPCAGGS-opti441-HA.

Preparation and characterization of pCAGGS-opti441-HA/DGL

It can be seen from Figure 2, A that when N/P is 1.5, no
pCAGGS-opti441-HA is seen escaping, indicating that the
minimum N/P ratio of DGL to pCAGGS-opti441-HA is 1.5. In
Figure 2, B, when N/P is 3.0, the fluorescence density is higher
than the low N/P ratio. As the N/P ratio increases, the increasing
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Figure 2. (A) Identification of DGL and pCAGGS-opti-441-HA in different N/P ratio by agarose gel electrophesis. M: DL 15000 Marker; lane 1: pPCAGGS-opti-
441-HA. lanes 2-12: N/P ratios of DGL and pCAGGS-opti-441-HA were 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 and 8.0, respectively. (B) Identification of
DGL and EGFP in difference N/P ratios by in vitro transfection test. a-g: N/P ratios of DGL to EGFP were 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 and 8.0, respectively; h:
transfection of naked EGFP; i: transfection of commercial transfection reagent and EGFP.

fluorescence trend is nearly saturated, indicating that the optimal
N/P ratio of DGL to pCAGGS-opti-441-HA is 3.0.

The pCAGGS-opti441-HA/DGL prepared by the optimal N/P
ratio (N/P = 3.0) displayed uniform morphology and good
dispensability (Figure 3, A), the average particle size was 68.9 +
2.1 nm (Figure 3, B), and the average zeta potential was 55.1 +
1.3 mV (Figure 3, C). In addition, dynamic light scattering (DLS)
by number and volume distribution and the characterization for all
N/P ration optimization regarding size and zeta potential can be
seen in Supplementary Information (Figure S1).

Biological safety of DGL and pCAGGS-opti441-HA/DGL

As shown in Figure 4, A, when DGL concentrations 0.1, 1.0,
and 10 pg/ml were used to treat the cells for 4 h, there were no
significant difference in cell survival rate (P > 0.05) compared to
control group, indicating that DGL showed minimal toxicity on the

cells under 10 pg/ml. When DGL concentration was increased to
100 pg/ml, the cell viability was 82.2 + 0.1% (P < 0.05).

To evaluate the safety of pCAGGS-opti441-HA/DGL, SPF
chickens were divided into four groups with 3 in each group. The
pCAGGS-opti441-HA/DGL dose used here was 10 times higher
than that used for chicken immunization treatment. After two
weeks of observation, there were no abnormal symptoms for all the
chickens treated in the four groups; no sickness and no death
happened. Necropsy examination also showed no differences
between the four groups. These results suggest that the pCAGGS-
opti441-HA/DGL is not noticeable toxic to SPF chickens.

Protection of DGL against the DNasel digestion of the
pCAGGS-opti441-HA

DNasel digestion of the pCAGGS-opti441-HA/DGL was
shown in Figure 4, B. The naked pCAGGS-opti441-HA could be
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digested by DNasel in 30 min. However, the pCAGGS-opti441-
HA was resistant to the digestion of DNasel after being mixed
with DGL. The pCAGGS-opti441-HA could be released from
the DNasel treated pCAGGS-opti441-HA/DGL by heparin
sodium. These results suggest that DGL can protect the plasmid
from being digested by DNasel.

In vitro HA protein expression of the pCAGGS-opti441-HA/
DGL

As shown in Figure 4, C and Figure 4, D, no fluorescence
was detected under microscope in the control MDCK cells
(Group D) and the pCAGGS-opti441-HA treated MDCK cells
(Group C), indicating that no HA protein was expressed under
these conditions. However, for the pPCAGGS-opti441-HA/DGL
treated MDCK cells (Group A), strong fluorescence was
detected, indicating that the pCAGGS-opti441-HA was trans-
fected into the cells by DGL, and HA protein was expressed.
When MDCK cells were treated with DNase I digested
pCAGGS-opti441-HA/DGL (Group B), strong fluorescence
was also detected, indicating that DGL not only transfected the
plasmid into the cells, but also protected the plasmid from being
hydrolyzed by nuclease.

In vitro release and stability of the pCAGGS-opti441-HA from
pCAGGS-opti441-HA/DGL

As shown in Figure 4, E, the plasmid in vitro release was
slow within the first 24 h. A burst release was followed between
24 and 72 h (reached 69.3 + 2.5% at 72 h). The plasmid DNA
sustained slow release between 72 and 216 h (reached 81.0 +
4.4% at 216 h). Additionally, the stability of the nanoparticles at
the room temperature for 1 h, 2 h, 6 h, 12 h, 24 h, 72 h and
120 h was evaluated, respectively. The results showed that no
significant changes in the morphology and particle size of
nanoparticles were observed, indicating that the nanoparticles are

ogy, Biology, and Medicine 27 (2020) 102209

1 1 10 100 1000 10000
Size (r.nm)

140000

120000

100000 C
80000
60000
40000

20000

0+
-200 -100 0 100 200

Zeta Potential (mV)

B) and zeta potential (C) of the pPCAGGS-opti441-HA/DGL.

stable and can be stored for a long period of time even at the
room temperature (Figure S2).

HI antibody in SPF chickens inoculated with vaccines

No HI antibody was produced in chickens of all 12 groups at
the first week post the immunization (Table 1). 7 out of 8
chickens were HI positive against HON2 in pCAGGS-opti441-
HA/DGL i.m. in the second week post the immunization; the
positive rate was 87.5% (7/8). In the sixth week post the
immunization, the positive rate of pCAGGS-opti441-HA im.e
group was 100% (8/8), whereas no HI antibody was detected in
chickens in the pCAGGS-opti441-HA/DGL i.n. and pCAGGS-
opti441-HA i.n. groups.

Figure 5, A showed that no HI antibody was produced in
chickens in all eight groups at the first week post the
immunization; HI antibody levels in the pCAGGS-opti441-
HA/DGL im. were higher than those of chickens in other
groups. The HI antibody levels in chickens in the pCAGGS-
optid41-HA im. and pCAGGS-optid41 groups were signifi-
cantly different compared to those chickens in the pCAGGS-
opti441-HA/DGL group (P < 0.05). In the second week after the
booster immunization, there was an increase in HI antibody
levels in the pCAGGS-opti441-HA/DGL i.m., pCAGGS-
opti441-HA im., pCAGGS-opti441-HA/DGL i.m.e. and
pCAGGS-opti441-HA groups.

Peripheral blood lymphocyte proliferation of immunized chick-
ens

As shown in Figure 5, B, the increase in Sls of peripheral
blood lymphocytes was not significant in the second week post
the immunization, but the levels in the pCAGGS-opti441-HA/
DGL i.m.e. were higher than those of the other groups, indicting
the nano vaccine has not yet effectively stimulated the body to
produce a strong cellular immune response. The SIs of
pCAGGS-opti441-HA/DGL im. and pCAGGS-opti441-HA 1.
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Figure 4. (A) Toxic effects of DGL at different concentrations on DF-1 cells; (B) DNase I protection assay. M: DL 15000 marker; lane 1: plasmid DNA; lane 2:
plasmid DNA digested with DNase I for 30 min; lane 3: pCAGGS-opti441-HA/DGL digested with DNasel for 30 min; lane 4: heparin sodium was added after
pCAGGS-opti441-HA/DGL was digested with DNasel for 30 min. (C & D) Indirect immunofluorescence LSCM image of pCAGGS-opti441-HA/DGL (x20).
Group A: transfection of pCAGGS-opti441-HA/DGL; Group B: transfection of pCAGGS-opti441-HA/DGL that deal with DNasel; Group C: transfection of
naked pCAGGS-opti-441-HA; Group D: MDCK cells control. (E) Release curve of pCAGGS-opti441-HA/DGL in vitro.

m. were significantly increased at the 4th weeks post the
immunization with ConA (P < 0.01). The level of SIs was not
significantly changed at the pPCAGGS-opti441-HA/DGL i.m. for
6 weeks post the immunization. The difference was significant
(P < 0.01) as compared with those of DGL and PBS groups. The
results suggest that intramuscular immunization of chickens with
pCAGGS-opti441-HA/DGL effectively stimulates lymphocyte
transformation and promotes the cellular immune responses.

Duration of immunity

Based on the results of animal immunization, the pPCAGGS-
opti441-HA/DGL i.m. and pCAGGS-opti441-HA/DGL i.m.e.
and H9 subtype inactivated vaccine (SD696 strain) i.m. were
selected to determine the duration of vaccine immunization. As
shown in Figure 5, C, HI antibody levels in chicken of all but
PBS groups were significantly increased in the second week post
the immunization. HI antibody levels of the pCAGGS-opti441-
HA/DGL im and pCAGGS-opti441-HA im.e. were not
significantly different (P > 0.05), while HI antibody titers of
the pCAGGS-opti441-HA/DGL i.m. and pCAGGS-opti441-HA
i.m.e. peaked at week 6 and continued to gradually decline until
week 12. HI antibody levels of chickens in H9 subtype
inactivated vaccine i.m. were significantly higher than those of
the other groups (P < 0.01).

Recover of HY9N2 avian influenza virus in chickens after
challenge

After intravenous injection of chickens with 10° EIDsy/
0.1 ml HON2 AIV (Table 2), the virus was not detected in the
laryngeal and cloacal swabs of the chickens immunized by the

pCAGGS-opti441-HA/DGL i.m., or pPCAGGS-opti441-HA i.m.,
while the higher titer of virus was isolated from the chickens
treated with DGL, PBS, indicating that pCAGGS-opti441-HA/
DGL is capable of protecting SPF chickens from HIN2 AIV
infection.

The virus could be isolated from the oropharyngeal swabs of
all the immunized chickens on days 3 and 5 after being
challenged through the nose (Table 3), but the viral titers in
chickens vaccinated with pCAGGS-opti441-HA/DGL im.,
pCAGGS-opti441-HA i.m., pCAGGS-opti441-HA/DGL i.m.e.
and pCAGGS-opti441-HA i.m.e. were lower than those
of chickens in DGL i.m., PBS im., PCAGGS-opti441-HA/
DGL in. and pCAGGS-opti441-HA in. groups. No virus was
isolated in oropharyngeal swabs of all the chickens vaccinated
with pCAGGS-opti441-HA/DGL i.m., pCAGGS-opti441-HA
im., pCAGGS-opti441-HA/DGL im.e. and pCAGGS-
opti441-HA i.m.e. groups on day 7.

No virus was isolated in the cloacal swabs of all the chickens
vaccinated with pCAGGS-opti441-HA/DGL i.m., pCAGGS-
opti441-HA i.m., pCAGGS-opti441-HA/DGL i.m.e. and
pCAGGS-opti441-HA im.e. on days 3, 5 and 7 after being
challenged through the nose. These results suggest that the
pCAGGS-opti441-HA/DGL i. m. induced the higher level of HI
antibody against HON2 AIV and a higher level of immune
protective effect on SPF chickens was achieved after intravenous
injection of HON2 AIV.

Induction of cytokines

As shown in Figure 6, A, IL-2 levels were not significant in
the first two weeks post Ist immunization; IL-2 levels in the
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Figure 5. Serum IgG antibody titers. (A), changes of peripheral blood lymphocyte proliferation (B) and duration of immunity (C), post 1st immunization. Values

represent mean + S.D. **P < 0.01 was significantly different.

pCAGGS-opti441-HA/DGL i.m. reached the highest values at
the third week. IL-2 levels in the pPCAGGS-opti441-HA/DGL i.
m. were significantly higher than those compared to PBS group
(P <0.01)at 3, 4, 5 and 6 weeks post the 1st immunization. The
pCAGGS-opti441-HA/DGL im. and pCAGGS-opti441-HA/
DGL i.m.e. showed no significant difference in IL-2 levels
(Figure 6, A).

IFN-v levels were not changed significantly in the first two
weeks after immunization (Figure 6, B) for all groups. IFN-y
levels in the pCAGGS-opti441-HA/DGL i.m. and pCAGGS-
opti441-HA/DGL i.m.e. were significantly increased at the third
week after immunization compared to PBS and DGL groups
(P <0.01).

Changes of CD3+, CD4+, CD&+ levels in peripheral blood

The levels of induced T lymphocyte (CD3+/CD4+) in the
pCAGGS-opti441-HA/DGL i.m. group and pCAGGS-opti441-
HA i.m.e. were significantly higher than those in PBS (P < 0.05)
4 weeks post the primary immunization (Figure 7, A). The
changes of CD4+/CD8+ levels in the first two weeks post the
primary immunization (Figure 7, B) were not significant. CD4+/
CDS8+ levels in T lymphocytes of pCAGGS-opti441-HA/DGL i.
m. and pCAGGS-opti441-HA i.m.e. were increased significantly

3 weeks post the primary immunization compared to that of PBS
group (P < 0.01). There was no significant difference in CD4+/
CD8+ between pCAGGS-opti441-HA/DGL i.m. and pCAGGS-
opti441-HA im.e. (P > 0.05).

Discussion

To enhance the expression efficacy of HA gene, HA gene of
HON2 subtype bird flu virus isolated from chicken was
optimized and cloned into the pCAGGS.** The pCAGGS has
been known to be highly expressed in eukaryotic cells because
its sequence contains the [3-actin promoter and CMV enhancer of
chickens.® Using the optimized H9 gene, we constructed the
pPCAGGS-opti441-HA that expressed HA protein.

The particle size of nanoparticles has been known to affect
the degree of endocytosis and phagocytosis. NPs < 500 nm
are usually endocytosed, whereas those >500 nm are usually
intrinsic phagocytosis.>® Endothelial cells can engulf larger
particles (>5 pm).>’-** In the present study, we selected the
G3-DGL as the carrier; G3-DGL is a dendrimer polymerized
from 123 lysine residues with diameter of 7 nm. Through
electrostatic adsorption, DGL can be well combined with the
negatively charged plasmid DNA to form the complex,
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Table 2
Virus shedding and titers from chickens immunized with vaccines after
challenge with virus through intravenous injection (log;oEIDs¢/ml).

Table 3
Virus shedding and titers from chickens immunized with vaccines after being
challenged through the nose (titer: log;oEIDso/ml).

Immunization grouping Day 3 Day 5 Day 7 Immunization grouping Day 3 Day 5 Day 7

(0] c O cC o C (0] c O CcC O C
pCAGGS-opti441-HA/DGL im.  — - - - - - pCAGGS-opti441-HA/DGL im.  1.0-3.75 - 15225 - - -
pCAGGS-opti441-HA im. - - - - - - pCAGGS-opti441-HA i.m. 2.55-425 - 15317 - - -
pCAGGS-opti441-HA/DGL im.e. — - - - - - pCAGGS-opti441-HA/DGL im.e. 2.63-43 - 12535 - — -
pCAGGS-opti441-HA i.m.e. - - - - - - pCAGGS-opti441-HA im.e. 25475 - 12535 - - -
pCAGGS-opti441-HA/DGL i.n. 3.25-433 + + + - - pCAGGS-opti441-HA/DGL i.n. 3.5-4.5 + 175425 + + -
pCAGGS-opti441-HA i.n. 2545 + 125175 + — -  pCAGGS-optid41-HA in. 3550 o+ 2425 o+ + +
DGL 3.5-4.5 + 1.0-1.75 + + - DGL 3.5-425 + 22535 + + -
PBS 35475 + 15325 + - o+ PBS 3.75-525 + 22535 + + o+

“0O” stands for oropharyngeal swab samples; “C” stands for cloacal swab
samples; “+” stands for swab sample is positive in virus isolation; “~” stands
for swab sample is negative in virus isolation.

protecting the plasmid DNA effectively without destroying its
antigenic activity. Thus, we prepared the DGL-DNA com-
plexes with different N/P ratios and determined the optimal
ratio. More importantly, within the complex, the pCAGGS-
opti441-HA can be encapsulated into DGL to form a DNA
vaccine. Moreover, the DGL efficiently transfected the
pCAGGS-opti441-HA into DF-1 cells, and the HA protein
was expressed in cells, suggesting that DGL is a functional
carrier for plasmid DNA.

We examined the stability of the pCAGGS-opti441-HA/DGL
and found that it was almost completely resistant to DNase |
degradation under physiological pH conditions. The pCAGGS-
opti441-HA/DGL treated with or without DNase I was used to
transfect MDCK cells; no difference in the expression level of
HA protein was seen between the two treatments, indicating that
the expression of HA protein and its biological activity of
plasmid DNA were not affected by adding DGL. We detected the
release of pCAGGS-opti441-HA/DGL at the physiological pH
and found that during 0-216 h, the plasmid DNA was released in
a process from slow release to sudden burst to steady release, and
the majority of the plasmid DNA was released between 24 to
72 h.

Intramuscular immunization of SPF chickens with the
pCAGGS-opti441-HA/DGL produced high level of HI
antibodies; it was significantly higher than those of the
intramuscular injection of plasmid DNA. Furthermore, after
the booster immunization with the same dose, the antibody
level was further increased. The pCAGGS-opti441-HA/DGL
can protect the SPF chickens from being infected by HIN2
AIV. After being challenged, the SPF chickens in the
pCAGGS-opti441-HA/DGL i.m. group showed no symptoms,
and no virus was detected in the cloaca swabs. The antibodies
in the pCAGGS-opti441-HA/DGL i.m. persisted for up to
12 weeks after a single immunization with SPF chickens. Our
results also suggest that electrically assisted intramuscular
injection of the naked plasmid DNA can also effectively
stimulate the body to produce humoral immune response and
a longer duration of immunity, but the complex route of
vaccination limits its advantages.

“O” stands for oropharyngeal swab sample; “C” stands for cloacal swab
sample; “+” stands for swab sample is positive in virus isolation; “—” stands
for swab sample is negative in virus isolation.

One of the mechanisms underlying the protection of SPF
chickens from H9N2 AIV vig intramuscular immunization
with the pCAGGS-opti441-HA/DGL can be attributed to
enhanced cellular immune system. The cellular immune
system can be evaluated with proliferative stimulator by
measuring lymphocyte proliferation. In this study, after being
intramuscularly immunized with the pCAGGS-opti441-HA/
DGL, the peripheral blood lymphocytes of SPF chickens
exhibited significantly higher levels of proliferation after
booster immunization and showed more obvious stimulatory
response to ConA than other groups did, indicating that
intramuscular injection of pCAGGS-opti441-HA/DGL can
effectively induce a strong cellular immune response.
Simultaneously, SPF chickens immunized with the
pCAGGS-opti441-HA/DGL significantly enhanced the ex-
pression of pro-inflammatory cytokines. IFN-vy and IL-2 are
important cytokines regulating the immune response of
the body, and play a key role in the cellular immune
response.”’ *? Therefore, their secreted levels can reflect the
cellular immune response. In this study, the levels of IFN-y
and IL-2 in the pCAGGS-opti441-HA/DGL i.m. were
significantly higher than that in the control group. The nano
DNA vaccine promoted IFN-vy secretion after having entered
the body, which, in turn, further promoted the antigen
presenting effect and enabled the plasmid DNA to be
effectively and quickly presented to T cells. The increased
levels of INF-y and IL-2 demonstrate that the nano DNA
vaccine stimulates the proliferation, activates T-lymphocytes
and thus, enhances the body’s cellular immune function.

Additionally, immunization of SPF chickens with the
PCAGGS-opti441-HA/DGL significantly enhanced the sub-
populations of T lymphocytes and immune functions. The
major histocompatibility complex (MHC) is a type of cell
surface protein essential for recognition of foreign molecules
in the acquired immune system. MHC gene family includes
three types of molecules: MHC I, MHC II, and MHC IIIL
Among them, MHC I recognizes CD8+ surface antigens and
mediates the host exposure through interaction with CD8+ on
the surface of cytotoxic T cells; MHC II mediates the
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Figure 6. IL-2 (A) and IFN-y (B) levels in serum from the SPF chickens immunized with the pCAGGS-opti441-HA/DGL i.m., pCAGGS-opti441-HA i.m.,
pCAGGS-opti441-HA/DGL i.m.e., pPCAGGS-opti441-HA i.m.e., DGL i.m and PBS i.m. IFN-y, IL-2 and IL-4 levels in serum were analyzed in a chicken IFN-y
and IL-2 enzyme-linked immunosorbent assay. Values represent mean + S.D. **P < 0.01 was significantly different.

establishment of body-specific immunity through the interac-
tion of CD4+ molecules on the surface of helper T cells (Th).
The body’s immune function can be evaluated by measuring
the relative contents of T lymphocyte subsets in the body.**
CD4+ T lymphocytes are capable of enhancing the immune
response; CD8+ T lymphocytes play an important role in
viral clearance.** Therefore, changes in the levels of CD4+
and CD8+ T lymphocytes are closely related to immune
function.*>**° In our study, CD8+ and CD4+ T lymphocytes
were measured, and the levels of CD3+/CD4+ and CD4+/
CD8+ T lymphocytes in the pCAGGS-opti441-HA/DGL im.
and pCAGGS-opti441-HA im.e. were significantly higher
than those in PBS group. These results indicate that the nano
DNA vaccine can effectively stimulate the body to produce
both humoral and cellular immunity. Increased levels of
cytokines, proliferation of T lymphocytes, and CD4+/CD8+
values demonstrated that DGL can help the plasmid DNA
escape from endosomes when the pPCAGGS-opti441-HA/DGL
enters the body. DGL prevents the plasmid DNA degradation,
increases its replication and expression in the body, promotes
antigen presentation, proves the expression of the antigen

protein, and stimulates the body to produce immune
responses.
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