Archives of Virology (2020) 165:1959-1968
https://doi.org/10.1007/500705-020-04669-5

ORIGINAL ARTICLE q

Check for
updates

Immune effect of a Newcastle disease virus DNA vaccine with IL-12
as a molecular adjuvant delivered by electroporation

Peng Xie'23 . Yanling Li">3 - Yaling Li* - Jianpeng Liang'>3 - Bin Xiang'%3 - Qiuyan Lin">3. Jiaqi Jin"?3 . Chan Ding” -
Chenggang Xu'?3 . Tao Ren'%3

Received: 12 December 2019 / Accepted: 17 April 2020 / Published online: 9 June 2020
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

Newcastle disease (ND), caused by virulent Newcastle disease virus (NDV) strains, has been one of the most problematic
diseases affecting the poultry industry worldwide. Conventional vaccines provide effective protection for birds to survive
ND outbreaks, but they may not completely suppress NDV shedding. NDV strains circulate on farms for a long time after
the initial infection and cause potential risks. A new vaccine with fast clearance ability and low viral shedding is needed. In
this study, we used interleukin-12 (IL-12) as an adjuvant and electroporation (EP) as an advanced delivery system to improve
a DNA vaccine candidate. The fusion (F) protein gene from an NDV strain of the prevalent genotype VII.1.1 was cloned
to prepare the vaccine. Chickens immunized with the F gene DNA vaccine co-delivered with an IL-12-expressing plasmid
DNA showed higher neutralizing antibody levels and stronger concanavalin-A-induced lymphocyte proliferation than those
treated with the F gene DNA vaccine alone. The co-delivered vaccine provided 100% protection, and less viral shedding and
a shorter release time were observed in challenged chickens than when the F gene DNA vaccine was administered alone. The
use of F gene DNA combined with IL-12 delivered by electroporation is a promising approach for vaccination against ND.
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family Paramyxoviridae. Vaccines remain important tools
to control the disease in epidemic countries or regions, and
co-application of attenuated and killed vaccines has effec-
tively reduced the morbidity and mortality of the disease.
However, the failure of vaccination to provide protection
against the currently prevalent genotype VII ND has been
reported [12]. Mutations occur during the viral replication
process, and the natural evolution of wild-type NDV also
poses a risk. As of 2019, at least 20 genotypes of NDV in
class II and one in class I have been identified, and this num-
ber has been increasing [5]. Epidemiology reports have sug-
gested that emerging strains exhibiting antigenic variations
may be responsible for recent ND outbreaks in Africa and
Asia [1, 20]. These facts suggest that the conventional vac-
cine is insufficient for long-term control of ND. Incomplete
inactivation of killed NDV vaccine may lead to infections
in animals. Studies have found some attenuated vaccines
to be contaminated with exogenous viruses, including fowl
adenovirus and chicken infectious anemia virus, [19, 31].
In addition, traditional vaccines have the disadvantage of
needing to be kept cold during shipping, which is difficult in
some developing countries and remote rural areas.

In 1990, DNA was first demonstrated to be effective for
producing antigens in vivo [36]. Since then, DNA vaccines
have attracted increased interest because of their stability
during transport and their safety [6]. DNA vaccines can
mimic natural infections, can elicit a broad overall immune
response and are stable at ambient temperatures. They can
also be produced using polymerase chain reaction (PCR),
which makes it easier to match the antigen to epidemic
viral strains. In the last decade, a few DNA vaccines have
been licensed for use, including vaccines against West
Nile virus in horses [3], canine melanoma in dogs [3], and
HS5N1 avian influenza virus in birds [16]. Due to the ineffi-
ciency of direct injection of naked plasmid DNA, delivery
methods including the use of electroporation (EP) [25],
nanoparticles [9] and biological carriers [10] have been
developed to increase the efficiency of uptake of DNA
vaccines. By using electrical pulses to generate transient
pores in cell membranes, EP allows drugs, RNA, DNA,
and proteins to be imported into cells more efficiently than
traditional intramuscular (IM) injection [8, 29]. EP can
also enhance vaccine efficacy by eliciting a CD8" T cell
response and inducing a local immune response [4, 26].
Another important strategy for improving DNA vaccines
is the use of molecular adjuvants. Cytokines have been
used for years as immune adjuvants to improve immune
response of vaccines [33]. One of them, IL-12, enhances
the proliferation and cytolytic activity of T and NK cells,
activates T helper 1 cells, and induce the production of
interferon-y and other cytokines [23]. IL-12 adjuvant also
increases the protective antibody response [23]. Notably,
IL-12 can induce strong mucosal immunity, making it
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especially advantageous in combating respiratory dis-
eases, and it has shown remarkable efficacy in prevention
of influenza and pneumococcal disease [2, 22].

The genome of NDV encodes six structural proteins:
nucleocapsid protein, matrix protein, phosphoprotein,
fusion (F) protein, hemagglutinin-neuraminidase (HN)
protein and large polymerase protein. The F and HN pro-
teins are naturally expressed on the viral envelope and are
recognized first by the immune system during infection.
Previous studies have shown that F- or HN-gene-based
DNA vaccines can induce the production of neutralizing
antibodies (NAbs) in birds that help them to survive NDV
infections, and the efficacy of a DNA vaccine based on the
F gene has been shown to be superior to that of one based
on the HN gene [22, 37]. As the use of a vaccine strain
homologous to the current circulating viruses is likely to
reduce viral shedding [24], we chose the F gene of an NDV
strain belonging to genotype VII, which is the prevalent
genotype in China, to construct a DNA vaccine. We evalu-
ated the immunogenicity of the F gene DNA vaccine com-
bined with IL-12 adjuvant in chickens and also compared
the efficacy of IM injection and EP. The aim of our work
was to evaluate a new vaccine candidate for ND control
and provide a reference for avian DNA vaccine strategies.

Materials and methods
Virus, cells, plasmids and chickens

The NDV GM (Chicken/China/GM/2006; GenBank:
DQ486859.1) strain of genotype VII was used for chal-
lenge in the animal experiments, and the strain was clas-
sified as subgenotype VII.1.1 according to the new clas-
sification system reported in 2019 [5]. 293T cells used for
transfection were maintained in our laboratory and grown
in DMEM (Dulbecco’s modified Eagle’s medium; Gibco,
Thermo Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco) at 37 °C in 5%
CO,. Primary chicken embryo fibroblast (CEF) cells for
the neutralization test were prepared using 9-day-old SPF
chicken embryos provided by Da Huanong Animal Health
Products Co., Ltd. (Guangdong, China) and were separated
as described previously [27]. The eukaryotic expression
vector pCAGGS containing a chicken B-actin promoter
was obtained from the Key Laboratory of Animal Vac-
cine Development in South China Agricultural University.
SPF chickens were purchased from Da Huanong Animal
Health Products Co., Ltd., and housed in isolators. All
animal experiments were approved by the South China
Agricultural University Experimental Animal Welfare Eth-
ics Committee.
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Construction of F gene DNA vaccine and chicken
IL-12 adjuvants

RNA was extracted from the allantoic fluid of a chicken
embryo inoculated with NDV strain GM and used as the
template for F gene cloning. The RT-PCR products were
inserted into the pCAGGS vector to generate pCAG-F. RNA
was extracted from peripheral blood mononuclear cells
(PBMCs) of leghorn SPF chickens, providing a template for
cloning p40 and p35 subunits of chicken IL-12 (chIL-12).
The full-length p40 and p35 genes were amplified separately
by PCR. Then, primer p40-R-L was used with primer p40-F
to delete the TGA stop codon and add a part of the linker
nucleotide sequence, and the resulting amplicon was 977 bp
long. Primer p35-F-L was also used with primer p35-R to
delete the p35 ATG and to add a part of the linker nucleo-
tide sequence, and the resulting amplicon was 645 bp long.
Finally, these amplified products were used as templates, and
the primers IL-12-F and IL-12-R were used to obtain a full-
length IL-12 gene with the linker SGGGSGGGGSGGGGS
between the p40 and p35 subunits. Primers were designed
based on the reference sequences obtained from the Gen-
Bank database (AY262752.1, AY262751.1). The PCR prod-
ucts were cloned into the restriction sites of the pCAGGS
vector to generate the construct pCAG-IL-12. The primers
used for PCR are listed in Table 1.

In vitro expression from plasmid constructs

The plasmids pCAGGS, pCAG-F, and pCAG-IL-12 were
introduced separately into 293T cells by transfection using
Lipofectamine™ 3000 (Life Technologies, USA) accord-
ing to the manufacturer’s instructions. Protein expression
was detected by indirect immunofluorescence assay (ilFA)
after 48 hours. Briefly, the cells were fixed with 4% para-
formaldehyde, permeabilized with 0.1% Triton x-100, and
blocked with PBS containing 5% bovine serum albumin. The

cells were then incubated with a primary rabbit polyclonal
antibody against NDV (diluted 1:100 in PBS) or that against
IL-12 (diluted 1:100 in PBS) at 37 °C for 2 h. NDV antibody
was prepared by us and stored at the Key Laboratory of Ani-
mal Vaccine Development in South China Agricultural Uni-
versity (details not shown). The IL-12 antibody was prepared
as follows: Briefly, the chicken IL-12 gene was amplified
and cloned into the vector pET-32a (Novagen; EMD-Mil-
lipore, Billerica, MA), and the resulting plasmid construct
was expressed in Escherichia coli BL21 (DE3) competent
cells. The recombinant protein was purified and injected into
rabbits to obtain polyclonal serum. FITC-labeled goat anti-
rabbit IgG (BOSTER, Wuhan, China; diluted 1:150 in PBS)
was used as the secondary antibody. Fluorescence signals
were observed by fluorescence microscopy.

Immunization and challenge experiments
F gene DNA vaccine administered IM or by EP

Forty 14-day-old white leghorn SPF chickens were ran-
domly divided into four equal groups (N =10) for vaccina-
tion experiments. For primary immunization, chickens in
groups 1, 2, and 3 were inoculated with 100 pg of ddH,0,
100-pg pCAGGS, or 100 pg of pCAG-F, respectively, by IM
injection. Chickens in group 4 were inoculated with 100 pg
of pCAG-F by EP. EP was performed using an in vivo gene
delivery system (TERESA, Shanghai, China) as follows: The
vaccine was delivered intramuscularly into the leg using a
1-ml syringe. The syringe was then pulled out, two silver
needle electrodes were inserted into the muscles, and six
electric pulses of 36 V (each lasting for 20 ms) were imme-
diately delivered around the inoculation site at intervals of
50 ms. After two weeks, the inoculation was repeated as a
booster. Three chickens were selected randomly to obtain
PBMCs at 14 and 28 days after first immunization. Serum
samples were obtained from six randomly selected chickens

Table 1 Primers used for gene

. Gene Primer Sequence of primer (5'-3") Length (bp)
amplification
F GM-F-F CGGAATTCGCCACCATGGGCTTCAAACCTTCTACC 1662
GM-F-R CGGCTAGCTCATGCTCTTGTAGTGGCTCT
p40 p40-F ATGTCTCACCTGCTATTTGCCTTAC 948
p40-R TGATCTGCAAAGCGTGGACCACTC
p40-R-L TCCGCTACCGCCTCCACCAGAGCCTCCTCCACTCTGC
AAAGCGTGGACCACTC
p35 p35-F-L GGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCAGAG 618
CACGGCATCGGC
p35-F ATGGCAGAGCACGGCATCGGC
p35-R TTACATCTCTGCAGTGAGGGCACTCAGG
IL-12 IL-12-F CGGAATTCGCCACCATGTCTCACCTGCTATTTGCCTTAC 1608
IL-12-R CCCTCGAGTTACATCTCTGCAGTGAGGGCACTCAGG
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in each group 28 days after primary immunization. Two
weeks after the second immunization, chickens were chal-
lenged with NDV at a dose of 10> ELDs in a 200-pl volume
by oculonasal instillation. Oropharyngeal and cloacal swabs
were obtained 3, 5, 7, and 9 days post-challenge (DPC) to
detect viral shedding. Briefly, swabs were suspended in 1 ml
of PBS with antibiotics (penicillin, 4000 U/ml; streptomy-
cin, 2 mg/ml) and inoculated into 10-day-old SPF embryo-
nated chicken eggs. The eggs were incubated at 37 °C for
72 h. The allantoic fluids were collected and tested for the
presence of NDV using a standard hemagglutination (HA)
inhibition (HI) test. Symptoms and deaths were recorded
for 14 days.

F gene DNA vaccine combined with chIL-12 as an adjuvant
administered by EP

An additional 52 14-day-old SPF chickens were randomly
divided into four equal groups (N =13) to investigate the
effect of chIL-12 used as an adjuvant to the F gene DNA
vaccine. Chickens in group 1 were injected intramuscularly
with ddH,0; those in group 2, with 100 pg of pCAG-F;
those in group 3, with 100 pg of pCAG-F and 100 pg of
pCAG-IL-12; and those in group 4, with 100 pg of pCAG-
IL-12. All antigens were delivered at a final volume of
100 pl by EP as described above. After two weeks, the chick-
ens were administered an equal booster dose of plasmids by
the same route. Three chickens were selected randomly to
obtain PBMCs at 14 and 28 days after the first immuniza-
tion. Serum samples were obtained 28 days after the pri-
mary immunization from eight randomly selected chickens
from each group for Nab detection. Two weeks after the
booster, all chickens were challenged with NDV as in the
first experiment. Three randomly selected chickens were
killed at 3 DPC to measure virus titers in organs as reported
previously [13]. Briefly, the collected tissues were homog-
enized in phosphate-buffered saline containing ampicillin
and penicillin. Virus titration was determined in tenfold
serial dilutions of supernatant by inoculation into specific-
pathogen-free embryonated chicken eggs. Virus titers were
calculated based on the number of eggs that were positive
by hemagglutination at each dilution. Oropharyngeal and
cloacal swabs of the remaining 10 chickens in each group
were obtained at 3, 5, 7, and 9 DPC to detect viral shedding
as described previously. All chickens were observed for 14
days, and symptoms and deaths were recorded.

Determination of NAb levels and lymphocyte
proliferation

Various types of antibodies are produced in NDV infec-

tion, some of which neutralize the virus, such as antibod-
ies induced by the F protein [28]. In the first and second
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animal experiments, serum samples from six and eight
randomly selected chickens, respectively, from each group
were collected after immunization to evaluate the serum
antibody response. The virus neutralization test was per-
formed as follows: Heat-inactivated sera were serially
diluted twofold and incubated for 2 h with 100 TCIDs, of
NDV strain GM in DMEM. Serum—-NDV mixtures were
then applied to CEF monolayers in a 96-well plate with
four replicate wells per dilution. After 3 days of incuba-
tion, virus was detected in the cell supernatant using a
hemagglutination test. A positive HA result indicated that
the virus had not been neutralized. The NADb titer was
defined as the highest serum dilution at which infectivity
was inhibited in 50% of the wells.

PBMCs were isolated from heparinized peripheral
blood from three randomly selected chickens using
chicken lymphocyte separation medium (HaoYang, Tian-
jing, China). Lymphocyte proliferation was determined as
reported previously [34]. The isolated cells were washed
twice with Hanks’ balanced salt solution, washed once in
RPMI 1640 (Gibco, USA), and then resuspended in RPMI
1640 containing 10% FBS, penicillin, and streptomycin at
a final concentration of 2 x 10° cells/ml. The cells were
then seeded in 96-well plates at a density of 2 x 10° cells
per well. For the lymphocyte proliferation assay, the cul-
tures were stimulated with 20 pl of concanavalin A (ConA,
Sigma, 100 pg/ml) or not stimulated (negative control),
both in triplicate, at 39 °C in 5% CO,. After 48 h, 10 pl of
MTT (5 mg/ml) was added to each well, and the incubation
was continued for an additional 4 h. After incubation, the
supernatant was discarded, and 150 pl of dimethyl sulfox-
ide was added to dissolve the formazan crystals for 10 min.
The optical density (OD) of each well was then determined
at 570 nm using a Model 550 Microplate Reader (Bio-Rad
Laboratories Co., Ltd., Shanghai, China). The stimulation
activity (OD) was calculated using the following formula:
OD = (mean OD of ConA stimulated cells) — (mean OD of
unstimulated cells).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5
software (GraphPad Software Inc., San Diego, CA, USA).
All laboratory tests were performed in triplicate, and each
value was measured three times. Data are presented as
mean values + standard deviation (SD). Mean values were
analyzed using Student’s z-test.
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Results

Eukaryotic expression of the F gene and chiL-12 in
vitro

A 1662-bp fragment of the F gene of NDV and a 1608-bp
fragment of the chIL-12 gene were cloned and found to have
no mutations. Cells transfected with F and chIL-12 plasmids
showed stronger fluorescence than those transfected with
the empty vector, indicating that both F protein and chIL-12
were expressed (Fig. 1).

EP is superior to traditional IM injection for F gene
DNA vaccine application

Protective effect and viral shedding

At 3 DPC, some chickens in the ddH,O group and pCAGGS
group started showing signs of depression, wryneck, and
decreased feeding. A large amount of mucus was observed
in the oral cavity when the swabs were collected. At 4 DPC,
the chickens started dying, and at 5 DPC, all chickens in
both groups were dead. In contrast, two out of ten chickens
in the pCAG-F/IM group and one out of ten in the pCAG-F/
EP group began to show minor symptoms at 4 DPC, and
only one of them (in the pCAG-F/IM group) died during
the experiment (Fig. 2). Viral shedding was monitored by
testing oropharyngeal and cloacal swabs obtained on 3, 5,
7 and 9 DPC (Table 2). Virus was detected in 100% of the

Fig. 1 Expression of the F
protein and chIL-12. 293T cells
were transfected with pCAGGS
(A) or pCAG-F (B) and incu-
bated with polyclonal antibody
against NDV or transfected
with pCAGGS (C) or pCAG-
IL-12 (D) and incubated with
polyclonal antibody against
chIL-12. The photos were taken
using a fluorescence microscope
to detect fluorescein isothiocy-
anate signals from the second-
ary antibody

Anti-F
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Fig.2 Protection of chickens by the F gene DNA vaccine delivered
by IM injection or EP. Fourteen-day-old SPF chickens (N=10) were
inoculated with a DNA vaccine preparation (ddH,O/IM, pCAGGS/
IM, pCAG-F/IM, or pCAG-F/EP) and boosted after 2 weeks. Two
weeks after booster vaccination, the birds were challenged with NDV
and mortality for 14 days was evaluated

oropharyngeal and cloacal swabs from chickens in ddH,O
group and the pCAGGS group at 3 DPC, and by 5 DPC,
no chickens in either group had survived. In the pCAG-F/
IM group, viral shedding was detected beginning at 3 DPC,
peaked at 5 DPC, and ended at 9 DPC. The pCAG-F/EP
group showed a lower shedding rate and shorter shedding
duration than the pCAG-F/IM group.

Immune responses after immunization

The protection and viral shedding rates differed between
the pCAG-F/EP and pCAG-F/IM groups, indicating that

pCAG-IL-12
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Table 2 Viral shedding after Group® 3 DPC 5 DPC 7DPC 9 DPC

NDV challenge

o° ce o) C 0 C 0 C

ddH,0/IM 10/10 10/10 -4 - - - - -
pCAGGS/IM 10/10 10/10 - - - - - -
pCAG-F/IM 2/10 0/10 7/10 6/10 6/9 3/9 3/9 2/9
pCAG-F/EP 0/10 1/10 4/10 2/10 2/10 2/10 0/10 0/10

Chickens in different groups were challenged with 10 ELD;, of NDV GM

Oropharyngeal swabs were collected for virus detection

“Cloacal swabs were collected for virus detection

dAll birds in the group were dead

the two delivery methods might induce different immune
responses in chickens. Serum samples were collected
28 days after the first immunization to measure the NAb
level. As shown in Fig. 3A, as expected, no antibody was
detected in the ddH,0O and pCAGGS control groups. NAbs
were detected in five of the six chickens in pCAG-F/EP
group and four of the six chickens in the pCAG-F/IM
group, demonstrating that the F gene DNA vaccine could
induce a humoral response. The mean NAD level in the
pPCAG-F/EP group was higher than that in the pCAG-F/
IM group, indicating that the EP method is superior to IM
injection for stimulating DNA-plasmid-induced humoral
immunity against the NDV F protein. A lymphocyte pro-
liferation assay was performed to evaluate the ability of
lymphocytes from immunized chickens to proliferate after
nonspecific stimulation with a mitogen. In this assay, the
mean OD value for the pCAG-F/IM group was signifi-
cantly higher than for the pCAGSS/IM group (Fig. 3B).
Notably, the lymphocyte proliferation response for the
pCAG-F/EP group was significantly higher than that in
the pCAG-F/IM group at 14 or 28 days after primary

immunization, suggesting that EP might better sensitize
lymphocytes to mitogen-induced proliferation.

ChIL-12 used as an adjuvant enhances
the immunogenicity of the NDV F gene DNA vaccine

Protective effect and viral shedding

In the ddH,0 and pCAG-IL-12/EP groups, clinical symp-
toms occurred at 3 DPC, and members of both groups started
dying at 4 DPC (Fig. 4A). Although the mortality in both
groups was 100%, the death of chickens in the pCAG-IL-12/
EP group occurred later than in the ddH,O group, suggest-
ing that the IL-12 construct alone has an antiviral effect that
is, however, not sufficient to protect chickens against fatal
NDV infection. All chickens in the pCAG-F/EP and pCAG-
F+pCAG-IL-12/EP groups survived with no clinical signs
observed. In the ddH,O and pCAG-IL-12 groups, virus was
detected in respiratory organs and immune organs, while in
the pCAG-F/EP and pCAG-F+pCAG-IL-12/EP groups, no
virus was detected (Fig. 4B). Viral shedding lasted until 7

(@) (b)
<
5- £ 1.0
0 ddH20IM & 3 ddH20/IM
— 4 “a e pCAGGS/IM £ 0.8 pCAGGS/IM
o a pCAGFIM £ B pCAG-F/IM
2 3 A a & pCAGF/EP g 067 E&R pCAG-F/EP
= >
[ (%]
E 2 A Aa 2 041
3 g
P-4 14 Vv > 0.2
E
a 0.0-
0- - — oM ——AA——k— o)

Fig.3 Immune responses obtained using various plasmid deliv-
ery methods. (A) Serum samples were obtained from six randomly
selected chickens in each group 28 days after primary immunization.
All samples were tested three times on CEF cells to determine the
mean NAD titer. Individual values are shown, and solid lines indicate
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Days Post First Inmunization(dpi)

mean values. (B) PBMCs were isolated from three chickens of each
group to detect lymphocyte proliferation 14 and 28 days after the first
immunization. The error bars indicate the SD. “ns” means no signifi-
cant difference; *P <0.05
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Fig.4 Protection conferred by pCAG-F and pCAG-IL-12 alone or
combined. Fifty-two 14-day-old SPF chickens (N=13) were inocu-
lated with ddH,O/EP, pCAG-IL-12/EP, pCAG-F/EP, or pCAG-F+
pCAG-IL-12 /EP and boosted after 2 weeks. Two weeks after booster
vaccination, the birds were challenged with GM. The mortality of ten
chickens in each group in 14 days was evaluated (A), and three other
chickens were killed and viral titers in different organs were measured
by inoculation of 9-day-old embryonated eggs (mean+SD). Viral
titers in each organ were measured three times (B)

DPC in the pCAG-F/EP group but was only detected at 3
DPC in 10% of the chickens in the pCAG-F+pCAG-IL-12/
EP group (Table 3).

Immune responses after immunization
NAbs were detected in all samples from the pCAG-F/EP

group except one collected 28 days (Fig. 5A) after pri-
mary immunization. The average titer of NAbs in the

pCAG-F+pCAG-IL-12/EP group was higher than that in
the pCAG-F/EP group. This suggests that chIL-12 helps the
F gene DNA vaccine to stimulate the host immune system,
resulting in higher antibody levels. Samples collected from
the same group on days 14 and 28 showed no significant
differences. The average OD value in the lymphocyte prolif-
eration test was significantly higher for the pCAG-F4+pCAG-
IL-12/EP group than for the pCAG-F/EP group at 28 days
after the primary immunization (Fig. 5B). The average level
of lymphocyte proliferation was higher for the pPCAG-IL-12/
EP group than for the ddH,O/EP group at 14 and 28 days
after the primary immunization.

Discussion

DNA vaccines have several advantages over conventional
vaccines, including increased safety, minimal side effects,
stability at ambient temperatures, and the ability to over-
come interference by maternal antibodies. However, the
low immunogenicity of DNA vaccines are a major barrier
to their application; antibody levels and other immune indi-
cators tend to be low after DNA immunization [17]. EP can
enhance the uptake of a DNA vaccine by cells by promoting
the formation of aqueous pores in cell membranes [15]. EP
has been used in several studies to enhance DNA vaccines,
and the results have been promising [11]. Oladele and col-
leagues constructed a DNA vaccine based on the HA gene
of H5N1 avian influenza virus and found that EP delivery
could enhance the antibody response, significantly reduce
morbidity, and protect chickens from fatal NDV attack [25].
In this study, we used EP to deliver a DNA vaccine based
on the F gene of NDV, and this provided 100% protection of
chickens against virulent NDV challenge, which was better
than conventional IM injection (90%). The average neutral-
izing antibody level was also higher with EP than with IM
injection, indicating that EP administration makes the vac-
cine more effective.

A lymphocyte proliferation assay is commonly performed
to test the nonspecific response of the host after conA

Table 3 Viral shedding after

. Group® 3 DPC 5 DPC 7 DPC 9 DPC
co-delivery of pCAG-F and
pCAG-IL-12 viaE o° (o (¢} C ¢} C (¢} C
ddH,O/EP 10/10 10/10 - - - - - -
pCAG-IL-12/EP 10/10 10/10 2/2 2/2 - - - -
pCAG-F/EP 1/10 0/10 3/10 2/10 2/10 2/10 0/10 0/10

pCAG-F+pCAG-IL-12/EP  1/10

0/10 0/10 0/10 0/10 0/10 0/10 0/10

Chickens in different groups were challenged with 10> ELDs, NDV GM
Oropharyngeal swabs were collected for virus detection

“Cloacal swabs were collected for virus detection

dAll birds in the group were dead
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Fig.5 Immune responses induced by pCAG-F and pCAG-IL-12
alone or combined. (A) Serum samples were obtained 28 days after
primary immunization from eight randomly selected chickens from
each group. All samples were tested three times on CEF cells to
obtain mean NAD titers. (B) PBMCs were isolated from three chick-
ens from each group at 14 and 28 days after the first immunization
to measure proliferative activities. The error bars indicate the SD. *,
P<0.05; **, P<0.01; ***, P<0.001

stimulation. As the nonspecific immune response plays an
important role in defense against viral infections, lympho-
cyte proliferation assays are often performed to evaluate vac-
cine efficacy, generally together with other methods [34]. At
14 days after priming, the lymphocyte proliferation level of
the pCAG-F/EP group was higher than that of the pCAG-F/
IM group, suggesting that the use of EP for delivery resulted
in enhanced lymphocyte proliferation. However, since there
was no control group vaccinated with the empty plasmid
by the EP route, the impact of F expression on lymphocyte
proliferation in this study cannot be evaluated.

The bird in the pCAG-F/IM group that did not survive the
virus challenge had no detectable neutralizing antibodies.
However, although all of the chickens in the pCAG-F/EP
group survived, they did not all have detectable neutraliz-
ing antibodies, indicating that antibodies may not be essen-
tial for protection and that cell mediated immunity might
play an important role in plasmid DNA-induced protection
against NDV challenge. Thus, our work demonstrates for
the first time that EP can effectively improve the efficacy of
NDV DNA vaccines by enhancing the immune response.
Other delivery methods, including the use of liposomes,
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nano-chitosan or Salmonella spp as a vector, have been used
to improve NDV DNA vaccines [7, 11]. A DNA prime—pro-
tein booster strategy can further increase the protection rate
[14]. A DNA vaccine nano-encapsulated with hollow Ag@
Si0, nanoparticles stimulates strong mucosal immunity
when administered intranasally and has been shown to be
protective against NDV. However, this is a high-cost and
complicated procedure [38].

Viral shedding is another important indicator for vaccine
evaluation. Infected animals that shed virus can become
new sources of infection, leading to rapid spreading. It has
been reported that chickens inoculated with the commer-
cial La Sota vaccine continue to shed virus for 9 days after
challenge with genotype VII NDV, posing a great risk of
virus transmission [21]. Both our previous experiments and
those of others have shown that the use of a vaccine with
higher homology to the challenge NDV strain result in less
virus shedding than the use of a heterologous vaccine [24,
32]. In this study, we chose an epidemiologically relevant
NDV strain of genotype VII.1.1 to provide the template for
the vaccine and for challenge. Although the F gene DNA
vaccine delivered by EP could protect chickens from lethal
challenge with NDV, the virus was not quickly cleared. Viral
shedding still could be detected in oropharyngeal and cloacal
swabs of 20% of the chickens at 7 DPC.

Another strategy to improve the efficacy of DNA vac-
cines is to add molecular adjuvants. IL-12 is an important
member of the interleukin family that is mainly secreted by
dendritic cells and monocytes. It is an immunomodulator
and a potential adjuvant, since it has been shown to enhance
the immunogenicity of vaccines and to induce high-level
CD4* and CD8* T cell responses [18, 35]. To investigate
whether chIL-12 has potential as an adjuvant for the NDV
F gene DNA vaccine, we constructed an eukaryotic expres-
sion plasmid encoding chIL-12 and combined it with the F
gene DNA vaccine. Viral shedding was found to be reduced
compared with the single DNA vaccine group; only 10% of
the oropharyngeal swabs from chickens were positive for
the virus at 3 DPC, and after that, all were negative by virus
isolation.

In this study, we verified that the co-administration of
chIL-12 and the F gene DNA vaccine resulted in fast clear-
ance of NDV, which would limit the transmission and cir-
culation of the virus in the bird population. Additionally,
the mean level of NAb in the pCAG-F + pCAG-IL-12/EP
group was higher than that in the pCAG-F group, indicating
that chIL-12 also enhances production of specific antibod-
ies. Mitogen-induced lymphocyte proliferation at D28 was
also significantly higher for the pCAG-F + pCAG-IL-12/
EP group than for the pCAG-F/EP group, indicating that
chIL-12 might enhance lymphocyte proliferation when com-
bined with the F gene DNA vaccine. However, the enhanced
lymphocyte proliferation might also have been due to the
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fact that the total dose of plasmid DNA was twice as high
in the group receiving both plasmids. The nonspecific mito-
gen-induced lymphocyte proliferation observed might also
have been at least partially induced by pathogen-associated
molecular patterns (PAMPs) present in the plasmid DNA
preparation, such as LPS or CpG motifs in the plasmid DNA
sequence.

Several attempts have been made to improve the efficacy
of DNA vaccines by adding molecular adjuvants. Using
complement degradation component 3 as an adjuvant has
been shown to increase the production of IgG and IgA
induced by the F protein DNA vaccine, accompanied by an
increased protection rate [39]. Inoculation with IL-18 and F
protein together with Salmonella Typhimurium as a vector
by the oral route has been shown to increase lymphocyte
proliferation, but it does not promote antibody production
or provide sufficient protection [7]. Viral shedding was not
measured in either of the above-mentioned studies, and
therefore, the impact of these approaches on shedding is
not known. Recently, another poxvirus-based DNA vaccine
targeting the HN protein and including IL-12 as an adjuvant
was evaluated [30]. It was shown that IL.-12 can enhance a
cell-mediated immune response. However, the vaccine did
not provide adequate protection unless another adjuvant,
mineral oil, was used simultaneously. Since the amount of
plasmid used in that study was much lower than the 100 pg
used here, and the minimal effective dose of our vaccine has
not been determined, further studies are needed to inves-
tigate the synergistic effect between the HN or F protein
and IL-12. Furthermore, since only one strain of epidemic
genotype VII was used as challenge virus for vaccine evalu-
ation, the cross-protective effect of the vaccine against other
genotypes still needs to be investigated.

In summary, we have evaluated the effects of EP as a
delivery method and IL-12 as an adjuvant for NDV DNA
vaccines, and the results are promising. DNA vaccines pro-
vide a level of safety and flexibility that is not achievable
with conventional vaccines. The combination of EP admin-
istration and the use of IL-12 as an adjuvant can effectively
compensate for the low immunogenicity of the DNA vac-
cine. Further technological advancements will be needed to
further reduce the cost of vaccines for large-scale application
in the poultry industry. The current study can provide a ref-
erence for research on this and other avian DNA vaccines.

Conclusion

The F gene DNA combined with chIL-12 significantly
enhanced the humoral immune response and lymphocyte
proliferation in immunized chickens significantly reduced
the rate of virus shedding. This vaccine is a promising new
tool for ND control.
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